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Abstract

Background: Autosomal recessive spinal muscular atrophy is a disease resulting from homozygous absence of SMN1 gene in approxi-
mately 94% of SMA patients. To identify patients who retained a single SMN1 copy, SMN1 dosage analysis was performed by quantitative
Real-time PCR using SYBR green dye. SMN1 dosage analysis results were utilized to identify carriers before offering prenatal diagnosis.

Method: Carrier testing was performed for 150 individuals. Copy number of the SMN1 gene was determined by the comparative threshold
cycle (Ct) method and human serum albumin gene was used as a reference.

Result: Analysis of 150 DNA samples with quantitative PCR determined the number of SMN1 gene copies. Of these, 50 (33.33%) cases
had one SMN1 gene copy, 87 (58%) had two copies and 13 (8.66%) did not have any copies of SMN1. The homozygous SMN1 deletion
ratio was 0.00 and deletion of one copy of SMN1 gene ratio ranged from 0.3 to 0.58.

Conclusion: This report demonstrates modification of risk estimation for the diagnosis and detection of SMA carriers by accurate de-
termination of SMN1 copy number. SMN1 copy number analysis is an important parameter for identification of couples at risk of having
children affected with SMA. It also reduces unwarranted prenatal diagnosis for SMA. Furthermore, the dosage analysis might be useful for
the counseling of clinically suspected SMA patients with negative diagnostic SMA tests.
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Introduction

roximal spinal muscular atrophy (SMA) is an autosomal

recessive disorder resulting in the loss of motor neurons in

the spinal cord. SMA has an estimated incidence of 1 in
10,000 with a carrier frequency of 1 in 40 to 60.' Recessive prox-
imal childhood SMA is clinically classified into three groups.
Type I (Werding-Hoffmann) is the most severe form with onset at
<6 months and death typically at <2 years. Type Il SMA displays
an intermediate severity, with onset at <18 months and an inabil-
ity to walk. Type III (Kugelburg-Welander) individuals are able to
walk independently and have a relatively mild phenotype with
onset at >18 months. The SMA chromosomal region on 5q13 in-
cludes the disease locus for SMA types I, II, and III. This is a
complex region with a 500-kb inverted duplication that contains
several repeated genes including the survival motor neuron gene
(SMN),? the neuronal apoptosis inhibitory protein gene (NAIP),*
the gene encoding the p44 subunit of the transcription factor TFI-
IH,>¢ and the H4F5 gene.” Large deletions removing all of these
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genes occur frequently in SMA patients. The telomeric copy of
SMN gene (SMN1) is homozygously lost in over 94% of patients
in all three types of SMA.>8%1011 [dentification of several intra-
genic SMN1 mutations in some rare cases proves that SMNI is
the primary SMA-determining gene.'? The centromeric copy of
SMN gene (SMN2) is almost identical to SMN1. The only critical
difference in the genomic sequence is a base change in exon 7
(840C—T) that affects the splicing pattern.”* Both SMN genes
code for a full-length RNA with nine exons, but SMN2 mainly
produces a transcript without exon 7 that encodes a truncated pro-
tein.>* The SMN1 gene is detectable in 94% of SMA patients,
either because of conversion of sequences in the SMN1 gene to
those in the SMN2 gene or as a result of SMNI1 gene dele-
tions.>$%1%1L15 The absence of a homozygous SMN1 deletion does
not rule out a diagnosis of SMA since approximately 6% of cases
do not have a homozygous SMNI1 deletion. The presence of a
hemizygous SMN1 exon 7 deletion is identified by a quantitative
determination of SMN1 exon 7 copy number. Several small muta-
tions in the SMNT1 gene (2%) are reported in patients without a
deleted or sequence converted SMN1 allele. These mutations in-
clude disrupted splicing of exon 7,° a 4,' or a 57 bp deletion in
exon 3, an 11-bp duplication in exon 6,? and a clustering of mis-
sense mutations in exon 6.3%18

In this report, we have described a Real-Time PCR strategy to
determine the SMIN1 gene copy number in SMA patients. SMN1
gene specific primers were used in Q-PCR with serum albumin
gene as a reference for normalization. SMA carrier frequency in
the Iranian population is high.!” Therefore, it is necessary to de-
sign a specific and sensitive quantitative Real-Time PCR method
reproducible for determination of copy number of SMNI and
gene dosage analysis.



Materials and Methods

Subjects

Patient selection for this study was according to clinical findings
that included muscle biopsy, electromyography (EMG) and labo-
ratory results. We performed quantitative analysis of the SMN1
gene in 13 affected patients, 20 carrier couples with at least one
child with a homozygous deletion or with a child with clinical
findings for SMA. Additional families of diseased affected chil-
dren and CVS samples from carrier couples that referred to our
laboratory for prenatal diagnosis were also analyzed for SMN1
copy number. We analyzed a total of 150 individuals for SMA.
Prior to any genetic testing all individuals signed a consent form
approved by the Division of Genetics, Ministry of Health and Hu-
man Services, Tehran, Iran.

DNA extraction

Genomic DNA was extracted from peripheral blood samples
by the salting out method. Samples with a purity of 1.5 — 1.8
(260/280 nm ratio) and a final concentration of 5 ng/uL were used
for highly efficient amplifications.

PCR-RFLP

All subjects were assessed for deletions of exons 7 and 8 in the
SMNI1 gene, using the polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP) method described
previously.? DNA from parents of an affected newborn with
the homozygous deleted SMN1 gene was used as a positive
control.

Comparative Real-Time PCR

Homozygous absence of SMN1 exons 7 and 8 in affected indi-
viduals was confirmed using PCR-RFLP. The quantitative Real-
Time PCR assay was based on primers that specifically amplified
segments of exons 7 and 8 of the SMN1 gene.® Exon 12 of human
serum albumin gene was used as a reference gene.”! PCR was
performed in a total volume of 25 pL containing 12.5 pL of SYBR
Green PCR master mix (Fermentas, Lithuania), 20 ng of genomic
DNA (4 pL), and 0.1 uM and 0.5 pM of SMNI, and albumin
gene primers, respectively. Each sample was run in duplicate in
separate tubes to allow an accurate and precise quantification of
the SMIN1 gene. The PCR condition consisted of an initial dena-
turation of 95°C for 10 min, followed by 40 cycles of 95°C for 15
sec and 60°C for 1 min. Data calculations were performed by the
comparative Ct (threshold cycle, AACt) method. Ct value of each
sample was calculated for SMN1 and albumin gene. The gene
copy numbers of the samples were determined by the following
formula: AACt = [ACt albumin (calibrator sample) - ACt SMN1
(calibrator sample)] - [ACt albumin (unknown sample) - ACt
SMNI1 (unknown sample)].?! The range of gene dosage or relative
copy number was determined from 224,
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Result

Accurate dosage analysis is necessary in order to identify SMA
carriers and to distinguish between patients with or without homo-
zygous deletions of the SMN1 gene. SMA heterozygotes can be
distinguished by a method that can differentiate between individu-
als with one or more copies of the SMN1 gene.?* In this report we
applied a quantitative PCR assay that uses serum albumin gene as
a reference to determine the copy number of the SMN1 gene. The
relative gene copy numbers were calculated by the formula 2-42¢,
The calculated ranges of 224 were expected to be approximately
0.5 — 2 in normal controls, 0.3 — 0.58 in carriers and 0 in patients
with SMA. Ct values of SMN1 and albumin gene for normal con-
trol (calibrator) and Ct values of albumin gene for normal, carrier
and patient individuals showed almost identical values at the am-
plification plots. In carriers with only one copy of the SMN1 gene,
the Ct values of SMN increased to around 0.8 — 1.6 compared to
albumin (Figure 1). In SMA patients with homozygous absence
of the SMIN1 gene, the albumin gene was amplified as in normal
controls but the SMN1 gene was not amplified as expected and
Ct ratios of these samples were 0.00. The results of our optimized
gene dosage assays were verified by RFLP-PCR (Figures 2A and
2B). Following optimization of the competitive PCR assay, we
quantitated the SMN1 copy number in patients without homozy-
gous deletions of SMNI1 gene who had clinical features consistent
with SMA and their parents, individuals referred for carrier test-
ing, and couples who requested prenatal diagnosis. The majority
of individuals, 50 out of 150 (33.33%) were carriers, 87 out of
150 (58%) were normal and had two copies of SMIN1, and 13 out
of 150 (8.66%) were homozygous mutants in which the SMN1
gene did not amplify. The SMN1 gene dosage (24" range is
given in Table 1. In this study, from fetuses of 14 families who
went through prenatal diagnosis, 4 were heterozygous, 3 were
homozygous for SMNI1 deletion and 7 were normal. A total of
58% of fetuses or children suspected of SMA were normal with
two copies of this gene. These fetuses or children might have an
intragenic point mutation or they might have been misdiagnosed
with similar clinical symptoms as SMA.
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Figure 1. Representative Real-Time amplification plots of SMN1gene,
normal individual (A), carrier individual (B) and the affected patient which

did not amplify.

Table 1. Real-time quantitative analysis of SMN1 gene copy number using a comparative Ct method (Ct ratio) in patients, carriers, and individuals

with two copies of SMN1.

Subjects Mean 2-MCtrange No. of patients Frequency (%)
Patients 0.00 0.00 13 8.7

Carriers 0.4 0.3-0.58 50 333

Normals 1.25 0.5-2 87 58

Total 150 100
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Figure 2. Deletion of exons 7 and 8 in the SMN1 gene using the polymerase chain reaction- restriction fragment length polymorphism (PCR-RFLP)
method: (A) Analysis of exon 7 deletion in SMN1 gene: Lanes 1 and 3 are normal; 2, 5 and 6 are heterozygous; 4 is homozygous and 7 is uncut. (B)
Analysis of exon 8 deletion in SMN1 gene: Lanes 1 and 6 are heterozygous; 2 and 4 are normal; 3 and 5 are homozygous and 7 is uncut.

Discussion

Although SMA patients with two identical, non-deleted SMN1
alleles have been identified in Iranian families, it is possible that
these alleles are on a single chromosome. It should be noted that
this quantitative assay cannot distinguish between a single copy
of SMNI1 on each chromosome (trans) or two copies of SMN1 on
a single chromosome (cis). Ninety-five percent of SMA patients
can be detected with this Q-PCR assay while 5% of all SMA pa-
tients with clinical symptoms who show two copies of the SMN1
gene with this assay have intragenic point mutations in other ex-
ons of the SMN1 gene.!® Vallian et al. have studied defects in
genes for survival motor neuron (SMN) and neural apoptosis in-
hibitory proteins (NAIP) associated with spinal muscular atrophy.
By PCR-RFLP, their results showed that a homozygous deletion
in exons 7 and 8 of the SMN gene was found with high frequency
in types I and I, and with less frequency in type III SMA.*

Hasanzad et al. performed detection of exon 7 deletion of the
SMNI1 gene for patients and fetuses suspected of having SMA
and reported a homozygosity frequency for the deletion of SMN1
exon 7 at 94%.%

The homozygous deletion frequency rate of the telomeric copy
of exons 7 and 8 in the SMN gene for all types of SMA was 97%.
Deletions in exons 5 and 6 of NAIP in SMA type [ was 87%, and
SMA type II was 33% as reported by Derakhshandeh-Peykar et
al.?2 These results confirmed previous studies.

Hasanzad et al. found the range of carrier gene dosage in the
Iranian population to be 0.29 — 0.55 as compared to the gene dos-
age found in our study, 0.3 — 0.58. Hasanzad et al.'® determined
the carrier frequency to be 1 in 20. The SMA carrier frequency
varies amongst populations from the United Kingdom (1/60), Ko-
rea (1/47), Australia (1/40) and Germany (1/50). Considering the
higher SMA carrier frequency in Iran relative to many populations
worldwide, prenatal diagnosis of SMA for the Iranian population
should be implemented.

Conclusion

SMNI1 copy number analysis is an important parameter for iden-
tification of carrier couples at risk of having children affected with
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SMA. It also reduces unwarranted prenatal diagnosis for SMA.
Furthermore, the dosage analysis might be useful for the counsel-
ing of clinically suspected SMA patients with negative diagnostic
SMA tests.
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