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Evaluating the clinical efficacy of a long- kA
read sequencing-based approach for carrier
screening of spinal muscular atrophy

JuLong'™", Di Cui?', Chunhui Yu" and Wanli Meng?

Abstract

Spinal muscular atrophy (SMA) is the second most common fatal genetic disease in infancy. It is caused by deletion
or intragenic pathogenic variants of the causative gene SMNT, which degenerates anterior horn motor neurons
and leads to progressive myasthenia and muscle atrophy. Early treatment improves motor function and prognosis
in patients with SMA, but drugs are expensive and do not cure the disease. Therefore, carrier screening seems

to be the most effective way to prevent SMA birth defects. In this study, we genetically analyzed 1400 samples
using multiplex ligation-dependent probe amplification (MLPA) and quantitative polymerase chain reaction (qPCR),
and compared the consistency of the results. We randomly selected 44 samples with consistent MLPA and gPCR
results for comprehensive SMA analysis (CASMA) using a long-read sequencing (LRS)-based approach. CASMA
results showed 100% consistency, visually and intuitively explained the inconsistency between exons 7 and 8 copy
numbers detected by MLPA in 13 samples. A total of 16 samples showed inconsistent MLPA and gPCR results for
SMNT exon 7. CASMA was performed on all samples and the results were consistent with those of resampling for
MLPA and gPCR detection. CASMA also detected an additional intragenic variant c.-39A>G in a sample with two
copies of SMNT (RT02). Finally, we detected 23 SMA carriers, with an estimated carrier rate of 1/61 in this cohort. In
addition, CASMA identified the "2+ 0" carrier status of SMNT and SMNZ2 in a family by analyzing the genotypes of
only three samples (parents and one sibling). CASMA has great advantages over MLPA and gPCR assays, and could
become a powerful technical support for large-scale screening of SMA.
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Background

Spinal muscular atrophy (SMA) is a disability-causing
autosomal recessive neuromuscular disease, character-
ized by muscle weakness and atrophy due to degenera-
tion and loss of motor neurons in the anterior horn of
the spinal cord [1]. Pathogenic variants in the survival
motor neuron (SMN) gene cause defects in SMN protein
function. Degeneration of a-motor neurons in the spinal
cord leads to muscle weakness and muscle atrophy in the
proximal skeleton, which causes progressive, symmetri-
cal flaccid paralysis and muscular atrophy of the proximal
limbs, respiratory disturbances, and movement disorders
in patients [2].

The SMN gene is located in the ql3 region of chro-
mosome 5 and contains two highly homologous genes,
SMNI1 and SMN?2. The two genes are >90% homolo-
gous, with only a five-base difference near exons 7 and
8, of which the one-base difference c.840C/T on exon 7
mainly affects the function (Fig. 1A) [3]. The SMNI gene
plays the primary function and determines the onset of
disease. When the SMNI gene is ineffective, the SMN2
gene acts as a modifier gene and influences the severity
and progression of SMA disease [4]. The more copies of
the normal SMN2 gene a patient carries, the milder SMA
phenotype the patient will exhibit. Therefore, when mak-
ing a genetic diagnosis, clinicians would test the copy
number of exon 7 of both SMN1 and SMN2 to determine
whether they are SMA patients and to initially determine
the possible severity of their disease.

The incidence of SMA is about 1/10,000, and the car-
rier rate in the population is about 1/50 [5]. SMA is usu-
ally categorized into four clinical types based on age of
onset and highest motor function achieved, with an addi-
tional phenotype (type 0) describing the severe form of
prenatal-onset SMA [6]. Types 0-2 diseases are severe
and common types, which accounts for more than 80%
of all SMA cases [7]. If left untreated, patients tend to die
in the first few days of life (type 0), before the age of 2
years (type 1) and in adulthood (type 2) [7]. Early treat-
ment improves motor function and prognosis in patients
with SMA, but drugs are expensive and do not cure the
disease [8]. Carrier screening and prenatal diagnosis for
couples of childbearing age to prevent SMA birth defects
appears to be a more effective mean of preventing and
controlling SMA. About 95% of SMA patients are caused
by homozygous deletion of SMNI exon 7 [9, 10]. And the
genotype of about 95% of SMA carriers is the heterozy-
gous deletion of SMNI exon 7 [11]. Therefore, genetic
testing for SMA carriers mainly focuses on the detection
of the copy number of SMNI exon 7. At present, multi-
plex ligation probe amplification (MLPA) and fluores-
cence quantitative PCR (qPCR) are the most commonly
used methods to determine the copy number of SMNI
[12, 13]. The MLPA method designs hybridization probes

Page 2 of 11

for the base difference sites of exons 7 and 8 of SMNI
and SMN2 genes (C/T at locus ¢.840 and G/A at locus
¢.*239) and employs multiple housekeeping genes from
other chromosome loci as internal reference genes. Sam-
ples with different copy numbers of SMN1 and SMN2 are
used as parallel controls. After hybridization and linking,
the copy number of the target gene sequence is deter-
mined according to the ratio of the fluorescence peak
area. MLPA can differentiate between patients, carriers,
and normal people by directly detecting the copy number
of SMN1, and can also detect the copy number of SMN2
in subjects at the same time. MLPA is the gold standard
for diagnosing SMA, which is recommended by the SMA
management consensus in several countries [14]. The
fluorescence quantitative PCR method (qPCR) is a com-
bination of multiplex real-time fluorescence quantitative
PCR and multicolor Tagman fluorescent probe technol-
ogy. In this method, the housekeeping gene sequence
is used as the internal reference, and the relative quan-
titation of the copy numbers of SMN1 exons 7 and 8 is
determined by comparing the Ct values. Both MLPA and
qPCR are based on the principle of the probe method,
which makes it difficult to accurately differentiate
between SMNI and SMN?2 with only one nucleotide dif-
ference in exon 7. In particular, due to the high homology
of SMNI and SMNZ2, homologous recombination during
replication and segregation can lead to various complex
structural variants [15]. A typical complex structural
variant is that some individuals have two SMNI genes in
cis arrangement on the same chromosome. Individuals
carrying this type of variant are called silent “2+0” car-
riers and are at risk of having children with SMA when
their spouse is also an SMA carrier.

In this study, MLPA and qPCR assays were used to
determine the copy number of SMN genes in 1400 sam-
ples and to compare the consistency of the results. For
the samples with consistent MLPA and qPCR results, the
emerging long-read sequencing (LRS)-based approach
called comprehensive SMA analysis (CASMA) was per-
formed on 44 samples to evaluate its detection perfor-
mance [16]. For the 16 samples with inconsistent results
for SMIN1 exon 7, CASMA was also performed to analyze
the possible reasons for the inconsistency. The CASMA
results were comprehensively compared with the first
two commonly used testing methods to explore and
analyze the actual clinical efficacy in screening for SMA
carriers.

Methods

Subjects

A total of 1400 subjects of childbearing age who came
to our hospital for carrier screening during July 2023
to December 2023 (male to female ratio was about 1:1)
and seven samples from one family were enrolled in this
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CASMA results
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Fig.1 Samples with inconsistent copy numbers of SMNT exons 7 and 8 were determined by MLPA and CASMA. (A) Presentation of full-length SMN genes.

Five paralogous sequence variants (PSVs) between SMNT and SMN2 were

labeled on the diagram. (B-F) The left and right panels showed the results of

MLPA and CASMA, respectively. Grey boxes showed the enlarged CASMA results. Sequences of MLPA SMN exon 8 probes, copy numbers of SMN exon 8,
and locations of ¢*239, c.¥237_238 were shown below grey boxes. (B) A normal MLPA result with SMNT exon 7: SMNT exon 8: SMIN2 exon 7: SMN2 exon
8=2:2:2:2. A variant c-39A>G was identified in one copy of SMNT (RT02). (C) YZ38 had one SMN2 variant c.*239A>G. The MLPA result was SMNT exon 7:

SMNT exon 8: SMN2 exon 7: SMIN2 exon 8=2:3:2:1. (D) YZ32 had SMN2 var

jants c*3+100A> C, c.*3+215A>G, and c.*239A>G. The MLPA result was SMNT

exon 7: SMINT exon 8: SMIN2 exon 7: SMIN2 exon 8=2:3:2:1. (E) YZ42 had SMN1 variant ¢.¥239G>A. The MLPA result was SMNT exon 7: SMNT exon 8: SMN2
exon 7: SMN2 exon 8=2:1:2:3. (F) YZ44 had one SMNT variant c.¥237_*238del. The MLPA result was SMNT exon 7: SMNT exon 8: SMN2 exon 7: SMIN2 exon

8=2:1:1:1, of which the actual copy number of SMNT exon 8 was 2

study. Informed consent was obtained from all partici-
pants or their legal guardians involved in the study.

DNA extraction
DNA was extracted and measured using the Blood
Genomic DNA Mini Kit (Cwbio, Beijing, China) and

NanoDrop spectrophotometer, respectively. DNA was
stored in an environment of -20°C before use.

MLPA analysis
The SALSA® MLPA® Probemix P060-B2 SMA Carrier
(MRC-Holland, Amsterdam, The Netherlands) was used
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in this study. The kit was completed according to the
manufacturer’s instructions. After denaturation, hybrid-
ization, probe connection, and PCR, a 3500xL Dx genetic
analyzer (Applied Biosystems, Foster City, CA) was used
for detection. The test data were imported into Coffalyser
(v.220513, MRC Holland, Amsterdam, The Netherlands)
for further analysis.

qPCR analysis

The Motor Neuron Survival Gene 1 (SMN1) Exon Dele-
tion Detection Kit (Wuse Shi Medical Technology,
Shanghai, China) was used for the qPCR assay in this
study. Exons 7 and 8 of SMNI were amplified and rela-
tively quantified. And chemical blocking was used to
control the effect of SMN2 on the detection results. The
test was performed on the Hongshi SLAN96S real-time
fluorescence analysis system (Hongshi, Shanghai, China)
following the procedure: 95°C for 10 min, 40 cycles of
95C for 15 s and 58°C for 60 s. Fluorescence was col-
lected after each cycle. In this study, two samples with
two-copy SMNI were added to each assay as a reference,
and the relative copy number could be roughly analyzed
using the 2724€4 method.

CASMA analysis

The full-length sequence of SMN1/2 was determined by
the method named CASMA based on the LRS (the third-
generation sequencing, TGS) as previously described
[17]. Briefly, the full-length sequence of the SMNI and
SMN2 genes was amplified (KOD FX Neo Polymerase,
TOYOBO, Osaka, Japan) and ligated by a unique hair-
pin barcode adapter to form a dumbbell-shaped pre-
library. Exonuclease (Enzymatics, Beverly, MA) was
then added to remove failed DNA ligations. After puri-
fication and quantification, equal mass was pooled to
form single-molecule real-time dumbbell (SMRTbell)
libraries. SMRTbell libraries were prepared using the
Sequel II Binding Kit 3.2 (Pacific Biosciences, CA, US)
and then sequenced on the Sequel Ile platform (Pacific
Biosciences, CA, US) for 30 h using the cyclic consensus
sequencing (CCS) mode.

Raw subreads of each sample were debarcoded and
aligned to the hg38 reference using lima (in the Pbbio-
conda package, smrtlink 10.1.0.119588, Pacific Biosci-
ences) and pbmm?2 (version 1.5.0), respectively. SMNI
and SMN2 genes were differentiated by c.840. For haplo-
type analysis, each CCS read was aligned with the inter-
nal reference gene to obtain all SNPs using FreeBayes
version 1.3.4 (Biomatters, Inc.,San Diego, CA). Only CCS
reads whose SNPs frequencies between 20% and 80%
were retained for haplotype determination. These CCS
reads were recursively divided into two groups by SNPs
until no further division was possible [17]. Each final
group was a specific haplotype, and the number of reads
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per haplotype was counted. The copy numbers of SMNI
and SMN?2 were determined using a Poisson distribution-
based caller with the haplotype numbers and read count
as inputs [16]. CCS reads of representative samples were
displayed in the Integrated Genomics Viewer (IGV) to
show the different haplotypes of SMNI and SMN2.

Short tandem repeat (STR) analysis

STR analysis was used to determine the relationships
among family members. Multiple STRs were analyzed
using the Goldeneye™ DNA ID System 20 A (Beijing
PeopleSpot Inc, Beijing, China) with 19 target loci of
D198433, D58818, D21S11, D18S51, D651043, D351358,
D13S8317, D75820, D165539, CSFIPO, Penta D, vWA,
D8S1179, TPOX, Penta E, THO1, D125391, D251338, and
FGA. Sex was determined using characterized sequences
in Amelogenin. DNA from each sample was amplified
using the Applied Biosystems Veriti instrument (Applied
Biosystems, Foster City, CA), and was sequenced on the
3500xL Dx genetic analyzer (Applied Biosystems, Foster
City, CA). Finally, the assay data were imported into the
GeneMapper® ID-X (Applied Biosystems, Foster City,
CA) to complete the analysis.

Results

Samples with consistent MLPA and qPCR results

MLPA and qPCR testing were used to analyze the copy
numbers of SMNI and SMN2 carried by each subject.
In this study, samples with MLPA test results showing
SMNI1 exon 7: SMNI exon 8: SMN2 exon 7: SMNZ2 exon
8=2:2:2:2 were defined as negative samples, samples
with other test results were defined as positive samples.
Forty-four samples were randomly selected from the 676
positive samples whose MLPA and qPCR results were
consistent. CASMA was performed on these samples to
evaluate the detection performance (Table 1). For exon
7 of SMNI and SMN?2, the test results of CASMA were
consistent with those of MLPA and qPCR. Among the
selected samples, the copy numbers of SMNI exons 7 and
8 were inconsistent in 13 samples (YZ32- YZ44). Accord-
ing to the CASMA analysis, the conversion between
SMNI and SMN2 occurred in 12 samples, among which
the conversion region of 11 samples was exon 8 (YZ33-
YZ43, Fig. 1C and D), and the conversion region of one
sample included part of intron 7 and exon 8 (YZ32,
Fig. 1E). The other sample had a variant in the region
where the MLPA probe binds (YZ44, Fig. 1F). The MLPA
result was SMNI exon 7: SMNI exon 8: SMN2 exon 7:
SMN?2 exon 8=2:1:1:1, of which the actual copy number
of SMIN1 exon 8 was 2.

Samples with inconsistent MLPA and qPCR results
For SMN1I exon 7, the results determined by MLPA and
qPCR were inconsistent in 16 samples (Table 2, results of
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Table 2 CASMA analysis of samples with inconsistent MLPA and gPCR results
Sample MLPA qPCR CASMA Comments
SMN17Exon7 SMN1T SMN2 SMN2 SMN1 SMN1 SMN1 SpecificPSVs SMN2 Specific
Exon 8 Exon7 Exon8 Exon7 Exon 8 PSVs
RTO1 2 2 1 1 1 2 GCAAG, n=2 1 ATGGA,n=1 False-positive
(2~3,NLT) (2~3,NLT) results of gPCR
RT02 2 2 2 2 1 2 GCAAG,n=2 2 ATGGA,n=2 for detec-
2~3 tion of SMNT
NLT) heterozygous
RT03 2 2 1 1 1 2 GCAAG,n=2 1 ATGGA, n=1 deletion
RTO4 2 2 1 1 1 2 GCAAG, n=2 1 ATGGA, n=1
RTO5 2 2 1 1 1 2 GCAAG, n=2 1 ATGGA, n=1
(1~2,NLT)
RT06 2 2 2 2 1 2 GCAAG, n=2 2 ATGGA, n=2
(1~2,NLT)
RTO7 3 3 0 0 2 3 GCAAG,n=3 0 ATGGA,n=0 False-negative
(2~3,NLT) results of gPCR
RTO8 3 3 1 1 2 3 3 GCAAG,n=3 1 ATGGA,n=1 for detec-
2~3, tion of SMNT
NUT) heterozygous
RT09 3 3 1 1 2 2 3 GCAAG,n=3 1 ATGGA, n=1 duplication
RT10 3 3 1 1 2 3 3 GCAAG, n=3 1 ATGGA, n=1
RT11 3 3 1 1 2 3 3 GCAAG, n=3 1 ATGGA, n=1
RT12 2 2 1 1 3 3 3 GCAAG,n=3 1 ATGGA, n=1 False-negative
(2~3,NLT) (2~3,NLT) results of MLPA
RT13 2 2 1 1 3 3 3 GCAAG, n=3 1 ATGGA, n=1 for detection
(2~3,NLT) (2~3,NLT) 2~3, of SMNTdupli-
NUT) cations
RT14 2 2 2 2 3 3 3 GCAAG, n=3 2 ATGGA, n=2
(2~3,NLT) (2~3,NLT) (2~3,NUT)
RT15 2 2 2 2 3 3 GCAAG,n=3 2 ATGGA, n=2
(2~3,NLT) (2~3,NLT)
RT16 2 2 2 2 4 4 GCAAG, n=4 2 ATGGA, n=2

(2~3,NLT) (2~3,NLT)

NLT, the copy number is near the lower threshold; NUT, the copy number is near the upper threshold

MLPA and qPCR). CASMA was performed on these sam-
ples to quantify copy numbers and analyze the possible
reasons for the inconsistency between MLPA and qPCR
detection results in the first experiment (Table 2, Results
of CASMA). We also recollected samples for MLPA and
qPCR. It was interesting that the second quantification
results of SMNI exon 7 by both methods were all con-
sistent with those of CASMA, except for an SMN1 vari-
ant c¢.-39A>G was additionally identified by CASMA in
one sample (Fig. 1B). The quantitative inconsistencies of
10 samples were related to SMNI exon 7 copy number
duplications (three or four copies), with MLPA results in
five samples located in the gray area of the data, qPCR
results in one sample located in the gray area of the data,
and the other four qPCR results being false-negative
results for copy number duplications. For the hetero-
zygous deletion variant (one copy), MLPA detected no
false-negative or false-positive results, whereas qPCR
detected six false-positive results (Table 2).

Overall statistics of the selected samples

In this study, 16 samples had inconsistent MLPA and
qPCR results. After supplemental CASMA verification
and re-sampling for detection by MLPA and qPCR, we
collected and summarized the final MLPA test results
in Table 3. In the selected population for this study, the
frequencies of SMINI exon 7 in one, two, three, and four
copies were 1.64%, 93.79%, 4.43%, and 0.14%, respec-
tively. For SMN2, the copy number frequencies of exon
7 in zero, one, two, and three copies were 4.71%, 36.57%,
55.50%, and 3.21%, respectively. A total of 23 SMA carri-
ers were detected, with a prevalence of 1/61 and a detec-
tion rate of 1.64%. Fourteen carriers were formed due
to SMNI deletion (1.00%), among which four samples
with SMNI1: SMN2=1:1 and 10 samples with SMNI:
SMN2=1:2. Nine carriers were formed due to the con-
version of SMNI to SMN2 (0.64%), with the genotype
SMNI1: SMN2=1:3. No SMA carrier, with genotype
SMNI1: SMN2=1:0 was detected. Homozygous deletion
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Table 3 Copy number status of SMNT/2 exons 7 and 8 detected

in this study

MLPA SMN1 MLPA SMN2 Sample (n) Ratio
Exon 7 Exon 8 Exon 7 Exon 8

1 1 1 1 4 0.29%
1 1 2 2 10 0.71%
1 1 3 3 9 0.64%
2 1 1 1 1 0.07%
2 1 1 2 1 0.07%
2 1 2 2 2 0.14%
2 1 2 3 5 0.36%
2 2 0 0 64 4.57%
2 2 1 0 3 0.21%
2 2 1 1 455 32.50%
2 2 1 2 1 0.07%
2 2 2 1 4 0.29%
2 2 2 2 716 51.14%
2 2 3 2 1 0.07%
2 2 3 3 33 2.36%
2 3 1 0 8 0.57%
2 3 2 1 18 1.29%
2 3 2 2 1 0.07%
3 2 1 2 1 0.07%
3 3 0 0 2 0.14%
3 3 1 0 1 0.07%
3 3 1 1 35 2.50%
3 3 2 1 1 0.07%
3 3 2 2 19 1.36%
3 3 3 3 2 0.14%
3 4 1 0 1 0.07%
4 4 1 1 1 0.07%
4 4 2 2 1 0.07%
Total 1400 100.00%

of SMN2 was detected in 66 samples, accounting for
4.71% of the total.

Analysis of the “2+0” genotype in a family

In the genetic diagnosis of suspected SMA patients,
we collected a family. The proband had a homozygous
deletion of the SMN1 gene, the proband’s mother had a
heterozygous deletion of the SMNI gene, and the copy
number of the SMNI1 gene of the proband’s father was
two. Therefore, the proband’s father was suspected to
have the “240” genotype. The proband’s father’s genotype
could not be determined by three-generation linkage
analysis, as samples from the proband’s paternal grand-
parents were not available. There were two possibilities
for the two copies of SMN1 in the proband’s father: a car-
rier of the “24+0” genotype or a normal “1+1” genotype.
Given that one of the four siblings of the proband had
no SMNI copy, it is more likely that the proband’s father
had a “2+0” genotype for SMNI. For the SMN2 gene,
through the similar genotype analysis described above,
the SMNZ2 genotype of the proband’s mother was likely to
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be “2+0” Finally, we inferred that the parental genotypes
of this family should be SMN1x0 & SMN2x1/SMN1I1x2
& SMIN2x0 (the proband’s father, I-1) and SMNIX1 &
SMN2x0/SMN1x0 & SMN2x2 (the proband’s mother
I-2), respectively. The genetic pedigree is shown in
Fig. 2A.

CASMA enables haplotype analysis by SNP data of the
full-length sequence of SMNI1/2. Using the haplotype
analysis results of two generations, the “2+0” carriers can
be finally identified/excluded. We selected three samples
(I-1, I-2, and II-2) from this family to verify the ability
of CASMA to analyze “2+0” carriers. According to the
results of CASMA haplotype analysis (Fig. 2B), the two
SMNI copies of II-2 were all inherited from his father.
1I-2 and his father I-1 were both SMN1I “2+0” genotypes.
The two SMN2 copies of 1I-2 were all inherited from his
mother. II-2 and his mother were both SMN2 “2+0” gen-
otypes. Compared with traditional PCR-based genetic
testing methods, CASMA can determine the “2+0” gen-
otype by genotyping only the parents and one child.

Discussion

Quantitative analysis of the SMNI exon 7 copy number
is the major strategy for carrier screening and prena-
tal diagnosis of SMA. Currently, the more widely used
methods MLPA and qPCR focus on the targeted ampli-
fication of different nucleotide sequences in SMNI exon
7. Quantitative PCR is one of the most commonly used
methods for carrier screening in the population due to
its low cost and simple operation. However, false-positive
results may occur due to non-specific amplification of
DNA fragments. MLPA has high sensitivity and accuracy
but is not suitable for large-scale carrier screening due
to its high cost, complicated operation steps, and long
testing period. Therefore, most clinical laboratories pre-
fer to use qPCR for screening first and then use MLPA
for validation. For samples with abnormal qPCR results,
many laboratories use MLPA as the “gold standard” for
verification. For samples that are negative by qPCR, most
of them will be released as negative results. Regarding
the reliability of these negative results, it is necessary to
conduct a large-scale controlled experiment for verifica-
tion. Tan et al. used qPCR, MLPA, droplet digital PCR
(ddPCR), high-resolution melting (HRM) analysis, and
PCR-based capillary electrophoresis (PCR/CE) to re-
test SMN1 copy numbers in 516 retrospective samples
that had undergone SMA carrier screening (qPCR). The
MLPA results were then used as a reference to compare
the performance of these methods. Relative to other
methods that showed 100% consistency with MLPA, the
sensitivities of qPCR for detecting 1, 2, and >2 copies of
SMNI1 exon 7 were 100%, 99.7%, and 96.3%, respectively
[18]. However, these conclusions are all predicated on the
premise that quantitative MLPA results are 100% reliable.
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Fig. 2 Diagram of the family pedigree and CASMA analysis. (A) SMNT and SMN2 were highlighted in pink and cyan, respectively. Numbers within the
pedigree were used to indicate the copy numbers of the gene. II-3 and II-4 were identical twins. (B) Distribution patterns of SMNT and SMN2 on the two
alleles detected by CASMA (I-1, -2, and II-2). Arrows indicated the inheritance of alleles between generations

There is only a one-nucleotide difference between SMNI
and SMN2 exon 7. Targeted tests for this region have
some probability of false-negative and false-positive
results. The results of MLPA also need to be scientifically
evaluated.

In 2022, Li et al. developed CASMA assay to detect
SMA variants based on a LRS platform, which detected
SMA carriers carrying one copy of SMNI with a sensitiv-
ity and specificity of 100% and 99.2%, respectively. This
method is expected to increase the detection rate of SMA
carriers from 91 to 98% and reduce the residual risk ratio
from 1/415 to 1/1868, showing important clinical utility
and promise for application in carrier screening [16]. In
this study, both qPCR and MLPA were used to test 1400
samples. Samples with inconsistent results were tested
using CASMA and resampled for MLPA and qPCR. As
shown in Table 2, MLPA may produce false-negative
results when testing samples with an increased copy
number of SMNI exon 7, although often near the thresh-
old. In contrast, the detection of the SMNI copy number
by qPCR produces both false-negative and false-positive

results. Of the five cases in which the copy number of
exon 7 should have been three, qPCR showed a copy
number of two, with only one case in the gray area. The
other six cases of false-positive results reported two cop-
ies of exon 7 as one copy. The amplification efficiency of
MLPA probes is relatively easy to be consistent, as they
are amplified with the same set of primers after liga-
tion. Whereas, most qPCR assays use the reference gene
comparison mode, where the amplification primers of
the reference gene and the target gene are different, and
their PCR amplification efficiency may lead to deviation.
Comparatively speaking, MLPA data are more reliable,
but with less than 100% accuracy. Therefore, its use as the
“gold standard” for SMA testing is only relative. In addi-
tion, when analyzing the MLPA test results, we found 13
samples with unequal copy numbers of exons 7 and 8 in
SMNI1 and/or SMN2, which could be confused. We used
CASMA for testing. Analysis of five different nucleo-
tides between SMNI and SMN?2 genes showed that these
copy number differences were due to the conversion of
exon 8 between SMNI and SMN2 (Fig. 1C and E) or the
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variant in the MLPA probe-binding region (Fig. 1F). We
also found that homologous recombination between the
highly homologous SMN1 and SMNZ2 occurs not only in
exon 8 but also in exon 7 or its adjacent region (YZ33,
Fig. 1D), which could only be revealed by CASMA
analysis.

CASMA was performed on 60 samples in this study.
For samples with consistent MLPA and qPCR results,
the CASMA results showed 100% consistency and could
intuitively explain the inconsistency of exons 7 and 8
copy numbers of MLPA. For samples with inconsistent
results between MLPA and qPCR, CASMA avoids the
influence of sample quality, experimental operation, data
analysis, and other factors on the results, and obtains
more accurate results. Therefore, based on the MLPA/
qPCR sequencing results corrected by CASMA, the car-
rier rates of SMNI and SMN?2 in the selected population
and the copy number distribution were closer to the real
situation. As a special type of carrier, the carrier rate of
the “2+0” genotype in the general population is about
5%~8% [5]. Quantitative genetic testing techniques such
as MLPA and qPCR can test the copy number of SMNI
and SMN2 genes, but they are unable to distinguish
between the “2+0” genotype and the normal “1+1” geno-
type. Genotype analysis of three generations of family
members or two generations of families members with
multiple children is often required to determine whether
a person is a “2+0” carrier [19]. The clinical feasibility of
this approach is limited by the requirement of multiple
family members and the complexity of STR analysis.
CASMA determined the “2+0” carrier status of SMNI in
the father (I-1) and SMN2 in the mother (I-2) by analyz-
ing the genotypes of three samples from both parents and
one sibling, re-emphasizing its simplicity, rapidity, accu-
racy, and effectiveness in the screening of “2+0” carriers.
In addition, CASMA detected an additional intragenic
variant ¢.-39A>G in SMNI in one sample (RT02) with
two SMNI1 copies, which was first reported in a patient
with SMA (compound heterozygous with an SMNI
deletion) and may reduce normal protein expression by
affecting translation [20].

An ideal carrier screening method for SMA should
be cost-effective, high throughput, easy to perform and
automated, and in particular good performance should
come first. Although compared to the cost of qPCR and
MLPA, CASMA seems to be more expensive (approxi-
mately $25). However, with the gradual reduction in
the cost of LRS and the increased throughput of the
new PacBio LRS platform, the cost of carrier screening
method for SMA will be further reduced in the future.
Therefore, CASMA has good potential for clinical appli-
cation in the first-line carrier screening of SMA.
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Conclusions

In summary, CASMA can not only quantify the copy
number of the SMN gene but also accurately detect intra-
genic variants and easily determine the “24+0” genotype
of subjects. It is a simple and accurate screening method
for SMA, which shows greater clinical efficacy in the
large-scale screening of SMA.
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