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Abstract 

Background: Spinal muscular atrophy (SMA) is a common neuromuscular disorder, caused by 

absence of both copies of the survival motor neuron 1 (SMN1) gene. Population-wide SMA 

screening to quantify copy number of SMN1 is recommended by multiple regions. SMN1 diagnostic 

assay with simplified procedure, high sensitivity and throughput is still needed. 

Methods: Real-Time PCR with High-Resolution Melting for the quantification of the SMN1 

gene exon 7 copies and SMN1 gene exon 8 copies was established and confirmed by multiplex 

ligation-dependent probe amplification (MLPA). The diagnosis of 2563 individuals including SMA 

patients, suspected cases and the general population were analyzed by the real-time PCR. The results 

were compared with the gold standard test MPLA. 

Results: In this study, the homozygous deletions, heterozygous deletions were identified by 

Real-Time PCR with High-Resolution Melting method with an incidence of 10.18% and 2.42%, 

respectively. In addition, the R value distribution (P>0.05) among the 8 replicates and the coefficient 

of variation (CV<0.003) suggested that the qPCR screening test had high reproducibility. High 

concordance was obtained between Real-Time PCR with High-Resolution Melting and MPLA. 

Conclusions: The qPCR based on High-Resolution Melting provides a sensitive and 

high-throughput approach to large-scale SMA carrier screening with low cost and labor. 

Keywords: Spinal muscular atrophy; SMN1; High-resolution melting; carrier screening 

 

Introduction 

Spinal muscular atrophy (SMA) is one of the most common recessive neuromuscular disorders, 

which is always accompanied with progressive muscle atrophy leading to respiratory failure[1]. 

Based on the age of onset and clinical severity, SMA is classified into four clinical types: onset at 

0–6 months of age, unable to sit unaided (type I), onset at <18 months of age able to sit but unable to 

walk independently (type II), onset at>18 months of age with weaker legs than arms (type III), and 

adult onset SMA (type IV)[2]. 

SMA is an incurable autosomal recessive motor neurone disease, which caused by mutation of 

the motor neuron survival gene SMN located at chromosome 5q13[3]. As the SMA-related genes, 

the two genes are identical except for five nucleotides (SMN2 differs from SMN1 by only five 

nucleotides), but they play different roles in SMA disease respectively. SMA occur secondary to 
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alterations in the SMN1gene, which is the main driver of SMN protein production. The severity of 

the disease is determined by the number of copies of the SMN2 gene, which is a homolog to SMN1 

but not as efficient in protein production[4, 5]. Studies have shown that more than 90% of SMA 

patients have homozygous deletion of SMN1 gene, and the rest are heterozygous deletion, point 

mutation or transformation of SMN1 gene into SMN2 gene[6].  

SMA occurs in approximately 1 in 10,000 or 6000 live births with a carrier frequency of 1 in 50 

or 40[7]. Considering the potentially severe phenotype and the high prevalence of SMA, 

population-wide SMA screening is recommended by the American College of Medical Genetics and 

Genomics[8, 9]. The copy number of SMN1 for SMA diagnosis and carrier testing (in either the 

pre-conception or prenatal period) is proved to be beneficial, so that an available and clinically valid 

screening method is needed for determination of the SMN1 copy number[10]. 

There are methods for quantitative analysis of the SMN copies. Multiplex ligation-dependent 

probe amplification (MLPA), which is generally acknowledged as a gold standard for determining 

SMA carriers with high degree of precision for the quantification of SMN1 copy number, and the 

probe combination can detect both exons 7 and 8 of the SMN1 and SMN2[11, 12]. Due to multiple 

steps, MLPA always requires a long turnaround time and relatively high costs. The Denaturing high 

performance liquid chromatography (DHPLC) could be used to detect the copies of the SMN gene 

by comparing the peak of amplified product with the reference, but is labor highly demanding 

detection environment[13, 14]. Next-generation sequencing (NGS) requires relative high sequencing 

depth to obtain accurate carrier gene, which need deep bioinformation analysis and increases the 

costs[15]. High resolution melting analysis (HRMA) was applied to SMA detection which has been 

demonstrated in recent studies. HRMA is a powerful post-PCR technique which reduces detection 

costs, simplifies operational steps by melting curve with saturation LC Green dyes. So HRMA has a 

great potential in SMA large-scale population screening[16, 17]. Digital droplet PCR (ddPCR) has 

great specificity for nucleotide target direction because amplification and signals collection were 

performed within each droplet, but digital PCR and liquid bead array is relatively costly and rarely 

used in underdeveloped regions[18]. Real-time Quantitative PCR (qPCR) is easy to perform with 

low cost and labor, which can be used for large-scale mutation screening in clinical laboratories. 

qPCR with melting curve analysis require no post-PCR manipulations, thereby minimizing the risk 
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of cross contamination[19] .Thus qPCR is low cost and easy to design due to no need for special 

fluorescent probes, which would be an ideal platform for carrier screening of SMA. 

In the present study, the qPCR method based on High-Resolution Melting was carred out to 

determine the copy number of SMN1 from 2563 clinical samples. Furthermore, the reliability and 

stability of the method were evaluated by comparing the quantitative results of SMN1 genes with 

MLPA assay. Thus, our data uncovered an important role of qPCR in rapid SMA screening. 

Result 

qPCR Based On High-Resolution Melting for SMN1 CNV Assessment 

We developed SMN1 copy number screening a qPCR-basee metlting cure exon 7 and exon 8 of 

SMN1 can be analyzed simultaneously by qPCR method, and exon 7 and CFTR gene of SMN1 can 

be amplified simultaneously. The melting curve of exon 7 of SMN1 and CFTR gene is shown in 

Figure. 1A. Melting peaks of CFTR and SMN1 exon 7 are 72.5 °C and 77 °C, respectively. Similarly, 

the melting peaks of exon 8 of SMN1 and TPGS2 were 78°C and 83°C, respectively (Figure.1B). 

The data indicated that the SMN1 melting peak can be clearly distinguished from that of the internal 

reference gene. We can assess the copy number of the SMN1 based on the R value of the peaks 

combined with the control results. The results showed that only when the corresponding sample copy 

number existed in the reaction, the SMN1 copy number had the specific signal, and the analysis 

specificity was 100%. 

Reproducibility of the qPCR method 

One or two copies of exon 7 and exon 8 of SMN1 gene were detected by eight repeated qPCR 

methods at different time points. The R value was calculated to evaluate the reproducibility of the 

qPCR test. As shown in Table 1, the R value distribution (P>0.05) among the 8 replicates and the 

coefficient of variation (CV) <0.003 suggested that the qPCR screening test had high reproducibility. 

Clinical performance of qPCR compared with MLPA 

In this study, a total of 2563 samples were successfully genotyped by qPCR. 10.26% (263/2563) 

of the participants had 0 copy exon 7 of SMN1 gene. 2.15% (55/2563) of the participants had 1 copy 

and 87.59% (2245/2563) of the participants had 2 or more copies exon 7 of SMN1 gene. The results 

were consistent with those of MPLA (Table S2). In addition, for exon 8 of SMN1 gene, the results of 

qPCR and MLPA were consistent, 9.29%(238/2563) of participants had a copy number of 0,3.28% 
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(84/2563) of participants had a copy number of 1,87.43%(2241/2563) of participants had a copy 

number of 2 or above(Table S3). The sensitivity and specificity of the SMN1 qPCR method to 

demonstrate that the two platforms could accurately determine the copy number of exons 7 and 8 

were 100% for SMN1 exons 7 and 8. The Cohn Kappa coefficient between the qPCR test and MLPA 

was 1. 

SMA screening results of clinical samples  

In the melting profiles of 2563 clinical sample, the classic homozygous deletion of SMN1 exon 

7 accounted for 261 (10.18%), heterozygous mutations for 62 (2.42%), and ≥2 copies of SMN1 exon 

7 accounted for 2240 (87.40%). The results showed that the frequency of copy number variation in 

exon 7 of SMN1 gene was similar to that in exon 8, and most of the exons 7 and 8 of SMN1 gene 

were homozygous or heterozygous deletion (Table 2). We further analyzed the detection frequency 

of different groups. As shown in Table 3, the incidence of homozygous and heterozygous deletion of 

SMN1 was slightly higher in patients with suspected SMA (about 4.33%), and mutations in exon 7 of 

SMN1 accounted for 2.1% in the normally screened population. Exon 8 copy number variation 

showed a similar trend.  

In addition, we summarized the rate of heterozygous deletion of SMN1 exon 7 in the screening 

cases from four regional hospitals. The SMA carrier rates of Xijing Hospital, The Second Affiliated 

Hospital of Zhejiang University Medical College, Peking Union Medical Hospital and The First 

Affiliated Hospital of Fujian Medical University were 1.67%, 2.33%, 1.33% and 2.36%, respectively 

(Figure 2). 

Discussion  

As one of the leading genetic cause of infant death, SMA is a common neuromuscular disorder 

caused by mutations in SMN1, which has been considered an incurable disease[20, 21]. Given the 

severity of the disease and the relatively high frequency of SMA in the general population, an 

accurate and early screening technology that can identify SMN1 deletion and carriers is needed. In 

addition, for screening applications involving a large number of samples, such as active SMA 

screenings for diagnostic assay can be a challenge as both the throughput and cost of the assay have 

to be considered[9]. In this study, we describe a high-throughput, accurate and quantitative molecular 

approach based on qPCR. The qPCR method not only can detect homozygous deletion of SMN1, but 
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also can used semi-quantitative analysis to identify the heterozygous mutation of the pathogenic gene 

of the carrier so that achieving SMA carrier screening.  

Although absolute quantification method with probe is preferred due to more specific than 

comparative quantification, but requires quantitative external reference samples with complex probe 

design and increased costs[19, 22]. The qPCR method is based on high-resolution melting for 

comparative quantification, and only a two-copy SMN1 reference is needed for calculating R value 

to conclude the copy number of SMN1. We can see the copy number of the SMN1 directly from the 

melting curve (as shown in Fig.1). For exon 7 and exon 8 of SMN1 mutation assay, our qPCR 

method based on High-Resolution Melting showed the preferable reproducibility. To verify the 

reliability of the qPCR method based on High-Resolution Melting, we applied the method to the 

active SMN1 mutation screening of 2563 clinical samples from 4 hospitals and compared the results 

with standard MLPA. Results show both MLPA and our qPCR methods agree in diagnosis for 

SMN1 homozygous deletion variants and heterozygous deletion carriers. A total of 263 individuals 

were found to be homozygous deletion of SMN1, 55 carriers with SMN1 heterozygous mutation and 

2245 individuals with ≥2 copies SMN1, and consistent results of exon 8 were obtained from MLPA 

and qPCR. All of results showed the 100% sensitivity and 100% specificity of the qPCR based on 

High-Resolution Melting compared with MLPA. The kappa coefficient (100%) showed the results of 

these two methods have no statistical differences, which proved the qPCR method were able to 

accurately determine the copy number of exon 7 and exon 8 of the SMN1 gene. 

Current reports show that about 95% of patients with SMA are due to deletion of exon 7 or 

deletion of exons 7 and 8 simultaneously in the SMN1 gene, while the remaining 5% are due to the 

simultaneous presence of deletion mutations and point mutations in the SMN1 gene[23]. In this 

study, total 363 SMA patients were analyzed for detecting deletion variants in patients with SMA. 

We found that the proportion of both exon 7 and exon 8 of SMN1 simultaneously homozygous 

deletion was high (89.35%), while only exon 7 of the SMN1 gene was homozygous deletion in 

9.50% of SMA patients. The results that exon 7 had a higher deletion rate than exon 8 in SMA 

patients were consistent with other reports, which showed that the high correlation of exon 7 of the 

SMN1 gene with the SMA[5, 23]. In addition, for 300 suspected SMA patients, there were 3 

individuals with homozygous deletion of exon 7 of SMN1, and the slightly higher frequency 

heterozygous deletion of SMN1 in the suspected SMA patients (about 3.33%), further illustrates that 
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SMN1 exon 7 deletions account for most DNA alterations leading to SMA[24, 25]. Total 2000 

normal screening participants from 4 hospitals were assayed by qPCR based on High-Resolution 

Melting, and among them there were 42 carriers with heterozygous deletion of exon 7 of SMN1 

(2.1%), which were similar to most reports. All of 4 hospitals had SMA carriers in our study, the 

proportion is from 1.33%-2.5% (Fig. 2). Due to participants from various regions, the different 

proportion of carriers in 4 hospitals, which is often reported that different prevalence of carrier 

genotypes appears in different ethnic populations[26, 27], showed the mutation detection of SMN1 

plays a crucial role in SMA carrier screening. 

Considering the practicability of mutation detection of SMN1 exon 7 and exon 8 for SMA, our 

method aims to provides an alternative method based on qPCR platform to advance the 

implementation of a carrier screening program for SMA. 

In conclusion, we have developed a high-throughput and simple screening technology based on 

High-Resolution Melting on qPCR platform. Our qPCR method was 100% agreement with the 

MLPA, which showed highly sensitive (100%) and specific (100%). The assay in general can be 

used for large-scale SMA carrier screening as a highly-sensitive and high-throughput approach with 

low cost and labor. 

Methods 

Clinical samples 

The blood samples were collected from 4 hospitals: Xijing Hospital, The Second Affiliated 

Hospital of Zhejiang University Medical College, Peking Union Medical Hospital and The First 

Affiliated Hospital of Fujian Medical University. A total of 2563 individuals (include SMA patients, 

clinically suspected cases and normal screening person) were enrolled in this study. Clinically 

suspected cases involve high creatine kinase, Facial shoulder and arm muscular dystrophy, Weakness 

of the lower limbs, Lower extremity muscle atrophy, congenital myopathy, congenital myasthenia 

syndrome and other clinical symptoms similar to SMA. Normal SMA screening person include 

pregnant women (at various months of pregnancy 5 weeks, 10 to 32 weeks, 34 to 37 weeks, and 39 

weeks) and normal healthy individuals. The general characteristics are provided in Table S1. Ethical 

approval for the study were approved by the institutional review boards of the Xijing Hospital 

(Approval no. KY20203041-1), The Second Affiliated Hospital of Zhejiang University Medical 



 8 

College (Approval no. 2019-003), Peking Union Hospital (Approval no. KS2019412) and The First 

Affiliated Hospital of Fujian Medical University (Approval no. LS2019-003-01). All the subjects 

signed the informed consent. All procedures performed in studies involving human participants were 

in accordance with the ethical standards of the institutional and/or national research committee and 

with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. 

DNA extraction 

The genomic DNA was extracted from whole blood samples with the Ex-DNA Blood DNA Kits 

(TIANLONG, CHINA) according to the manufacturer’s instructions. The extracted DNA was 

dissolved in 50μL ddH2O and quantified with NanoDrop (Thermo Fisher, USA). DNA concentration 

that less than 10ng/μl needs to be re-extracted, whereas higher than 120ng/μl DNA needs to dilute to 

an appropriate concentration (10ng/μl-120ng/μl) before testing. 

qPCR Based on High-Resolution Melting 

Two multiplex qPCR reaction were performed to determinate the copy number of exon 7 and 

exon 8 of SMN1 simultaneously. As an internal reference, CFTR and TPGS2 as an internal reference 

were separately used to determine the effectiveness of the amplification. A total of 20μL qPCR 

reaction mixture containing 2μL genomic DNA, 1X SMN1-7 or SMN1-8 Buffer (TIANLONG, 

CHINA) and 500nm/L of each primer, 1U KlenTaq1TM (Ab Peptides) . Also included were 1 X 

LCGreen® Plus dye (BioFire Defense). The multiplex PCR was performed on a Light Cycler® 480 

Real-Time PCR System (Roche) with the following thermal profile: 95°C for 5min, 10 cycles of 

95 °C for 5s, touchdown 64°C to 60 °C for 30s, then 25 cycles of 95 °C for 10s, 60 °C for 15s. After 

amplification, the   the samples were heated to 95 °C for 60 s, cooled to 40 °C for 60s, and then 

melted from 65 °C to 95 °C using 25 acquisitions/°C to acquire high-resolution melting data. DNA 

samples which had been confirmed to contain zero, one copies of SMN1 and two copies of SMN1 

were used as controls, of which two copies of SMN1 were also used as standard. 

MLPA assay 

MPLA provided further validation for the cases of SMA. The MLPA products were detected 

using ABI PRISM 3730XL sequencer (Applied Biosystems, USA) and analyzed using 
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Coffalyser.Net software (MRC Holland). The detailed methods and primer needs were obtained as 

described in the previous literature. 

Statistical analysis 

Variation HRM Analysis Software (V1.0) was used to analyze the copy number of SMN1 exon 

7 and exon 8. We need two parameters: 1) P value represents the melting peak height of the SMN1 

gene. If P is equal to 0, the copy number of SMN1 gene exon 7(exon 8) of the sample is 0, which is a 

homozygous deletion. 2) R value represents the ratio of the melting peak of the SMN1 gene to the 

melting peak of the control with 2 copies of SMN1. Different ranges of R values represents SMN1 

copy number: (1)one copy with heterogeneous deletion (R≤0.70); (2) Two copies or more (R≥0.74); 

(3)Repeat the test again (0.70<R<0.74). Statistical analysis was performed using GraphPad Prism 8 

(GraphPad software). The comparison between two groups was performed using unpaired Student’s 

t-test by SPSS version 16 software (IBM Corp., USA). A value of P<0.05 was considered statistically 

significant. The statistical tests used were two-sided. 
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Figure legends 

Fig. 1 melting profiles derived from qPCR assay 

Melting curve and melting peak analysis of SMN1, (A) Melting analysis of multiplex PCR of SMN1 

exon 7/ CFTR, (B)Melting analysis of multiplex PCR of SMN1 exon 8/TPGS2. There were no 

unexpected amplification products with different melting curves, the height of melting curve points 

to different copy number of SMN1. 

Fig. 2 The prevalence of carriers in normal screening group from 4 hospitals 

The rate of heterozygous deletion of SMN1 exon 7 in the screening cases from different regional 

hospitals were plotted and compared. 

 



Figures

Figure 1

melting pro�les derived from qPCR assay Melting curve and melting peak analysis of SMN1, (A) Melting
analysis of multiplex PCR of SMN1 exon 7/ CFTR, (B)Melting analysis of multiplex PCR of SMN1 exon
8/TPGS2. There were no unexpected ampli�cation products with different melting curves, the height of
melting curve points to different copy number of SMN1.

Figure 2

The prevalence of carriers in normal screening group from 4 hospitals The rate of heterozygous deletion
of SMN1 exon 7 in the screening cases from different regional hospitals were plotted and compared.
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