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Aim: Spinal muscular atrophy (SMA) is a well-defined autosomal recessive neuromuscular disorder caused by
mutations in the survival motor neuron 1 (SMN1) gene. The most frequently observed mutation is a deletion of
exon 7, which has been documented in >95% of SMA patients. A novel technique for detecting mutations
known as high-resolution melting analysis (HRMA) has rapidly become the tool of choice for screening path-
ogenic genetic variants. In the present study, we attempt to validate the applicability of HRMA to the detection
of exon 7 deletions and other intragenic mutations in SMN1. Results: Three primer sets were adopted in our
HRMA screening for deletion of SMNT exon 7. In screening attempts utilizing two primer sets, the results of
HRMA were not compatible with those obtained by polymerase chain reaction—restriction fragment length
polymorphism. Therefore, we applied a modified protocol using revised primer sets, which resulted in an
absolute compatibility of results between HRMA and polymerase chain reaction-restriction fragment length
polymorphism. With regard to screenings for intragenic mutations in SMN1I exon 3, two primer sets were
adopted for use in HRMA. In the initial HRMA screening using the first primer set, we failed to identify any
intragenic mutations; however, when using a revised primer set, HRMA successfully detected the presence of a
¢.275G > C mutation. Conclusion: HRMA is a simple but versatile tool to add to the existing arsenal of diagnostic
techniques that could aid clinicians/researchers in diagnosing SMA. However, as we demonstrate in the present
study, the design and selection of primers is of monumental importance in ensuring the successful application of
HRMA to screening for pathogenic variants.

Introduction tions in SMNT (Lefebvre et al., 1995). In every SMA patient
with a homozygous deletion of SMNT exon 7, at least one
PINAL MUSCULAR ATROPHY (SMA) is a neuromuscular copy of SMN2 is retained; however, because the majority of
disorder characterized by degeneration and loss of lower ~ SMN2 transcripts lack the information preserved on exon 7—
motor neurons in the anterior horns of the spinal cord. SMA s as a result of alternative splicing (47-SMN)—the amount of
one of the most prevalent autosomal recessive disorders with  functional SMN protein produced by SMN? is insufficient to
an incidence of 1/10,000 (Pearn, 1978). In addition, the SMA  compensate for the loss of SMN1, which ultimately results in
carrier ratio in the general population is estimated at 1:35 progressive motor neuron degeneration (Lorson and Andro-
(Feldkétter et al., 2002). The survival motor neuron (SMN)  phy, 2000).
gene located on 5ql3 is the most common cause of SMA The two SMN genes, SMNI and SMN2, are virtually
(Lefebvre et al., 1995). It exists as two nearly identical copies, identical with exception to a difference of five bases found in
SMNI and SMN2—both of which encode the SMN protein.  the 3’ end of the genes (Biirglen et al., 1996). This difference in
To date SMNT remains the most critical gene involved in the  nucleotides has been exploited in screening efforts to detect
development of SMA, as >95% of SMA patients present with ~ deletions of the SMN1I gene, used for diagnosing SMA. At
homozygous mutations of SMN1 exon 7. The remaining mi- present, techniques based on polymerase chain reaction
nority groups of SMA patients carry subtle intragenic muta-  (PCR)-restriction fragment length polymorphism (RFLP),
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which are capable of differentiating SMN1 and SMN2 based
on their nucleotide differences, remain the most widely ap-
plied methods in detecting homozygous deletions of SMN1
exon 7 (Ogino and Wilson, 2002). Unfortunately, the results of
PCR-RFLP can occasionally be ambiguous due to incomplete
enzyme digestion. While there are alternative procedures to
detect homozygous deletion of SMNT exon 7, such as single
strand conformation polymorphism or denatured high-per-
formance liquid chromatography, these methods are often
laborious and time-consuming.

In recent years, high-resolution melting analysis (HRMA)
has rapidly emerged as the tool of choice among researchers
and clinicians for screening pathogenic variants, owing to its
inherent simplicity. This method uses a saturating dye to
generate an accurate melting curve with high resolution that
enables detection of even a single-nucleotide variation in
sample amplicons (Wittwer et al., 2003). Another benefit of
HRMA is its ability to perform homogeneous genotyping
without resorting to fluorescently labeled probes or allele-
specific PCR. At present, two differing HRMA methods have
been established: the first involves symmetric PCR without a
probe (symmetric PCR-HRMA); the second involves asym-
metric PCR with a probe (asymmetric PCR-HRMA). In gen-
eral, the former method is considered a far simpler method.

Recently, Chen et al. (2009) evaluated the application of
HRMA to screenings for deletion of SMN1 exon 7, and based
on their results, the authors conclude that asymmetric PCR-
HRMA is superior to symmetric PCR-HRMA. The difficulty
in distinguishing patients lacking SMN1, from normal con-
trols lacking SMN2, was one of the major factors attributing to
the authors’ final assessment contending the apparent inferi-
ority of symmetric PCR-HRMA (Chen et al., 2009). In contrast,
in the present study, we demonstrate that symmetric PCR-
HRMA—with a simple change of primer sets—is an able and
dexterous method which allows for distinguishing patients
lacking SMN1 from normal controls, via discernible differ-
ences in melting curve patterns. In addition to this, we further
applied and evaluated symmetric PCR-HRMA in the scan-
ning of an intragenic SMN1T mutation, and show that sym-
metric PCR-HRMA is also capable of identifying an intragenic
mutation in SMNT exon 3 that we had early identified by
direct sequencing.

Materials and Methods
Subject

Forty-three SMA patients and 56 controls were enrolled in
this study. Genomic DNA was extracted from whole blood
using a DNA extraction kit, SepaGene (Sanko Junyaku).
Screening assessments for deletion of the SMNT gene were
carried out via HRMA. To efficiently detect SMN1 gene de-
letions, PCR and enzyme digestion were performed according
to the method described by van der Steege et al. (1995). Pre-
liminary screenings for variation in SMN1 and SMN2 were
conducted via PCR-RFLP: 41 patients had an SMNT deletion;
47 controls were found to retain both the SMN1 and SMN2
genes; and 3 controls were found to lack the SMN2 gene.

We previously reported a novel mutation in SMN1 exon 3,
275G > C. This mutation was identified in two patients with
SMA type 1, and results in a tryptophan-to-serine substitution
at amino acid 92 (W92S), which is found at the N-terminal of
the SMN Tudor domain (Kotani et al., 2007).
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Regarding the screening evaluation for the W92S mutation,
eight individuals were examined via HRMA. Two of the in-
dividuals had earlier been identified as having a ¢.275 G>C
mutation by direct sequencing, and in 6 controls, no intra-
genic mutations in SMNT exon 3 could be identified by direct
sequencing.

Symmetric PCR-HRMA for SMN1 deletion test

Selection of optimal primer sets for PCR is crucial to the
successful application of HRMA to SMNI deletion tests. In
this study, three different primer sets, designated A [R111
(Lefebvre et al., 1995) and SMNR (Chen et al., 2009)], B [R111
and X7Dra (van der Steege et al., 1995)], and C [R111 and
541C770 (Lefebvre et al., 1995)], were examined (Fig. 1). Each
PCR product had 2 nucleotide changes between SMN1 and
SMN?2: ¢.835-45 G > A and ¢.840 C >T. PCRs were carried out
in 10 pL final volume using 30 ng template DNA and Light-
Cycler®480 High Resolution Melting Master (Roche Diag-
nostic), which contains DNA polymerase, nucleotides, and
the dye ResoLight. Primers and MgCl, were used at a con-
centration of 0.3pM and 3mM, respectively. HRM assays
were performed using LightCycler480 System II (Roche Di-
agnostic) provided with LightCycler480 Gene Scanning Soft-
ware (Roche Diagnostic). The PCR program consists of an
initial denaturation-activation step at 95°C for 10 min, fol-
lowed by a 45-cycle program (denaturation at 95°C for 10,
annealing at 56°C for 30's, and elongation at 72°C for 30's). The
melting program includes three steps: denaturalization at
95°C for 1min, renaturation at 40°C for 1min, and then
melting, which consists of a continuous fluorescent reading
from 65°C to 95°C at 25 acquisition per °C. The melting curve
analysis comprises three steps: normalization of melting
curves, equaling to 100% the initial fluorescence and to 0% the
fluorescence remnant after DNA dissociation, shifting of the
temperature axis of the normalized melting curves to the
point where the entire double-stranded DNA is completely
denatured, and, finally, the difference plot analyzes the dif-
ferences in melting curve shape by subtracting the curves
from control samples lacking SMN2.

Application of symmetric PCR-HRMA for detection
of subtle SMN1 mutations

In applying HRMA to the detection of intragenic SMN1
exon 3 mutations, designing optimal primer sets—which took
into consideration the unique polyadenine tract in intron 3—
was a crucial factor. Considering this unique feature of intron
3, two different primer sets, D (gEX3F and gInt3R) and E
(gEX3F and cEX3R), were examined (Fig. 2). HRMA PCR
conditions were as described above, with slight adjustments
introduced in annealing temperature to accommodate dif-
fering primer sets.

Results
SMN1 deletion test using symmetric PCR-HRMA

SMNT1 deletion tests were performed via symmetric PCR-
HRMA (Figs. 3-5). By using primer set A, which was de-
scribed by Chen et al. (2009), HRMA showed two distinct
patterns of melting curves. Samples from normal controls
retaining SMNT and SMN2 had a lower melting temperature
due to heteroduplex formations of the amplicons. Patient
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a R111 X7Dra 541C770 SMNR
Exon7
Intron 6 intron 7
b
Primer Primer Aneealing Curve ¥
Primer Sequence Length
Set Name Temperature | Separation
R111 S-AGACTATCAACT TAATTTCT-3
A 241bp 56°C Poor
SMNR “GAT TCACTT TCATAATGC TGG-3'
R111 “AGACTATCAACT TAATTT CT-3'
B 183bp 56°C Poor
X7Dra ~CCTTCTTTTTGATITTGT TT-3'
R411 “AGACTATCAACT TAATTTCT-3'
Cc 202bp 56°C Good
C541770 5-TAAGGAATG TGAGCACCT TCC TTC-3'

FIG. 1. Primer positions, primer sets, and annealing temperature for the survival motor neuron 1 (SMN1) deletion test. (a)
Primer positions. (b) Primer sets and annealing temperature. *Curve separation: “Good” means that high-resolution melting
analysis (HRMA) can distinguish melting curve of spinal muscular atrophy (SMA) patients from that of healthy control.
“Poor” means that HRMA cannot distinguish melting curve of SMA patients from that of healthy control.

samples lacking SMNI, along with control samples lacking
SMN?Z, had a higher melting temperature due to homoduplex
formations of the amplicons. As shown in Figure 3, under the
primer set A protocol, it was nearly impossible to distinguish
patient samples lacking SMNI from control samples lacking
only SMN2.

In assessments using primer set B, which includes a reverse
primer described by van der Steege ef al. (1995), HRMA with
primer set B also showed two distinct patterns of melting
curves (Fig. 4). Unfortunately, as with primer set A, it was
impossible to distinguish patient samples lacking SMN1 and
control samples lacking only SMN2. Distinguishing patients
lacking the SMNT1 gene and controls lacking only the SMN2
gene was a common issue, as observed by Chen et al. (2009).

In assessments using primer set C, which includes a reverse
primer described by Lefebvre et al. (1995), HRMA showed

apparently different results from those of primer sets A and B.
HRMA with primer set C showed three discernible patterns of
melting curves (Fig. 5). The difference plots of the melting
curves with primer set C had a single peak. As shown in
Figure 5, when using primer set C, the difference plot mani-
fested distinct variations between patient samples lacking
SMNI, control samples retaining SMNI and SMN2, and
control samples lacking SMN2.

With regard to the detection of SMN1 deletions, we clas-
sified normal controls (controls lacking SMNZ and controls
retaining SMN1 and SMN2) and SMA patients (patients
lacking SMNT) into the “No SMNI deletion,” and “SMN1
deletion” groups, respectively. Controls retaining only
SMNI were correctly placed in the “No SMN1 deletion”
group by symmetric PCR-HRMA. In contrast, patients lack-
ing the SMN1 gene were correctly placed into the “SMN1

a gEX3F cEX3R gint3R
Exon 3 -—{ Polyadenine tract }m«—w——v
Intron 2 Intron 3
b
Primer Primer Aneealing Curve *
Primer Sequence Length
Set Name Temperature | Separation
gEX3F “GTGTGC ATG TATATATCT TT-3
s] 308bp 52°C Poor
gint3R “TGTATACTG TTTAAC AGT TT-3
gEX3F 5-“GTGTGC ATG TATATATCT TT-3
E 224bp 50°C Good
cEX3R ~TCT GTT CTATAT TAT TAG CTACT-3"

FIG. 2. Primer positions, primer sets, and annealing temperature for screening of SMN intragenic mutation in exon 3. (a)
Primer positions. (b) Primer sets and annealing temperature. *Curve separation: “Good” means that HRMA can distinguish
melting curve of SMA patients from that of healthy control. “Poor” means that HRMA cannot distinguish melting curve of

SMA patients from that of healthy control.
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FIG.3. Results of HRMA by using primer set A. Normal individuals retaining both SMNI and SMN2 (blue),

lacking SMNT (red), and individuals lacking SMN2 (green).
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FIG. 5. Results of HRMA by using primer set C. Normal individuals retaining both SMN1 and SMN2 (blue), SMA patients

lacking SMNT (red), and individuals lacking SMN2 (green).

deletion” group by symmetric PCR-HRMA. Essentially, the
HRMA results obtained using primer set C were completely
compatible with the data obtained by conventional PCR-
RFLP methods (sensitivity =1.0, specificity=1.0) (Table 1).
Additionally, we further ventured to determine the rela-
tionship between the difference plots and the number of
copies of the SMN1 and SMN?2 genes among control samples
(Fig. 6). HRMA showed six variable patterns of difference
plot peaks.

Application of symmetric PCR for detection
of intragenic SMN mutations

For detection of intragenic mutations, screenings were
performed by optimized symmetric PCR-HRMA. For muta-
tion screenings covering SMNI exon 3, the presence of a
polyadenine tract posed a potential of compromising the
screening effort. However, this was circumvented with the
use of two reverse primers. cEX3R was positioned in exon 3,
upstream of the polyadenine tract, and gInt3R was positioned
in intron 3, downstream of the polyadenine tract (Fig. 2). In
assessments using primer set D, we observed irregular pat-
terns of difference plots, which made the task of distin-
guishing patient samples having a ¢.275 G>C mutation from
control samples with no mutation a nearly impossible feat
(Fig. 7). Only after using primer set E did we observe two
patterns of difference plots that correlated with patients and
controls (Fig. 7). Samples from patients who had a mutation in
exon 3 showed a lower melting temperature due to hetero-
duplex formation of amplicons (mutated SMN1 and normal

SMN2). Samples from controls, on the other hand, showed a
higher melting temperature due to homoduplex formation of
amplicons. Therefore, with primer set E, samples from pa-
tients who had ¢.275 G>C mutations could clearly be dis-
tinguished from control samples.

TABLE 1. SENSITIVITY AND SPECIFICITY OF SYMMETRIC
PoLYMERASE CHAIN REACTION-HIGH-RESOLUTION MELTING
ANALYSIS WITH PRIMER SET C

PCR-RFLP

SMN1 No SMN1

deletion deletion®
<
é E 5 41 0

k3]

2 53
=
R
5 =g 0 50
& 23

Sensitivity: 41/41 (1.0); specificity: 50/50 (1.0).

*No SMN1 deletion contains both controls lacking SMN2 and
controls retaining SMN1 and SMN2.

HRMA, high-resolution melting analysis; PCR, polymerase chain
reaction; RFLP, restriction fragment length polymorphism; SMN,
survival motor neuron.
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FIG. 6. Copy number analysis of HRMA by using primer
set C.

Discussion

HRMA with saturation dye is a new and attractive tool for
genotyping and mutation scanning. HRMA has many advan-
tages, such as cost-effectiveness, simplicity, absence of post-
PCR treatment, and quickness to identify pathogenic variants
(de Juan et al.,, 2009). Further, HRMA can identify pathogenic
variants with high accuracy (Reed and Wittwer, 2004). How-
ever, when using HRMA for genotyping or mutation scanning,
there are several points to note. Melting temperature is related
to external factors (salt concentration and pH) and internal
factors (DNA concentration, product length, GC content, and
nearest neighbor interactions) (Marziliano ef al., 2000).

Inan SMNT deletion test using HRMA conducted by Chen
et al. (2009), SMA patients lacking SMN1 could be readily
distinguished from controls lacking SMN2 by asymmetric
PCR with probe. On the other hand, distinguishing patients
lacking SMNT from controls lacking SMN2 by symmetric

Normalized and Temp-Shifted Difference Piot

5587 -
4.587
3.587 -
2.587 -
1.587
0.587
~0.413
~1.413
-2.418
-3.413
-4.413
5413
-6.413
-7.413.

/”"\
U N

b

Relative Signal Difference

75 76 77 78 79 80 81 82
Temperature (°C)

SMNGEX7R
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PCR-HRMA without probe was reportedly a daunting and
difficult task.

In the present study, we hypothesized that we could dis-
tinguish patients lacking SMNT1, from controls lacking SMN2
by symmetric PCR-HRMA, simply by applying a modified
primer set. The result of HRMA using primer set C on the
other hand showed three distinct types of melting curves that
specifically correlate with the expected genotypes (controls
retaining SMNT and SMN; controls lacking SMN2; and, pa-
tients lacking SMNT) (Figs. 3-5). Under the difference plots,
these differences were fully evident. Further, we succeeded in
distinguishing the 41 SMA cases from the controls with a
striking 100% sensitivity and specificity as compared with
PCR-RFLP analyses (Table 1).

In this study, we further sought to examine the relationship
between the difference plots and the copy number of the
SMNT and SMN2 genes among control samples (Fig. 6). It
should be noted that the difference plot peaks were separated
according to the ratio of SMNI copies to SMN2 copies
(SMNI1:SMN2). With regard to the formation of hetero-
duplexes, the difference plot peaks with an SMN1:SMN2 ratio
of 2:2 were the highest, simply because SMN1 and SMN2 form
complete heteroduplexes. Meanwhile, the peaks manifesting
under an SMNI:SMN?2 ratio of 1:3 were the lowest because
varying amounts of SMN1 and SMN2 amplicons resulted in
the formation of both hetero- and homoduplexes. Taken to-
gether, these findings suggest that the height of the difference
plot peaks may reflect the proportion of heteroduplex for-
mations in the amplicon.

Our results further suggest the potential of this screening
protocol to be able to distinguish not only SMA patients
lacking SMNT, but also SMA carriers retaining only one copy
of SMN1, from normal controls retaining two or more copies
of SMNI. Unfortunately, the method we describe is not
without its limitations. Samples having a proportionate
SMNI1:SMN2 ratio, such as 2:2 and 1:1, may be indistin-
guishable from one another. However, this limitation could

Normalized and Temp-Shifted Difference Plot

3.369-
2.969
2.569 -
2.169 -
1.769
1.369.
0.969
0.569 |
0.169

—-0.231 1 »

~0.631

Relative Signal Difference

79 80 a1 82
Temperature {°C)

SMNEX7R

FIG. 7. SMN mutation hunting in exon 3 by HRMA: samples who have an intragenic mutation (red), and samples who do

not have any mutation (blue).
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possibly be overcome by combining other methods using a
reference gene with a known copy number ratio for compar-
ison to determine copy number variations (Harada et al., 2002;
Tran et al., 2008). Further, copy number variants of the SMN2
gene are known to have implications on the prognosis and
severity of the SMA phenotype. Unfortunately, for samples
lacking the SMNT gene, the method proposed in the present
study is currently unable to distinguish between the different
copy numbers of SMN2.

After our initial series of deletion testing using symmetric
PCR-HRMA, we next evaluated whether this method is pro-
ficient in detecting intragenic mutations in SMN1 exon 3. This
region of SMNT1 is unique given its inherent complexity to-
ward attempts at amplification posed by a polyadenine tract.
This polyadenine tract stretches for 13 nucleotide (nt), and
extends from 11 nt from the 3" end of SMN exon 3 into the 5’
region of SMN intron 3 (Gunadi et al., 2008). A previous study
investigating the stability of mononucleotide PCR amplifica-
tion found that mononucleotide sequences 11 <nt were not
correctly amplified. The errors introduced during amplifica-
tion of mononucleotide sequences longer than 11 nt were
primarily contractions of repeat motifs (Clarke et al., 2001). To
circumvent this issue, we performed HRMA by using two
primer sets. In assessments using primer set D (Fig. 2), we
encountered difficulties in distinguishing SMA patients who
had ¢.275 G > C mutations, from normal controls (Fig. 7). We
suspect that HRMA with primer set D was unsuccessful due
to errors introduced during amplification of the polyadenine
tract. Heteroduplex formation of amplicons with repeat con-
tractions or expansions, and those without errors canceled out
any observable differences on the difference plots between
patient and control samples. When we used using primer set
E, samples from patients who had a ¢.275 G>C mutation
could clearly be distinguished from controls (Fig. 7).

The SMNI1 deletion tests, along with screening assessments
for intragenic SMN1 mutations, proved once again the existence
of unresolved issues associated with HRMA. However, one of
the most striking outcomes of this study was the simple re-
minder of how important it is to reconsider basic protocol when
initial attempts at a novel method of analyses end in failure.
Where a past study had dismissed symmetric PCR-HRMA as a
potent addition to the existing arsenal of screening/detection
methods for pathogenic variants, we show that a simple
modification to the primers adopted in analyses can result in
monumental differences. Here, primer design is crucial, because
the results of HRMA can also be influenced by factors, such
as the presence of a polyadenine tract, and can lead to the
introduction of errors during the prescreening amplification
process.

In recent years, multiplex ligation-dependent probe am-
plification (MLPA) has also emerged as an additional tool for
detecting copy number differences in the SMNT and SMN2
genes (Scarciolla et al., 2006). MLPA provides the unique
ability to hybridize several probes specific for the target re-
gion and control sequences. However, the HRMA method
proposed in this article offers several advantages over MLPA.
The first and foremost advantage of HRMA is its rapid turn-
around time of ~90min. Conversely, MLPA requires ~24h
to obtain the same results. In terms of convenience, HRMA is
also superior in the sense that the method requires only a
single device and PCR to generate results. On the other hand,
MLPA is a multistep method that entails DNA naturation and

7

hybridization, followed by PCR, and finally the loading of
samples onto a genetic analyzer for analysis. Another note-
worthy advantage of HRMA is its low cost per sample anal-
ysis. The cost to analyze a sample via HRMA is a fraction of
the cost using MLPA.

In the present study we demonstrate that symmetric PCR-
HRMA is a simple but powerful tool for diagnosing SMA, and
that even seemingly modest modifications to existing
screening protocol, such as a simple change in primer sets, can
culminate monumental benefits.
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ABSTRACT

Spinal muscular atrophy (SMA) type 2 is a motor neuron disease that leads to
severe congenital muscle atrophy. The majority of adult patients are at risk of death
due to respiratory failure. Here, we report on two patients with SMA type 2 who
repeatedly developed bronchitis and pneumonia. The patient in Case 1 was a
48-year-old female lacking exon 7 of the survival motor neuron gene (SMN) 1. The
patient in Case 2 was a 37-year-old female lacking exons 7 and 8 in SMN 1 and exon 5
in the neuronal apoptosis inhibitory protein (NAIP) gene.

We applied continuous positive airway pressure (CPAP) in both cases because
their data on polysomnography showed obstructive sleep apnea (OSA). CPAP treated
their respiratory symptoms as well as those due to OSA. Moreover, CPAP stabilized the
respiratory condition of Case 1 for seven years and seven months and that of Case 2 for
five years and four months. These findings suggest that CPAP alone can achieve
long-term improvement in the respiratory condition in patients with SMA type2.

Phone: +81-6-6834-1100 Fax: +81-6-6834-1102 E-mail: katayama-tky@umin.ac.jp
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INTRODUCTION

Spinal muscular atrophy (SMA) is a congenital motor neuron disease that shows an
autosomal recessive hereditary pattern (1, 2). It was previously reported that the genes
responsible for SMA were the survival motor neuron gene (SMN) 1(1) and the neuronal
apoptosis inhibitory protein (NAIP) gene (2). Patients with SMA usually develop severe
deformity of the thorax with severe scoliosis due to muscle atrophy from infancy (3).
Therefore, these patients develop severely restrictive ventilatory defect complicated by
repetitive episodes of bronchitis and pneumonia (4-6).

However, noninvasive mechanical ventilation (NIV) was reported to control the
respiratory problems of patients with neuro-muscular disorder containing SMA (7). NIV has
two modes: continuous positive airway pressure (CPAP) and biphasic positive airway
pressure (BiPAP) (8). CPAP sends the patient airway a constant level of positive pressure
during breathing. CPAP is mainly used to treat the obstructive sleep apnea (OSA). OSA is
reported to be associated with hypertension, cardio-vascular disorder, stroke and chronic
bronchitis (9-11). BiPAP provides the patient airway at a higher level of pressure during
inspiration, and a lower pressure during expiration. BiPAP is applied to OSA that cannot be
adequately managed by CPAP and is utilized for sleep-associated disorders involving central
sleep apnea, heart failure, COPD and respiratory failure due to neuromuscular disorders (8,9).
Generally, BiPAP is applied to assist respiratory function in patients with of neuromuscular
diseases such as SMA (7, 8, 12). However, whether CPAP is effective for respiratory
disorders in patients with SMA has remained unknown until now.

We applied CPAP to our patients with SMA to treat OSA and found an unexpected
overall effect on their respiratory disorder. Here, we examine the usefulness of CPAP for
respiratory problems in patients with SMA type2.

CASE 1

The patient was a 48-year-old right-handed woman who was diagnosed with SMA
type 2 at two years of age. She lacked SMN 1 gene exon 7, and demonstrated the neuronal
apoptosis inhibitory protein (NAIP) gene (Figure 1a) and three copies of SMN 2 exon 7. In
addition, she was reported to have a hybrid SMN involving the fusion of SMN 2 intron 7 and
SMN 1 exon 8 (13). She could not hold her back upright in a chair without support, and
could not raise her limbs upwards or raise her head to an upright position. Her spinal
column showed severe scoliosis and kyphosis due to muscle atrophy since infancy (Figure
2a). Examination demonstrated an alert and well- oriented woman with normal speech and
eye movements. Her tongue showed slight fasciculation and moderate atrophy (Figure 3).
She could not open her mouth completely. The muscles of all extremities showed severe
atrophy. Motor strength was 1/5 in all extremities; deep-tendon reflexes were 0/4 distally and
0/4 proximally. There was no Babinski’s sign. Sensory perceptions were normal. Her mother
had recognized the physical weakness of the patient at three to four months of age; she was
unable to raise her lower limbs or brace her feet. She could not roll over even at six months
of age. She showed poor muscular development and was diagnosed with SMA at two years
of age. She could sit by herself until seven years of age, but she could never stand by herself.
Her older brother also had SMA type 2. He died of respiratory failure after developing severe
pneumonia and chest emphysema at 32 years of age.

The patient had shown a gradual increase in the frequency of coughing fits along with
episodes of bronchitis and pneumonia since 30 years of age. She also had to struggle with
severe respiratory problems every morning, which was the worst time of the day. After
awakening, she could not cough up the phlegm by herself abundantly accumulated sour
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phlegm by herself, and needed the assistance of someone to repeatedly push against her
abdomen to enable her to expel the phlegm. The phlegm was abundantly, and then the taste
was sour.

In addition, when she tried to ingest tablets, beans, hijiki seaweed or rice crackers, she
often felt as if these were caught in her throat.

Following an episode of severe pneumonia, the patient was referred to our hospital in
May 2001 at 38 years of age. In June 2001, she started to inhale a bronchodilator ( 8
-agonist: salbutamol sulfate) for continuous wheezing. She developed bronchitis with high
fever five times during 2001, six times during 2002 and three times between January and
September in 2003. In December 2002, she was hospitalized with severe pneumonia. In
April 2003, gastroesophageal reflux disease (GERD) was suspected as the cause of her
cough, but she refused to be examined by esophagogastroduodenoscopy at that time.
Ranitidine hydrochloride and dried aluminum hydroxide gel * magnesium hydroxide were
prescribed, but respiratory symptoms were not improved.

In October 2003, we analyzed the cycle of her respiratory symptoms in detail and
found that the condition was worst in the morning, and then gradually recovered during the
day. In addition, medical examination by interview disclosed that she was frequently
awakened by coughing during the night, snored while sleeping and showed fatigue and
sleepiness during the day. Polysomnography demonstrated obstructive sleep apnea (OSA).
The apnea and hypopnea index (AHI) was 11.9 (supine: 7.9, non-supine: 14.0). The
minimal arterial oxygen saturation (Sa0,) was 69%. In September 2003, arterial blood gas
analysis performed during the daytime showed normal values. Pulmonary function tests
demonstrated severe restrictive and mild obstructive ventilatory impairment (forced vital
capacity (FVC): 0.93 L; forced expiratory volume in 1 second (FEV,,): 0.84 L;
50%FVC/25%FVC: 3.6). CPAP was initiated because of an extremely low minimal SaO,
during sleep. The positive pressure was set to 5.0 cmH,0. The morning after the initiation
of CPAP, she immediately showed recovery from severe respiratory symptoms including
coughing, wheezing, and sputum production. Between October 2003 and December 2004,
she developed upper respiratory infection twice due to a cold. Between January 2005 and
October 2010, she developed upper respiratory infection only once per year. CPAP has
stabilized her respiratory condition for seven years seven months to date. In addition, she
became able to naturally swallow tablets, beans, hijiki seaweed and rice crackers, and her
swallowing ability normalized. The patient reported that sputum often stayed in her throat
before she used CPAP, and the sputum affected her ability to swallow foods, but she has not
felt sputum in her throat since the initiation of CPAP, and has become able to swallow foods
naturally.

In July 2008, she underwent esophagogastroduodenoscopy because she showed severe
anemia (red cell count 353x10*/ 1 1, Hb 7.7 g/dl Ht 25.7%) and appetite loss. The procedure
demonstrated stenosis at the lower esophagus similar to esophageal achalasia (Figure 4). The
cause of her anemia was hemorrhoids.

CASE 2
The patient was a 37-year-old right-handed woman who was diagnosed with SMA
type 2 at one year of age. She lacked SMN 1 gene exons 7 and 8 and the NAIP gene exon 5
(Figure 1b), but she had three copies of SMN 2 exon 7.
She could not hold her back upright in a chair without support, and could not raise her
limbs upwards or hold her head in an upright position. Her spinal column showed severe
scoliosis and kyphosis (Figure 2b). Examination demonstrated an alert, and well-oriented
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woman with normal speech and eye movements. Her tongue showed fasciculation and
moderate atrophy on the left side. She could not open her mouth completely. The muscles of
all extremities showed severe atrophy. Motor strength was 0/5 in all extremities, although
motor strength was 1/5 in fingers; deep-tendon reflexes were 0/4 distally and 0/4 proximally.
There was no Babinski’s sign. Sensory perceptions were normal. Muscle strength in her
limbs was weak from birth. She could raise her head, and roll over at six months of age, but
she could not roll over at 10 months of age. She was diagnosed with SMA at one year of age.
After the diagnosis, atrophy and decrease in muscle strength gradually progressed. She
underwent tracheal incision during an episode of pneumonia at 15 years of age. The situation
recovered thereafter the tracheal cannula was removed. She developed pneumonia twice at
25 years of age, and was admitted to the hospital due to pneumothorax twice at 29 years of
age.

She reported that she felt choked by food and that her breath stopped at night, and she
developed bronchitis more than three times per year before CPAP was initiated. She
consulted a doctor specializing in sleep disorder. Portable polysomnography demonstrated
AHI at 26.4, and then minimal SaO, was 74%. Therefore, she received a diagnosis of OSA.
However, based on her overall condition, it was speculated that she would have had
considerable difficulty in recovering from sleep apnea. It was also thought that apnea might
become fatal. Therefore, in January 2006, CPAP was initiated. The patient has not felt
choked by food, and has been able to sleep soundly since the initiation of CPAP. In addition,
she has had only one episode of bronchitis after the start of CPAP up to October 2010. CPAP

has stabilized her respiratory condition for five years and four months to date.
a
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Figure 1. Detection of SMN1, SMN2 and NAIP gene deletion by polymerase chain reaction (PCR).
(a) Data from Case 1. (b) The data from Case 2. The marker is ¢ X174 Hae I1I digest.
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(a) Chest X-ray of Case 1. (b) Chest X-ray of Case 2.

Figure 3. The tongue of Case 1.
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Figure 4. Stenosis at the lower esophagus of Case 1 on esophagogastroduodenoscopy.

DISCUSSION

When we diagnose patients as having SMA, we must consider their symptoms, course
and genetic abnormality. Our patients started to show muscle atrophy of the extremities
before one year of age, and then they could not stand and walk without support. Symptoms
and course were characteristic for SMA type 2 (4-6). In addition, Case 1 was lacked the
SMN 1 exon 7, and Case 2 was lacked the SMN 1 exons 7 and 8 as well as the NAIP gene
exon 5. Therefore, we diagnosed our patients as having SMA type2.

Coincidently, each features three copies of SMN 2 exon 7. However, it remains
unknown whether the number of the copies of SMN2 exon 7 affects the course of SMA (14).
Furthermore, Case 1 had a hybrid SMN (13). However, the impact of that finding also
remains unknown.

Patients with SMA demonstrate OSA as a complication. It was previously reported
that when patients with SMA demonstrate OSA, their OSA-related symptoms could be
treatable by CPAP (15-17).

Our patients had chronic bronchitis and repeated pneumonia. However, their respiratory
state had not yet progressed to respiratory failure. Therefore, we applied CPAP for the
treatment of OSA. As a result, CPAP not only improved the sleep apnea, but also suppressed
the occurrence of chronic bronchitis and pneumonia. Moreover, CPAP achieved long-term
stabilization of their respiratory condition.

Here, we discuss the effect of CPAP on chronic bronchitis and pneumonia of the
patients with SMA type 2. First, Case 1 demonstrated chronic bronchitis and repeated
pneumonia. In addition, she had expectorated sour sputum every morning before CPAP was
initiated. It is highly possible that sour sputum was mainly composed of gastric juice.
Therefore, we can speculate that gastric juices had further damaged the lung due to
gastroesophageal reflux. In addition, she had severe scoliosis and kyphosis as complications.
It was reported that the deformed spine causes deterioration of reflux esophagitis (18, 19).
However CPAP can inhibit OSA, and therefore, lessen the reflux esophagitis (20, 21).

Thus, we speculate that CPAP was able to prevent the reflux of gastric juice to bronchi,
and then stabilized the respiratory condition of Case 1. In addition, the patient had a
swallowing disorder before CPAP, but the symptom disappeared after CPAP was initiated.
She had complained that she constantly felt residual sputum and that the sputum mixed with
the bolus of food, preventing her from fully swallowing the food before CPAP. Hence, it is
highly possible that the swallowing disorder of the patient was related to chronic bronchitis.
That is, CPAP may have improved the swallowing disorder because CPAP successfully
suppressed the chronic bronchitis.
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In Case 2 as well as in Case 1, the repeated occurrence of pneumonia ceased and both
the chronic bronchitis and the swallowing disorder were improved after the initiation of
CPAP. The patient had a deformed spine and sleep apnea, although she did not have
symptoms of reflux esophagitis. Therefore, Case 2 had milder symptoms of chronic
bronchitis than Case 1.

However, the deformed spine and sleep apnea may increase the severity and frequency
of gastric reflux to the bronchi in Case 2 because these diseases can aggravate reflux
esophagitis (18-21). That is, we speculate that the aggravated reflux might contribute to
chronic bronchitis and pneumonia as one of the silent symptoms in Case 2. In addition, it is
possible that the improvement of swallowing disorder in Case 2 was associated with the
same mechanism as in Case 1. ,

One of the serious respiratory disorders caused by neuromuscular disorders was
reported to be atelectasis (22, 23, 24). CPAP is also effective in preventing the atelectasis (25
26). The effect may be also associated with the stabilization of the respiratory condition in
our patients after CPAP.

2
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AN DONTVWAE I ERBIFLNS.

SMNI #fzF1x 920y v v (1, 2a, 2b,
3,4, 5 6, 7, 8 THKSh, ZoOEWTH
% SMN &H (KA 1% 38kDa, 294 o7
I @ISR HMY. SMNEH (&EM) 13,
Z DRI H SMNI BIZFICHETEH DT

H BN, SMN2 BIZTFHoHPREAShTY
LTS h TS,
). SMN B & RNA {3

1995 4E12 SMN1 Bz ¥R ru—= v 7 &h
72WERT, ZOBEETEWTHS SMN HEHD
R - RENCOW T T o2 b bhroTw
holz. SMNEHIZEDOBMOEET L BB
TWhho7z0OT, SMN HZHOHEE - &4z
ODWTHHET AL IWHETH - 2. 7277,
SMA & DOB#EN S, [SMN HHIZER) = 2 —
O UICRFRCEEL, BRELTWAEATH
591 EFPHEEh TV,

SMNI AR SEE S - 348 (1996 4E) 12,
Liu & Dreyfuss iZ, HeLa Ml %fli-> T, SMN
EHPMRNP UR 74 7YS5YYDEH %
RNAREER L BEAREZERTLZ 2L
ML, F72, #5513, HeLa Mo i,
SMN EHMEE L CRGmEh, FE»S
XA TEL/NHERZEET A ED R L.
COMBERIE, YA (Gem)*'E XiTh, #HL
WEBHAY T FAL Y ERBENL LS ITE-
727,

ZNDEHIZ, Liu & Dreyfuss i [SMN &H
B = 2 — 0 CITRFRMICEBL, BEELT
WHEHTHAH ] EWI)BHOFHEEZEL
[SMN ZHEEH = 2 — v v UAoHBETY
FBLL, RNARHICHET 2EATH L] &
WHZELERLEDOTH A,

1998 4E1Z, Pellizzoni, Dreyfuss &%, SMN
FEHA premRNA X754 ¥V Zihhbo
TWwbZ E&RLEY. 20#%, Dreyfuss b0
TN —TRZEDMD 7N — T HNE Wi %
#®, SMN &HiZ snRNP &% IC5 352 &

Y xh (Gem) &) #4FKIE, Gemini of coiled
bodies, T%bb [af VEKONFE] LS L
IARPLETWD, [a4 k] L&, 3k TH
N= K] EXERTVIBNY T XL VT
HY, ABTEUSE [ Hh—nk] Evd 4
D EHNG,
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T, premRNA X754 ¥V VI CEE R %S
ERIZLTVWREATHLZEZHLMITL
f:g).

SMN SEHOZER - BFREMFEIRERS

RHT, SMNEHIZL PO E T EF ke,
ARk, MRS FET 2EH, wbwa Y
FIAGEHTHAZELWHLN o, £
LT, 2EF ¥ ALRBIBREr o200
SMNI BTy A F—¥ ¥ 7 BIEF TR
v, SMNEHRBRNTAF—VY v 7 HERY
TREOPEZEZONDL LTk,

72721, SMN HHOFEHRL NV I3,
RICX > TRZS. SMNEAIX, B, &8, &
I, W TEBEEICHEAL T LDIZH LT,
DR EEH TIIFEEICL2rBRHL TV,
V. LD DI SMN EZAPFHMCTEEICEBEL
TWbHZ e, HFHICBITS SMN BEHOLE
OEREWZRBT A0 THSH. SMAL B HE
FHOFMO SMN ZEHOFEHE L, FEROE
HD1/100 Thol2 v IHIHEDH LY. =0
Z&iE, SMASXYAEFLTHREEIILTY
5. FHio SMN ZHORHBEOKT A, HH
AN O - Bl & BEL Tv 5 DI
ThHb.

SMN BEHOREBEL AV, L IDS5 472
TVl Lo THREL L HEERE L. b b
AR (B, O, W) 2Hwizt a7y
MEFTIC L L, SMN &EIZBIEDNICIEIES
CEEIRERHEL T A0 L, BAHITa®R
WEBPBRPLTHwEY, coz ki, =72
THMREN TS, BRI, MAE#KEE
BLT, SmnEH Smn EHIZYADER
T, E PO SMNHHICHLETZ2HDTH )

DLEWND B VIERENR O LA TFHEER
% (I3 BM).
4. SMN ZHOZESHRISHEEEERE
BT TIC, SMNERE S F L 48—k
FT—HHAEHE L THEAREZESoTWDH I LR
LS, SESFEMREEHICHES LTWwS
CEFRELPICENRTE T, SMN BB
HLTwaMilgiGs e U<, #Ef=FiEE, pre-
mRNA X754 ¥~ 27, snRNP O£, RNA
R, 7TRF—=V X, ZAPVARE, W&
5 RNAWZERERBITFONE., L L,
SMA DFEFEIC, SMN HADFRE F AL D & 5
Wb oTVRLOPEWELZHLLTIEIEW
ZD—%, OSMNI #I&T L SMN2 #ix+
DW )& RKEL TS SMA BEIZ RO - T
Wy, b5 SMN HASEAIIKUNLT
Wb SMA BEIZROP o TuniwnE v K
BE" Q<9 RAEFAROERIIBVT,
Smn BT EWET B9 T F SMN2 #12
FEBEALRTNE, RAERMICBRE 25 L
W) EBRFER DY, chooZ kid [SMN
FEAPZETRMTIIEE MIEETE 2V
CERRLTWS. T4bbh, SMNEHA,
BB = 2 —0 Y OEFIh b BEBROARE S
5, BAEMOMIBOAETED 5 v IZ A - 4kl
Phbb LI LERREEZIALTWLAZ L
MRBENS.

ﬁ&ﬁ?%Uﬁ&ﬁa“
(snRNP) O&RE

pre-mRNA X 751445 & snRNP &
SMN EH
b FTIE, FOHERADFEUBBEERTELE

AT AF—E Y ZBET LR, %< ORBRRH
farpic Il L T— BB s ltfsFoz LT
Y, WIERISK, WRoMR, BucRT
REBEFEERT. "I AF-C U I7BAE
B, NYAF—E Y TREFERTHY, Wil
DHERF, ISR R ZEATH 5.

B ISMA T AEF AT, Smn MR AL &
n, b it b SUNZ #fEFIEAEh Ty
5. ZOX) BRBETEN (Smn™"", SMN2'")
LEENAE. v AR, AKE, & b SMNI HE
FRHAYT D Smn #EZTE2L>TVWAED, b
b SMN2 #IZFICHN T A UETE D 20,
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Ty
Pre-mRNAL

ATZA T

TOJVA

I7/B

"N"'\

) 1h
b

PR

\

-

SNRNPAA MO % 2BEEL,
IOV ETOEF =TT D

I0JC

K1 snRNP &ERTSAI24

N5, $bh, HAEHORINKZa—FL
TV 5% DNA & pre-mRNA IZiEB &, pre-
mMRNA Z S HICATIL ¥ 7 oI
A7 C mRNA W THREL, Z® mRNA
DFRIZEDONTHHOBEARER E NS,
premRNADATSA4 7%, 4~ nm
VEAEREL, v vELREET AR
Thbd. COBREHBTIEENZATSL Y
V—ATHb. AT54VV—2AiL, snRNP &
WO DOEH, RNA KSRk shTwn
5. snRNP 4 v hu v 28#L, =7V
[R5 282 > Twa (E1).
snRNP i, K518 K (snRNA), Sm
a7HEH, TOMOBEAOEAKTHSH. Sm
a7&HE, 7TOo00 SmEHAY T 2= v b
SmB, SmDI1, SmD2, SmD3, SmE, SmF,
SmG 23 ¥ FRICIHEA TV B EABEESHAT,
SnRNA P DFEEDIBAL (Sm ERAL) IHEET 5
CEFMBNTVWBE™,

D15 EDMIC, SMN HE2% snRNP A5

*: snRNA, snRNP iZ U~snRNA, U-snRNP & %
FENTWBEHEL %\, snRNA, snRNP 2%
TYIVVICEATOVWERNSLTH 5.

b bBEBELRNTTHEI LRSI
o7z, BUE, SMN &A%, SMN/Gemin #i#&
RE LT, Sm a7&EHAKEK E snRNP DN
ORISR S L TWB I EATRENT WS,
X 22, Dreyfuss bICX A EFNVHERT.
PTFIR, BEOMRBICESTHT? 2L 0
snRNP (23383 5 4l (5 v idkduh
) oo T LEhRs,

snRNP Q&R

B 3 12 snRNP O &R DME X TRT .

a. snRNA O&NMNEx (BA, HMIsETO

iE1E)

BANTEIZTPORY AT —F¥LICL>TlE
BEI3N/zsnRNA W, 8FEFCMTEN5.
FF, T-AFAVTT IV (M'G) ¥ T
snRNA O 5 3l fihli s h, ®iZ, T0F v v
TE ISR B T A RANKAL (R
BRFHEE), BELEE- T GilE) ~
kI hs.

m'G ¥ % v 7 E2MAME NS snRNA I
B, HENICHAT A IEAR, Fxvv IHa
& (CBC), PHAX (7 ¥ 7% —%F1), XPOl/
CRM1 (BAV ik 734k), Ran (BAM%ZA
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