
INTRODUCTION
Spinal muscular atrophy (SMA; MIM 253300) is a neuromus-
cular disorder caused by loss of motor neurons in the spinal 
cord and brainstem, leading to generalized muscle weakness 
and atrophy that impairs activities such as crawling, walking, 
sitting up, and controlling head movement.1 SMA has variable 
expressivity, with a broad range of onset and severity. In severe 
cases, death occurs within the first 2 years of life, due mostly 
to respiratory failure.2 It has an incidence of about 1 in 10,000 
live births and a carrier frequency of about 1/40 to 1/100 in dif-
ferent ethnic groups, with a higher carrier frequency among 
Caucasians and lower carrier frequencies among African 
Americans and Hispanics.3–6 SMA is caused by biallelic muta-
tions in the survival motor neuron 1 (SMN1) gene, including 

deletions, gene conversions, and intragenic mutations, whereas 
SMN2 copy number may modify disease severity.7 SMN1 and 
SMN2 are highly homologous differing in five base pairs, none 
of which changes the amino acid sequence. A single C-to-T 
change in SMN2 exon 7 (c.840C>T) affects an exonic splicing 
enhancer, which results in a reduction of full-length transcripts 
from SMN2.8 This nucleotide is considered the only functional 
paralogous sequence variant9 (PSV; Figure 1a) and is what dif-
ferentiates SMN1 from SMN2.

SMA has features that can be recognized clinically, but 
molecular testing is typically required to confirm the diagnosis. 
Polymerase chain reaction (PCR) coupled with restriction frag-
ment-length polymorphism analysis is a commonly used diag-
nostic test for SMA,10 but this method does not detect carrier 
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Purpose: To investigate pan-ethnic SMN1 copy-number and 
sequence variation by hybridization-based target enrichment cou-
pled with massively parallel sequencing or next-generation sequenc-
ing (NGS).
Methods: NGS reads aligned to SMN1 and SMN2 exon 7 were 
quantified to determine the total combined copy number of SMN1 
and SMN2. The ratio of SMN1 to SMN2 was calculated based on a 
single-nucleotide difference that distinguishes the two genes. SMN1 
copy-number results were compared between the NGS and quantita-
tive polymerase chain reaction and/or multiplex ligation- dependent 
probe amplification. The NGS data set was also queried for the 
g.27134T>G single-nucleotide polymorphism (SNP) and other 
SMN1 sequence pathogenic variants.
Results: The sensitivity of the test to detect spinal muscular atrophy 
(SMA) carriers with one copy of SMN1 was 100% (95% confidence 

interval (CI): 95.9–100%; n = 90) and specificity was 99.6% (95% CI: 
99.4–99.7%; n = 6,648). Detection of the g.27134T>G SNP by NGS 
was 100% concordant with an restriction fragment-length polymor-
phism method (n = 493). Ten single-nucleotide variants in SMN1 
were detectable by NGS and confirmed by gene-specific amplicon-
based sequencing. This comprehensive approach yielded SMA car-
rier detection rates of 90.3–95.0% in five ethnic groups studied.
Conclusion: We have developed a novel, comprehensive SMN1 
 copy-number and sequence variant analysis method by NGS that 
demonstrated improved SMA carrier detection rates across the entire 
population examined.
Genet Med advance online publication 26 January 2017
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Figure 1 The SMN1 and SMN2 next-generation sequencing sequence alignment surrounding the functional paralogous sequence variant (PSV) 
at c.840. (a) The SMN gene PSV1 (c.840C/T), PSV2 (c.888 + 100A/G) and SMN1 single-nucleotide polymorphism (SNP) g.27134T>G are located within a 148-bp 
region spanning exon 7 and intron 7 of the SMN1 or SMN2 gene. (b) The alignment of pair-end sequence reads (2 × 100) in a normal and SMN1/SMN2 gene 
hybrid sample. The red or purple box represents the pair-end read R1 or R2, respectively. The green letters at the PSV1, PSV2, or the SMN1 SNP loci indicate 
that the aligned reads match the reference sequence at these positions. Yellow letters indicate the mismatched bases in the correctly aligned reads caused by 
sequence polymorphism or a gene conversion event. Red letters indicate the mismatched bases in the misaligned reads caused by sequence polymorphism or 
gene conversion. (c) Sequence pileups of read pairs at the correct SMN1 locus (top) and incorrect SMN2 locus (bottom).
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status. The first carrier test for SMA, developed in 1997, used 
a competitive PCR strategy for quantification of SMN1 copy 
number.11 Since then, the development of higher-throughput 
methods, such as multiplex ligation-dependent probe ampli-
fication (MLPA) and quantitative PCR (qPCR), has enabled 
SMA carrier screening on a population basis.12,13 These meth-
odologies determine SMN1 copy number by interrogating the 
c.840C/T functional PSV that distinguishes the two SMN genes.

Massively parallel sequencing or next-generation sequenc-
ing (NGS) technologies have rapidly transformed medicine as 
cost-effective approaches to detecting pathogenic variants on 
a genomic scale in patients with genetic diseases.14 Recently 
developed NGS-based carrier screening panels offer increased 
detection rates relative to conventional genotyping in a high-
throughput mode for a large number of genes.15,16 In addi-
tion, NGS is now used on a clinical basis for the detection of 
copy-number variants (CNVs).17,18 The ability to detect such 
pathogenic variants when performing carrier screening using 
NGS is particularly important for diseases in which a high per-
centage of pathogenic variants are CNVs, as is the case with 
SMA. However, NGS-based CNV detection is challenging for 
deletions and duplications at the single exon or subexon level 
because of technical noise introduced by uneven coverage in 
regions with variable GC content, nonlinear amplification 
by PCR, and/or inter-run variations caused by assay artifacts 
known as batch effects. Another major drawback of CNV anal-
ysis by short-read NGS is the lack of locus-specific computa-
tional programs for genes with highly homologous sequences 
that are not easily mapped to the genome. These genes, includ-
ing SMN1 and SMN2, are normally excluded from NGS vari-
ant-calling and copy-number analyses.19 In addition, SMN1 and 
SMN2 often undergo gene conversion events leading to gene 
hybrids that harbor PSVs from both genes.20 This complicates 
CNV analysis by NGS and underscores the need for nuanced 
data analysis to avoid errors caused by misalignment and gene 
conversion. SMN1 copy-number analysis using a Bayesian hier-
archical model applied to the 1000 Genomes Project database 
was recently reported.21 This analysis characterized individuals 
as “likely,” “possibly,” or “unlikely” SMA carriers. However, to 
our knowledge, an NGS-based clinical method for copy-num-
ber analysis of SMN1 and/or other genes with highly homolo-
gous sequences has not been reported in the literature.

Sequence variants including single-nucleotide variants or 
other small deletions, insertions, or insertions/deletions in 
SMN1 are medically relevant but not routinely detected by 
existing SMA carrier testing approaches. A recent study identi-
fied a SNP (g.27134T>G) tightly linked to a haplotype in silent 
carriers who have two copies of SMN1 on one chromosome and 
zero copies on the other chromosome (2 + 0 configuration) in 
certain populations.22 Analysis of this SNP was recommended 
in a recent update on SMA carrier testing by the American 
College of Medical Genetics and Genomics.23 In addition, while 
whole-gene or exonic CNVs account for the majority of SMA 
disease alleles, approximately 2.5% of SMA pathogenic vari-
ants are point mutations.6 These pathogenic single-nucleotide 

variants are not detected by carrier testing methods that only 
interrogate the c.840 PSV.

We developed a novel method called paralogous gene copy-
number analysis by ratio and sum (PGCNARS) for SMA car-
rier testing based on short-read NGS data. This method was 
rigorously validated in a clinical setting using 6,738 pan-ethnic 
samples and compared to results generated by MLPA or qPCR. 
In addition, the g.27134T>G SNP associated with 2 + 0 SMA 
carrier status and pathogenic SMN1 sequence variants were 
also analyzed.

MATERIALS AND METHODS
DNA samples
The analyses were performed using de-identified samples sub-
mitted to Baylor Genetics Laboratory for carrier testing for a 
panel of diseases, including SMA, by NGS, qPCR, and MLPA 
with the approval from the institutional review board at Baylor 
College of Medicine. DNA was extracted from whole blood 
using commercially available DNA isolation kits (Gentra 
Systems, Minneapolis, MN), following the manufacturer’s 
instructions.

SMN1 copy-number analysis by MLPA
SMN1 copy number was analyzed using the MCR-Holland 
SALSA MLPA Kit P060-B2 (MRC-Holland, Amsterdam, The 
Netherlands) or custom-designed MLPA reagents, according to 
the manufacturer’s recommendations. The MLPA reagent con-
tains sequence-specific probes targeted to exons 7 and 8 of both 
SMN1 and SMN2 (ref. 24). The MLPA data were analyzed using 
Coffalyzer software (MRC-Holland).

SMN1 copy analysis by TaqMan qPCR
SMN1 copy number was assessed using the TaqMan qPCR 
assay as part of a panel using the BioMark 96.96 Dynamic Array 
(Fluidigm, South San Francisco, CA). Exon 7 from both the 
SMN1 and SMN2 genes was amplified by the following primer 
pair: 5′-ATAGCTATTTTTTTTAACTTCCTTTATTTTCC-3′ 
and 5′-TGAGCACCTTCCTTCTTTTTGA-3′. A probe that  
specifically targets the SMN1 PSV (FAM-TTGTCTGAAA 
CCCTG) was used to detect SMN1, whereas SMN2 was blocked  
by a probe that targets the SMN2 PSV (VIC-TTTTGTC 
TAAAACCC). qPCR was performed on the BioMark HD 
 system (Fluidigm) as previously described, with minor modifi-
cations.25 Copy number was calculated using the ∆∆Ct method 
by normalizing to the genomic reference of the case and to the 
batch reference within the chip.26

Capture enrichment and NGS
A previously described protocol27 using capture-based target 
enrichment followed by NGS was adapted for the clinical test of 
158 genes, including SMN1, selected for carrier testing. Briefly, 
genomic DNA was fragmented by sonication, ligated to multi-
plexing paired-end adapters (Illumina, San Diego, CA), amplified 
by PCR with indexed (barcoded) primers for sequencing, and 
hybridized to biotin-labeled, custom-designed capture probes 

 Volume 19  |  Number 8  |  August 2017  |  Genetics in meDicine938

FENG et al  |  The next generation of population-based spinal muscular atrophy carrier screeningOriginal research article



Figure 2 A novel computational algorithm PGCNARS (paralogous gene copy-number analysis by ratio and sum) for SMN1 copy-number analysis 
using next-generation sequencing coverage depth data for spinal muscular atrophy carrier screening. PGCNARS involves three major steps for the 
SMN1 copy-number analysis. First, for each sample in the same capture pool, the copy-number ratio of SMN1 to SMN2 is calculated using the read depth of 
the paralogous sequence variants in exon 7 (c.840C/T) or exon 8 (c.*233T/A) of SMN1 and SMN2 (step a1–3). The SMN1 and SMN2 total copy number was 
determined by their exonic coverage data after normalization to the read depth of the median identified in the sample group (step b1–7). Finally, the SMN1 
copy number in each sample is calculated based on the SMN1 to SMN2 copy-number ratio and their total copy number (step c).
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(NimbleGen; Roche, Madison, WI) in a solution-based reaction. 
Hybridization was performed at 47 °C for at least 16 h, followed 
by paired-end sequencing (100 bp) on the Illumina HiSeq 2500 
platform, with average coverage of >300× in the targeted regions.

NGS data processing and data quality control
Raw-image data conversion and demultiplexing were performed 
following Illumina’s primary data analysis pipeline using CASAVA 
version 2.0 (Illumina). Low-quality reads (Phred score <Q25) were 
removed before demultiplexing. Batched samples from the same 
capture pool were grouped and processed together. Sequences 
were aligned to the hg19 reference genome by NextGENe soft-
ware (SoftGenetics, State College, PA) using the recommended 
standard settings for single-nucleotide variant and insertion/
deletion discovery. In every sample, the average coverage depth 
of each targeted exon of nonhomologous genes was extracted and 
normalized according to our previously published methods.18 
Similar to derivative log ratio spread used in the quality assurance 
of array-based comparative genomic hybridization data analysis, 
derivative ratio spread, defined below, was used to quantify the 
coverage depth variation of each sample from the NGS data.

DRS
N i

N

i= −
=
∑1

2 1

2( )δ µ

where δ represents the difference of normalized coverage ratio 
between two adjacent exons; µ is the mean of all δ; N is the total 
number of data points (the number of total exons minus 1). A 
sample with derivative ratio spread > 0.1 is considered to have 
not passed quality control and therefore was not included in 
the copy-number analysis. The script for the detection of SMN1 
copy numbers using next-generation sequencing coverage depth 
is deposited at https://sourceforge.net/projects/PGCNARS.

RESULTS
SMN1 and SMN2 NGS sequence alignment based on the 
functional PSV at c.840
Since SMN1 and SMN2 differ at only five bases, most of the 
SMN1- or SMN2-derived NGS reads (2 × 100-bp pair-end (PE) 
sequencing used in this work) were indistinguishable. As a 
result, these reads were ambiguously aligned to either SMN1 
or SMN2 with poor mapping quality, making read depth–based 
copy-number analysis inapplicable. Notably, reads containing 
at least one SMN1 or SMN2 PSV were mapped to the reference 
locus with higher mapping specificity. For example, in a sample 
with two copies of SMN1 and zero copies of SMN2 determined 
by MLPA, all correctly mapped NGS reads contained the SMN1 
PSV (c.840C) in exon 7 (Supplementary Figure S1a online). 
Reads that mapped incorrectly to exon 7 of SMN2 were those 
without the SMN1 PSV (Supplementary Figure S1b online).

Effects of SMN1 and SMN2 gene conversion on sequence 
alignment and read-depth analysis
Since the functional PSV at c.840 is the only base that can be reli-
ably used to differentiate the SMN1 and SMN2 genes, accurate 

read-depth data at this locus are necessary to determine the 
SMN1 and SMN2 copy number. However, gene conversions can 
produce SMN1 and SMN2 gene hybrids that harbor both SMN1 
and SMN2 PSVs in a single SMN gene. In these samples, the 
SMN1 gene-specific functional PSV (PSV1; c.840C in SMN1) 
and the SMN2 PSV (PSV2; c.888 + 100G in SMN2) can be found 
in a haplotype block containing exon 7 and intron 7 (Figure 1a). 
The NGS reads derived from such gene hybrid regions may con-
found the mapping algorithm and result in incorrect alignment 
(Figure 1b). For example, in a gene hybrid sample with the SMN1 
functional PSV (c.840C), SMN1 SNP (g.271347T>G), and SMN2 
PSV (c.888 + 100G) present in cis, 26% of the SMN1 sequences 
with the functional PSV mapped to the SMN2 locus (Figure 1c).  
These SMN1 reads were misaligned to SMN2 because the PE 
read-mapping algorithm did not always utilize the functional 
PSV c.840C to anchor the read pairs to the SMN1 locus when 
the SMN1 PSV c.840C was present on the first read (R1) and 
the SMN2 intronic PSV and the SMN1 SNP were present on the 
second read (R2). Therefore, we decoupled the 2 × 100 PE reads 
and performed alignment based on single-end reads to achieve 
more accurate read-depth data at the SMN functional PSV locus. 
This was an essential step to correctly map reads containing the 
c.840C PSV to the SMN1 gene. We compared the performance 
of PE and single-end alignment for eight gene-hybrid samples 
with three copies of SMN1 and one copy of SMN2 confirmed by 
MLPA. We found that single-end mapping was more accurate 

Table 1 The test sensitivity and specificity of SMN1 copy-
number analysis by an next-generation sequencing–based 
computational algorithm

SMN1 copy number

True positive 
confirmed 

by Fluidigm/ 
MLPA

True negative 
confirmed 

by Fluidigm/
MLPA

1 copy of SMN1

NGS test positive (1 copy of SMN1) 90 26

NGS test negative (>1 copy of SMN1) 0 6,622

2 copies of SMN1

NGS test positive (2 copies of SMN1) 5,445 21

NGS test negative (1 or ≥3 copies of SMN1) 35 1,237

≥3 copies of SMN1

NGS test positive (≥3 copies of SMN1) 1,147 9

NGS test negative (<3 copies of SMN1) 21 5,561

1 copy of SMN1 NGS 
performance

95% CI

Sensitivity (n = 90) 100.0% 95.9–100%

Specificity (n = 6,648) 99.6% 99.4–99.7%

2 copies of SMN1

Sensitivity (n = 5,480) 99.4% 99.1–99.5%

Specificity (n = 1,258) 98.3% 97.5–98.9%

≥3 copies of SMN1

Sensitivity (n = 1,168) 98.2% 97.3–98.8%

Specificity (n = 5,570) 99.8% 99.7–99.9%

CI, confidence interval; MLPA, multiplex ligation-dependent probe amplification; 
NGS, next-generation sequencing.
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for SMN gene copy-number analysis. Compared with the single-
end alignment method, SMN1 to SMN2 copy-number ratio was 
decreased and SMN1 copy number was underestimated by the 
PE alignment because some of the SMN1 reads were misaligned 
to the SMN2 locus (Supplementary Figure S2 online).

Calculation of SMN1 and SMN2 copy number by the ratio 
and sum of their NGS reads
To determine SMN1 and SMN2 copy number using NGS data, 
we first hypothesized that in any given sample, the SMN1 to 
SMN2 copy-number ratio should be determined by their 
gene-specific reads ratio. To test this hypothesis, we calcu-
lated the SMN to SMN2 copy-number ratio for all samples in 
this study (n = 6,738) by surveying informative reads harbor-
ing the c.840C/T functional PSV in exon 7 or the c.*233T/A 
PSV in exon 8. The samples fell into three major populations 
with SMN1 to SMN2 copy-number ratios of one, two, or three 
(Supplementary Figure S3 online). This observation was in 
line with the fact that the most common configurations of 
SMN1 and SMN2 include individuals with two copies of SMN1 
and two copies of SMN2, two copies of SMN1 and one copy 
of SMN2, or three copies of SMN1 and one copy of SMN2  
(refs. 28–30). Samples with zero copies of SMN2 were also rela-
tively common (Supplementary Figure S3 online). Samples 
with the same SMN1 and SMN2 gene copy-number ratio fre-
quently had different absolute gene copy numbers (e.g., indi-
viduals with two copies of SMN1 and SMN2 and those with 
three copies of each). Therefore, the copy-number ratio itself 
could not be used directly to infer SMN1 and SMN2 copy num-
ber; it was informative only when it was used together with the 
combined SMN1 and SMN2 total copy number. 

We then calculated SMN1 and SMN2 total copy number 
using read-depth data using our previously published NGS-
based copy-number analysis method, with modifications.18 
We made an important adjustment to the published protocol, 
which was to perform the analysis by capture batch. Samples 
pooled together in a single hybridization-based target enrich-
ment reaction were analyzed and normalized as a group. This 
approach reduced the batch effects introduced by target cap-
ture, PCR after capture, and sequencing variation. We observed 
a significantly higher error rate for SMN1 copy-number calcu-
lations when samples from different capture pools were ana-
lyzed together, even when they were sequenced in the same 
flow-cell (Supplementary Table S1 online).

To calculate SMN1 and SMN2 total copy number, we nor-
malized exonic read-depth to total mapped reads of all targeted 
genes included in our carrier screening panel. All reads aligned 
to either SMN1 or SMN2 were counted in this step, including 
both gene-specific reads and those nondistinguishing reads 
lacking PSVs. Next, samples with SMN1 to SMN2 copy-num-
ber ratios between 0.8 and 1.2 were grouped together to iden-
tify the median sample, which generally was a sample with two 
copies each of SMN1 and SMN2. The median sample served 
as an intrabatch SMN1 and SMN2 total read-depth normal-
izer for subsequent calculations. The exact SMN1 and SMN2 
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copy number of this normalizer was confirmed by MLPA or 
qPCR and demonstrated complete concordance with the NGS-
predicted value (i.e., two copies of SMN1 and SMN2) in >50 
consecutive batches. Finally, the SMN1 copy number for each 
sample was determined by applying the formula

n rd rd rd c c1 1 1 2 4= +/ ( ) * / *Σ χ

in which n1 is the calculated copy number of SMN1; rd1 and rd2 
are the read depths of the c.840 PSV at SMN1 and SMN2, respec-
tively; Σc is the combined exonic (exon 7) coverage of SMN1 and 
SMN2; and χc is the median of all the calculated Σc in a group 
of samples batched together for the analysis. The overall SMN1 
and SMN2 copy-number calculation algorithm is illustrated in 
Figure 2. Note that the formula can also be used to compare the 
exon 8 copy-number analysis with the exon 7 copy-number results 
by applying the coverage data of the exon 8 PSV (c.*233T/A). 
Using this method, we were able to differentiate SMA carriers 
who had one copy of SMN1 and SMN2 (1/1) from noncarriers 
who had two copies of each (2/2), although their SMN1 to SMN2 
copy-number ratios were not distinguishable (Supplementary 
Table S2 online). Individuals with 1/1 and 2/2 had an average of 
2.1 and 3.98 total SMN1 and SMN2 copy numbers, respectively. 
The same principle was applied to distinguish 1/2 carriers from 
2/3 carriers and/or other similar configurations.

Reproducibility, sensitivity, and specificity of SMN1 copy-
number analysis
To determine the reproducibility of this new NGS-based copy-
number analysis for SMN1, 68 samples were repeated in three 
independent runs; among these, 53 samples had two copies of 
SMN1, 11 had three or more copies of SMN1, and 4 had one 
copy of SMN1. This reproducibility test demonstrated com-
plete concordance for all samples in all three runs. Next we 
analyzed 6,738 clinical samples submitted to our laboratory for 
carrier testing by comparing the qPCR and/or MLPA results 
with those generated by PGCNARS (Table 1). The test sensitiv-
ity was 100% for SMA carriers (95% CI: 95.9–100%; n = 90) 
with a test specificity at 99.6% (95% CI: 99.4–99.7%; n = 6,648). 
For samples with two copies of SMN1, the NGS method’s test 
sensitivity and specificity were 99.4% (95% CI: 99.1–99.5%; n = 
5,480) and 98.3% (95% CI: 97.5–98.9%; n = 1,258), respectively. 
For samples with three or more copies of SMN1, test sensitiv-
ity and specificity were 98.2% (95% CI: 97.3–98.8%; n = 1,168) 

and 99.8% (95% CI: 99.7–99.9%; n = 5,570), respectively. To test 
whether the NGS-based SMN1 copy-number analysis can be 
used for the diagnosis of patients with SMA, we tested a familial 
tetrad in which two children were affected by SMA. Our NGS 
analyses showed that both of the affected children had zero 
copies of SMN1, while their parents were carriers with one copy 
of SMN1 (Supplementary Figure S4 online).

Multiethnic SMN1 copy-number analysis for SMA carrier 
population screening by NGS
The multiethnic SMN1 copy-number analysis data for SMA 
carrier population screening by NGS is summarized in Table 2. 
In 5,344 individuals with known ethnicity, African Americans 
and Hispanics had the lowest carrier frequencies with SMN1 
deletion, at 1.0 and 0.9%, whereas Asians had the highest car-
rier frequency at 2.4%. Caucasians and individuals of Ashkenazi 
Jewish ancestry had SMA carrier frequencies at 1.4 and 1.9%, 
respectively. About 47.8% of African Americans had three or 
more copies of SMN1, which is significantly higher than any 
other population. These results are consistent with previous 
studies of SMN1 copy-number distribution in the general pop-
ulation,4 indicating that the NGS method reported herein is 
robust in its determination of SMN1 copy number.

Detection of the g.27134T>G SNP associated with 2 + 0 
SMA carrier status by NGS
Next we tested whether our NGS assay could detect a recently 
identified g.27134T>G SNP associated with 2 + 0 SMA carrier 
status.22 Our NGS method to call the g.27134T>G SNP yielded 
results completely concordant with those generated by a restric-
tion fragment-length polymorphism assay in 493 consecu-
tive samples (Supporting Information and Supplementary 
Methods and Procedures online; Supplementary Figures 
S6 and S7 online; Supplementary Tables S4 and S5 online). 
Importantly, using the NGS method, we found that 574 of 
the 956 individuals (79%) with three or more copies of SMN1 
were also positive for the g.27134T>G SNP, whereas only 5% 
of individuals with two copies of SMN1 were carriers of the 
g.27134T>G SNP (Table 2). Therefore, testing for this SNP in 
the general population could theoretically identify 2 + 0 SMA 
carriers. In our cohort, linkage of the SNP with the SMN1 
duplicated allele varied by ethnic group. Based on the con-
figurations of SMN1 copy number and the g.27134T>G SNP 
genotype, we found that linkage was the highest among African 

Table 3 SMA carrier detection and residual risk estimates

Ethnicity
Carrier 

frequencya

Detection  
rate (CN)a

Residual risk 
(CN negative)a

Detection rate  
(CN + SNP)

Residual risk  
(CN + SNP negative)

Residual risk  
(CNnegative + SNP positive) 

Caucasian 1 in 47 94.8% 1 in 834 95.0% 1 in 921 1 in 69

African American 1 in 72 70.5% 1 in 130 90.3% 1 in 375 1 in 39

Hispanic 1 in 68 90.0% 1 in 579 92.6% 1 in 906 1 in 99

Ashkenazi Jewish 1 in 67 90.5% 1 in 611 92.8% 1 in 918 Carrier

Asian 1 in 59 93.3% 1 in 806 93.6% 1 in 907 1 in 61

CN, SMN1 copy-number analysis; SNP, SMN1 g.27134T>G analysis; CN negative, two copies of SMN1 detected; CN + SNP negative, two copies of SMN1 detected and 
g.27134T>G not detected; CN negative + SNP positive, two copies of SMN1 and g.27134T>G detected. aRef. 28.
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Americans; 74.5% of duplicated SMN1 alleles were also posi-
tive for the g.27134T>G SNP. Linkage was the lowest for Asians, 
with a positive SNP frequency of 6.7% among the duplicated 
alleles. The linkage was 12.3, 35.3, and 33.3% for Caucasians, 
Hispanics, and Ashkenazi Jews, respectively. When SMN1 
copy-number and g.27134T>G SNP analyses were combined 
to identify SMA carriers, the detection rate was increased to 
90.3–95.0% in different ethnic groups compared with SMN1 
copy number–based carrier testing (Table  3). Therefore, the 
residual risk of being an SMA carrier after a negative screening 
result (i.e., two copies of SMN1 and negative for g.27134T>G 
SNP) decreases in all populations (Table 3). The positive pre-
dictive value for an individual to be a 2 + 0 carrier after testing 
positive for the g.27134T>G SNP with two copies of SMN1 is 
highest among Ashkenazi Jews (~100%) but lower in other eth-
nic groups, ranging from 1 in 99 to 1 in 39 (Table 3).

SMN1 sequence pathogenic variants identified by NGS
Among all samples analyzed for sequence variants by NGS, we 
identified 10 individuals with potentially pathogenic single-
nucleotide variants in the SMN1 gene. These variants were 
either previously found in patients with SMA or novel likely 
pathogenic variants (Supplementary Table S3 online). We 
confirmed the NGS results using gene-specific PCR followed by 
amplicon-based sequencing (Supplementary Figure S5 online, 
Supplementary Methods and Procedures online).

DISCUSSION
NGS has enabled tremendous progress in clinical molecular 
testing, including population-based expanded carrier screen-
ing.15,16,31 A recent large cohort study suggested that an expanded 
carrier screen involving NGS increases detection rates for a vari-
ety of potentially serious genetic diseases when compared with 
current recommendations, which focus on testing a small num-
ber of diseases in high-risk populations.31 While NGS generates 
reliable SNV results in a high-throughput mode and can be used 
for CNV analysis, calling sequence variants and CNVs for genes 
with highly homologous sequences is technically challenging. For 
this reason, SMN1 and SMN2 have been put into a “dead zone” of 
genes that are not amenable to accurate NGS alignment.19

The majority of SMN1 and SMN2 NGS short reads lack 
informative PSVs for accurate mapping, and simple depth-
of-coverage analyses cannot be used directly for gene-specific 
copy-number analysis. However, ambiguously aligned reads 
(i.e., reads aligned to SMN1 or SMN2) may be used to calculate 
the total combined copy number of SMN1 and SMN2. Gene-
specific reads containing the c.840C/T PSV can then be used 
to calculate the SMN1 to SMN2 copy-number ratio and in turn 
permit derivation of gene-specific copy number. We used this 
approach to analyze 6,738 samples submitted to our laboratory 
for carrier testing. Measures of test reproducibility, sensitivity, 
and specificity indicate that this NGS method is highly accurate 
and robust for SMN1 copy-number analysis.

A recent study identified several SNPs, including g.27134T>G, 
that are tightly linked to a haplotype in 2 + 0 carriers who have 

two copies of SMN1 in tandem duplication on one chromo-
some and zero copies on the other.22 Since our carrier screening 
panel was designed to analyze the entire coding sequence and 
flanking intronic regions of every gene on the panel, includ-
ing SMN1 and SMN2, we were able to detect clinically relevant 
SMN1 sequence variants (e.g., g.27134T>G) in addition to 
copy-number changes. We determined SMN1 copy number and 
genotyped the g.27134T>G SNP in different ethnic groups and 
found that this approach increases SMA carrier detection rates 
in all ethnic groups compared with conventional methodolo-
gies. The positive predictive value for an individual to be a SMA 
carrier when SMN1 copy number is two and the g.27134T>G 
SNP is present is highest for Ashkenazi Jews (~100%), which is 
consistent with a previous study.22 The positive predictive value 
was much lower for the general Asian population (~1.6%), 
however, in contrast to the same previous report (~100%). This 
discrepancy could be due to sampling differences, as distinct 
Asian subpopulations were included in our study (Table 3). It 
should be noted that only a fraction of SMN1 duplicated alleles 
were linked to the g.27134T>G SNP in individuals other than 
African Americans, and further study is necessary to identify 
haplotypes linked to duplication alleles in these populations. 
Finally, we were able to identify pathogenic or likely pathogenic 
SMN1 single-nucleotide variants in 10 individuals, consistent 
with an overall carrier frequency of 0.15% in our cohort.

In summary, our NGS test reported herein is a sensitive and 
robust assay of SMN1 copy-number and sequence variation 
that increases SMA carrier detection rates across all popula-
tions. This approach can be integrated into existing NGS-based 
carrier screening panels to improve SMA detection rates and 
reduce the overall cost of population carrier screening.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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