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    Abstract
Background: Spinal muscular atrophy (SMA) is the most common inherited lethal disease of children. Various genetic deletions involving the bi-allelic loss of SMN1 exon 7 are reported to account for 94% of affected individuals. Published literature places the carrier frequency for SMN1 mutations between 1 in 25 and 1 in 50 in the general population. Although SMA is considered to be a pan-ethnic disease, carrier frequencies for many ethnicities, including most ethnic groups in North America, are unknown.
Objectives and methods: To provide an accurate assessment of SMN1 mutation carrier frequencies in African American, Ashkenazi Jewish, Asian, Caucasian, and Hispanic populations, more than 1000 specimens in each ethnic group were tested using a clinically validated, quantitative real-time polymerase chain reaction (PCR) assay that measures exon 7 copy number.
Results: The observed one-copy genotype frequency was 1 in 37 (2.7%) in Caucasian, 1 in 46 (2.2%) in Ashkenazi Jew, 1 in 56 (1.8%) in Asian, 1 in 91 (1.1%) in African American, and 1 in 125 (0.8%) in Hispanic specimens. Additionally, an unusually high frequency of alleles with multiple copies of SMN1 was identified in the African American group (27% compared to 3.3–8.1%). This latter finding has clinical implications for providing accurate adjusted genetic risk assessments to the African American population.
Conclusions: Differences in the frequency of SMA carriers were significant among several ethnic groups. This study provides an accurate assessment of allele frequencies and estimates of adjusted genetic risk that were previously unavailable to clinicians and patients considering testing.
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    Key points
	Precise allele frequencies for SMN1 mutations were obtained for five North American ethnic groups by evaluating more than 5000 specimens.

	Significant differences in SMN1 mutation frequencies were found between several populations.

	Approximately 27% of alleles in the African American specimens had two or more SMN1 copies. This is considerably higher than other populations and results in a SMA carrier adjusted risk estimate that is five times greater than that of the Caucasian population.

	This study provides accurate estimates of allele frequency and adjusted genetic risk for five major ethnic groups in North America.



With an incidence of 1 in 6000 to 1 in 10 000 live births, spinal muscular atrophy (SMA) is the most common lethal genetic disease of children.1 SMA is a neuromuscular disorder that leads to progressive, proximal muscle weakness and atrophy. Sixty per cent of individuals affected with SMA have the most severe form, type I, also known as Werdnig–Hoffman disease (Online Mendelian Inheritance in Man (OMIM) 253300), with clinical onset usually occurring before 6 months and death by respiratory failure before the age of 2 years. Clinical onset of type II SMA (OMIM 253550) usually occurs by the age of 15 months with most cases surviving beyond 10 years of age. Type II patients may learn to sit, but never gain the ability to walk. Type III SMA (OMIM 253400) is a milder form with onset typically occurring between 2 and 17 years of age. An adult form of SMA (type IV, OMIM 271150) has also been described.
SMA is caused by mutations in the Survival Motor Neuron 1 (SMN1) gene.2 The SMN1 gene resides in a duplicated region of chromosome 5q13 telomeric to the near identical homologue SMN2. More than 90% of the functional SMN protein is contributed by SMN1. Comparably SMN2 produces only a small fraction of SMN due to a point mutation in exon 7 that disrupts an exon splice enhancer site, preventing normal post-transcription processing.3 4 In the general population the copy number of SMN1 and SMN2 genes varies. Published information suggests that 85–95% of the population has one copy of the SMN1 gene per allele; however, individuals with more than one copy per allele have been identified.5 6 7 8 9 10 Ninety-four per cent of affected individuals possess bi-allelic mutations involving various deletion mutations that share the loss of SMN1 exon 7. Of the remaining 6% of SMA cases, most are attributed to a variety of rare molecular lesions distributed throughout the gene, including point mutations, small insertions, and deletions. A minority of cases may involve genes other than SMN1.11 Additionally, there is an inverse correlation between SMN2 copy number and disease severity, such that affected individuals with three or more copies of SMN2 typically have milder forms of the disease.12 This mutation spectrum permits sensitive detection of carriers through the analysis of SMN1 exon 7 copy number by quantitative polymerase chain reaction (PCR).5 13 14 In calculating the mean from the results of their own and other published research, Ogino et al reported a frequency for one-copy carriers at approximately 1 in 40 individuals in the general population.15 In addition to the low prevalence mutations distributed across the gene, another small subset of carriers cannot be identified by exon 7 copy measurement since they have one allele with two SMN1 copies paired with a zero-copy allele (hereafter referred to as “2+0” genotype). By exon 7 quantification these individuals are indistinguishable from wild-type (or “1+1” genotype). It has been estimated that approximately 1 in 600 apparent two-copy specimens may be “2+0” carriers.16
Recently published guidelines from the American College of Medical Genetics (ACMG) recommend universal carrier screening for SMA.17 Before this guidance, carrier screening in the USA was offered primarily to family members of individuals diagnosed with SMA. SMA is considered to be pan-ethnic; however, published studies to date have involved small and heterogeneous sample sets.5 6 7 8 15 16 Even the few studies addressing specific races provide insufficient information to support the calculation of carrier frequencies and risk assessments with the precision warranted by widespread carrier screening.14 18 19 20
To address this need for accurate allele frequency data, more than 1000 samples from five major ethnic groups, African American, Ashkenazi Jewish, Asian, Caucasian and Hispanic, were tested for SMN1 copy number. These ethnicities are relevant since they comprise >95% of the North American population at large and the North American patients electing to participate in genetic testing (2006 US Census estimates).
Methods
Samples were collected from residual material following routine clinical testing of individuals presumed to have no family history of SMA. All specimens were made completely anonymous before testing in accordance with approved institutional protocols. Ethnic assignment relied upon patient reported data that were not collected as part of complete family histories. However, these ethnic assignments, which reflect clinical practice, are therefore highly representative of the anticipated clinical experience for SMA carrier screening. The assessment of SMN1 exon 7 copy number employed a clinically validated, real-time, quantitative PCR assay specific for the single nucleotide change in exon 7 (cd 840 c>t). All reported results could be assigned to validated, non-overlapping genotype groups of 1, 2 or 3 SMN1 copies (the three copies group includes samples with three or more SMN1 gene copies).

Results
Significant differences in the frequencies of SMN1 genotypes were observed among several ethnicities (table 1). The highest one-copy carrier rate was identified in specimens from the Caucasian group with a frequency of 1 in 37 samples (2.7%). This result agrees closely with those previously reporting on European populations.6 7 The 1.8% carrier frequency detected in the Asian sample group is comparable to the 1.6% and 1.9% that have been reported in Southern Chinese populations.14 20 The African American and Hispanic groups had statistically significant lower one-copy carrier genotypes when compared to Caucasians, at 1 in 90 (1.1%, p = 0.0089) and 1 in 125 (0.8%, p = 0.0007), respectively. These are the lowest SMN1 carrier frequencies reported for any population or ethnic group at this time. For all but the African American group, the two-copy genotype was more than five times more prevalent than the three-copy genotype group. This result is consistent with all previously published data showing the two-copy genotype to be predominant. Surprisingly, the African American population departed significantly from this genotype distribution, revealing similar frequencies for the two- and three-copy genotypes (52.1% and 46.8% respectively), suggesting a much higher frequency of alleles with two or more SMN1 copies than the other four ethnic groups. These unexpected results in this group were confirmed by retesting 10% of the samples using multiplexed ligation dependant probe amplification (MLPA, MRC Holland, The Netherlands) as an alternate technique. All MLPA results were concordant with the original real-time PCR data.
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Table 1 Frequency of SMN1 copy number across various ethnicities



Using the observed genotype data and assuming Hardy–Weinberg equilibrium, maximum likelihood estimation was employed to determine frequencies for alleles and allele pairings within all sample groups (tables 2 and 3). These calculations reveal that the expected frequency of alleles with two or more copies of SMN1 in the African American group is 3.4 to 8.4 times more prevalent when compared to the other ethnic groups. The preponderance of the two-copy allele in the African American group also suggests a much higher frequency of individuals with the SMA carrier “2+0” genotype compared to other ancestries.
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Table 2 Frequencies of SMN1 copies per allele for each ethnic group
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Table 3 Frequency of SMN1 allele pairings



Adjusted carrier risk assessment estimates have been previously published based on aggregate results of several studies.15 16 These estimates calculate the probability of being an SMA carrier when an individual without a family history of SMA receives a test result showing two or more SMN1 copies. These calculations account for rare mutations undetectable by the method described here, and model the “2+0” carrier genotype. Adjusted carrier risk was calculated for each ethnic group based on its unique allele frequencies (table 4). The result for the Caucasian population (1:632) is similar to that previously reported by Smith et al (1:648).16 In that report calculations were based on data from a compilation of studies from countries in Europe, USA, and Australia. The adjusted risk estimate in the Ashkenazi Jewish population (1:350) is approximately two times higher than the Caucasian group because of the higher frequency of two-copy alleles. As expected, the unusually high frequency of two-copy alleles in the African American population produces an adjusted risk factor more than five times greater than that of Caucasians or Asians. Additionally, a “3+0” genotype carrier has been previously inferred but not been formally demonstrated by molecular techniques.15 The adjusted carrier risk calculations for the three-copy genotype are presented in the right hand column of table 4. Finally, using these calculated frequencies, the negative predictive value and detection rate were determined for real-time PCR quantification of exon 7 as a screening method for each ethnic group (table 5).
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Table 4 Prior and adjusted risk for spinal muscular atrophy carrier status when two or three SMN1 copies are detected by quantitative assays
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Table 5 Negative predictive value and detection rate by quantitative testing




Discussion
The genetic basis for the unusually high SMN1 copy number in the African American population is unknown. Previously published data have shown that individuals with higher copy numbers of SMN1 tend to have fewer copies of SMN2.22 It has been suggested that this correlation indicates that SMN2 may have converted to SMN1; however, the inverse may also be true. Alleles with multiple copies of SMN1 may be the ancestral form of the duplication, with conversion to SMN2 a more recent mutation event. An assessment of SMN2 copy number is currently underway to understand the SMN1/SMN2 correlation in this sample set.
Prediction of disease phenotype in SMA is complicated by the modifying effects of SMN2 copy number, as well as other genes such as plastin 3.23 Additionally, there is not a completely predictive correlation between phenotype and modifiers. Similar to other autosomal diseases with variable phenotypes, SMA carrier screening results cannot predict the disease phenotype for offspring. Although this study has demonstrated that significant differences exist in SMA carrier frequency between several ethnic groups, an assessment of pregnancy outcomes data for these populations will be needed to determine if disease frequencies or phenotype incidences also vary. More widespread carrier screening will aid in identifying couples at risk of having SMA offspring and allow for appropriate follow-up to answer these questions.
The recent ACMG guideline for SMA carrier screening17 recommends that since SMA is present in all populations, carrier testing should be offered to couples regardless of race or ethnicity who are pregnant or considering pregnancy. The results from this study provide precise estimates of allele frequencies and genotypes that vary significantly among ethnic groups. The implications of this work are most significant for Hispanic patients who carry lower risks of SMN1 mutations and for African American patients who bear increased frequencies of two-copy alleles. These data will facilitate the accurate interpretation of clinical testing results and provide additional information for genetic counselling.

REFERENCES
	↵	Pearn  J

. Incidence, prevalence, and gene frequency studies of chronic childhood spinal muscular atrophy. J Med Genet 1978;15:409–13.
OpenUrlAbstract/FREE Full Text


	↵	Lefebvre  S, 
	Burglen  L, 
	Reboullet  S, 
	Clermont  O, 
	Burlet  P, 
	Viollet  L, 
	Benichou  B, 
	Cruaud  C, 
	Millasseau  P, 
	Zeviani  M, 
	Le Paslier  D, 
	Frezal  J, 
	Cohen  D, 
	Weissenbach  J, 
	Munnich  A, 
	Melki  J

. Identification and characterization of a spinal muscular atrophy-determining gene. Cell 1995;80:155–65.
OpenUrlCrossRefPubMedWeb of Science


	↵	Lorson  CL, 
	Hahnen  E, 
	Androphy  EJ, 
	Wirth  B

. A single nucleotide in the SMN gene regulates splicing and is responsible for spinal muscular atrophy. Proc Natl Acad Sci USA 1999;96:6307–11.
OpenUrlAbstract/FREE Full Text


	↵	Cartegni  L, 
	Krainer  AR

. Disruption of an SF2/ASF-dependent exonic splicing enhancer in SMN2 causes spinal muscular atrophy in the absence of SMN1. Nat Genet 2002;30:377–84.
OpenUrlCrossRefPubMedWeb of Science


	↵	Anhuf  D, 
	Eggermann  T, 
	Rudnik-Schoneborn  S, 
	Zerres  K

. Determination of SMN1 and SMN2 copy number using TaqMan technology. Hum Mutat 2003;22:74–8.
OpenUrlCrossRefPubMedWeb of Science


	↵	Cusin  V, 
	Clermont  O, 
	Gerard  B, 
	Chantereau  D, 
	Elion  J

. Prevalence of SMN1 deletion and duplication in carrier and normal populations: implication for genetic counselling. J Med Genet 2003;40:e39.
OpenUrlFREE Full Text


	↵	Feldkötter  M, 
	Schwarzer  V, 
	Wirth  R, 
	Wienker  TF, 
	Wirth  B

. Quantitative analyses of SMN1 and SMN2 based on real-time lightCycler PCR: fast and highly reliable carrier testing and prediction of severity of spinal muscular atrophy. Am J Hum Genet 2002;70:358–68.
OpenUrlCrossRefPubMedWeb of Science


	↵	Ogino  S, 
	Leonard  DG, 
	Rennert  H, 
	Wilson  RB

. Spinal muscular atrophy genetic testing experience at an academic medical center. J Mol Diagn 2002;4:53–8.
OpenUrlPubMed


	↵	Chen  KL, 
	Wang  YL, 
	Rennert  H, 
	Joshi  I, 
	Mills  JK, 
	Leonard  DG, 
	Wilson  RB

. Duplications and de novo deletions of the SMNt gene demonstrated by fluorescence-based carrier testing for spinal muscular atrophy. Am J Med Genet 1999;85:463–9.
OpenUrlCrossRefPubMedWeb of Science


	↵	Mailman  MD, 
	Hemingway  T, 
	Darsey  RL, 
	Glasure  CE, 
	Huang  Y, 
	Chadwick  RB, 
	Heinz  JW, 
	Papp  AC, 
	Snyder  PJ, 
	Sedra  MS, 
	Schafer  RW, 
	Abuelo  DN, 
	Reich  EW, 
	Theil  KS, 
	Burghes  AH, 
	de la Chapelle  A, 
	Prior  TW

. Hybrids monosomal for human chromosome 5 reveal the presence of a spinal muscular atrophy (SMA) carrier with two SMN1 copies on one chromosome. Hum Genet 2001;108:109–15.
OpenUrlCrossRefPubMedWeb of Science


	↵	Wirth  B, 
	Herz  M, 
	Wetter  A, 
	Moskau  S, 
	Hahnen  E, 
	Rudnik-Schoneborn  S, 
	Wienker  T, 
	Zerres  K

. Quantitative analysis of survival motor neuron copies: identification of subtle SMN1 mutations in patients with spinal muscular atrophy, genotype-phenotype correlation, and implications for genetic counseling. Am J Hum Genet 1999;64:1340–56.
OpenUrlCrossRefPubMedWeb of Science


	↵	Mailman  MD, 
	Heinz  JW, 
	Papp  AC, 
	Snyder  PJ, 
	Sedra  MS, 
	Wirth  B, 
	Burghes  AH, 
	Prior  TW

. Molecular analysis of spinal muscular atrophy and modification of the phenotype by SMN2. Genet Med 2002;4:20–6.
OpenUrlPubMedWeb of Science


	↵	Pyatt  RE, 
	Prior  TW

. A feasibility study for the newborn screening of spinal muscular atrophy. Genet Med 2006;8:428–37.
OpenUrlPubMedWeb of Science


	↵	Chan  V, 
	Yip  B, 
	Yam  I, 
	Au  P, 
	Lin  CK, 
	Wong  V, 
	Chan  TK

. Carrier incidence for spinal muscular atrophy in southern Chinese. J Neurol 2004;251:1089–93.
OpenUrlPubMed


	↵	Ogino  S, 
	Wilson  RB, 
	Gold  B

. New insights on the evolution of the SMN1 and SMN2 region: simulation and meta-analysis for allele and haplotype frequency calculations. Eur J Hum Genet 2004;12:1015–23.
OpenUrlCrossRefPubMed


	↵	Smith  M, 
	Calabro  V, 
	Chong  B, 
	Gardiner  N, 
	Cowie  S, 
	du Sart  D

. Population screening and cascade testing for carriers of SMA. Eur J Hum Genet 2007;15:759–66.
OpenUrlCrossRefPubMed


	↵	Prior  TW

. Carrier screening for spinal muscular atrophy. Genet Med 2008;10:840–2.
OpenUrlPubMed


	↵	Labrum  R, 
	Rodda  J, 
	Krause  A

. The molecular basis of spinal muscular atrophy (SMA) in South African black patients. Neuromuscul Disord 2007;17:684–92.
OpenUrlCrossRefPubMed


	↵	Su  YN, 
	Hung  CC, 
	Li  H, 
	Lee  CN, 
	Cheng  WF, 
	Tsao  PN, 
	Chang  MC, 
	Yu  CL, 
	Hsieh  WS, 
	Lin  WL, 
	Hsu  SM

. Quantitative analysis of SMN1 and SMN2 genes based on DHPLC: a highly efficient and reliable carrier-screening test. Hum Mutat 2005;25:460–7.
OpenUrlCrossRefPubMedWeb of Science


	↵	Chen  WJ, 
	Wu  ZY, 
	Wang  N, 
	Lin  MT, 
	Mu-rong  SX

. Quantitative studies on SMN1 gene and carrier testing of spinal muscular atrophy. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 2005;22:559–602.
OpenUrlPubMed


	↵	Wirth  B, 
	Schmidt  T, 
	Hahnen  E, 
	Rudnik-Schoneborn  S, 
	Krawczak  M, 
	Muller-Myhsok  B, 
	Schonling  J, 
	Zerres  K

. De novo rearrangements found in 2% of index patients with spinal muscular atrophy: mutational mechanisms, parental origin, mutation rate, and implications for genetic counseling. Am J Hum Genet 1997;61:1102–11.
OpenUrlCrossRefPubMedWeb of Science


	↵	Ogino  S, 
	Gao  S, 
	Leonard  DG, 
	Paessler  M, 
	Wilson  RB

. Inverse correlation between SMN1 and SMN2 copy numbers: evidence for gene conversion from SMN2 to SMN1. Eur J Hum Genet 2003;11:275–7.
OpenUrlCrossRefPubMedWeb of Science


	↵	Oprea  GE, 
	Krober  S, 
	McWhorter  ML, 
	Rossoll  W, 
	Muller  S, 
	Krawczak  M, 
	Bassell  GJ, 
	Beattie  CE, 
	Wirth  B

. Plastin 3 is a protective modifier of autosomal recessive spinal muscular atrophy. Science 2008;320:524–7.
OpenUrlAbstract/FREE Full Text







  


  
  



  
      
  
  
    Footnotes
	Competing interests All authors, except C S, declare the potential for duality of interest because they are employed by, and receive salaries from, Genzyme Genetics, the institution that funded this research. Genzyme is engaged in clinical testing of SMN1 for SMA carrier screening.

	Patient consent Not required.

	Provenance and Peer review Not commissioned; externally peer reviewed.

	This is an open-access article distributed under the terms of the Creative Commons Attribution Non-commercial License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.





  


  
  



  





  


  
  



  
        Read the full text or download the PDF:

    
  
  
    
  
    
  
    
    
      
        
  
      
  
  
      


  
  



      

    


    
      
        
  
      
  
  
    Subscribe  


  
  



      

    

    
    
      
        
  
      
  
  
    Log in   


  
  



  
      
  
  
    
  
    
  
      
  
  
    Log in via Institution
Log in via OpenAthens
Log in via CCMG  


  
  



  
      
  
  
    Log in using your username and password

 For personal accounts OR managers of institutional accounts



  Username *
 



  Password *
 




Forgot your log in details?Register a new account?

Forgot your user name or password?




  


  
  



  



  


  
  



      

    

  
  
   
  
    



  


  
  



      

      
    

    
    
      
        
  
      
  
  
      


  
  



      

    

  
  
   
    
    
    
      
        
  
      
  
  
    
  
      
  
     
          

          

          

          

          




  


  
  



      

    

  
  
   
  


  



  

          

        


        
        
      

    

   

 


    
    
      
          
    

    
  
    
  	Content	Latest content
	Current issue
	Archive
	Browse by collection
	Most read articles
	Responses


	Journal	About
	Editorial board
	Sign up for email alerts
	Thank you to our reviewers
	Subscribe


	Authors	Instructions for authors
	Submit an article
	Editorial policies
	Open Access at BMJ
	BMJ Author Hub


	Help	Contact us
	Reprints
	Permissions
	Advertising
	Feedback form





  



  

      
            
        
            
    

    
  
    
  
    
  
      
  
  
    	 RSS
	 Twitter
	 Facebook
	 Blog

  


  
  



  



  



  

        
      

          

  
      
    
      
    

    
      
        	Website Terms & Conditions
	Privacy & Cookies
	Contact BMJ


        
        Cookie Settings
        
        Online ISSN: 1468-6244Print ISSN: 0022-2593

        Copyright © 2023 BMJ Publishing Group Ltd. All rights reserved.

      

    

  
      
    
        
    

    
  
    
  
    
  
      
  
  
    


  



  


  
  



  



  



  

    

  

  
  


