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A novel evaluation method of survival motor neuron protein as a
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Spinal muscular atrophy (SMA) is caused by mutations within the survival motor neuron 1 (SMNT) gene.
These mutations result in the reduction of survival motor neuron (SMN) protein expression and SMN
complex in spinal motor neurons and other tissues. SMN protein has been used as a therapeutic bio-
marker in recent SMA clinical studies using enzyme-linked immunosorbent assay (ELISA). Here, we
investigated whether imaging flow cytometry can be a viable source of quantitative information on
the SMN protein. Using a FlowSight imaging flow cytometer (Merck-Millipore, Germany), we demon-
strated that imaging flow cytometry could successfully identify different expression patterns and subcel-
lular localization of SMN protein in healthy human fibroblasts and SMA patient-derived fibroblasts. In
addition, we could also evaluate the therapeutic effects of SMN protein expression by valproic acid treat-
ment of SMA patient-derived cells in vitro. Therefore, we suggest that imaging flow cytometry technology
has the potential for identifying SMN protein expression level and pattern as an evaluation tool of clinical

Keywords:

Spinal muscular atrophy
Survival motor protein
Biomarker

Imaging flow cytometry
Valproic acid

'

studies.
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1. Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive disor-
der caused by mutations of the survival motor neuron 1(SMN1)
gene, leading to progressive limb and trunk muscle weakness asso-
ciated with muscle atrophy [1,2]. SMN protein is ubiquitously
expressed in mammalian tissues; it plays a critical role in RNA
metabolism, participating in small ribonucleoproteins (SRNPs) bio-
genesis and in pre-mRNA splicing [2]. Two SMN genes translate
SMN proteins: a telomeric copy (SMN1) and an inverted centro-
meric copy (SMN2). The SMN2 gene is present in all patients, but
is not able to compensate for SMN1 gene defects completely,
resulting in low levels of the full-length SMN protein in order to
have a single point mutation in exon7 of the SMN2 gene [3,4]. In
SMA clinical specimens, reduction of SMN has been assessed by
several methods. Typically, immunocytochemistry and Western
blotting have been used on primary dermal fibroblasts and leuko-
cyte cell lines, leading to a correlation between healthy human
controls and SMA patients in preclinical studies [5,6]. However,
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this method is not sufficiently reliable for clinical and diagnostic
use. Recently, enzyme-linked immunosorbent assay (ELISA) has
also been used in preclinical and clinical studies of SMA [7-10];
nevertheless, SMN protein levels in human peripheral-blood
mononuclear cells (PBMC) were not correlated between healthy
controls, carriers, and SMA phenotypic severity in clinical trials
[9.10]. These methods should be-optimized to allow detection of
SMN protein in human cells for SMA clinical studies.

In this study, we focus on the imaging flow cytometry tech-
nique as a new assay method of SMN protein evaluation. Usually,
standard flow cytometry cannot be used to assess the localization
of molecules within specific cellular compartments. However,
imaging flow cytometry can evaluate intact proteins, using a digital
microscope system, and immunological technologies [11,12]. SMN
proteins are localized intracellularly throughout the cytoplasm and
nucleus, as a multi-protein complex. Specifically, SMN proteins
form SMN complexes in the nucleus, where they accumulate in
structures called Gemini of Cajal bodies (Gems) that play an essen-
tial role in the assembly of spliceosomal snRNPs and biogenesis
during mRNA processing [13,14]. The predicted outcome of
decreased snRNPs assembly is an alteration in gene splicing, con-
taining minor introns due to reduced snRNPs levels [2,15]. In
SMA-derived cells, gems formation is clearly decreased compared
to that of healthy controls [16].



M. Arakawa et al./Biochemical and Biophysical Research Communications 453 (2014) 368-374 369

At present, there is no effective treatment for SMA. Some ther-
apeutic approaches are recently under investigation; therapies aim
at increasing the amount of full-length SMN protein levels pro-
duced by SMN2 promoter activation, while reducing SMN2 exon7
alternative splicing, using small molecules, and antisense oligonu-
cleotides [6,17--20]. Therefore, a new method to accurately mea-
sure SMN protein levels is needed, to assess disease severity and
response to treatment.

The aim of this study was to evaluate SMN protein expression
and to qualitatively assess its cellular localization using imaging
flow cytometry. We therefore explored the applicability of this
new technology for evaluating SMN protein as a biomarker in
SMA clinical trials.

2. Materials and methods
2.1. Materials

Human fetal dermal fibroblasts (from healthy controls) were
obtained from Cell Applications, Inc., SMA patient-derived dermal
fibroblasts were obtained from skin biopsies of SMA patients. The
patient having SMA type 1.was a 7-month-old female who had
not acquired head control with SMNT deletion and two copies of
SMN2, as assessed by molecular diagnoses. Ethical approval for tis-
sue collection was granted by the Institutional Review Board of
Tokyo Women's Medical University, Japan. For immunocytochem-
ical analyses, we used a mouse monoclonal FITC-conjugated anti-
SMN, (clone 2B1, Merck Millipore, Germany), and a mouse mono-
clonal anti-SMN antibody (BD Transduction Laboratories, San
Diego, USA).

2.2. Cell culture and valproic acid treatment

Human dermal fibroblasts (from healthy controls) and type I
SMA patient-derived dermal fibroblasts were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Sigma) including 1.0 g/
L glucose and supplemented with 20% fetal bovine serum (FBS)
without antibiotics. These fibroblasts were cultured in six-well
plates for 24 h and then treated with the histone deacetylase inhib-
itor, valproic acid (VPA: 0, 0.1, 1, 10 mM) diluted in PBS for 24 h at
37 °C with 5% COx.

2.3. Immunocytochemical staining

After cells were cultured for 48 h, 1.5 x 10° cells were rinsed
twice with cold PBS, fixed with 4% paraformaldehyde in PBS for
10 min, and then rinsed three times for 5 min with PBS. The cells
were then treated with 0.2% TritonX-100 in PBS for 10 min at room
temperature. The cells were incubated in blocking buffer (10% nor-
mal goat serum in PBS) for 60 min at room temperature. Following
blocking, the cells were incubated with a mouse monoclonal anti-
SMN antibody (1:100, BD) at room temperature for 60 min and
then cells were then visualized using an Alexa Fluor 488-conju-
gated goat anti-mouse (1:400, Molecular Probes) for 60 min at
room temperature. The cells were treated with Hoechst 33342
(0.5 pg/mL) to stain the cell nuclei for 5 min at room temperature.
Image photographs were taken using a Leica fluorescent micro-
scope system.

2.4. Quantitative RT-PCR analysis

Cells were cultured for 24 h after VPA treatment, and total RNA
was isolated using the RNeasy kit (QIAGEN Sciences, USA) accord-
ing to the manufacturer’s instructions. For reverse transcription
reactions, 500 ng of total RNA was used with PrimeScripts RT

Mix (Takara Bio Inc., Shiga, Japan) according to the manufacturer’s
instructions. Aliquots of cDNA were mixed with SYBR Premix Ex
Taq Il (Takara Bio Inc., Shiga, Japan) each containing 400 nM prim-
ers. Quantitative PCR was performed on Thermal Cycler Dice Real
Time Systems (Takara Bio Inc., Shiga, Japan). Primers used in this
paper were as follows: glyceraldehyde-3-phasphate dehydroge-
nase (GAPDH): 5'-GCACCGTCAAGGCTGAGAAC-3' for forward and
5-TGGTGAAGACGCCAGTGGA-3' for reverse; SMN2, 5-AACCTG
TGTTGTGGTTTACACTGGA-3' for forward and 5-CAGATTTGGGCTT
GATGTTATCTGA-3" for reverse. All samples were assayed in
duplicate.

2.5. Western blotting

Cells were cultured for 24 h VPA untreatment or treatment and
then washed twice with PBS. Cells were homogenized on ice in
protein lysis buffer (ER4, Enzo Life Sciences, Farmingdale, NY).
After incubation on ice for 15 min, the samples were centrifuged
at 10,000 rpm for 10 min at 4 °C. Sample protein concentrations
were determined by the BCA method (Pierce, Rockford, IL). The
amount of total protein was adjusted to equal levels between sam-
ples with SDS sample buffer, and the samples (10 pg of protein)
were subjected to electrophoresis on 10% SDS polyacrylamide gels.
Proteins were transferred to a PVDF membrane (Millipore Corp.,
Billerica, MA) and treated with blocking buffer (5% skim milk in
0.1% Tween20 in TBS) for 1 h at room temperature. After blocking,
the membrane was treated with monoclonal anti-SMN antibody
(1:2000, BD) diluted in blocking buffer for 1 h at room temperature
and then incubated with an HRP-conjugated anti-mouse IgG anti-
body (1:2000, DAKO) for 1 h at room temperature. The membrane
was treated with a substrate (ECL plus substrate kit). To test for
equal amounts of loaded protein, membranes were stripped and
incubated with monoclonal anti-a-tubulin antibody (1:5000,
Sigma) as described above. Proteins were visualized using a lumi-
nescent image analyzer ImageQuant LAS-1000 (Fuji Photo Film,
Tokyo, Japan). All samples were assayed in duplicate.

2.6. ELISA

Cells were cultured for 24 h after VPA treatment, and then
washed twice with PBS. Cells were homogenized in protein lysis
buffer on ice as described above. Aliquots of protein extracts were
diluted with lysis buffer. SMN ELISA kit (Enzo Life Sciences, Farm-
ingdale, NY) was carried out according to the manufacturer’s
instructions. All samples were assayed in duplicate.

2.7. Immunostaining for the imaging flow cytometry

SMA patient-derived fibroblasts were rinsed twice with PBS and
trypsinized. Cells were then washed with PBS and fixed with 4%
paraformaldehyde in PBS for 10 min on ice. After they were
washed three times with PBS, we permeabilized the cells using
chilled BD Phosflow Parm buffer Il for 30 min on ice. Cells were
washed with Stain buffer (BD) and counted; 10 pl FITC-conjugated
human SMN antibody (Millipore) or normal mouse Ig (Sigma) was
added in 1 x 10° cells/90 ul and incubated at room temperature for
45-60 min. After incubation, and a single wash with PBS, the cells
were treated with Hoechst 33342 (5 pug/mL) in PBS for 5 min at
room temperature.

2.8. Imaging flow cytometry analysis

Samples were analyzed on a FlowSight imaging flow cytometer
(Merck-Millipore, German). Data from a minimum of 10,000 cells
(counts) were acquired, utilizing the 405, 488, and 785-nm lasers
to calculate cell granularity, at a 20x magnification, using INSPIRE
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software. Compensation was performed using single-color staining
for all channels. Single cells were first identified based on a scatter
plot of bright field area versus the aspect ratio. A gate was drawn
around the population containing putative single cells based on
the criteria of the area being large enough to exclude debris, and
the aspect ratio being greater than ~0.6, which eliminates debris
and clusters. Focused-Single cells were plotted on the SMN-FITC
and Hoechst dye intensity. Both double positive population was
gated and confirmed by image gallery to determine correct gate.
Cellular localization of SMN protein was analyzed using the Bright
Detail Intensity (BDI) feature algorithm. Acquired data were ana-
lyzed using the IDEAS analysis software.

2.9. Statistical methods

Analysis of statistical significant between SMN levels between
the VPA-treated groups was done by Student’s t-test. Values are
presented as mean * standard deviation value (SD). Statistically
significant differences were defined as p < 0.05.

3. Results

3.1. Detection of SMN protein levels in healthy human fibroblasts, and
type I SMA patient-derived fibroblasts by immunocytochemistry and
Western blotting

In control fibroblasts from healthy individuals, endogenous
SMN protein is expressed in the cytosol and nucleus, and accumu-
lates in discrete nuclear foci known as gems. In this study, we
checked SMN protein expression in human controls by immunocy-
tochemistry and Western blotting using a specific antibody (Fig. 1A
and B). On the other hand, type I SMA patient-derived fibroblasts
showed decreased SMN protein levels resulting from SMN1 gene
loss, compared to healthy controls (Fig. 1A and B).

3.2. Effects of valproic acid treatment on type I SMA patient-derived
fibroblasts

In our preclinical studies, we investigated the effects of VPA
(concentrations used were 0, 1, and 10 mM) on cell morphology,
full-length SMN2 mRNA transcription levels and changes in SMN
protein levels in SMA patient-derived fibroblasts (VPA; 0, 0.1, 1,
10 mM) at 24 h after treatment.

A
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Our results showed that 24 h VPA treatment did not cause any
changes in cell morphology or any toxicity (Fig. 2A). Moreover,
these treatments were dose-dependent. Thus, a 10 mM dosage of
VPA significantly increased full-length SMN2 mRNA transcription
levels, detected by quantitative RT-PCR method, compared to
non-treated SMA cells (p <0.05, Fig. 2B). Quantification of full-
length SMN2 mRNA transcription levels was determined with
respect to a standard curve constructed using serial dilutions of
cDNA. We used mRNA transcription levels of a housekeeping gene,
GAPDH as internal control. On the other hand, SMN protein levels
were also increased when examined by two independent methods,
Western blotting (Fig. 2C), and ELISA (p < 0.05, Fig. 2D), after VPA
treatments.

3.3. Detection of SMN protein expression and cellular localization by
imaging flow cytometry

In this study, we report for the first time the use of imaging flow
cytometry to assess the intracellular expression and localization of
SMN protein in fibroblasts from healthy controls and SMA patients.
Cells were labeled with the same mouse monoclonal FITC-conju-
gated anti-SMN antibody (2B1), and Hoechst 33342 nucleic stain-
ing, as described in materials and methods. There were
significant differences in fluorescence intensity in the number of
FITC-labeled SMN-positive cells between SMA cells and healthy
controls (Fig. 3A). Moreover, the expression of SMN protein in
SMA cells was clearly lower, compared to healthy controls. None-
theless, at least 20-30% of cells were strongly positive for SMN
as identified by a plotted histogram of FITC-SMN-positive cells
(Fig. 3A). Furthermore, in order to investigate the accumulation
area of SMN protein in healthy control and SMA cells, we used
the BDI modulation to measure the distribution of SMN protein.
The BDI features compute the intensity of localized bright spots
within a masked area in the image where the background has been
removed around the spots. SMN proteins are generally known to
localize both within the cytoplasm and within nucleus, especially
in nuclei foci called gems, where the SMN complex is composed.
Our results from immunocytochemical analysis showed that the
SMN protein accumulated in the nucleus and cytoplasm, and
appeared as cellular dots in healthy controls (Fig. 1A). However,
we could not detect SMN complex like gems or accumulation in
our SMA cells under the fluorescent microscopic observation
(Fig. 1A). On the other hand, using imaging flow cytometry, we also
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Fig. 1. Detection of SMN protein in human fibroblasts from healthy controls and type I SMA patient-derived fibroblasts. (A) Micrographs showing SMN protein
immunocytochemistry. Cells were cultured for 24 h and then stained for SMN using a monoclonal anti-SMN antibody. SMN expression is reduced in SMA patient-derived
fibroblasts when compared to healthy controls. (B) Detection of SMN protein by Western blotting analysis, using the same antibody as described above, shows reduced SMN

expression in SMA patients.
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Fig. 2. Effects of VPA treatment on SMA patient-derived fibroblasts. (A) Effects on cellular morphology. Cells were treated with 0, 1, 10 mM VPA for 24 h. All treatments did
not cause any morphological changes and any toxicity. (B) Real-time PCR analysis of SMN2 mRNA expression after VPA treatment in SMA-derived fibroblasts. Cells were
treated with 0, 0.1, 1, 10 mM VPA for 24 h, and then total RNA was extracted and subjected to real-time PCR. GAPDH was used as internal control gene. (C) Western blotting
analysis of SMN protein expression after VPA treatment in SMA-derived fibroblasts. Cells were treated with 0, 0.1, 1, 10 mM VPA for 24 h and then total protein levels were
analyzed by Western blotting. (D) ELISA data showing SMN protein expression in SMA-derived fibroblasts treated with VPA. Cells were treated with 0, 0.1, 1, 10 mM VPA for
24 h and then total protein was analyzed using an ELISA kit (Enzo Life Sciences). Error bars represent the mean * S.D. obtained from three independent samples.

observed that the accumulation of SMN protein was significantly
decreased in SMA cells (Fig. 4A and B).

3.4. Evaluation of SMN protein expression and cellular localization in
VPA-treated SMA patient fibroblasts using imaging flow cytometry

To investigate the change of SMN protein expression and cellu-
lar localization in SMA patient-derived fibroblasts treated with
VPA, we used imaging flow cytometry technology to detect SMN
protein-positive cells by a specific anti-SMN antibody as described
above. In this technology, data from SMA cells exhibited a signifi-
cant increase in the total SMN protein amount, translated from
each SMN2 locus, under dose-dependent VPA-treatments
(Fig. 3B-D). In addition, BDI analysis showed that VPA treated-cells
were not only increasing SMN protein levels, but also SMN was
accumulating in the nucleus and cytoplasm (Fig. 4C-E). Using
imaging flow cytometry, we could first detect significant increases
in SMN protein accumulation in discrete nuclear foci after VPA
treatment (Fig. 4C-E).

4. Discussion

In this study, we developed a new method of SMN protein eval-
uation using imaging flow cytometry. This method can be easily

and clearly detect SMN protein levels in healthy human fibroblasts
and type I SMA patient-derived fibroblasts. In our preclinical stud-
ies 24 h after VPA treatment, the endogenous full-length SMN2
mRNA and SMN proteins derived from full-length SMN2 mRNA
were significant increased in type I SMA patient-derived fibro-
blasts. VPA treatment may stimulate the transcriptional system
of SMN2. The SMN protein expression, therefore, increased in
VPA-treated SMA cells. These results indicate that VPA may serve
as a promising therapeutic candidate for SMA.

Using imaging flow cytometry analysis, we found that SMA
patient fibroblasts clearly expressed SMN protein at least at 20~
30% of normal levels. In mammalian neural cells and tissues,
SMN protein immunohistochemistry shows heterogeneous stain-
ing [21]. Therefore, the imaging flow cytometry analysis can be
used to examine the population of SMN protein-positive cells
acquired from SMA patients. Moreover, we first demonstrated that
VPA-dependent SMN protein expression was also significantly
increased, resulting in the accumulation of SMN to the cell nucleus
as shown by BDI analysis. Our results suggest that the imaging flow
cytometry system can play a role as a novel evaluation tool of SMN
protein analysis for clinical studies in SMA.

The SMN protein is considered as the most suitable and sensi-
tive molecular biomarker for SMA by many researchers. So far, sev-
eral techniques have been used for SMN protein quantification.
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Fig. 3. SMN protein analysis by imaging flow cytometry. (A) Cells were cultured for 48 h, and then trypsinized and stained for SMN protein using a monoclonal FITC-
conjugated anti-SMN antibody. Histogram represents the mean FITC intensity versus frequency (count). (B) Detection of SMN protein expression by imaging flow cytometry
analysis after treatment with VPA (0, 1, 10 mM) for 24 h. The SMN protein was increasing in a dose-dependent manner. (C) Evaluation of SMN protein expression after VPA
treatment. Values are represented as FITC-SMN normalized frequency (mean/count). (D) Cellular localization of SMN protein by imaging flow cytometry. FITC-SMN (green),
Hoechst 33342 (blue), side scatter (red) and bright-field digital images are shown for human healthy controls and SMA-derived fibroblasts untreated or treated with VPA.
SMN staining is clearly visible in the cytoplasm and nucleus. Error bars represent mean * S.D. obtained from three independent samples.

Western blot analysis, which was used in in vitro and in vivo stud-
ies, mainly aimed at evaluating possible variations of SMN protein
levels related to pharmacological treatments {6]. However, this
assay has several limitations, related to its semi-quantitative nat-
ure, thus requiring normalization versus housekeeping proteins,
whose levels are subject to wide variations.

Kolb et al. developed an immunoassay suitable for total SMN
protein quantification in PBMC, through which they could demon-
strate a correlation with the number of SMN2 copies [22]. However,
they found a reduction in SMN levels only in PBMC of type I SMA
patients, and they could not find any correlation between protein
levels and phenotypic severity {22]. These findings clearly question
the meaning of quantifying SMN protein levels in clinical trials.
Generally, ELISA is considered more sensitive and adequate for
protein quantification since it does not require normalization to
other proteins, given that SMN levels are quantified with respect
to a standard curve constructed with serial dilutions of purified
protein. To date, these assays have been developed and validated
[7-10]. These authors showed that their assay is sufficiently sensi-
tive to measure SMN variations, related to a candidate drug treat-
ment, and found that SMN protein levels in PBMC of SMA patients
show a tendency to be reduced, compared to healthy controls {7~
10]. Although these results are promising, the small number of
samples analyzed, the absence of age-matched controls, of a pla-
cebo arm, and of clinical-molecular correlations, do not allow firm

conclusions to be drawn on the validity of SMN protein dosage in
clinical trials. SMA is a phenotypically heterogeneous disorder with
variable disease onset and severity, which creates a series of issues
in the design of clinical trials. Sensitive and accurate biomarkers
are, therefore, needed that can be used as predictive, prognostic,
and surrogate endpoint measures.

SMN protein, as a biomarker or surrogate outcome measure,
presents some technical issues that need to be taken under consid-
eration in the context of clinical trials. For example, the acquisition
of SMA patient fibroblasts is an invasive procedure. On the other
hand, obtaining peripheral whole blood cells and PBMC is a less
invasive process, and more suitable samples for imaging flow
cytometry, although peripheral blood draws are often hard to
obtain from very young patients.

Moreover, with the imaging flow cytometry analysis, quantifi-
cation of SMN accumulation could be considerably evaluated in
intact cells, by using an algorithm of bright detail intensity. Gener-
ally, increases in gem numbers related to SMN complexes, were
counted as gems per 100 cell nuclei [16]. In fact, our analysis
may not only be reliable and beneficial for the evaluation of SMN
protein expression, but also for the quantification of gems without
counting cell nuclei. Therefore, our results suggest that imaging
flow cytometry analysis can play a role as a novel tool for the eval-
uation of intact protein expression and localization of biologically
active molecules, like the SMN protein.
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Fig. 4. Cytosolic and nuclear localization of SMN protein evaluated by imaging flow cytometry. (A) Comparison of bright detail intensity in the cytosol or nucleus of human
healthy controls (green) and SMA patient-derived fibroblasts (red). Cells were cultured for 48 h and then subjected to imaging flow cytometry analysis. (B) Results show a
significant decrease in SMN protein both in the cytosol and in nucleus in SMA patient-derived fibroblasts. (C) Effects of the SMN protein localization and accumulation on
VPA-treated SMA patient-derived fibroblasts. Cells were treated with VPA (0, 1, 10 mM) for 24 h and then subjected to imaging flow cytometry analysis. Histogram represents
cytosol spots or nuclear spots. (D) Accumulation of SMN protein in the nucleus of VPA-treated SMA patient-derived fibroblasts. Values are represented as FITC-SMN
normalized bright detail intensity (mean/count). (E) Fluorescent micrographs showing localization of SMN protein by imaging flow cytometry. FITC-SMN (green) and Hoechst
33342 (blue) merged digital images are exhibited in human healthy control and SMA-derived fibroblasts treated with VPA (0, 1, 10 mM) respectively. Error bars represent

mean + 5.D. obtained from three independent samples.

The imaging flow cytometry technique is a novel approach to
qualitative and quantitative assessment of SMN protein expression
in healthy human controls and SMA patient fibroblasts. The addi-
tion of digital images to standard quantitative and statistical mea-
surements makes this the most sensitive flow cytometry method
available for the assessment of cellular SMN accumulation and
localization. We believe that imaging flow cytometry has a place

as a first-line technique to assess the molecular genetic phenotype
of cells acquired from SMA patients for clinical trials.
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A new method for SMN1 and hybrid SMN gene
analysis in spinal muscular atrophy using long-range
PCR followed by sequencing

Yuji Kubo!??, Hisahide Nishio®* and Kayoko Saito"?

Spinal muscular atrophy (SMA) is an autosomal recessive neuromuscular disorder characterized by progressive loss of motor
neurons in the spinal cord. Approximately 95% of SMA patients have a homozygous deletion of the survival motor neuron 1
(SMN1) gene, whereas 5% harbor compound heterozygous mutations such as an SMN1 deletion allele and an intragenic
mutation in the other SMN1 allele. It is difficult to detect intragenic mutations in SMNI because of the high degree of
homology shared between SMN1 and SMNZ2. Current methods analyze a restricted region from exon 2a to exon 7 in SMN1. We
propose a new, efficient long-range polymerase chain reaction (PCR) method for detecting intragenic mutations in SMN1 (exon
1-8) and hybrid SMN genes. We analyzed 20 unrelated SMA patients using SMN copy number analysis, and the new long-range
PCR method followed by sequencing. We thus confirmed a novel mutation in SMN1I exon 1 (c.5C>T) in three patients with
SMA type Il who also had an SMN1I deletion allele. Moreover, we confirmed three hybrid SMN gene types in eight patients. We
report a novel SMN1 mutation responsible for a relatively mild SMA phenotype and three hybrid SMN gene types in patients

with SMA type 111,

Journal of Human Genetics advance online publication, 26 February 2015; doi:10.1038/jhg.2015.16

INTRODUCTION
Spinal muscular atrophy (SMA) is an autosomal recessive neuromus-
cular disorder characterized by degeneration of anterior horn cells in
the spinal cord, leading to progressive proximal muscle weakness and
atrophy.! Disease incidence has been estimated at 1 in 6000-10 000
live births, with a carrier frequency of 1 in 40-60.2° SMA is a lower
motor neuron disease and is clinically classified into four phenotypes:
childhood-onset types I-11T and adult-onset type IV.* SMA type I (also
known as Werdnig-Hoffmann disease; OMIM 253300) is the most
severe form, with onset before the age of 6 months. Unable to sit
without support, patients must be ventilated to survive after the age of
2 years. SMA type II (OMIM 253550) is the intermediate form, with
onset before the age of 18 months; patients with this form of SMA
never gain the ability to stand and walk. SMA type III (also known as
Kugelberg-Welander disease; OMIM 253400) is a mild form, with
onset after the age of 18 months; patients are able to walk early in the
disease course, but lose this ability as the disease progresses.® Adult-
onset SMA is referred to as SMA type IV (OMIM 271150) and
manifests after the age of 20.4

SMA is caused by deletion of the survival motor neuron (SMN)
gene located on chromosome 5 (5q13). SMN is present in two
homologous copies, a telomeric SMN1I and a centromeric SMNZ; the

difference between these two genes is only five base pairs.® Both SMN
genes encode the SMN protein, which has a role in pre-messenger
RNA (mRNA) splicing in the anterior horn cells in the spinal cord.”
Although transcription of SMNI produces full-length mRNA, tran-
scription of SMN2Z yields only 15% full-length mRNA, whereas 85% of
the mRNA is incomplete (lacking exon 7).*

SMNI is the SMA-determining gene; ~95% of patients have
homozygous disruptions of SMNI owing to deletion or conversion
of SMNTI to SMN2.%° Homozygous deletions of SMNI exon 7 are the
result of a gene conversion of SMN1 to SMN2, yielding a hybrid SMN
gene. !0l Approximately 5% of patients are compound heterozygotes
with a deletion and an intragenic mutation in one SMNI allele.'?
SMNZ copy numbers also vary among patients and are associated with
disease severity.!3-15

If no SMN1 deletion is detected in a patient with suspected SMA,
SMNI copy number analysis and intragenic mutation screening
should be performed.!® Real-time polymerase chain reaction (PCR)
and multiplex ligation-dependent probe amplification are used to
analyze SMN1 copy number. Intragenic mutation screening of SMNI
should be performed to determine whether SMNI or SMNZ2 carries
any intragenic mutations, because the sequences are largely homo-
logous. Current methods include reverse-transcription PCR of mRNA
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or long-range PCR of genomic DNA, both of which have
limitations.®%17:18 It can be difficult to construct SMN1 complemen-
tary DNA because of the low expression level of SMN1 mRNA in
peripheral blood leukocytes. Moreover, the current method does not
detect intronic mutations. Although strategies have been developed to
overcome some of the problems associated with this method, it
remains limited to a restricted region (13.2 kb) from exon 2a to exon 7
in SMN1 (20kb). Therefore, the current method cannot be used to
analyze upstream regions such as the 5'-untranslated region and exon
1 or regions associated with the hybrid SMN gene, such as exon 7,
intron 7 and exon 8.

We have developed a more efficient and broadly applicable method
using long-range PCR for specific amplification of SMNI. This new
method was evaluated using controls and a sample from a previously
reported patient with SMA type I, who is a confirmed compound
heterozygote for SMNI, with one deleted SMNI allele and an
intragenic mutation (c.275G>C, p.W92S) in the other allele.!® We
identified a novel missense mutation in SMNI exon 1 (c.5C>T),
leading to an alanine-to-valine substitution at amino acid 2 (p.A2V) in
three Japanese patients with SMA type III. We also identified three
hybrid SMN gene types in eight Japanese patients with homozygous
deletions of SMNI exon 7.

MATERIALS AND METHODS

Ethics statement

This study was approved by the Ethics Committee of Tokyo Women’s Medical
University and was performed with the written informed consent of all patients.

Patients

We analyzed 10 controls and 20 unrelated patients with SMA type I (n=1),
type III (n=18) and type IV (n=1). All patients met the diagnostic criteria for
proximal SMA established by the International Consortium for SMA.> Some
patients did not clearly fit a single category; for those patients, we assigned SMA
type by giving priority to each patient’s highest function over age of onset. Our
new method was evaluated in Patient 9 with SMA type 1. Patient 9, as reported
previously,'® was known to be compound heterozygous for SMNI, with one
deleted SMNT allele and the other allele containing an intragenic mutation
(c.275G>C, p.W92S). The remaining 19 patients (patients 1-8 and 10-20)
were analyzed to demonstrate and characterize the presence of homozygous or
heterozygous deletions in SMNTI exon 7, intragenic mutations and hybrid SMN

Centromeric copy

genes. Family members 1-1 and 1-2 were analyzed as part of our evaluation of
Patient 10.

DNA extraction and SMN1 deletion test

Genomic DNA was extracted from peripheral blood leukocytes using the
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) and adjusted to a
final concentration of 100 ng pl~!. The SMNI exon 7 deletion was detected by
PCR-restriction fragment length polymorphism.®2

SMN copy number analysis using the multiplex ligation-dependent
probe amplification method

We used the SALSA multiplex ligation-dependent probe amplification KIT
P021-A1 SMA (MRC-Holland, Amsterdam, Netherlands) to determine SMN
copy numbers. This kit contains a mixture of probes specific to exon 7 of the
SMNTI (NM_000344) and SMN2 genes (NM_017411); exon 8 of the SMNI and
SMN2 genes; exons 1, 4, 6 and 8 of the SMN1 and SMN2 genes; and probes for
genes located near SMN (for example, the NAIP and H4F5 (SERFI) genes);
other chromosomes; and reference probes. After multiplex ligation-dependent
probe amplification, DNA fragments were analyzed on an ABI 3130 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA) with GeneMapper
software v4.1 (Applied Biosystems).

Specific amplification of SMNI by long-range PCR

Conventional long-range PCR was performed using a specific SMNI exon 7
reverse primer to amplify a 13.2-kb region that includes exons 2a—7 of SMN1.
Our new long-range PCR (nLR-PCR) method for specific amplification of
SMN1 was performed using forward primer hybridization—654bp from the
transcription initiation site and a specific SMNI exon 8 reverse primer to
amplify a 28.2-kb region that includes exons 1-8 of SMNI (Figure 1). The
reaction was performed with KOD FX Neo polymerase (TOYOBO, Osaka,
Japan) by step-down cycle PCR in a 50 pl reaction volume, with 25 pl of 2 X
PCR Buffer, 0.4 mM of each dNTP, 0.15pum of each primer (SMN_FL_(ex1-
654)_F and SMN_FL_ex8_R), 1 U of polymerase and 100 ng of genomic DNA
(Supplementary Table 1). nLR-PCR was performed as follows: initial denatura-
tion at 94 °C for 2 min, followed by 5 cycles of denaturation at 98 °C for 10,
annealing and extension at 71.2°C for 15min, followed by 5 cycles of
denaturation at 98 °C for 10s, annealing and extension at 69.2 °C for 15 min,
followed by 5 cycles of denaturation at 98 °C for 10's, annealing and extension
at 67.2 °C for 15 min, and 20 cycles of denaturation at 98 °C for 105, annealing
and extension at 65.2 °C for 15min and a final extension at 65.2 °C for 7 min.
Expected 28.2-kb products were confirmed by 0.7% agarose gel electrophoresis.
Amplified nLR-PCR products were excised, extracted with the QIAEX II Gel

Telomeric copy

Cen

SMNZ

Tel
SMN1

5UTR 5 UTR

Figure 1 Strategy for specific amplification of SMNI by long-range PCR. SMNI1 and SMNZ lie, respectively, on the telomeric and centromeric halves of an
inverted duplication in chromosome region 5q13. Long-range PCR (13.2 kb) of the region including exons 2a-7 of SMN1I was reported by Clermont et al.17
The new long-range PCR (28.2 kb) encompasses the region including exons 1(-654)-8 of SMN1. We specifically amplified SMNI using the 1-base difference
in exon 8. A full color version of this figure is available at the Journal of Human Genetics online.

Journal of Human Genetics



Extraction Kit (Qiagen) and eluted in 20 pl of elution buffer. The nLR-PCR
products were quantified using the Image] (NIH) software.

Intragenic mutations and hybrid SMN gene analysis by sequencing
We used 1 pl of the purified nLR-PCR product as a template to amplify each
SMNT exon by nested PCR, Supplementary Table 1 lists the sequencing PCR
primers and their annealing temperatures. Amplification of exon 1 was
performed with KOD FX polymerase (TOYOBO) by two-step cycle PCR in a
25 pl reaction volume, with 12,5 pl of 2x PCR Buffer, 0.4 mm of each dNTP,
04pm of each primer, 05U of polymerase and 1yl of template
(Supplementary Table 1). PCR was performed under the following conditions:
initial denaturation at 94 °C for 2 min, followed by 35 cycles of denaturation at
98 °C for 10 s and annealing and extension at 68 °C for 45s. Other targets were
amplified using the Ex Taq polymerase (TAKARA) by three-step cycle PCR in a
25 pl reaction volume with 2.5 pl of 10 % Ex Taq Buffer, 0.2 mum of each dNTP,
04pm of each primer, 125U of polymerase and 1pl of template
(Supplementary Table 1}. PCR was performed under the following conditions:
initial denaturation at 95 °C for 2 min, followed by 30 cycles of denaturation at
95°C for 30s, annealing at 60°C for 30s and extension at 72°C for 455,
followed by a final extension at 72 °C for 5 min. Bach SMNI exon product was
purified with the QIAquick PCR Purification Kit (Qiagen) and sequenced on an
ABI 3130 Genetic Analyzer (Applied Biosystems) using the BigDye Terminator
v3.1 Cycle Sequencing Kit. Mutations reported here have been submitted to a
Leiden Open Varjation Database (http://www.LOVD.nl/SMN1).

Family analysis

Family members 1-1 and 1-2 were the mother and younger brother of Patient
10, respectively. Copy number and sequencing analyses were performed for all
family members of Patient 10,

In silico analysis

The Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT (http://sift.jcvi.
org/) and Align-GVGD (http://agvgd.iarc.fr/) classification tools were used to
determine the amino-acid changes that were most likely to be responsible for
the loss of protein function.??> The dbSNP (hitp://www.ncbi.nlm.nih.gov/
SNP/), 1000 Genome Project databases (http://www.1000genomes.org) and
Human Genetic Variation Database (http://www.genome.med.kyoto-u.acjp/
SnpDB/index.html) were used to determine whether the identified variants are
polymorphisms.

RESULTS

SMN1 deletion test and SMN copy number analysis ;

The SMNI deletion test and SMNI copy number analysis in 20
patients with SMA type I, SMA type III or SMA type IV revealed the
absence of SMNI exon 7 in all of these patients (Supplementary Table
2). The overall distribution of deletion types was as follows: eight
patients with homozygous deletion of SMNI exons 7 and 8 (patients
1-8); four patients with heterozygous deletion of SMNI exons 7 and 8
(patients 9—12); and eight patients with homozygous absence of SMNI
exon 7 but not exon 8 (patients 13-20). Regarding the NAIP and
H4F5 (SERFI) genes located near SMN, the overall distribution
of deletion types was as follows: one patient with homozygous deletion
of NAIP exon 5 (patient 1); eight patients with heterozygous deletion
of NAIP exon 5 (patients 2, 6, 8, 10-12, 15 and 16); three patients with
heterozygous deletion of H4F5 (SERFI exon 1) (patients 10-12).

Specific SMNI analysis by long-range PCR

Eight control subjects (controls 1-8) had two SMNI copies and eight
patients (patients 1-8) had SMNI deletions. Products, 28.2-kb in size,
were confirmed for all controls, whereas the bands were faint in the
patients (Figure 2a). Band intensity for the controls was four times
higher than that for the patients (patients 1 and 2 or patients 3-8
versus controls 6-8; P<<0.05; Figure 2b). Controls 1 and 2 had the
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SMN2 deletion and, therefore, their samples produced the highest-
intensity bands (controls 1 and 2 versus controls 6-8; P<0.05). SMN1
intron 6, exon 7 and intron 7 were amplified from the nLR-PCR
products by nested PCR using SMN-ex7-F and R primers and
sequenced to verify SMNI specificity (Figure 2¢).

Direct sequencing for patient 9, who had a known intragenic
mutation (c.275G>C), revealed an abnormal heteroduplex signal
(blue: Cytosine, black: Guanine) in exon 3 of SMNI and SMN2
(Figure 3). Only SMNI regions were isolated by nLR-PCR; SMNI
exon 3 was amplified by nested PCR from nLR-PCR products;
sequencing revealed increased cytosine and decreased guanine signal
intensity (Figure 3). These findings suggested that the cytosine was
derived from SMNT and that the mutation was present in SMNI exon
3. SMNTI intron 6, exon 7 and intron 7 were also sequenced from
nLR-PCR products to verify SMNI specificity (data not shown).

Novel intragenic mutations and family analysis

We screened all exons of SMN for novel intragenic mutations by direct
sequencing of genomic DNA. Patient 10, with SMA type III, produced
an abnormal heteroduplex signal (blue: Cytosine, red: Thymine) in
exon 1 of SMNI and SMN2 (Figure 4a), indicating an intragenic
mutation in exon 1 of SMNI or SMN2. To determine which gene
carried the mutation, SMNI nLR-PCR products were sequenced.
A single signal (red: Thymine) was detected in SMNI exon 1,
indicating that the mutation was present in SMNI exon 1
(Figure 4a). This C-to-T mutation at position 5 (¢.5C>T) causes an
alanine-to-valine substitution at amino acid 2 (p.A2V). This mutation
was also identified in patients 11 and 12 (Table 1).

Copy number and sequencing analyses were performed for relatives
(family members 1-1 and 1-2) of patient 10 (II-1; Figure 4b). The
mother (family member 1-1; I-2) carried one SMNI copy and two
SMN2 copies; the brother (family member 1-2; II-2) carried two
SMNI copies and two SMN2 copies. The intragenic mutation in
patient 10 (II-1) was absent in both of the family members tested (I-2
and 1I-2).

In silico analysis

The ¢.5C>T mutation was not observed in 100 normal Japanese
control samples. This mutation has not been documented in dbSNP,
the 1000 Genome Project database or the Human Genetic Variation
Database. Functional significance was evaluated by referring to
Polyphen-2, SIFT and Align-GVGD. The mutation was assumed to
lead to a hazardous change in protein function because all three
programs returned evaluations of ‘DAMAGING (PolyPhen-2 score:
0.939, SIFT score: 0.01)’ and ‘Class C65.” Thus, in SMA type III
patients 10-12, the disease was attributed to a compound hetero-
zygous mutation, including one SMNI allele deletion and a ¢.5C>T
mutation in the other SMNI allele.

Hybrid SMN gene analysis by long-range PCR and sequencing
Patients 13-20, carrying a homozygous absence of SMNI exon 7 but
not exon 8, were assessed for the presence of the hybrid SMN gene by
nLR-PCR amplification of a region that includes exons 1-8 of SMNI
and by sequencing of intron 6, exon 7 and intron 7 (Table 2). We
identified three hybrid SMN gene types (Table 2 and Figure 5). The
sequences of hybrid SMN intron 6, exon 7, intron 7 and exon 8 were
as follows: patient 13, aTagG; patients 14 and 16-20, aTggG; and
patient 15, gTaaG.

w
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Figure 2 Evaluation of new method. SMNI-specific amplifications from exon 1(-654) to exon 8 (28.2kb) are shown. (a) Controls 1-8 yielded 28.2-kb
amplicons, whereas there were few signs of amplification in patients 1-8. Copy numbers of SMNI and SMN2 exon 8 determined by MLPA are shown at the
bottom of each line. M, molecular weight marker (TAKARA 2.5-kb DNA Ladder). (b) Quantification of nLR-PCR products. Average intensities of samples with
the same SMNZ2 exon 8 copy number are presented. P-value: Student’s ttest. *Patients 1 and 2 versus controls 6-8; P=0.001, **Patients 3-8 versus
controls 6-8; P=0.000, ***controls 1 and 2 versus controls 6-8; P=0.002. (c) SMN1 specificity was confirmed by the presence of intron 6, exon 7 and
intron 7 sequences. A full color version of this figure is available at the Journal of Human Genetics online.

&

C—
bo—
e
o
s

DISCUSSION were clear (P<0.05), and the specificity was verified (Figure 2b). The
We developed an efficient and broadly applicable LR-PCR method to  absence of SMN2, which inhibits SMNI-specific PCR, yielded an
detect intragenic mutations in SMNI (Figure 1). Without the need for  increase in nLR-PCR products (controls 1 and 2). Even when there are
complementary DNA cloning, this new method makes it possible to  more copies of SMN2 than of SMNI, specific SMNI regions can be
analyze all exons and introns of SMNI, the 5'- and 3’-untranslated amplified using our nLR-PCR method (Figure 3).

regions, the promoter region, small or large insertions and deletions We identified a novel mutation in exon 1 of SMNI, ¢5C>T, in
and hybrid SMN genes. Differences between controls and patients three unrelated patients (patients 10-12) with SMA type III (Table 1).
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Patient 9
Long-Range PCR
followed by sequencing
(SMN1 only)
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Figure 3 Detection of an intragenic mutation in a patient with type | SMA.
Patient 9 was compound heterozygous for SMNI, with one deleted SMN1
allele and an intragenic mutation (c.275G=>C, p.WS2S) in the other
allele.1® This patient had three SMN2 copies. (Left) Direct sequencing of
SMNI and SMNZ; (Right) Sequencing of SMN1 exon 3 isolated by the new
long-range PCR technique is shown.

With the currently available methods, it was difficult to isolate only
SMNI mRNA from the peripheral blood leukocytes of patient 11 (data
not shown). We attribute this to low SMNI mRNA expression in these
cells. Although family members of patient 10 (II-1) were shown by
sequencing analysis to have the ¢.5C>T mutation, the intragenic
mutation in patient 10 (II-1) was absent in both her mother (I-2) and
her brother (1I-2; Figure 4b). Patient 10 (II-1) had inherited the allele
deletion from her mother, whereas the intragenic mutation had either
been inherited from her father or occurred de novo.

The ¢.5C>T mutation was evaluated as a hazardous change based
on in silico analysis results. The ¢.5C>T mutation was not registered
in dbSNP, the 1000 Genome Project database or the Human Genetic
Variation Database and might be a Japanese-specific variant. Con-
sistent with these results, one patient with SMA type II and two with
SMA type III with ¢.5C>G (p.A2G, dbSNP: rs75030631) mutations
were reported previously.®> These patients had only one SMN2 copy
and presented with similar mild symptoms. There are also reports of
SMA associated with the ¢.5C>G mutation. Although SMN knockout
mice with low SMN2 copy numbers have severe SMA, phenotype
rescue could be achieved in a transgene SMN A2G missense mutant.?*
Although SMN knockout is lethal in mouse embryos,® SMN(A2G)
SMA mice exhibit the onset of motor neuron loss, resulting in mild
SMA. The SMN A2G mutation inhibits self-association and affects
SMN binding, probably by disrupting the formation of SMN
oligomers. Because the effect of p.A2G is mild, it is associated with
a later age of onset and relatively mild symptoms. The p.A2V variation
is likely similar to p.A2G in its phenotypic effect.

Phenotypic effects might differ among intragenic mutation posi-
tions. For example, despite patient 9, with W925(¢c.275G>C) and
SMNI deletion, having three copies of SMN2, the relatively severe
SMA type I phenotype was evident.!” This mutation was located in
exon 3, corresponding to the Tudor domain, an essential region for
interaction of SMN with fundamental components of multiple nuclear
RNA-protein complexes. This mutation impaired the interaction of
SMN with various proteins. Therefore, mutations of this type may
have a critical impact on SMN function.

Furthermore, the positions of intragenic mutations seemed to have
more profound effects on phenotype than the size of the deletion in
one allele. Although patients 10-12 had a large deletion including
NAIP and H4F5 in one allele (Supplementary Table 2), their
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Figure 4 Identification of an intragenic mutation in SMN1. (a) Patient 10
had one copy each of SMNI and SMNZ2. (Left) Direct sequencing for SMN1
and SMNZ2 results are shown; (Right) direct sequencing of SMNI (right)
exon 1 isolated by the new long-range PCR technique. The sequence
revealed a ¢.5C>T mutation (red signal), leading to an alanine-to-valine
substitution (p.A2V). (b) Patient 10 family analysis. The mutation in patient
10 (11-1) was absent from -2 and li-2.

phenotype was mild. On the other hand, although patient 9 had a
small deletion including only SMNI, the SMA phenotype was severe.

We identified three hybrid SMN gene types in eight patients. Our
method enables the direct isolation and sequencing of the entire
hybrid SMN gene. We identified large (Type A), complex (Type B)
and small conversions (Type C; Figure 5). SMA in patients 13-17 was
associated with a deletion in SMNT exon 7 combined with an SMNI-
to-SMN2 conversion. SMA in patients 17-20 was associated with a
homozygous SMNI-to-SMN2 conversion. Cusco et al?6 reported
milder symptoms in patients with a homozygous conversion than in
those with a combination of deletion and conversion. An association
between disease severity and conversion has been described?” but
other reports suggest no such association.?® Increased copy numbers
of hybrid SMN genes and SMN2 have also been reported to be
associated with disease severity.26 In this study, similar to a report by
Cusco et al.,”® symptoms were found to be milder in patients 18-20,
who carry a homozygous conversion. Patient 15 had late onset of
disease compared with patients 13, 14, 16 and 17, and could walk,
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Table 1 Detected mutations, genotypes and phenotypes

SMN2
SMA  Onset Site of  copy
Patient type (year)  Mutation  mutation number Phenotype Reference
9 | <6m c¢.275G>C, Exon3 3 Japanese male severely floppy infant, muscular hypotonia, depression of tendon reflexes.  Kotani
p.Wo2s At 5 months, he exhibited poor sucking. At 8 months, ventilator support was required. et al.l9
10 1] 12 ¢.5C>T,p. Exonl 1 Japanese female showing motor function regression with symmetrical muscle weakness in —
A2V the limbs. Walked until age 32; wheelchair-bound since age 32. Positive Gowers sign and
waddling gait; muscle biopsy showed neurogenic changes.
11 H 11 ¢5C>T,p. Exonl 1 Japanese male with muscular atrophy and muscle weakness of the quadriceps. Walking at Yamamoto
A2V age 11; easily tired by non-strenuous exercise. Progressive muscle weakness of the limbs et a/.30
starting at age 13. Electromyography showed a neurogenic pattern. Muscle biopsy showed
neurogenic changes.
12 i 13 ¢.5C>T,p. Exonl 1 Japanese female with mild proximal lower limb weakness and plantar muscular atrophy. Yamamoto
A2V Walking et /.30

and swimming at age 13. Waddling gait; gradually lost ability to run. Electromyography
showed a neurogenic pattern; muscle biopsy showed neurogenic changes.

Abbreviations: SMA, spinal muscular atrophy; SMN, survival motor neuron.

Table 2 Hybrid SMN gene analysis in eight SMA patients with homozygous deletion of SMN1 exon 7 but not exon 8

Copy number

Patient SMA Type Onset (year) Highest function SMN2 E7 SMN2 E8 SMNI1 E7 SMNI1 E8 Hybrid SMN gene sequence 16, E7, 17, E8  Hybrid type
13 i} 6mi< Walk 3 2 0 1 aTagG B
14 ] 12m? Stand 3 2 0 1 algsG A
15 1 8 Walk 3 2 0 1 gTaaG C
16 Hi 14 m2 Stand 3 2 0 1 aTgeG A
17 i 9Im? Stand 3 2 0 1 aTgeG A
18 i 3 Walk 4 3 0 1 algeG A
19 1l 15 Walk 4 2 0 2 aTgeG A
20 v 40 Walk 4 2 0 2 aTgeG A

Bold face: sequence (gCaaG) derived from SMNI; italics: sequence (aTggA) derived from SMN2.

2We assigned SMA type by giving priority to evaluating each patient's highest function over age of onset.

i |

!/ intron 6 Intron 7 L
Exon 7 Exon 8
SMNZ SNt
~~~~~~~~~ 1
! i
x g
Hybrid SMN gene 1 a T 961G Patient
i
Type A :
1
Type B
Type C

Figure 5 Schematic illustration of the three hybrid SMN gene types. Dotted
line frames indicate SMNZ2 sequences and show the SMNI1-fo-SMNZ2 gene
conversion. The type A hybrid was most common. The sequences of intron
6, exon 7 and intron 7 were of SMNZ2 origin, whereas that of exon 8 was of
SMN1 origin. Type B was a complex form. The sequences of intron 6, exon
7 and intron 7 (only one base) were of SMNZ2 origin, whereas those of intron
7 (the other base) and exon 8 were of SMNI origin. Type C had the fewest
changes: the exon 8 sequence was of SMNZ2 origin, whereas intron 6, intron
7 and exon 8 were of SMNI origin. A full color version of this figure is
available at the Journal of Human Genetics online.
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thereby showing disease severity similar to that of patients 18-20. We
speculate that milder symptoms might correspond to small conversion
regions, like Type C.

Patients with a missense mutation or hybrid SMN gene, identified
in this study, showed relatively mild SMA symptoms. As to possible
mechanisms underlying such mild symptoms, Prior et al?® reported
that the c.859G>C substitution in the SMNZ2 gene is a positive
modifier of the SMA phenotype. Although we tested for the
¢.859G > C change in the SMN2 gene, neither the missense mutation
nor the hybrid SMN gene (patients 9-20) carried this change.

Our method for detecting intragenic mutations of SMNI by nLR-
PCR (28.2kb) is more efficient and has broader applications than the
currently available methods. In three patients for whom current
methods yielded no results, we identified a ¢.5C>T mutation in
SMNI1 exon 1. In eight patients with a hybrid SMN gene, we identified
three hybrid types. This new method allows analysis of previously
undetectable regions, including all introns and exons of SMNI and all
SMN genes. Furthermore, we identified three distinct hybrids.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

We are grateful to the patients who agreed to participate in this study. We
thank Drs T Yamamoto, S Morikawa, S Sawai, H Nakajima, T Oshita and T
Kurashige for their valuable contributions to this study. This work was
supported by Grants-in-Aid from the Research Committee of Spinal Muscular
Atrophy, the Ministry of Health, Labour and Welfare of Japan (to KS). This



work was also supported by the Global COE program, Multidisciplinary
Education and Research Center for Regenerative Medicine (MERCREM) from
the Ministry of Education, Culture, Sports Science, and Technology (MEXT),
Japan (to YK and KS).

1 Crawford, T. O. & Pardo, C. A. The neurobiology of childhood spinal muscular atrophy.
Neurobiol. Dis. 3, 97-~110 (1996).

2 Ogino, S. & Wilson, R. B. Genetic testing and risk assessment for spinal muscular
atrophy (SMA). Hum. Genet, 111, 477-500 (2002).

3 Prior, T. W., Snyder, P. J., Rink, B, D., Pearl, D. K., Pyatt, R, E., Mihal, D, C. et al.
Newborn and carrier screening for spinal muscular atrophy, Am. J. Med. Genet. A 152A,
1608~1616 (2010).

4 Kolb, S. J. & Kissel, J. T. Spinal muscular atrophy: a timely review. Arch. Neurol. 68,
979-984 (2011).

65 Zerres, K. & Davies, K. E. 59th ENMC International Workshop: Spinal Muscular
Atrophies: recent progress and revised diagnostic criteria 17-19 April 1998, Soestdui-
nen, The Netherlands, Neuromuscul. Disord, 9, 272-278 (1999),

6 Lefebvre, S., Burglen, L., Reboullet, S., Clermont, 0., Burlet, P., Viollet, L. et al.
Identification and characterization of a spinal muscular atrophy-determining gene. Cell
80, 155-165 (1995).

7 Pellizzoni, L., Charroux, B, & Dreyfuss, G. SMN mutants of spinal muscular atrophy
patients are defective in binding to sSnRNP proteins. Proc., Nat/ Acad. Sci, USA 96,
11167-11172 (1999),

8 Burghes, A. H. When is a deletion not a deletion? When it is converted. Am. J. Hum.
Genet. 61, 9-15 (1997).

9 Wirth, B. An update of the mutation spectrum of the survival motor neuron gene
(SMN1) in autosomal recessive spinal muscular atrophy (SMA). Hum. Mutat. 15,
228-237 (2000).

10 Hahnen, E., Forkert, R., Marke, C., Rudnik-Schoneborn, S., Schonling, J., Zerres, K.
et al. Molecular analysis of candidate genes on chromosome 5q13 in autosomal
recessive spinal muscular atrophy: evidence of homozygous deletions of the SMN gene
in unaffected individuals. Hum. Mol. Genet. 4, 1927-1933 (1995).

11 van der Steege, G., Grootscholten, P. M., Cobben, J. M., Zappata, S., Scheffer, H., den
Dunnen, J. T. et al, Apparent gene conversions involving the SMN gene in the region of
the spinal muscular atrophy locus on chromosome 5. Am. J. Hum. Genet. 59,
834-838 (1996).

12 Alias, L., Bernal, S., Fuentes-Prior, P., Barcelo, M. J., Also, E., Martinez-Hernandez, R.
et al. Mutation update of spinal muscular atrophy in Spain: molecular characterization
of 745 unrelated patients and identification of four novel mutations in the SMNI gene.
Hum. Genet. 125, 29-39 (2009).

13 Feldkotter, M., Schwarzer, V., Wirth, R., Wienker, T. F. & Wirth, B. Quantitative analyses
of SMN1 and SMNZ2 based on real-time lightCycler PCR: fast and highly reliable carrier
testing and prediction of severity of spinal muscular atrophy. Am. J. Hum. Genet. 70,
358-368 (2002).

14 Harada, Y., Sutomo, R., Sadewa, A. H., Akutsu, T., Takeshima, Y., Wada, H. et al.
Correlation between SMN2 copy number and clinical phenotype of spinal muscular
atrophy: three SMNZ copies fail to rescue same patients from the disease severity.
J. Neurol. 249, 12111219 (2002).

Analysis in spinal muscular atrophy using long-range PCR
Y Kubo et al

156 Cusco, 1., Barcelo, M., J., Rojas-Garcia, R., llla, |., Gamez, J., Cervera, C. et al. SMN2
copy number predicts acute or chronic spinal muscular atrophy but does not account for
intrafamnitial variability in siblings. J. Neurol. 253, 21-25 (2006).

16 Lunn, M. R. & Wang, C. H. Spinal muscular atrophy. Lancet 371, 2120-2133 (2008).

17 Ciermont, 0., Buriet, P., Benit, P., Chanterau, D., Saugier-Veber, P., Munnich, A. et al.
Molecular analysis of SMA patients without homozygous SMN1 deletions using a new
strategy for identification of SMNI subtle mutations. Hum. Mutat, 24,
417-427 (2004).

18 Zapletalova, E., Hedvicakova, P., Kozak, L., Vondracek, P., Gaillyova, R., Marikova, T.
et al. Analysis of point mutations in the SMNI gene in SMA patients bearing a single
SMN1 copy. Neuromuscul. Disord. 17, 476-481 (2007).

19 Kotani, T., Sutomo, R., Sasongko, T. H., Sadewa, A. H., Gunadi, Minato, T., Fujii, E.
et al. A novel mutation at the N-terminal of SMN Tudor domain inhibits its interaction
with target proteins. J. Neurol. 254, 624-630 (2007).

20 van der Steege, G., Grootscholten, P. M., van der Vlies, P., Draaijers, T. G., Osinga, J.,
Cobben, J. M. et al. PCR-based DNA test to confirm clinical diagnosis of autosomal
recessive spinal muscular atrophy. Lancet 345, 985-986 (1995).

21 Adzhubei, 1. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A., Bork, P. et
al. A method and server for predicting damaging missense mutations. Nat. Methods 7,
248-249 (2010).

22 Ng, P. C. & Henikoff, S. SIFT: Predicting amino acid changes that affect protein
function. Nucleic Acids Res. 31, 3812-3814 (2003).

23 Parsons, D. W., McAndrew, P. E., lannaccone, S. T., Mendell, J. R., Burghes, A. H.,
Prior, T. W. intragenic te/SMN mutations: frequency, distribution, evidence of a founder
effect, and modification of the spinal muscular atrophy phenotype by cenSMN
copy number. Am. J. Hum. Genet. 63, 1712-1723 (1998).

24 Monani, U. R., Pastore, M. T., Gavrilina, T, O,, Jablonka, S., Le, T. T., Andreassi, C.
el al. A transgene carrying an A2G missense mutation in the SMN gene modulates
phenotypic severity in mice with severe (type 1) spinal muscular atrophy. J. Cell. Biol.
160, 41-52 (2003).

25 Schrank, B., Gotz, R., Gunnersen, J. M., Ure, J. M., Toyka, K. V., Smith, A. G. et al.
Inactivation of the survival motor neuron gene, a candidate gene for human spinal
muscular atrophy, leads to massive cell death in early mouse embryos. Proc. Nat! Acad.
Sci. USA 94, 9920-9925 (1997).

26 Cusco, 1., Barcelo, M. J., del Rio, E., Martin, Y., Hernandez-Chico, C., Bussaglia, E.
et al. Characterisation of SMN hybrid genes in Spanish SMA patients: de novo,
homozygous and compound heterozygous cases. Hum. Genef. 108, 222-229
(2001).

27 DiDonato, C. J., ingraham, S. E., Mendell, J. R., Prior, T. W., Lenard, S., Moxley, R. T.
3rd et al. Deletion and conversion in spinal muscular atrophy patients: is there a
relationship to severity? Ann. Neurol. 41, 230-237 (1997).

28 Hahnen, E., Schonling, J., Rudnik-Schoneborn, S., Zerres, K. & Wirth, B. Hybrid
survival motor neuron genes in patients with autosomal recessive spinal muscular
atrophy: new insights into molecular mechanisms responsible for the disease. Am. J.
Hum. Genet. 59, 1057-1065 (1996).

29 Prior, T. W., Krainer, A. R., Hua, Y., Swoboda, K. J., Snyder, P. C., Bridgeman, S. J.
et al. A positive modifier of spinal muscular atrophy in the SMNZ gene. Am. J. Hum.
Genet. 85, 408-413 (2009).

30 Yamamoto, T., Sato, H., Lai, P. S., Nurputra, D. K., Harahap, N. I., Morikawa, S. et al.
Intragenic mutations in SMN'1 may contribute more significantly to clinical severity than
SMN2 copy numbers in some spinal muscular atrophy (SMA) patients. Brain Dev. 36,
914-920 (2014).

Supplementary Information accompanies the paper on Journal of Human Genetics website (http://www.nature.com/jhg)

~

Journal of Human Genetics



HABED T ) &
Jon J Genet Counsel
35:99-104, 2014

[RE]

99

FREEHZNEIC IS5 SMN BIAF-OaC—EEN L
BB e Y TADIEH

A= PP MR D FAET D, FEIMRT LY

Copy number analysis of the SMN gene and genetic counseling
using the results in spinal muscular atrophy

sz Kubo ??? Mayuri Ito ?, Ryoko Aoki ?

L7z

[EE]

FREVERFZEMEE (SMA spinal muscular atrophy) 3B BRI AMBEOEMICIAHEREETE
HHET2EHETIE LA EEEERETHD, SMA OBREEETF I survival motor neuron
1 (SMNI) BIEFTHY, FEBEEHERRICLVEIET 5o RLIICSMNI #EEFRE (0IE—) &R
THEATH, FEEHPBERNEEEIENIELSL, AETE, BRNEEEOENREELLIE
AT 572012, SMA I~IVE B 33 Bz SMNI #&{5F& SMNZ BETF Oz £
OFER, BERICERERIZY SMNI B{5F ORKHEL/NELRY, SMNZ B{EFOIE—HA#EMmL72.
SMNI #IETFRERRLUIESITIE, SMNI BIEFOREHEEE SMN2 BIZFOC—EAFBEEOZE
ZELER THol7. SUN BEFOIV—HERITEROBESPEITOT R EH B CEAW i EER

, Kayoko Saito 2

F—7— K FEHESEREE spinal muscular atrophy (SMA), SMN ZB{EF survival motor neuron (SMN)

gene, TY—EHENT copy number analysis,
BEPRIYESER onset and clinical severity

1) BEELTERRSEAEEAHEMENFREREETE
O
Branch of Genetic Medicine, Advanced Biomedical
Engineering and Science, Graduate School of Medicine,
Tokyo Women's Medical University

2) ERELTERAEHBR{EFEREY S —
Institute of Medical Genetics, Tokyo Women's Medical
University

3) ERENRI R SR SR TERT
Technical Research Institute, Toppan Printing Co., Ltd,

TR 2642 A3 HER
% 26 47 6 A 23 BBIERA
TR 2644 8A4HZHE

BAEH Y EY VY genetic counseling, FIEERL

&
BRIV EME (SMA; OMIM 253300) ¥ & BERT/AM
OB X 25 5EREEITEG R T2 HRETHER
THs Y SMA OEERB LFHAR 6,000 ~ 10,000 Atz
LATHY, #IEOREZEEIL 40 ~ 60 A2 1ATH
529, HACIE 2006 £ LEFAEI LY SMA 1349 1,000
,u,\f’é*éi?b‘#%méﬂéo fl‘)ugﬁ%ﬁbi TH H&, mE

12, BRARERVEICSESN A THES =2 HwT
»5°%% 1# (WerdnigHoffmann &) 136 » AE CIE
FEL, HERRBEATETH L, 2BRUEOEFDID
A TIHREEPNEL$5, TE (Dubowitz ) 1
6 rAETIRBEL, BRI FTOBEESFTET
55, ME (Kugelberg-Welander %) 12 186 LIS

il



100

B1 SMA QR EFIFRAEIR

@
SMA I 7 SMA I 4 SMAIIZY ' SMAIVEL
Werdnig- Dubowitz J5 Kugelberg-Welander 5 % AT
Hoffaon 775 (SMATIaZ) (SMATIbZL)
T B b R
Never sit Never stand Stand & walk alone Normal
FAEL, EVBATHTREIEAYERIETIONTTIEL S o SUNBETOMS
%99, WENIIE DS <, 20 LR RET S 2 ([ 1)o Y REATHE - Fu AT e
N JRHR B E O SMA @ B K # 1% F i survival motor ¢ "
neuron 1 (SMN1) SHEFCHY, . REHAMALI LD v Sne SMINT | Nare
EHET B % SMNI SIET39 5 elofb B 518 1ot T L T i)
U, R4S R T L 28 0 SMNZ Wz T b FF
P25 (R2), FUATRIHESS SMNI MtETFEvy /
N PS5 SMNZ BHETF- O 5 o0k Hko seti ¢
EDSH Y O BRI exon TICHEET S 1O il Ll ... ...
HEVY (SMNI 7T ¢.840C, SMNZ (% F 1% ¢.840T) exon7 exon$

LAPFEFEL 28\ O % LI D5t exon 7 TOAT T4
TR~ AL E BT L, SMN] fETFIEEED
SMNI SrE. W) % FEAE L, SMINZ 315 F1% exon 7 §Hi5%
Rz (A7) SMNZ 5B %) 85%, 40 SMNZ ¥
BREMEA 15%HELE TS P P exon THIRE R 25 2%
PR SMN A 7 3HREER Y, Qi mans % &8
DEFRE 2 LER SN /AERER 22 & 2787 B SMN I3H
BRI OBICIEFEL, RNA ORBHIES-LTwa %
F72, SMN (SMNI, SMN2) #{ZFO TGO 7 R
b Y R P2 B % T — B % neuronal apoptosis
inhibitory protein (NAIP) HARFHHFFEL, SMA OEJE
BRI S B EEZ BT NS O 1,

SMA D BE{EHFMRAE L LTI PCRRFLP 2 HWT
SMNI A% F R 5% TR DI — R CTH S %,
4 13 Real time PCR # % Multiplex Ligation-dependent
Probe Amplification (MLPA) % FWTHEEFOIY—
BURHAAT N DB X% Y, SMN BIEF O -5k
BOERELIENRD D EVIRENRSNTVE PP, &
I —TiEonE '_(‘G: SMNI #{xFRE%RT SMA
BT, BEFEHCHRINERERICEEL D HEFETER
LTwb, 5T, TORKRIARY b5 A0ORE R
D7D SMNI BIZFREEZRTEF OO —EEHRN,
Vb E L. Eio, SMN #&{EF L& NAIP B
FOIE—EBDFTREREED LI ITHEBEN T V71
EHTEAPITOVTHRE L

MW - Hik
(1) &

SMA I~WVEEF 3341 (1% 1581 (0~6+H), I
BO78) (7~18 7H), WHE 941 19 » B~ 20 ki),
WEL 240 (20 BBl kD), T b= 70 B (20 BEBL L)

20 B EORHEITOWTIRA Y T — AR I eV M
THEEZIEL, 20 BREONSFICONWTEA Y T —
AR T7EV IR, AEREIERIGAIIREE I LHE
BEE. T2, AWREEELFERRKFEREEZES
DFFREZVTCEMELI,

(2) SMINT E{EF exon 7, NAIPE{=TF exon 5% .
EN

&7 DNA & ifih 5 QlAamp DNA Blood Mini Kit
(QIAGEN) ZHWTHIHL, BB 100 ng / izt
BIHITTRELL 720 SMNI FfETF exon 7 DREFITITN,
Lefebvre & @ PCRRFLP 2 VW TR ER{To72 012,
NAIP H{5F exon b DREMEITIZIE, Roy 50 PCR k%
FV W, KL SMA OREHIBEE LT, K vy —
TERL WA,

(3) MLPA 3% B /= SMN BIEF, NAIP BIzF
a4

SMN #E{xF O a¥—FHREFTITIE SALSA MLPA KIT
P021-Al SMA (MRC-Holland) Z Wiz Fv iz ik
SMNI FETF& SMN2 FBfETF exon 7 W R T 07,



SMNI #{EZF & SMNZ #E{ZF exon 8 IZERN T -7,
SMNI B{EF & SMN2 #EIEF exon 1, 4, 6, 8 IZHRERLT
O—7 SMN BEFIRED NAIP BETFIEREN R 0—

T MOREETREN LT 07, )77 VY RERET -

THEEINTV S, MLPA FIBRODNA 757 A0 M
GeneMapper software v4.1 (Applied Biosystems) %
T ABI 3130 Genetic Analyzer (Applied Biosystems) ¢
TR fTolz0

R
(1) SMN7T B1=F exon 7, NAIP&{&F exon 5%
SRR

SMA B 33 Bz BT SMN BEIETF exon 7 DR LR

3 IO 70 Flo BB SMN BIEFOE—EER

3:0, 1(1.4%) 3:1, 2(2.9%)

LI s g

SMNI © &

101

FEITV, SEFIZBVT SMNI #E{EZF exon 7 DXKER
FEFEL 720 SMA I1EITIE 8 HlIZ NAIP #E1EF exon 5D
REETER L 20
(2) MLPA 3% /= SMN B{EF 0 E— SR
1) ¥ ra—ViBF 5 SMNI #&iET o ¥ —BURii
MLPA EE2HWTa Y b —)v ) SMN #{7F (exon 1,
4,6,7, 8 OI¥—EKEHEN LI (K3), SMNI BEF
SMN2 #ZF%ZhEN 2 ¥ —F 0 b D8R (SMNI
SMNZ (a¥—#) =2 : 2) 2°&d%L, 36 41 (514%)
Tholzo WICSMNI #IZF% 2 a¥—, SMN2 EfETF%
1a¥—b08ERI(SMNI : SMN2 =2 : 1) %% 27 51(38.6%)
Thole F02DODFA T N0%% EDIz. SMNI BIE
F%1a¥— (SMNI : SMN2=1:1) $Liz3a¥—
SORER (SMNI : SMN2=3 :0or 1) %
SMN2 #i5F % 0 a¥— 30 EH (SMNI :
SMN2=2or3 :0) #FERELL,
2) SMA 281} % SMN #&{=T, NAIP
BARF o ¥ — BB
SMA JEHI 33 ERIITDWT, MLPA I

20 3(43%) 1Y SMN {5 F, NAIP 5 F 02—
_________________ | O
] i SMA 1%

2:2, 36(51.4%)

T s

2:1, 27(38.6%)

o SMN2 SMNI
‘i"”“"“""": .

SER (15 81) T SMNI #{EZF exon 7,
exon 8 DR (0 ¥—) ZHERRLA, 13.3%
(2/15) X SMN2 #E{ZF exon 7453 I~
T®H o720 53.3% (8/15) 1 NAIP B1ZF

SMN? gt .| cxon BAYURLT
SMN1 :SMN2 (av—#), EHIE (%)
=1 SMAFEMICHSIS SMN EETF, NAIP BEFIC—HRFR
ot = . SMNZ SMN1 NAIP
B (HEARD, BHAR (%) T exon? exond exon? exond exonb exonl3
0 0 0 15 (100) 15 (100) 8 (533) 0
I (a=15) 1 0 0 -0 0 7 467y 15 (100)
2 13 (867) 12 (80) 0 0 0 0
3 2 (133) 3 (20) 0 0 0 0
0 0 0 7 (1000 5 (714) 1 (143) 0
I (a=?) 1 0 1 (14.3) 0 2 (286) 5 (714) 6 (857)
2 4 (571) 1 (143) 0 0 1 (143) 1 (143)
3 3 (429) 5 (714) 0 0 0 0
0 0 0 9 (100) 5 (555) 0 0
1 0 0 0 0 3(333) 2 (222
I (n=9) 2 0 4 (444) 0 4 (444) 6 (666) 7 (777
3 9 (1000 2 (222 0 0 0 0
4 0 3 (333) 0 0 0 0
0 0 0 2 (1000 2 (100) 0 0
1 0 0 0 0 0 0
v (=2 2 0 0 0 0 1 (50) 2 (100)
3 2 (100) 0 0 0 1 (50 0
4 0 2 (100) 0 0 0 0

SMA I~WEIEE33H (T8 154, TE 746, IR 94, VB 280 oW ¥ —KOEFTEFo 7



102

ii SMA I#

SFEf) (TH)) CSMNI EET exon TOREDVFERE N,
286% (2/7) ¥k SMNI #f7T exon 8 4% 1 AV —Tdh o7z,
42.9% (3/7) V& SMN2 B{ZTF exon 777 3 a¥—"TdH o7,
14.3% (1/7) 750705 NAIP #{%F exon 5 OREHR LIz,
iti  SMA Iz

AFER) (9 B1) TSMNI BETF exon 7DRIDHETR SN,
444% (4/9) VL SMNI M{ET exon 8 A% 2 aV—TdH o7z,
SFED] (9 1) T SMNZ {5 T exon 753 a¥—%#R L7z,
EORERINCS NAIP #{5F exon 5 DR EXFHO LN o
720
iv. SMA Vil

£9Ef) 2 #1) ¢ SMNI #{zF exon 7, exon 8 DKL
PRER STz, REHIT SMNZ #{5TF exon 7 H%3 a¥—
FRUIze EDREHITS NAIP #{5F exon 5, exon 13 @
RIGFFRDO BN o7z,

EE
(1) arra—=CHBW 5 SMNB{EFIE—H0
S
v b - )BT S SMNT AR T ¥ BUiaT o5 5
XY (A 3), SMNI #{5F, SMN2 #fzF4%FhFh2a
Y—bofER] (SMNI : SMN2 = 2 : 2) B2 (51.4%)
BRI, SMNI #BAEFE 15 3 a¥—, SMNZ it
BEFIZ 0 A5 2 a¥—OFfENTYEPRLNL, avh
10— Tdh»>Td SMN HIETF D a¥—HIId S RIEMD
Y, Heafk 5q13 FITITHIR SO LI Y R VE
WChhEEZLNIZ TV T CIAERHECHav ba—
MBI B SMNI R F I -T2k BB T b
T3 90, KEge L AR SMNI 845 F, SMNZ {5
FrREnEN2 T¥—LDfER] (SMNI @ SMN2 = 2 : 2)
DL (BT 56%, HE 577%) BESh, SMNI &
f5F% 2 a¥—, SMN2 #{EF% 1 a¥—b0 R (SMNI
CSMN2 =2 1) DREICEL (BE 28%, E 262%) £
B3N, KPREOBEREFAROEEGERLCV 2,
SMNI #AZFHS 1 ¥ DJERIDS 70 Bl 1 Bl TH o7z (K
3o HAD SMA REHFFEEIZOEESITEVEETHS
Yo FEFMEOREBEEEIE 40 ~ 60 AT 1 AEDIRED
HAH2Y TUTTIIAET 107611 MBI AR AR
AT TEY 48 AT 1A, HETIR 1712 AlzowT
A AATOI 42 NI L ANEHESNTWA Y, SEOKE
Kroid, HEANCBTAREZEEIHENEIC RS E
BEMEALIICEDLNEY, SEOEINEETHY,
XY EMHEZARNOREEEELZEH L0213, K
BB RS ETHHEELLN,
(2) BIETFOXRKEEEEEE
PCRRFLP ¥ @2 % F T SMN # £ F exon 7K %

21T, REDD B SMA FEF 33 FlicB»
T MLPA i & B o ¥ 8@t 470720 29EH] (33 41)
© SMNI #{%5F exon 7 /K% (0 2¥—) %R, PCR-

. RFLP B L AT RO R R % 57 NAIP # {5

exon b DKL SMA 1#? 53.3% (8/15) T bh,
PCR ¥, MLPA & b R % #720 PCR-RFLP
BEEHWT, HRLFERNRERRREFEREY Y —
B WTCHHE SRR F2HE L 7z SMA JES) 322 ¢,
SMN #{EF ORI T T 98%, IIT95%, IaZl
T 52%, 10 bhHT42%, WVET 16%Tho72"% SMA I
IRk NAIP 7T exon b B /KITHEED 41%HERS
NhE ZOMOECIE 10% b7z oo SMA T .
ENC BB NAIP #HETF exon 5 DR IGARWFEIER LI
WA (63.3%) Tdhorz (1)e EHITMLPA TR
FUNREOFBEOHEATEETHY, W aBOBA Tk
F7 VIR EDFHMPFRENEE (R4 TVIVA2 L
A4 DHHE DI TH2FAT) LTT7 LVESRIFIFHH
NSV (B4 7LV A2 & A2 DRAEHETHD YA
) T A LR EFEEHO R EWETE D AT hE
W22 B IR E P ofze BT 10 fCTHRELTHWAIL b Ei
SMNI H{ETF exon 7 DARDREDEEHEL (] 4A1),
I a B DORIAEFHDOAE EDOZEFIEETH o720

SMN HHEFHRHT 72V Tl { NAIP BT DN E 55
Z & T SMN G T B O R LML HERTLILATE
770 WRICTTICIE SMNI BIE T2V CTh {BEEET S NAIP
FIEFBRELTHEBEMANERON, KEMBEIRE
W EERLTW: (B 4A4), WM, WEITIE SMNI #
(EFOREDEEDARGE EiE SMNI METF LSO
OERFIEETHHZ L OREESNIZ,

(8) SMNZ2BIEFH AL - EEEE

MLPA B:AH#HTIC XD, SMNZ #{EF Oa—#anzE{bz
TR Lz (381, ®5), BBlcaC—HDFEEEHBL
LIA, FNERAR L R AIHEV, SMN2 BIETF-Oa—
s aEmcdy (R 5), BEREs R Em LR
LT ¥ 9, a¥—#oiinid® 4B IR T8 1z
TR ot b EZ BT,

SMA I EIC SMNI BIEF 2% ZETHRETHD
SMNI BHEFHSELRETHY, LT LR XS %
SMNI #{EF L SMN2 #EFECOREFERICLSD
DEEZSND SMNI BETFEFEEIVRELERNLDD
BAETF I L SMNI BRFH SMN2 #EF IR L
T2EFIOIES DS FERAVEEL T BB D o720 SMN2
BIETF AR50 bERAEEI 72 SMN & vy B R e
F20 SMN2 BEFOIE—EA BB Z & THEERI 22
SMN # 2 BEVFEZ, EROBEMIBILZ o5
25N O, 85101k SMNZ BEF 25 LD LDkl
% SMN & ¥y BREEASED 2 LA AR OB H



4 B 5q13FERICHITHEL
A REEEOZE
NP SMN2

exon5 13 87

1) NAIP

B. BIrFEH
Narp SMN2

exon5 13 87

exon 7, i3 5

Hybrid SUN &HET

NAIp SMN2 (SMN2) ALP

exon5 13 87

exon78 13 5

A, 1) ESMNI HfEF exon 7T DADRE, 2) & SMNI BETF
exon 7, 8 DR, 3) 1X SMNI #E{EF exon 7 75 NAIP #iE
Fexon 13FEF TORE, 4) 1 SMNI EEFexon 795
NAIP #45F exon 5 53 TORE (b LRERE) 27

LCwhb,

B. SMN2BEFOHNFRESNBEMIIO L3 2 (SMNI
6 SMNZ~D) BIEFERPBI o TV AW ERESREE
iz,

EIRBEICHETEBEE IO,
(4) Blsho UL T BEADISH

SMA FEFIDOBEZEHREICBWT, MLPA BEHWS
& & T SMN E{EF, NAIP #BET D a¥— ek kmi
BEID LD TREC 2ol EBITIE, SMN #{EF, NAIP
BAED - HIERSBEEECEITORIREICHEELT
WAHZ EHTRIBENT .

BB AR R EN D A MBI OB A V- e REHE
BAZSRICHETEDLEL TV, BT SMN2 BiEF
(exon 7) OIV—EHREL 3EATLETSL, KEHH
DMK (SMNI BEFOADRE) 2 EFIE B0 2 EE
TUBITTEETH o7 DI L, REFEHESKE: (SMNI
BIETF, NAIP BEFEDICRE) 1EFATIRI2ETHT
AR otk BEDIHIREAICE, RERPEEZER

103

5 SMA OEE SMNZ BisTFaEr—H0BER
SMN2 BHEF

40 | = exon8

30 r exon 7
25
20
15
10

o B

00 : ' : :
1 I m v
SVA B

ML o —HOFHEZEL LY. [BRALNVEILITT
SMN2 BEF a2 €—#OWEHER L.

TERLRPLEBBEEEOREOTY, HSHET
B EOBEBEORPAAR EDBHBRAIERHTH S
EEZbN, Tz, BEENREOBITERICLST,
BRI LT TARMPHATEIICREL, BE  £ES
SMA IZBII2EEHEEEOLBERTEREL, AL,
EEBBELZDLUCIHFTE2009 K- MNISHTEET
BB EWREENTZ, '

F7z, 193 SMN2 BIFZTF25—7y b e LR FE
TR o728, SMNZ BIEF O —BIERMZ DK
FIOFEFE (B): SMN2 BIZFOaC— 1L 3R
PECITREED S 5% L) CFATEZPLLNE,

]

SMN BIEFREER L SMA EFITE, EETFXRE
L SMN2 BEFOIC—BPBEORERLERDEE
ELBERTH o7, T, avyba—uBwi SMN #E
FOIE—EIILHTHY, 5ql3 FIIBILIRIN T
WIEERLT 2o SMN BEF OV HIFHE EHT
B ET, FEROESRETOFE, REEBH, WHED
FEPER ERARTERERE LTI LD TR 072,

COWNREEFEREMERGYERBERESR
IRBFEERE (ERERRRERTREE) [FHEHER
TEDERRER OSHT, BT TR, 1HEERFE O] (B
FREZE FEMMT) OBRIC X o TiTbhiz, ABF
e, EINEAREREEYY VY VIEKIIBWTE
gL, EFEMEZZE L



104

SR

1) Crawford TO, Pardo CA : The neurobiology of
childhood spinal muscular atrophy. Neurobiol Dis, 3:
97-110, 1996,

2) Prior TW, Snyder PJ, Rink BD, et al : Newborn and
carrier screening for spinal muscular atrophy. Am ]
Med Genet A, 152a; 1608-1616, 2010,

3) Ogino S, Wilson RB : Genetic testing and risk
assessment for spinal muscular atrophy (SMA) .
Hum Genet, 111: 477-500, 2002.

4) Kolb 8], Kissel JT : Spinal muscular atrophy: a timely
review. Arch Neurol, 68 979-984, 2011.

5) Zerres K, Davies KE : 59th ENMC International
Workshop: Spinal Muscular Atrophies: recent progress
and revised diagnostic criteria. 17-19 April 1998,
Soestduinen, The Netherlands. Neuromuscul Disord.
England. pp. 272-278, 1999.

6) Lefebvre S, Burglen L, Reboullet S, et al : Identification
and characterization of a spinal muscular atrophy-
determining gene. Cell, 80: 155-165, 1995,

7) Lorson CL, Hahnen E, Androphy EJ, et al : A single
nucleotide in the SMN gene regulates splicing and
is responsible for spinal muscular atrophy. Proc Natl
Acad Sci USA, 96: 6307-6311, 1999,

8) Cartegni L, Krainer AR : Disruption of an SF2/ASH-
dependent exonic splicing enhancer in SMN2 causes
spinal muscular atrophy in the absence of SMN1. Nat
Genet, 30: 377-384, 2002.

9) Lorson CL, Androphy EJ : An exonic enhancer is
required for inclusion of an essential exon in the
SMA-determining gene SMN, Hum Mol Genet, 9; 259-
265, 2000.

10) Pellizzoni L, Charroux B, Dreyfuss G ; SMN mutants
of spinal muscular atrophy patients are defective in
binding to snRNP proteins. Proc Natl Acad Sci USA,
96: 11167-11172, 1999.

11) Roy N, Mahadevan MS, McLean M, et al : The gene
for neuronal apoptosis inhibitory protein is partially
deleted in individuals with spinal muscular atrophy.
Cell, 80:167-178, 1995.

12) van der Steege G, Grootscholten PM, van der Vlies

P, et al : PCR-based DNA test to confirm clinical
diagnosis of autosomal recessive spinal muscular
atrophy. Lancet, 345: 985-986, 1995.

13) Velasco E, Valero C, Valero A, et al : Molecular
analysis of the SMN and NAIP genes in Spanish
spinal muscular atrophy (SMA) families and
correlation between number of copies of cBCD541 and
SMA phenotype. Hum Mol Genet, 5: 257-263, 1996.

14) Taylor JE, Thomas NH, Lewis CM, et al : Correlation
of SMNt and SMNc gene copy number with age of
onset and survival in spinal muscular atrophy. Eur J
Hum Genet, 6; 467-474, 1998.

15) Harada Y, Sutomo R, Sadewa AH, et al.: Correlation
between SMNZ copy number and clinical phenotype
of spinal muscular atrophy: three SMNZ copies fail
to rescue some patients from the disease severity. J
Neurol, 249: 1211-1219, 2002.

16) Su YN, Hung CC, Lin SY, et al : Carrier screening for
spinal muscular atrophy (SMA) in 107,611 pregnant
women during the period 2005-2009: a prospective
population-based cohort study. PLoS ONE, 6[2]: e17067,
2011

17) Chen TH, Tzeng CC, Wang CC, et al : Identification
of bidirectional gene conversion between SMNI and
SMNZ by simultaneous analysis of SMN dosage and
hybrid genes in a Chinese population. ] Neurol Sci,
308: 83-87, 2011.

18) Sheng Y7Z, Xiong F, Chen Y], et al : Molecular
characterization of SMN copy number derived from
carrier screening and from core families with SMA in
a Chinese population. Eur J Hum Genet, 18: 978-984,
2010. >

19) FEEMAT, HMEEFRTF  BEFRELIEDOL I 2C
EETHDTETH. In SMA B2 T VIREAERE
(Bds.) : FRMEHEMERR~ =2 7. 3840, &5,
AR, 2012,

20) Wirth B, Brichta L, Schrank B, et al : Mildly affected
patients with spinal muscular atrophy are partially
protected by an increased SMNZ2 copy number. Hum
Genet, 119: 422-428, 2006.



