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5q Spinal Muscular Atrophy 
• One of the most common autosomal recessive 

neuromuscular disorders
• Progressive, frequently devastating—most common 

genetic cause of death in infants and children
• Caused by mutation in SMN1 on chromosome 5 

reduction in SMN protein
• Number of SMN2 copies (1 - 6) modifies phenotype 
• Affects mainly lower motor neurons, but also affects 

proprioceptive neurons, neuromuscular junction, muscle
• Highly selective neuronal death
• Role of SMN in neuromuscular development unclear 

• Outcomes without intervention
• Progressive weakness/paralysis of trunk and limbs
• Secondary spine and limb deformities
• Respiratory compromise, early death in the most severe forms
• Continuum of phenotypes from type 0 to type 4

Tisdale S, Pellizzoni L. J Neurosci 2015;35(23) 8691-8700.



Normal Individual

Burghes AH, Beattie CT. Nat Rev Neurosci. 2009;10:597-609.



Individual with SMA

Burghes AH, Beattie CT. Nat Rev Neurosci. 2009;10:597-609.

Low SMN protein levels 

↑ SMN is a 
treatment 
goal/target 



2 mo-old boy at first evaluation
Never able to achive head control (SMA 1 b) 
No symptoms at newborn
Onset of respiratory and swallowing difficulties at the end of 7 months of age

Case 1: Infant Boy with SMA Type 1









SMA Severity and Phenotypes



Type 4: 
• Ambulant until later 

in life
• Normal lifespan

Type 3A/B: 
• Early loss of ambulation
• Normal lifespan

Type 0: 
•Most severe 
weakness

•Contractures; 
cardiomyopathy

•Death in weeks

Type 1A: 
• Severe weakness 
• Often respiratory 

problems at birth

Type 1B: 
• Most typical 

type 1 form

Type 1C
•May develop head 
control

•Less rapid decline

Type 2: 
•Able to sit but unable to 
achieve independent 
ambulation

•Variable severity (2A-2B) 
•Survival strongly improved 
following NIV introduction 
and new standards of care

SMA  Severity Types

Talbot K, Tizzano EF. Gene Ther. 2017;24:529-533.

Note: 
Phenotypes 
are changing 

with 
treatment



Impact of SMN2 Copy Number

Adapted from Chen T-H. Int J Mol Sci. 2020;21(9):3297.

SMN1 Deletion or Mutation

SMN2 copy number: ↑ SMN protein amount

Disease severity

Lethal           0                  1                         2                             3                        4         Fewer Symptoms



Swoboda KJ, et al. Ann Neurol. 2005;57(5):704-712.

Inverse Relationship Between Disease 
Severity and SMN2 Copy Number

Tiziano FD, et al. Neuromusc Disord. 2007;17(5):400-403.
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Prediction of SMA Type According to Number of 
SMN2 Copies – Large Spanish cohort of 2834 pts
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Calucho M, et al. Neuromuscul Disord. 2018;28(3):208-215.



Discordant Phenotypes

Although SMN2 copy number can predict disease 
severity, it does not account for intrafamilial  
variability in siblings, for example:

• Patients with severe disease (type 1) and 3 SMN2 copies
• Patients with mild-to-moderate disease (types 2 - 3) and 2 

SMN2 copies
• Haploidentical siblings but with different evolution

Cuscó I, et al. J Neurol. 2006;253(1):21-25.



Emerging Factors that Modulate 
Severity of SMA Phenotype
• SMN2 coding variants1,2 (few have been found)

• Best characterized: rare missense variant in exon 7 (c.859C>G, MAF:0.003), which reduces 
exon skipping

• 3 variants in intron 6 are significantly associated with milder phenotypes
• PLS33 (plastin 3): gender-related positive modifier
• CORO1C4 (coronin 1C): overexpression has a protective effect in a pre-clinical model 

of  SMN knock-down 
• Outside the SMN locus, 2 SNPs in NCALD5 (neurocalcin delta) have been associated 

with severity in a mouse model of severe SMA
• Roles for some miRNAs6 as biomarkers and potential therapeutic targets are under 

study

1. Prior TW. et al. Am J Hum Genet. 2009;85:408-413. 
2. Ruhno C, et al. Hum Genet. 2019;138:241-256.
3. Oprea GE, et al. Science. 2008;320:524-527.

4. Hosseinibarkooie S, et al. Am J Hum Genet. 2016;99:647-665.
5. Riessland M, et al. Am J Hum Genet. 2017;100:297-315.
6. Chen TH, Chen JA. eLife. 2019;8:e50848.



Importance of Early Diagnosis 
and Screening in SMA



Evidence Supporting Early Diagnosis/Treament in 
SMA: Nusinersen Clinical Trials

HINE-2 = Hammersmith Infant Neurological Examination – section 2.
For each study n ≥ 5 were plotted.  
Swoboda KJ, et al. Presented at the Annual International Congress of the World Muscle Society (WMS-23); October 6, 2018; Mendoza, Argentina. 

NURTURE (3 SMN2 copies)

ENDEAR sham control 40 32 24 16 11

ENDEAR/SHINE nusinersen 81 70 65 51 48 31 17 10 5
CS3A (2 SMN2 copies) 17 17 16 17 16 15 15 12 13 11 12 10 13 13 13 13 13 11 10 9 9 6

NURTURE (2 SMN2 copies) 15 15 15 15 15 15 13 11 10 9
10 10 10 10 10 10 9 6 5

ENDEAR sham/SHINE nusinersen 23 19 12 6
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(infantile onset-SMA; 2 SMN2 copies; 
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Scheduled visit day

HINE Motor Milestone Scores Over Time Across Studies
Greatest improvements observed in those treated presymptomatically



*PCR with restriction digest can also identify homozygous SMN1 deletions. While this method is quicker, less expensive, and often readily 
available in any lab, it does not allow quantification of SMN1 or SMN2 copy number. 

MLPA = multiplex ligation dependent probe amplification; qPCR = quantitative polymerase chain reaction; ddPCR = digital drop PCR

Diagnosis: 2018 SMA Care Group 
Recommendations

• Gold standard for genetic testing: “quantitative analysis of both SMN1 and 
SMN2 using MLPA, qPCR, or ddPCR”*

• Absence of both SMN1 copies is diagnostic
• If 1 SMN1 copy + strong clinical suspicion: perform SMN1 sequence analysis
• Routinely assess SMN2 copy number (criterion for clinical trial enrollment)

Mercuri E, et al. Neuromusc Disorders. 2018;28:103-115



Diagnosis and Genetics

Mercuri E, et al. Neuromusc Disorders. 2018;28:103-115.



Conclusions
• 5q SMA is the most common genetic cause of death in infants and children

• Usually caused by bi-allelic mutations (deletions) in the SMN1 gene

• Reduced SMN protein levels leads to death of motor neurons and other effects

• Severity and phenotype varies depends primarily on the number of SMN2 gene 
copies

• Early diagnosis is critical particularly for the severe phenotype variants



Treatment strategies in SMA



Nusinersen: antisense oligonucleotide
Modify the splicing of the mRNA homologous precursor SMN2 leads 
to an increase in SMN protein production at full length



Small Molecules for SMA



Risdiplam clinical trials for SMA

SMN, survival of motor neuron.
1.  NCT02913482; 2. NCT02908685; 3. NCT03032172, clinicaltrials.gov (Accessed June 2018).

FIREFISH1

Type 1 SMA 
1–7 months old

SUNFISH2

Type 2 or 3 SMA
2–25 years old

Type 2 or 3 SMA 
12–60 years old

Previously received other 
SMN2 splicing agents

JEWELFISH3

Planned study in
pre-symptomatic SMA

Birth–6 weeks old

RAINBOWFISH



Onesemnogene Abeparvovec-xioi: Key Components

• Adeno-associated viral vector 9 (AAV9) 
• Crosses the blood-brain barrier; targets neurons
• Non-integrating, nonpathogenic
• Rapid, sustained SMN expression
• Remains stable within the nucleus

Mutated 
AAV2 ITR

CB 
Promoter Human SMN Transgene AAV2 ITRCMV 

Enhancer
SV40 

Intron
BGH 

poly A

CMV = cytomegalovirus; CB = chicken beta-actin; SV = simian vacuolating virus.
Adapted from DiMattia MA, et al. J Virol. 2012;86:6947; Day JW, et al. Poster 6-058. Presented at American Academy of 
Neurology Annual Meeting; May 5, 2019; Philadelphia, PA; Wang D, Gao G. Discov Med. 2014;18:67-77.

• Capsid = protein shell
• Determines tropism and 

transduction profile



Gene Therapy for SMA: Cell/Nuclear 
Entry and Gene Expression
• Intravenous infusion

• Vector incorporated into target cells via 
endosomes

• Therapeutic DNA enters the nucleus,  forms an 
episome ready for transcription

• mRNA is transcribed, leaves the 
nucleus

• Translated into SMN protein in the 
cytoplasm

• Sustained SMN synthesis prevents loss of further 
motor neurons

Adapted from Akst J. The Scientist. June 2012. https://www.the-
scientist.com/features/targeting-dna-40937. Accessed July 2, 2020.

https://www.the-scientist.com/features/targeting-dna-40937
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Onasemnogene Abeparvovec





Clinical Scales





Rainbowfish (Risdiplan)



Neurophysiology (CMAP)

Clinical Trial CMAP SMN2 SMN3 SMN3+

Nurture 1     mVs X X

Sprint 2     mVs X X

Rainbowfish 1,5 mVs X X X



Spinal Muscular Atrophy -Is Newborn Screening Too Late for Children with Two SMN2 Copies? 
Schwartz, O,Kölbel, H,Blaschek, A,Gläser, D,Burggraf, S,Röschinger, W, Schara, U,Müller-Felber,
W,Vill, K. J Neuromuscul Dis. 2022 Apr 12. doi: 10.3233/JND-220789. Epub ahead of print. PMID: 35431259.

• 21 SMA patients identified in newborn screening projects in Germany

• Inclusion criteria were treatment at less than 6 weeks of age and a minimum clinical follow-up of 9 
months

• Twelve patients (57%) developed completely normally, reaching the motor milestones without     bulbar 
or respiratory problems

• Three children (14.5%) recovered after an initial delay in motor development

• Six patients (29%) developed proximal weakness despite early treatment:

• 3 of them (14.5%) achieved the ability to walk with support
• 3 others (14.5%) showed a type 2 SMA phenotype at the age of 16-30 months.

• One patient (4.8%) had respiratory problems.
• Three children (14.5%) had mild chewing problems
• Two individuals (9.5%) required gastric tube feeding



Schwartz et al., J Neuromuscul Dis. 2022 Apr 12



Neurofilaments



Neurofilaments

ENDEAR Trial (Spinraza)
Darras et al. Annals of Clinical and Translational Neurology 2019; 6(5): 932–944



Alves et al., Molecular Therapy 23: 537, 2021  

Neurofilaments



2 SMN2 copies

Alves et al., Molecular Therapy 23: 537, 2021  

Neurofilaments - CMAP



SMA Screening for early diagnosis 



Carrier Screening

Aharoni S, et al. Neuromusc. Disorders. 2017;27:S137



Carrier Screening for SMA
• Carrier frequency: Determined by quantitative analysis of SMN1 copies 

(by MLPA)

• Limitations
• Carrier testing identifies only 90% of carriers due to

• cis configuration (2/0): 5%

• Point mutation: 2-5%

• De novo mutation (mostly paternal): 2%

• Certain populations will not consent to carrier testing or therapeutic pregnancy 
termination

Ben-Shachar S, et a. Genet Med. 2011;13(2):110-114.



Prenatal/Pre-Implantation Testing
• Routinely available in some countries, but not in 

others

• Where available 
• Can be considered when the mother or her partner is a 

known carrier or has a family history of SMA

• Determines whether the fetus has inherited 2 faulty 
SMN1 copies

• Testing involves chorionic villus sampling or 
amniocentesis



Benefits of Early 
Diagnosis

Harmful Effects 
of Screening

Newborn Screening (NBS) 
Benefits vs Risks



Potentially Harmful Effects of NBS 
(for Any Genetic Disease)

• Direct side effects (eg, necessity of drawing blood) 
• Potential for indirect harm

• False postive test: Unnecessary test / psychological impact
• False negative test: False reassurance → possible neglect or failure to recognize 

symptoms that occur later 
• Overdiagnosis

• Detection of otherwise healthy persons carrying a 
pathogenic mutation

• Impact on insurance, professional life
• Overtreatment

• Treatment for a disease that otherwise would not have caused symptoms

All NBS programs have the potential for harm



When to Establish a NBS Program? 
Criteria for Screening

Wilson JMG, Jungner G. Principles and Practice of Screening for Disease. Geneva: WHO; 
1968. https://apps.who.int/iris/bitstream/handle/10665/37650/WHO_PHP_34.pdf?sequence=17 
Accessed July 2, 2020.

SMA

The disease is life-threatening and treatable 
Early diagnosis improves outcome 
NBS is feasible 
NBS improves outcomes

• Pilot studies 

https://apps.who.int/iris/bitstream/handle/10665/37650/WHO_PHP_34.pdf?sequence=17


Implications of NBS: German Pilot Project, Year 1
• 165,525 newborns screened

• 22 identified with SMA 
• 10 (45%) with 2 SMN2 copies 
• 4 (19%) with 3 SMN2 copies
• 8 (36%) with ≥4 SMN2 copies 

• Recommendations
• 2 or 3 SMN2 copies: immediate treatment with nusinersen
• ≥ 4 SMN2 copies: conservative, strict follow-up

• Patients treated before symptom onset showed no muscle weakness by age 1 year –
consistent with nusinersen clinical trial findings

• Conclusion: NBS resulting in presymptomatic treatment improves outcomes for 
children with SMA 

Vill K, et al. J Neuromuscul Dis. 2019;6(4):503-515.

45%

19%

36%

2 SMN2 copies

3 SMN2 copies

>/= 4 SMN2 copies



Dangouloff T, et al. Neuromuscul Disord. 2020;30(1):93-103.

NBS for SMA
244th ENMC International Workshop
Benefit of early treatment in patients with SMA type 1 has been suggested in published 

and ongoing studies
SMA seems to fall within the Wilson and Jungner criteria 
Clear exceptions in prediction between correlation of SMN2 copy number and SMA 

phenotype (search for modifying factors)
Precise quantification of SMN2 copy number may vary from one lab to another, especially 

for highest number of copies
Main practical question in NBS context: is there a high probability for a given patient to 

develop a specific phenotype based on a specific number of SMN2 copies? (relative 
frequency must be considered)
Some variants found in the SMN2 gene act as modifiers; can be tested at the DNA level (eg, 

SMN2 c.859G>C)



SMA Newborn Screening –
United States

Routine screening

Pilot screening

No screening
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American Legislative Exchange Council. January 29, 2020.  https://www.alec.org/article/many-states-now-screening-newborns-for-spinal-muscular-atrophy-
others-considering-action-in-2020/. 
Colorado Dept of Public Health and Environment. November 20, 2019. https://www.colorado.gov/pacific/cdphe/news/newborn-screenings-sma. 
Frank G. SMA News Today. February 12, 2020. https://smanewstoday.com/2020/02/12/efforts-continue-require-newborn-screening-sma-more-states/. 
Accessed June 30, 2020

WV

WY

CA

https://www.alec.org/article/many-states-now-screening-newborns-for-spinal-muscular-atrophy-others-considering-action-in-2020/
https://www.colorado.gov/pacific/cdphe/news/newborn-screenings-sma
https://smanewstoday.com/2020/02/12/efforts-continue-require-newborn-screening-sma-more-states/


Newborn Screening Worldwide

1. Boemer et al. Neuromusc Disorders. 2019;29(5):343-349;2; 2. Luxner L. SMA News Today. June 7, 2019. 
https://smanewstoday.com/2019/06/07/zolgensma-arrival-adds-urgency-sma-newborn-screening-efforts-us-europe/; Accessed June 30, 2020;
3. Vill K, et al. J Neuromuscul Dis. 2019;6(4):503-515. 4. Boardman FK, et al. Mol Genet Genomic Med. 2018;6:99-108. 5. Aharoni S, et al. 
Neuromusc Disord. 2017;27(Suppl2):S137; 6. Shinohara M, et al. Int. J. Neonatal Screen.2019;5(41):1-13; 7. Kariyawasam DST, et al. Genet Med. 
2020;22:557-565. 

Europe Middle east Africa

No newborn screening
Ongoing studies 

examining 
strategies/applicability

No newborn screening
Ongoing clinical trials examining 
applicability of SMA screening in 

Belgium,1,2 Italy,2 Germany3

No newborn screening
Prenatal carrier 
screening in Israel4 and 
Qatar5

No newborn screening

Taiwan, Japan,6 Australia7South America

No newborn screening

https://smanewstoday.com/2019/06/07/zolgensma-arrival-adds-urgency-sma-newborn-screening-efforts-us-europe/


Conclusions
• Diagnosis of 5q SMA is based on detection of SMN1 mutations/deletions plus 

SMN2 copy number

• In patients with SMA, SMN2 copy number is the main determinant of 
phenotype/disease severity, though other factors may contribute

• Early, presymptomatic treatment can dramatically change the SMA disease 
course; phenotypes are changing with treatment

• Newborn screening is crucial to early detection and early treatment (but in 
many countries, neither is available)

• Potential role of electrophysiology as a biomarker



Need for Ongoing 
Care and Support 
by a Multidisciplinary 
Team

Mercuri E, et al. Neuromusc Disorders. 2018;28:103-115.
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