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Spinal muscular atrophy is a severe autosomal recessive disease caused by disruptions in the SMN1
gene. The nearly identical SMN2 gene copy number is associated with disease severity. SMN1 duplication
markers, such as c.*3þ80T>G and c.*211_*212del, can assess residual carrier risk. An SMN2 disease
modifier (c.859G>C) can help inform prognostic outcomes. The emergence of multiple precision gene
therapies for spinal muscular atrophy requires accurate and rapid detection of SMN1 and SMN2 copy
numbers to enable early treatment and optimal patient outcomes. We developed and evaluated a single-
tube PCR/capillary electrophoresis assay system that quantifies SMN1/2 copy numbers and genotypes
three additional clinically relevant variants. Analytical validation was performed with human cell lines
and whole blood representing varying SMN1/2 copies on four capillary electrophoresis instrument
models. In addition, four independent laboratories used the assay to test 468 residual clinical genomic
DNA samples. The results were �98.3% concordant with consensus SMN1/2 exon 7 copy numbers,
determined using multiplex ligation-dependent probe amplification and droplet digital PCR, and were
100% concordant with Sanger sequencing for the three variants. Furthermore, copy number values were
98.6% (SMN1) and 97.1% (SMN2) concordant to each laboratory’s own reference results. (J Mol Diagn
2021, 23: 753e764; https://doi.org/10.1016/j.jmoldx.2021.03.004)
Supported by NIH National Institute of Neurological Disorders and
Stroke Small Business Innovation Research Phase I grant 1R43NS115425-
01 to Asuragen (H.Z.).

J.N.M., J.L.L., and S.F.-S. contributed equally to this work.
Disclosures: J.N.M., J.L.L., S.F.-S., W.L.-W., H.Z., and G.J.L. are em-

ployees at Asuragen Inc. and/or have stock or stock options in the company.
Current address of H.Z., Luminex Corp., Austin, TX.
Spinal muscular atrophy (SMA) is an autosomal recessive
disease caused by the loss of survival motor neuron 1
(SMN1) and is characterized by progressive proximal mus-
cle weakness and atrophy, resulting from degeneration of
the a motor neurons.1,2 Affected individuals lose cells
within the anterior horn gray matter of the spinal cord and
experience widespread skeletal muscle atrophy, respiratory
failure, and death.3 Clinical SMA type is determined by age
of onset and severity of muscle weakness. SMA occurs in
approximately 1 in 6000 to 10,000 live births worldwide,
Pathology and American Society for Investiga
and is one of the leading inherited causes of infant death.4e8

Nondiseased individuals have at least one functional copy of
the SMN1 gene, and most individuals have one on each
tive Pathology. Published by Elsevier Inc. All rights reserved.
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chromosome (1 þ 1). Approximately 95% of SMA cases
are due to a deletion in both chromosomes of exon 7 in the
SMN1 gene (0 þ 0). Nearly all of the remaining 5% of cases
are compound heterozygotes, with a pathogenic point mu-
tation in SMN1 on one chromosome and an SMN1 deletion
on the other (1d þ 0). Both SMN1 and its paralog, SMN2,
encode the same protein, SMN, and can have a range of
copy number combinations.9,10 SMN2 has >99.9%
sequence identity to SMN1, and the only coding-region base
difference, NM_000344.3:c.840C>T (Single Nucleotide
Polymorphism database, https://www.ncbi.nlm.nih.gov/snp,
accession number rs1164325688, build 154, last accessed
March 17, 2021) in exon 7, results in inefficient SMN2
exon 7 splicing and predominantly nonfunctional protein
products.11 There is an inverse relationship between dis-
ease severity and SMN2 copy number. Furthermore, a
single-nucleotide polymorphism, SMN2 NM_017411.3:c.
859G>C (dbSNP, rs121909192, build 154, last accessed
March 17, 2021), has recently been associated with a less
severe SMA phenotype12e16; this variant results in a new
exonic splicing enhancer, thereby increasing the number of
full-length transcripts and functional SMN.

Advances in characterizing the genetic landscape of SMA
have enabled rapid development of targeted therapy by the
medical community in the recent years. For example, nusi-
nersen (Spinraza, Biogen, Cambridge, MA) is an antisense
oligonucleotide that modulates alternate splicing of
SMN2,3,17,18 whereas onasemnogene abeparvovec-xioi (Zol-
gensma, Novartis, Chicago, IL) is a gene replacement ther-
apy19,20 and risdiplam (Evrysdi, Roche, Basel, Switzerland) is
a small-molecule SMN2 splicing modifier.21e23 All three
therapies prevent development or delay the progression of
SMA symptoms. These treatments have driven a demand for
increasingly more reliable, rapid, and cheaper molecular di-
agnostics, particularly those that can be used presymptomati-
cally when the therapies are most effective.24

Because of the high global incidence, serious clinical
implications, and newly available treatments, the American
College of Obstetricians and Gynecologists recommends
DNA screening for SMA for all couples seeking precon-
ception or prenatal care, independent of family history.25

The SMN1 deletion carrier rate is approximately 1 of 50
individuals for the typical carrier genotype (1 þ 0), ranging
from 1.4% to 2.2% among different ethnic groups.8

Detection rates range from 71% to 95% across different
populations because of the inability to identify silent carriers
[ie, individuals who have two copies of SMN1 in cis on one
chromosome and a deletion on the other (2 þ 0)]; these
carriers are indistinguishable from typical genotypes (1 þ 1)
based on SMN1 copy number alone. Two variants,
NM_000344.3:c.*3þ80T>G (alias g.27134T>G; dbSNP,
rs143838139, build 154, last accessed March 17, 2021) and
NM_000344.3: c.*211_*212del (alias
g.27706_27707delAT; dbSNP, rs200800214, build 154, last
accessed March 17, 2021), are associated with an SMN1
duplication haplotype block in some ethnicities.26 As a
754
result of this linkage, these markers can flag silent carriers,
increase carrier detection rates from 90% to 94% in
Ashkenazi Jewish populations, and inform residual carrier
risk in all ethnicities examined to date, including Africans/
African Americans, Europeans, Asians, and Hispanics.26e28

PCR-basedmethods andnext-generation sequencing (NGS)
are commonly used in SMA molecular diagnosis and carrier
screening, but both have limitations. For example, multiplex
ligation-dependent probe amplification (MLPA) is often used
to determine SMN1/2 copy number changes and query silent
carrier markers for SMAdiagnosis and carrier screening,29 but
it has a complex 2-day workflow that can be challenging to
execute and requires screening and selection of multiple cali-
brator samples for analysis. Furthermore, some reports have
questioned the accuracy and consistency of copy number
values from MLPA.30 Other studies have shown generally
consistent results from MLPA, suggesting that reliable ana-
lyses may depend on the isolation method, calibration selec-
tion, or other laboratory-specific factors.31,32 Duplex PCR
melting analysis has been recommended for carrier screening,
but it can only discriminate one SMN1 copy from two or more
SMN1 copies.33 Droplet digital PCR (ddPCR) can determine
SMN1 and SMN2 copy numbers with resolution similar to
other methods but has limited multiplexing capacity and re-
quires a separate assay to detect silent carrier markers.34 Some
specialty clinical laboratories offer SMA carrier screening
using NGS,28,35e40 yet this already-complexmethod is further
complicated by the high homology between SMN1 and SMN2
genes and frequent occurrence of hybrid genes that confound
standard bioinformatics analyses and cause inaccuracies in
quantifying the copy numbers of each gene.28,38,41

Herein, we describe the design, workflow, and perfor-
mance evaluation of a sensitive, streamlined, and rapid
PCR/capillary electrophoresis (CE) assay system. This
single-tube assay quantifies from zero to four or more SMN1
and SMN2 copies, detects SMN1/2 chimeras, and genotypes
SMN1 c.*3þ80T>G and SMN1 c.*211_*212del gene
duplication variants along with SMN2 c.859G>C, associ-
ated with SMA disease severity. The system was developed
with a copy-number calibrator and control, and analysis
software that integrates calibration, control results, and
sample-specific data to produce copy-number and variant
genotype results (Figure 1).

Materials and Methods

Samples

All human-derived, residual clinical specimens were de-
identified for use in these studies. Each participating labo-
ratory obtained informed consent from participants and/or
had the required regulatory approvals for evaluating clinical
specimens. Genomic DNA (gDNA) was isolated from pe-
ripheral blood or amniotic cells using 13 different isolation
kits across typical laboratory methods, including salting out/
precipitation-based, silica resin/column-based, and
jmdjournal.org - The Journal of Molecular Diagnostics
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Validation of an SMA Diagnostic and Screening System
functionalized magnetic bead methods (Supplemental Table
S1). Cell-line gDNA was purified using a precipitation-
based method (Qiagen, Hilden, Germany; Autopure LS)
and obtained from Coriell Institute for Medical Research
(Camden, NJ). gDNA quantity (ng/mL) and quality (A260/
A280) were assessed using spectrophotometry. gDNA
samples were diluted in nuclease-free water to the target
concentration for analysis using the assay.

Study Design

The performance of the assay was evaluated with analytical
validation studies designed and conducted according to
Clinical and Laboratory Standards Institute guidelines42,43 as
well as a multilaboratory evaluation study at four clinical
laboratories worldwide. In all studies, gDNA samples were
amplified in a single-tube PCR using kitted reagents
[AmplideX SMA Plus catalog numbers A00055 and A00056
(CE-in vitro diagnostic) or AmplideX PCR/CE SMN1/2 Plus
SMN1 Gene 
Duplication 

Variants
EC

SMN1, SM
Copy Num

MUT   WT  MUT   WT                                                             Hybrid 

B

Single-Tube  
PCR

Pre-
Analytics

A

Figure 1 The SMN1/2 PCR/capillary electrophoresis assay integrates amplifica
blood sample to report of results. B: Example electropherogram generated fro
endogenous control (EC) are normalized to a calibrator included in each run to p
Materials and Methods). Total exon 7 copy number for SMN1 and SMN2 is automat
and the hybrid gene peaks when present. Hybrid peaks indicate gene conversion b
number is four copies, with one copy corresponding to the SMN1 hybrid peak (ie,
peaks indicate presence of SMN1 gene duplication (left side) and SMN2 disease m
modifiers are detected, and wild-type (WT) peaks are detected for all three varia
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catalog numbers A00050 and A00054 (research use only)]
(Asuragen Inc., Austin, TX) following the manufacturer’s
instructions for use (see also Assay Workflow). The primary
difference between these products is their regulatory status;
the reagents and analysis software are identical for both kits.

Assay Workflow

The AmplideX PCR/CE SMN1/2 Plus and SMA Plus kits
include reagents for multiplexed PCR to produce endoge-
nous control, SMN1, SMN2, hybrid, and variant amplicons.
These amplicons are dye tagged and designed with distinct
fragment sizes codified to each targeted sequence, variant,
and variant type. For example, SMN1 and SMN2 amplifi-
cation across exon 7 and intron 7 generates products that are
distinguished by electrophoretic mobility, whereas their
copy numbers are determined by quantifying the signal in-
tensity of the corresponding peaks relative to other assay
information. After PCR amplification, HEX-labeled
N2
ber

SMN2 Disease 
Modifier 
Variant

Copy Number Bins

SMN1 and SMN2
Exon 7 Copies 

(0, 1, 2, 3, ≥4)

                                                                                      MUT   WT

Data  
Analysis

Capillary 
Electrophoresis

tion and analysis with a calibrator. A: Summary of the assay workflow from
m assay interpretive software. Gene-specific peak area ratios relative to
roduce normalized ratios, which are binned to determine copy number (see
ically calculated by summing the copy numbers from both the gene-specific
etween SMN1 and SMN2. In the example above, the total SMN1 exon 7 copy
SMN2 > SMN1 conversion event in exon 7). Where present, mutant (MUT)

odifier (right side) mutations. In the above example, both gene duplication
nts. Cp, copies; k, {1,2}.
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fluorescent products are analyzed by CE to detect all peaks
by size using the included ROX 1000 Size Ladder (Asura-
gen Inc., Austin, TX). Sample electropherograms typically
include six peaks (ie, endogenous control, SMN1 copy,
SMN2 copy, c.*3þ80T, c.*211_*212AT, and c.859G), but
up to 11 peaks are possible, including hybrid SMN1 or
SMN2 peaks that indicate gene conversions and variant
peaks (c.*3þ80G, c.*211_*212del, and c.859C) that indi-
cate presence of the variants detected by this kit (Figure 1).

The assayworkflow includes PCRmastermix setup, thermal
cycling, and analysis using CE and an assay-specific analysis
module in the AmplideX PCR/CE Reporter software version
3.0.2. For this process, purified gDNAderived from human cell
lines orwhole blood is added to a PCRwell containing amaster
mix of 2� PCR Mix (Asuragen Inc.) and SMN1/2 Plus HEX
PrimerMix (Asuragen Inc.) in a final reaction volume of 15mL.
After approximately 1 hour of thermal cycling, PCR products
are added to a second master mix composed of Hi-Di Form-
amide (Thermo Fisher Scientific, Waltham, MA) and ROX
1000 Size Ladder. Following denaturation, amplicons are
resolvedonanAppliedBiosystemsGeneticAnalyzer (eg, 3130,
3730, or 3500 series, or SeqStudio; Thermo Fisher Scientific).
The resulting electropherograms are analyzed with the Ampli-
deX PCR/CE SMN Plus Analysis Module (Asuragen Inc.)
using the SMNPlus Analysis Type to generate normalized area
ratios that are automatically interpreted as 0, 1, 2, 3, or�4 exon
7 copies for both SMN1 and SMN2 (Figure 1). Variant status for
the c.*3þ80T>G, c*211_*212del, and c.859G>C variants is
reported as positive or negative (qualitative). The gene dupli-
cationvariantsmay adjust carrier riskwhen two copies of SMN1
are also present.26,27 The c.859G>C variant is relevant in cases
where SMN1 is not detected; it may indicate less severe disease
and is disproportionately represented in patients with type III
SMA and two SMN2 copies.9 For 24 samples analyzed on a
3500xL genetic analyzer, the total hands-on time is 60minutes,
and the total assay time is 3 hours 15 minutes, including anal-
ysis. A batch of 24 samples can be genotyped using the auto-
mated AmplideX Reporter software in about 5 minutes.

The workflow requires a calibrator and control, which
must be tested in singleton in every batch run for data
analysis and quality control. The calibrator normalizes all
sample results generated using the kit. The control acts as an
internal quality control to confirm that normalization to the
calibrator is functioning properly in the batch run. The SMN
Calibrator and SMN Control (Asuragen Inc.) included in the
kit were used with the DNA isolation methods indicated in
Supplemental Table S1 (default calibration type). Additional
isolation methods were tested with user-defined calibration
(UDC), which utilizes a calibrator and control purified using
the same DNA isolation workflow as the tested samples
(Supplemental Table S1, user-defined calibration type).

Analytical Validation

The accuracy study utilized 134 gDNA samples isolated
from 116 unique specimens consisting of whole blood
756
(n Z 119) or human cell lines (n Z 15) with independent
determinations of 0, 1, 2, 3, or �4 SMN1 and SMN2 copies.
Specimens also included the c.*3þ80T>G variant
(n Z 24), the c*211_*212del variant (n Z 28), and the
c.859G>C variant (n Z 1). gDNA was isolated with one of
the seven unique isolation methods (Supplemental Table
S1), including silica column (n Z 20), functionalized
magnetic bead (n Z 76), or precipitation-based purification
methods (n Z 38). gDNA isolations were executed in
accordance with manufacturer’s protocols. All samples were
tested in singleton using an Applied Biosystems 3500xL
Genetic Analyzer (Thermo Fisher Scientific). Samples were
tested using a gDNA input of 20 to 80 ng per reaction.
To determine reference values for SMN1 and SMN2 exon 7

copy numbers, all gDNA samples were tested using both an
MLPA method (MRC Holland, Amsterdam, the Netherlands;
SALSA MLPA assays Probemix P021 and P460), termed
methodA; aswell as a verified ddPCR-basedmethod (Bio-Rad,
Hercules; SMN1 Copy Number Determination Kit, catalog
number 1863500, and SMN2CopyNumber DeterminationKit,
catalog number 1863503), referred to as methodB. Formethod
A, a subset of samples was provided as isolated gDNA with
previously generated results, whereas samples without prior
results were tested at a single external site. Consensus values in
agreement between both referencemethodswere calculated and
used as reference values for assessment of accuracy, with
ambiguous or discordant results (in either reference method)
excluded from analysis. In total, 9 samples for SMN1 and 10
samples for SMN2 were excluded because of reference ambi-
guity. All samples were tested with Sanger sequencing to
determine variant status of the gene duplication and disease
modifier markers, as well as the gene conversion status, as
determined by SMN1/SMN2 sequence identity at exon 7 and
intron7. Fourteen sampleswere excluded fromc.*211_*212del
analysis because of ambiguous sequencing results.
A single-site precision study was performed by testing

nine gDNA samples in duplicate in each of 20 runs, with
two operators running one PCR independently per day over
10 nonconsecutive days, using three reagent lots, for a total
of 40 observations per sample. CE was resolved using an
Applied Biosystems 3500xL Genetic Analyzer. In sum, 360
sample measurements were collected across 20 PCR runs.
The DNA input range was assessed using six unique cell

line gDNA samples and two unique blood gDNA samples.
Each sample was tested in duplicate at 10, 20, 50, 60, 70,
and 80 ng input for each of two reagent lots. A single
operator performed all three PCR runs on the same Applied
Biosystems Veriti thermal cycler (Thermo Fisher Scientific,
Waltham, MA). All PCR products were subsequently
analyzed on four CE platforms (Applied Biosystems
3500xL, 3730xl, 3130xl, and SeqStudio).

Multisite Evaluation

A total of 468 gDNA samples, purified from whole blood
(n Z 449) or amniotic cells (n Z 19), with varying SMN1/2
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 1 Analytical Validation of Accuracy Compared with Reference Methods

Reference method

Exon 7 concordance, n/total (overall % agreement)

SMN1 SMN2

Method A and method B (n Z 125 SMN1, n Z 124 SMN2) 121/122 (99.2) 119/121 (98.3)
Method A (n Z 132 SMN1, n Z 132 SMN2) 126/128 (98.4) 126/128 (98.4)
Method B (n Z 126 SMN1, n Z 124 SMN2) 122/123 (99.2) 119/121 (98.3)

Summary of results generated with the AmplideX SMA Plus kit (PCR/capillary electrophoresis) compared with method A (multiplex ligation-dependent probe
amplification), method B (droplet digital PCR), and consensus results (method A and method B). Percentage agreement indicated for total exon 7 copy of both
SMN1 and SMN2. Percentage agreement with variant calls compared with Sanger sequencing was as follows: c.*3þ80T>G, 100% (132/132); c.*211_*212del,
100% (118/118); and c.859G>C, 100% (132/132).

Validation of an SMA Diagnostic and Screening System
copies and variant genotypes were tested at four indepen-
dent clinical and/or research laboratories.

Site A (GenePhile Bioscience Laboratory, Taipei City,
Taiwan) tested gDNA isolated from 273 whole blood
samples, 13 amniotic fluid, and 6 amniotic cell cultures
using the MagCore Genomic DNA Large Volume Whole
Blood Kit on a MagCore extractor system H16 (RBC
Bioscience Corp., New Taipei City, Taiwan). Fragment
size analysis was performed on a 3730xl Genetic
Analyzer with a 50-cm 48-capillary array. All samples
were previously tested using the SALSA MLPA assays
Probemix (MRC Holland Amsterdam, the Netherlands)
P021-A2 or P021-B1 to obtain SMN1 and SMN2 copy
numbers.

Site B (Turku University Hospital, Turku, Finland) tested
48 blood-derived gDNA samples isolated using the Illustra
Nucleon BACC kit. Fragment size analysis was performed
on a 3500xL Genetic Analyzer with a 50-cm capillary array.
All samples were previously tested using the SALSA
MLPA assays Probemix P021-A2 or P021-B1 to determine
SMN1 copy number values.

Site C (University Medical Center Groningen, Groningen,
the Netherlands) tested 108 blood-derived gDNA samples
obtained via four different isolation methods: hand isolation
(salt precipitation, n Z 27), Hamilton with Reliaprep
(Promega, Madison, WI) (MagBead, nZ 27), Maxwell with
Reliaprep (MagBead, n Z 26), and an integrated
chemagenePerkin Elmer DNA extraction platform (Perki-
nElmer, Waltham, MA) (MagBead, n Z 28). Fragment size
analysis was performed on a 3730xl Genetic Analyzer with a
50-cm capillary array. All samples were previously tested
using the SALSAMLPA assays Probemix P021-A2 or P021-
B1 to obtain SMN1 and SMN2 copy numbers.

Site D (Hospital of the University of Pennsylvania,
Philadelphia, PA) tested 20 samples isolated using QIA-
symphony Blood Kit (Qiagen, Hilden, Germany) (n Z 16)
or QIAcube Blood Mini Kit (Qiagen) (n Z 4). Fragment
size analysis was performed on a 3500xL Genetic Analyzer
with a 50-cm capillary. SMN1 and SMN2 copy number
values were previously determined using either MLPA
(P460 or P060) or a laboratory development test that in-
cludes PCR, restriction enzyme digestion, and capillary
electrophoresis steps.
The Journal of Molecular Diagnostics - jmdjournal.org
Data Analysis

Raw electrophoresis data (fragment analysis data [FSA]
files) were directly analyzed by the AmplideX PCR/CE
SMN Plus analysis module version 1.0.5 of AmplideX
Reporter version 3.0.2 (Asuragen), according to the Soft-
ware User Guide. The software’s SMN Plus analysis
module determines SMN1 and SMN2 copy numbers utiliz-
ing a ratio scaling and conversion method. For both genes,
peak area, AreaSMNk

FSA , where k Z {1, 2}, and
FSA indicates the FSA origin (sample or calibrator), is
calculated and compared with that of an endogenous control
(EC) peak, AreaECFSA. This raw ratio is then scaled by
the corresponding calibrator ratio to obtain a normalized
ratio:

SMNk Normalized RatioSampleZ
AreaSMNk

Sample

.
AreaECSample

AreaSMNk
Calibrator=Area

EC
Calibrator

ð1Þ

Chimeric, or hybrid gene peaks, are normalized in a
similar way:

SMNk Hybrid Normalized RatioSampleZ

AreaSMNk Hybrid
Sample

.
AreaECSample

ððAreaSMN1
Calibrator=Area

EC
Calibrator þAreaSMN2

Calibrator=Area
EC
CalibratorÞ=2Þ

ð2Þ

Normalized ratios for each peak are converted to integer
copy numbers based on corresponding bins established by
the manufacturer, and exon 7 copy numbers for SMN1 and
SMN2 are automatically calculated as the sum of the gene-
specific and hybrid peak integer copy numbers. Of note,
hybrid peaks are identified by exon 7 status, with SMN1
hybrid peaks indicating SMN2-to-SMN1 gene conversion
and SMN2 hybrid peaks indicating SMN1-to-SMN2 gene
conversion. The copy number bins were developed after
extensive testing of >2000 observations.

Depending on the gDNA isolation methods
(Supplemental Table S1), samples used either a kit-provided
calibrator for these calculations or a UDC extracted from the
same gDNA isolation workflow.

The presence of three variants of interest (SMN1
c.*3þ80T>G,SMN1 c.*211_*212del, andSMN2 c.859G>C)
757
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Table 2 SMN1 Exon 7 Accuracy Compared with Reference
Methods by Copy Number

Variable
Consensus SMN1 copy number
(MLPA þ ddPCR)

Measured SMN1
copy number (PCR/CE)

0 1 2 3 4 Sum
0 15 0 0 0 0 15
1 0 16 0 0 0 16
2 0 0 60 1 0 61
3 0 0 0 20 0 20
4 0 0 0 0 10 10
Sum 15 16 60 21 10 122

Contingency table comparing measured SMN1 copy number with the
AmplideX SMA Plus kit (rows) versus consensus reference copy number from
MLPA and ddPCR (columns).
CE, capillary electrophoresis; ddPCR, droplet digital PCR; MLPA, multiplex

ligation-dependent probe amplification.

Milligan et al
was qualitatively assessed on the basis of automated calls for
corresponding peaks in designated trace windows.

All statistical analyses were performed with custom
analysis scripts in R version 3.0.2 (The R Foundation for
Statistical Computing, Vienna, Austria) or JMP version
14.0.0 (SAS Institute, Cary, NC). Samples with quality
control failures were excluded from percentage agreement
calculations.

Results

Accuracy

The accuracy of the AmplideX assay was assessed by
comparing SMN1 and SMN2 exon 7 copy numbers with a
validated MLPA-based method (method A) and a verified
ddPCR-based method (method B). Consensus values for
both methods were determined and used as a reference.
Concordance with each method was also assessed. Agree-
ment for SMN1 c.*3þ80T>G, SMN1 c.*211_*212del, and
SMN2 c.859G>C variants was assessed using Sanger
sequencing.

Across all valid measurements, SMN1 and SMN2 copy
numbers produced by the assay were 98.3% to 99.2%
concordant with consensus values (Table 1). Results were
similar when compared with each reference method alone
[SMN1: 98.4% (95% CI, 94.5%e99.6%) for method A and
99.2% (95% CI, 95.5%e99.9%) for method B; SMN2:
98.4% (95% CI, 94.5%e99.6%) for method A and 98.3%
(95% CI, 94.2%e99.5%) for method B). All 15 samples
with 0 SMN1 copies, indicative of SMA, and all 16 samples
with 1 SMN1 copy, consistent with an SMA carrier, were
concordant between the assay and the consensus reference
result (Table 2). Results for SMN2 copy numbers were
similar (Table 3). In addition, presence or absence of vari-
ants c.*3þ80T>G, c.*211_*212del, and c.859G>C was
100% concordant with Sanger sequencing results. Gene
conversions identified by the assay were also concordant
with Sanger sequencing results for both SMN1 hybrids (8/8)
and SMN2 hybrids (2/2).

Intralaboratory Precision

To assess the within-laboratory precision of the assay, a
genetically diverse cohort of nine samples across multiple
sources of variability, including replicate, day, reagent lot,
and operator, for a total of 40 observations per sample were
observed. For SMN1, the SD of the normalized ratio per
sample across all conditions ranged from 0.000 to 0.159,
with a defined %CV range of 4.5% to 7.9% (Table 4 and
Supplemental Table S2). For SMN2, the corresponding SD
across all conditions ranged from 0.000 to 0.239, with the
defined %CV range from 5.4% to 8.4% (Table 4 and
Supplemental Table S2). Furthermore, 99.7% (357/358) and
99.4% (344/346) of the copy number calls for SMN1 and
SMN2, respectively, agreed across all conditions (Table 4).
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For the gene duplication and disease modifier variants,
100% (279/279) of calls were concordant with the expected
results across all conditions. Although sample 8 had the
highest %CV for both genes, all normalized ratios of this
sample across all conditions were binned correctly, and
normal CE traces were observed.
Analysis of variance was performed separately for SMN1

and SMN2 to estimate sources of variance. Across all
samples, the largest contributor to variance was residual,
and the smallest contributor was reagent lot (Supplemental
Table S2). These data suggest that the assay precision is
sufficient to produce consistent copy numbers across several
common sources of measurement variability.

Effect of DNA Input

A DNA input range of 10 to 80 ng per reaction was
measured on 3500xL, 3730xl, and SeqStudio CE in-
struments, and 10 to 70 ng per reaction on 3130xl with eight
unique samples, including six cell lines. SMN1 copy number
agreement ranged from 96.8% to 100%, with 99.2% (711/
717) overall agreement (Table 5). The six discordant results
were all observed on the 3130xl instrument, and three of
these were derived from a single sample at 10 ng total input
(2 mL sample at concentration 5 ng/mL), which is outside of
the recommended assay input range for that specific CE
instrument. For SMN2, agreement ranged from 98.3% to
100%, with 99.2% (712/718) overall agreement (Table 5).
Here again, the six discordant measurements were all
observed on the 3130xl, and all were from a single sample.
Two of these six measurements were taken from inputs
outside the intended input range of the assay. Finally, all
three variants were perfectly called across all inputs (735/
735).

Multisite Evaluation

The four external laboratories tested 468 unique residual
clinical samples. A total of 433 valid measurements for
jmdjournal.org - The Journal of Molecular Diagnostics
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Table 3 SMN2 Exon 7 Accuracy Compared with Reference
Methods by Copy Number

Variable
Consensus SMN2 copy number
(MLPA þ ddPCR)

Measured SMN2
copy number (PCR/CE)

0 1 2 3 4 Sum
0 25 0 0 0 0 25
1 0 40 0 0 0 40
2 0 0 33 0 0 33
3 0 0 1 15 0 16
4 0 0 0 1 6 7
Sum 25 40 34 16 6 121

Contingency table comparing measured SMN2 copy number with the
AmplideX SMA Plus kit (rows) versus consensus reference copy number from
MLPA and ddPCR (columns).
CE, capillary electrophoresis; ddPCR, droplet digital PCR; MLPA, multiplex

ligation-dependent probe amplification.

Validation of an SMA Diagnostic and Screening System
SMN1 and 382 valid measurements for SMN2 were
compared with each laboratory’s reference method
following exclusions for site B (which only tested for SMN1
copy number) and 73 indeterminate copy number calls
(n Z 35 for SMN1 and n Z 38 for SMN2). Across all sites,
the assay copy number result was 98.6% and 97.1%
concordant with reference for SMN1 and SMN2, respec-
tively (Table 6). For SMN1, there were six discordant calls
(Table 7), including three for expected carriers and one
false-positive carrier call that were all from site A
(Supplemental Figure S1A). Eleven discordant SMN2 copy
number calls were observed, all of which were expected to
be two or three copies (Table 8 and Supplemental
Figure S1B).

Each laboratory site compared results generated by the
assay with its own validated reference methods. Site A
tested 273 blood gDNA, 6 amniotic fluid cell gDNA, and 13
amniotic fluid gDNA samples. Copy number calls for the
assay were 98.2% (274/279) and 96.8% (270/279)
Table 4 Analytical Validation of Within-Laboratory Precision

Sample Sample type SMN1 copies
SMN1 copy number
agreement, % (n/total) SMN1 %

1 Blood 0 100 (40/40) NA
2 Blood 1* 97.5 (39/40) 5.8
3 Blood 1 100 (40/40) 6.3
4 Blood 4 100 (40/40) 4.5
5 Cell line 0 100 (40/40) NA
6 Cell line 1 100 (40/40) 6.7
7 Cell line 3 100 (38/38) 5.6
8 Cell line 2 100 (40/40) 7.9
9 Cell line 2 100 (40/40) 6.9
Total 99.7 (357/358)

Summary of results generated with the AmplideX SMA Plus kit across 20 runs, in
number, percentage agreement, and %CV of normalized ratios across all replicate m
with variant calls compared with Sanger sequencing was as follows: c.*3þ80T>G,
(279/279).
*Copy number, percentage agreement, and %CV based on SMN1 hybrid.
NA, not applicable; NR, normalized ratio.
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concordant with MLPA P21 Kit reference results for SMN1
and SMN2, respectively (Table 6). The concordance was
98.1% (257/262) for SMN1 and 97.3% (254/261) for SMN2
for all blood gDNA samples. Site B tested SMN1 in a total
of 48 samples. All samples were successfully called by the
assay without quality control failure, and the results were
100% concordant with MLPA P21 Kit reference results. Site
C tested 108 samples. The kit copy number call was 98.9%
concordant with reference results for both SMN1 (88/89)
and SMN2 (87/88). Site D tested 20 samples, 16 with
reference SMN1 and SMN2 copy number results and 4 with
SMN1 results only. Copy number calls by the evaluated
assay were 100% (17/17) and 93.3% (14/15) concordant
with the reference results for SMN1 and SMN2, respectively.

Discussion

With the recent availability of groundbreaking targeted
therapies for SMA patients, there is a growing need for more
rapid and accurate tests.30,31,44 The MLPA reference method
frequently used to assess SMN1 and SMN2 copy number has
been shown to lack interlaboratory reproducibility for SMN2
copy numbers in some cases, including a recent study where
45% of samples produced discordant MLPA results for
SMN2.30 In response, others have re-affirmed these results,
suggesting that more reliable methods are necessary to
determine SMN2 copy number given the impact of this in-
formation on treatment decisions.45e47 In contrast, a recent
study showed disagreement in only 3% of MLPA SMN2
copy numbers, suggesting that variability may be due to
more complex factors, such as laboratory, isolation method,
analysis method, kit version, or calibrator sample selec-
tion.31 Although recent guidelines provide a framework for
retesting of SMN2 copy numbers and further investigation
of relevant disease modifiers in cases where SMN2 copy
numbers and clinical outcomes do not align, accurate
CV (NR) SMN2 copies
SMN2 copy number
agreement, % (n/total) SMN2 %CV (NR)

2 100 (40/40) 8.0
3 96.8 (30/31) 5.8
4 100 (38/38) 5.8
1 100 (40/40) 6.3
2 100 (40/40) 5.4
3 97.4 (37/38) 6.9
0 100 (39/39) NA
2 100 (40/40) 8.4
2 100 (40/40) 5.8

99.4 (344/346)

cluding multiple reagent lots and operators. For each sample, expected copy
easurements are indicated for both SMN1 and SMN2. Percentage agreement
100% (279/279); c.*211_*212del, 100% (279/279); and c.859G>C, 100%
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Table 5 Analytical Validation of DNA Input Range

DNA input, ng SMN1 copy number agreement, % (n/total) SMN2 copy number agreement, % (n/total)

10 96.8 (121/125) 100 (123/123)
20 100 (128/128) 100 (128/128)
50 99.2 (126/127) 98.4 (124/126)
60 99.2 (123/124) 98.4 (124/126)
70 100 (124/124) 98.3 (118/120)
80 100 (89/89) 100 (95/95)
Total 99.2 (711/717) 99.2 (712/718)

Summary of results generated with the AmplideX SMA Plus kit with a range of DNA inputs across four unique capillary electrophoresis instrument models.
Percentage agreement indicated for total exon 7 copy of both SMN1 and SMN2 across all sample measurements at each given total DNA input. Percentage
agreement with variant calls compared with Sanger sequencing was as follows: c.*3þ80T>G, 100% (735/735); c.*211_*212del, 100% (735/735); and
c.859G>C, 100% (735/735).

Milligan et al
quantification of SMN2 copy number is nevertheless critical,
as it can impact treatment eligibility.44,48

Furthermore, although the cost of the MLPA workflow is
relatively low (Supplemental Table S3), MLPA can take
several working days to complete, limiting throughput and
contributing to long turn-around times. NGS offers an
alternative for determining SMN1 copy numbers, increas-
ingly as part of large carrier screening panels; however,
NGS also involves cumbersome, multiday workflows.
Furthermore, NGS coverage of SMN1 is problematic
because of the relatively close proximity of the highly ho-
mologous SMN2 gene28,39,49 and thus copy-number quan-
tification requires sophisticated analysis pipelines and
generates results that may require confirmation.28,39 Other
methods, such as ddPCR and real-time quantitative PCR,
offer rapid alternatives, but experience other limitations
compared with some other methods, such as higher costs
and specialized equipment (ddPCR) or the need for repli-
cation for accurate results (real-time quantitative PCR).48

In this study, we characterized a novel PCR/CE-based
assay that can be used for both SMA diagnostics and carrier
screening, and it generates reliable and rapid results without
complex informatics. The analytical validation and external
evaluation of the assay demonstrated consistency and accu-
racy acrossmultiple sites and different referencemethods. For
example, SMN1 and SMN2 copy numbers were compared
with both MLPA and ddPCR reference assays among 134
samples isolated from 116 unique specimens using seven
Table 6 Multisite Evaluation Against Reference Methods

Site SMN1 copy number agreement, % (n/total)

A 98.2 (274/279)
B 100 (48/48)
C 98.9 (88/89)
D 100 (17/17)
Total 98.6 (427/433)

Summary of results compared with each laboratory’s reference results from m
laboratories. Over 400 unique samples isolated with eight unique isolation method
SMN1 and SMN2.
NA, not applicable.
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isolation methods, including magnetic bead, column, and
precipitation workflows. Copy number accuracy was 99.2%
for SMN1 and 98.3% for SMN2, including 100% accuracy for
samples indicative of SMA (zero SMN1 copies) and of typical
carriers (one SMN1 copy). Results from four additional site
evaluations using >400 unique samples were similar when
comparedwith their laboratory-validatedmethod,with 98.6%
overall agreement for SMN1 and 97.1% overall agreement for
SMN2. These studies included eight unique gDNA isolation
methods, including five methods not tested during analytical
validation. Despite using different reference methods, isola-
tion methods, and thermal cycler and CE instruments,
agreement was similar across laboratories. This result dem-
onstrates that the assay reports accurate SMN1 and SMN2
copy numbers for multiple workflows.
In addition to copy number accuracy, the within-

laboratory precision of the assay was evaluated with 360
total measurements. Across all samples, copy number re-
sults were >99% concordant for both SMN1 (99.7%) and
SMN2 (99.4%), and CV was <10% for all samples. Anal-
ysis of variance showed that residual variability was the
largest contributor to overall variability, indicating that
variability contributed by multiple operators, days, and lots
was minimal. Overall, these results show robust perfor-
mance across common sources of assay variability within a
laboratory. Although multisite precision was not directly
assessed using a single set of samples across all sites as part
of this evaluation, similar concordance with the reference
SMN2 copy number agreement, % (n/total)

96.8 (270/279)
NA
98.9 (87/88)
93.3 (14/15)
97.1 (371/382)

ultiplex ligation-dependent probe amplification across four independent
s were tested. Percentage agreement indicated for total exon 7 copy of both
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Table 7 Multisite SMN1 Exon 7 Accuracy Compared with Refer-
ence Method by Copy Number

Variable SMN1 copy number (MLPA)

Measured SMN1
copy number (PCR/CE)

0 1 2 3 4 Sum
0 32 0 0 0 0 32
1 0 65 1 0 0 66
2 0 3 261 1 0 265
3 0 0 0 44 0 44
4 0 0 0 1 25 26
Sum 32 68 262 46 25 433

Contingency table comparing measured SMN1 copy number (rows) versus
reference copy number from MLPA (columns) across all sites.
CE, capillary electrophoresis; MLPA, multiplex ligation-dependent probe

amplification.

Validation of an SMA Diagnostic and Screening System
method was observed during single and multilaboratory
accuracy testing with unique sample sets and isolation
methods, suggesting that performance is likely consistent
across laboratories.

Across the accuracy, within-laboratory precision, and
DNA input studies, the overall accuracy of the SMN1 gene
duplication markers associated with silent carriers
(c.*3þ80T>G and c.*211_*212del) and the SMN2 disease
modifier (c.859G>C), as measured by the assay, was 100%
compared with sequencing results. This demonstrates robust
performance across common sources of assay variability,
enabling efficient analysis of relevant markers together with
SMN1 and SMN2 copy number in a single PCR/CE reaction
without compromising accuracy. Many current SMA tests
do not yet include these gene duplication variants. In fact,
even tests that only assess SMN1 and SMN2 copy numbers
often do so in independent assays, sometimes using
different assay technologies for each gene. With guidelines
and literature reviews acknowledging the utility of the gene
duplication markers to further resolve residual risk for car-
rier screening,8,24,50,51 and of detecting disease modifiers to
inform disease phenotypes,24,52 the information provided by
these markers when combined with SMN1 and SMN2 copy
Table 8 Multisite SMN2 Exon 7 Accuracy Compared with Refer-
ence Method by Copy Number

Variable SMN2 copy number (MLPA)

Measured SMN2
copy number (PCR/CE)

0 1 2 3 4 Sum
0 29 0 0 0 0 29
1 0 108 0 0 0 108
2 0 3 170 0 0 173
3 0 0 6 38 0 44
4 0 0 0 2 26 28
Sum 29 111 176 40 26 382

Contingency table comparing measured SMN2 copy number (rows) versus
reference copy number from MLPA (columns) across all sites.
CE, capillary electrophoresis; MLPA, multiplex ligation-dependent probe

amplification.
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number, particularly from a single PCR, is practical and
relevant for both carrier testing and diagnostic applications.

Generally, previous publications suggest that the SMN1
gene duplication markers c.*3þ80T>G and
c.*211_*212del detected by this assay are both associated
with silent carriers and typically co-occur.8,24,26,50,51 How-
ever, others have noted that c.*211_*212del can occur
without c.*3þ80T>G in SMA patients with zero copies of
SMN1 due to the presence of hybrid SMN2-SMN1 genes
when exon 8 matches SMN1 and contains the
c.*211_*212del marker.27 Therefore, presence of these
variants must be interpreted carefully in the context of all
genotype information.

In addition to default calibration using the calibrator and
control included in the kit, the assay design also allows for
UDC, where a calibrator and control generated using the
same gDNA isolation workflow as the samples to be tested
are used. This approach reduces variability associated with
gDNA isolation workflows.29,30,46,47 UDC is recommended
for gDNA isolation methods not explicitly validated with
the default workflow. For the studies included herein,
samples were analyzed using either the default or the UDC
calibration methods, as described (Supplemental Table S1).
However, automated magnetic bead-based isolation
methods tested at sites A and D were analyzed with default
calibration during the multilaboratory study and with UDC
during analytical validation, and concordance for both
SMN1 and SMN2 copy numbers was similar. In addition, a
comparison between default and UDC calibration at site C
during the multisite evaluation utilizing four unique isola-
tion methods showed similar performance for SMN1 but
improved performance for SMN2 using UDC calibration
(Supplemental Tables S4eS7). These results suggest that
either the default or the UDC workflow may be appropriate
for some laboratory workflows, but UDC can improve re-
sults with workflows that have higher variability. Although
the number of calibrator and control reactions (one each, or
two total) is the same in both workflows, default calibration
eliminates the need to screen for appropriate calibrator and
controls, which may be beneficial for some laboratories.
Because UDC can reduce variability caused by the isolation
method, it may also help resolve higher copy numbers of
SMN2 (eg, four versus five copies), which can be beneficial
in determining if treatment is appropriate for SMA.44,52

Where available, addition of control samples isolated with
the same method that are known to contain four or five
SMN2 copies may also help resolve higher copy numbers of
SMN2 in cases where results are ambiguous.

Although the SMN1/2 PCR/CE assay is able to identify
gene conversions between SMN1 and SMN2 by comparing
exon 7 status relative to intron 7 status, gene conversion is
not currently clinically significant for either carrier or
diagnostic testing, as only exon 7 copy numbers for SMN1
(carrier and diagnostic) and SMN2 (diagnostic) are needed
for interpretation.50,52 Therefore, although hybrid genes
were confirmed using Sanger sequencing, results for gene
761

http://jmdjournal.org


Milligan et al
conversions were not assessed independently of overall
exon 7 copy number as part of this study. Notably, the
mechanism for gene conversion detection with this kit dif-
fers from MLPA, which compares exon 7 and exon 8. Thus,
identification of gene conversions between these different
methods is not directly comparable. As our understanding of
the underlying genetics of SMA and their implications on
treatment continues to expand, resolution of these gene
conversions may prove valuable for further understanding
genotype-phenotype connections or residual carrier risk
assessments, and should be considered in future clinical
investigations.31 For example, the allele used to distinguish
intron 7 status between SMN1 and SMN2 with this assay is
also a splicing silencer element in SMN2 not present in
SMN1 that contributes to reduced SMN2 splicing effi-
ciency,14,53 suggesting that SMN2 hybrids detected by this
assay may have improved splicing efficiency. In addition,
recent studies comparing SMA patients with and without an
SMN hybrid gene found a less severe clinical phenotype in
patients with a hybrid gene, and that individuals with two
hybrid genes had higher expression of full-length SMN2,
suggesting that hybrid genes may improve transcription.31,54

On the basis of internal screening of nearly 2000 samples,
we have found that hybrids detected using the exon 7/intron
7 method incorporated in this assay are similar to other
reports,55 with an overall gene conversion rate of 1.15%
(0.93% SMN1 hybrid, 0.21% SMN2 hybrid).

In conclusion, the PCR/CE assay system evaluated herein
shows robust and accurate quantification of SMN1 and
SMN2 copy numbers and additional markers relevant to
carrier screening and disease severity in a single PCR. More
important, our results demonstrate the validity of an all-in-
one approach to comprehensive SMA testing, and may
help address accuracy and reproducibility concerns
observed with other assays, particularly for SMN2 copy
number, which provides important prognostic information
and is used for treatment decisions. Furthermore, the total
assay time, including setup, PCR, electrophoresis, and
automated analysis, is <4 hours, a significant improvement
compared with common methods like MLPA (Supplemental
Table S3) or NGS, which can take multiple days and require
more hands-on time. Finally, the additional information
provided by markers indicative of silent carriers and reduced
disease severity provides additional information for both
carrier screening and diagnostic applications.
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