260/280 was 1.62. The DNA of this sample was sufficiently deteriorated to prevent
amplification with 45 cycle PCR using 50 ng of DNA. However, this was an
exceptional case. Other samples, including three 8-year-old DBS samples, were

successfully used for PCR-HRMA.
PCR-HRMA data

The melting curves were normalized after subtraction of the post-melting area
fluorescence at 81.3—-82.5°C from the pre-melting area fluorescence at 69.8-70.8°C.
Normalized melting curves of SMA patients with SMNI deletion and SMN2 retention
[SMNI1(—)/SMN2 (+) curves] were located near the curves of controls with SMNI
retention and SMN2 deletion [SMNI(+)/SMN2(—) curves], but far from the curves of
controls with SMNI and SMN?2 retention [SMNI(+)/SMN2(+) curves] (Figure 3). It
should be noted in this study that the SMNI(—)/SMN2(+), SMNI(+)/SMN2(-) and
SMNI(+)/SMN2(+) curves formed their own groups, but the curves in each group did
not converge into one line. In addition, the melting curves of samples with the same

genotype did not converge into one line.
Comparison with PCR-RFLP data

The PCR-HRMA data were completely consistent with the data obtained by
conventional PCR-RFLP methods (sensitivity = 1.0, specificity = 1.0) (Table 1).
However, we failed to determine the relationship between the difference plots and the
copy number of the SMNI and SMNZ2 genes in the control samples. We also failed to
determine the relationship between the difference plots and the copy number of the

SMN?2 gene in SMA patient samples.
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Discussion

We have developed a rapid, accurate and simple method for SMA screening,
which consists of DNA extraction from DBSs on filter paper and PCR-HRMA. We
previously reported a PCR-RFLP method of detecting SMA using DNA extracted from
DBSs [15]. However, when DNA extracted from DBSs is used for PCR-HRMA,, the
problem of DNA quality/quantity must be confronted. To overcome this problem, others
have performed nested PCR before HRMA [10]. Our strategy to overcome the DNA
quality/quantity problem was to simply increase the number of PCR cycles. We
increased the PCR cycle number by 50%, obtaining successful results. Our method to

overcome the quality/quantity problem looks very easy, once it has been done.

The other problem in HRMA is generating allele-specific melting curves. The
melting curves of SMA patients with SMNI deletion can be distinguished from those of
controls with SMNZ2 deletion by conducting PCR with a special probe [11], or by adding
driver DNA (SMN1/SMN2=0:3) to the sample DNA prior to PCR [13]. Also used is a
method incorporating calibrated short-amplicon melt profiling with an oligonucleotide
forming a hairpin structure, which increases the resolution between the curve profiles
because of the tightened clustering of curves [14]. However, our method does not
require probes, drivers or calibrated short-amplicon melt profiling. Our study showed
that the primer set designed by Lefebvre et al (R111 and 541C770) [2] enabled
sufficient differentiation of the melting curves in PCR-HRMA. The primer set was
firstly reported in the article of cloning SMNJ in 1995 [2], but has not been used in
PCR-HRMA in all laboratories except ours [12].

The primary outcome measure of our screening method was to determine the
accuracy of the PCR-HRMA with DBS-DNA. The accuracy of PCR-HRMA with
DBS-DNA was evaluated by the rate of concordance between PCR-HRMA with DBS-
DNA and PCR-RFLP with DNA from freshly collected blood. Our study demonstrated
that the results of PCR-HRMA with DBS-DNA were completely concordant with those
of PCR-RFLP with DNA from freshly collected blood (Table 1). The secondary
outcome of our study was to determine the length of time a DBS on filter paper will last

without deteriorating. PCR amplification cannot be performed using DNA from

—124—



11

deteriorated DBS. In our study, we found only one deteriorated DBS sample among the
70 samples with storage period of 1-8 years. Thus, we concluded that even if stored

more than 8 years, the DBS samples can be used for PCR.

We should mention here some limitations of PCR-HRMA using DBS-DNA for
SMA screening. First, PCR-HRMA with DBS-DNA cannot determine the copy number
~ of alleles, because the melting curves of samples with the same genotype did not always
converge into one line. This limitation may be partly due to the variable deterioration of
DNA extracted from DBSs that have been stored for extended periods (years). Second,
PCR-HRMA can detect only SMNI deletion, and cannot detect any intragenic mutations
in SMNI.

In conclusion, we demonstrated the strength of our PCR-HRMA method: the
rapidity, the accuracy and the simplicity. As to the required time from the start of PCR
to the end of HRMA, our method takes only 1.5 hours, while PCR-RFLP takes more
than 8 hours. The machine in our study, LightCycler®480 System II, can handle as
many as 384 samples, according to the manufacturer’s instruction. As to the accuracy,
our results of PCR-HRMA with DBS-DNA were completely concordant with those of
PCR-RFLP with DNA from freshly collected blood. In addition, our method does not
need the second PCR procedures. Our method needs neither special probes nor drivers.
Our method needs only “a single PCR with a primer set”. Thus, our “PCR-HRMA with
DBS-DNA” may be a useful screening method to detect SMN1 deletion. It should also
be noted that DNA from 8-year-old DBSs can be used as template for PCR-HRMA. All
of these findings suggest that our method is practicable for a large population study

and/or for a long period study.
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Table and Figure legends

Table 1 HRMA with DBS-DNA vs PCR-RFLP with DNA freshly collected
blood.

Figure 1 PCR primers. (A) Positions and directions of the oligonucleotide
primers. G and A in intron 6, and C and T in exon 7 indicate nucleotide differences
between SMNI and SMNZ2. (B) Primer sequences. The expected size of the PCR product
is 202 bp.

Figure 2 Amplification curves and melting curves of PCR products. (A)
Amplification curves of PCR products. (B) Melting curves of PCR products. DBS-DNA
was used as template DNA. Blue-colored curves represent amplified products, and
orange-colored curves (or lines) represent non-amplified ones. The non-amplified
curves were obtained from one DBS-DNA sample (*) and a negative control without
DNA (*#).

Figure 3 HRMA data of three genotypes. (A) Normalized and shifted melting
curves. (B) Normalized and temperature-shifted difference plot. HRMA clearly
distinguished three genotypes: SMNI(+)/SMN2(+) (SMNI and SMN?2 retention; normal
control individuals), SMNI(+)/SMN2(-) (SMNI retention and SMN2 deletion; normal
control individuals), and SMNI(—)/SMN2(+) (SMNI deletion and SMN2 retention; SMA

patients).
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Table 1 HRMA with DBS-DNA vs PCR-RFLP with DNA freshly collected blood.

(A) PCR-RFLP with DNA
from freshly collected blood Total
SMIN1 {+) SMNI (-)
HRMA with SMNI (+) 29 0 29
DBS-DNA  spin1 () 0 40 40
Total 29 40 69

sensitivity 1.0, specificity 1.0

(B) PCR-RFLP with DNA
from freshly collected blood Total
SMN2 (+) SMN2 (-)
HRMA with SMN2 (+) 66 0 66
DBS-DNA  spn2 () 0 3 3
Total 66 3 69

sensitivity 1.0, specificity 1.0
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Figure 1 PCR primers.

W) | SMN1

541C770
RILL «—341C770

intron 6 oh7 -
SMIN2
R111 <«——341C770

intron 6 exon7

(B) Primer Sequence Size  Reference

R111 5-AGA CTA TCA ACT TAA TTT CT-3’
541C770 5'-TAA GGA ATG TGA GCA CCT TCCTTC-3'

202 bp 2]

16

(A) Positions and directions of the oligonucleotide primers. G and A in intron 6, and C

and T in exon 7 indicate nucleotide differences between SMNI and SMN2. (B) Primer

sequences. The expected size of the PCR product is 202 bp.
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Figure 2 Amplification curves and melting curves of PCR products.

(A) Amplification curves of (B) Melting curves of
2 PCR products PCR products
/"‘“\\

Flourescence (465-510
B

15 s 13172125 29 33 37 41 45 s 70 e 75 o2 m w0 o
Cycles Temperature {°C)
(A) Amplification curves of PCR products. (B) Melting curves of PCR products. DBS-
DNA was used as template DNA. Blue-colored curves represent amplified products,
and orange-colored curves (or lines) represent non-amplified ones. The non-amplified
curves were obtained from one DBS-DNA sample (*) and a negative control without

DNA (**).
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Figure 3 HRMA data of three genotypes.

(A} Normalized and (B) Normalized and
shifted melting curves temp-shifted difference plot
100 = 27
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® 70 o 15
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) &=
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o 20 L 3 -5
10| smNa (5] 2 0
0 | SMN2 (+) 213 SMN1 () / SMN2 (+)
24
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Temperature (°C) Temperature (°C)

(A) Normalized and shifted melting curves. (B) Normalized and temperature-shifted
difference plot. HRMA clearly distinguished three genotypes: SMNI(+)/SMN2(+)
(SMNI and SMN2 retention; normal control individuals), SMNI(+)/SMN2(-) (SMNI
retention and SMNZ2 deletion; normal control individuals), and SMNI(—)/SMN2(+)
(SMNI deletion and SMN2 retention; SMA patients).
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ABSTRACT

Background: Spinal muscular atrophy (SMA) is caused by SMNI mutations. SMNI
produces a full-length SMN1 (FL-SMN1) protein isoform encoded by exons 1-7, and an
axonal-SMN (a-SMN) protein isoform encoded by exons 1-3 and intron 3. TheaSMN
protein is expressed only in the embryonic period and plays a signiﬁcar}p role 1n agonal
growth. However, there has been no report on contribution of a-SMN to SMA severity

until now.

Case Descriptions: Two male patients with SMA type 1 1nourstudy presented with
generalized muscle weakness and respiratory insuffic’ien’csk‘)ﬂf:\{s\qoh)after birth, and were
bound to an artificial ventilator from early 1nfancy ki“k‘})P’Jatient 1 was compound
heterozygous for two SMNI mutations, Wholek’:’:g‘eﬁéifdélé‘f:jion and an intragenic mutation
(c.819_820insT). He retained one copy ofSMN]producmg N-terminal part of SMN1
including a-SMN. On the other hand, "Paf;ienf!2 was homozygous for SMNI deletion.
Both of them showed the same cqpy number of SMA modifying genes, NAIP and SMNZ.
These findings suggested tha’wc‘ktkl;é;" Cy-;cerminal domain of FL-SMNi determined the
severity, irrespective of presénce of absence of a-SMN expression.

Conclusion: In Patient 1, the C-terminal domain of FL-SMN1 determined SMA severity,
rather than the a-’SMN, éﬁe copy of which could be present and intact. The presence or

absence of a-SMN may not impact disease severity in SMA type 1 patients.

Keywords: ;spinal muscular atrophy; full-length SMN1; C-terminal domain; axonal-SMN
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Introduction

Spinal muscular atrophy (SMA) is a common neuromuscular disease characterized by
lower motor neuron death, leading to muscle weakness and atrophy. SMA is classified into three
subtypes depending on age of disease onset and achievement of motor milestones, §péqiﬁcally,
type 1 (severe form; onset age 0—6 months, unable to sit unaided), type 2 (inter;}‘ij}e‘}‘diaté’ form;
onset age < 18 months, unable to stand or walk unaided), and type 3 (mild fom;; oﬁéét age > 18
months, able to stand or walk unaided).' -

The survival motor neuron gene (SMN) and neuronal apoptosis inhibitory protein gene
(NAIP) were cloned as causative candidate genes of SMA in 199523 SMN exists as two highly
homologous copies, SMNI and SMN2, and it has been"éystéblished that SMA is caused by
deletions or intragenic mutations of SMNI.> SMNI is /hom@zygously deleted in > 90% of SMA
patients and deleteriously mutated in the remaining patients.>* The main protein product of
SMNT1 is full-length SMN (FL-SMN), encodea by SMN1 exons 1-7, while that of SMN2 is A-7
SMN, encoded by SMN2 exons 1-6 and 8 (SMN2 exon 7 is usually skipped).> SMN2 is now
considered a modifying gene of the SMA phenotype as higher SMN2 copy numbers are
associated with a milder phermtype.5 NAIP is also considered a modifying gene as its absence is
more frequently observed in patients with SMA type 1.

In 2007, axonal-SMN protein (a-SMN) was identified as an isoform encoded by SMNI
exons 1-3 and’intron 3 (Fig. 1).° The a-SMN mRNA is transcribed specifically from SMNI, and
a-SMN protein cxpréssed during the embryonic period, playing a role in axonal growth.®” The
a-SMN protein expression is down-regulated after birth.® However, there are no reports on the
relationship between a-SMN expression and SMA disease severity.

We had an opportunity to gain insight into the contribution of a-SMN to disease severity

through observation of two 1-year-old boys with SMA type 1. One patient carried a
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C-terminal-disruptive mutation in SMNI exon 6, while the other had lost a whole region of

SMNI. In this study, we demonstrated that SMA severity in Patient 1 was mainly determined by

defective FL-SMN, and not a-SMN.

(A) EL-SMIN mRNA

Ex1 Ex2a Ex2b Ex3 Ex4 Ex5 Ex6 Ex7 Ex8
FL-SMN protein Stop codon
Ex1 Ex2a Ex2b Ex3 Ex4 Ex5 Ex6 Ex7

(B) a-SMN mRNA
Ex1 Ex2a Ex2b Ex3/Int3/Ex4  EX5 Ex6 Ex7 Ex8

a-SMN protein Stop codon
Ex1 Ex2a Ex2b Ex3

Figure 1. ;
Schematic presentation of FL-SMN and a-SMN mRNA and their protein products. (A) FL-SMN; and
(B) a-SMN. Boxes indicate exbnsk,k and diagonal lines connecting boxes indicate splicing patterns. In

a-SMN mRNA, exon 3, intron 3, and exon 4 comprises one large exon with a stop codon in intron 3.

Case Descript?‘i‘yons‘ s
Patient 1

Patient 1 was a 7-month-old boy. He was born at 41 weeks of gestation, the first child
of non-consanguineous healthy parents without any significant family history. His birth weight
was 3,256 g and Apgar score was 7/9 (1min/5min). Shortly after birth he showed dyspnea with

paradoxical breathing and generalized hypotonia, and was transferred to our hospital. Oral
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feeding was started on day 1, but poor sucking became increasingly apparent within the

first 10 days, and a nasogastric feeding tube was inserted at age 19 days. From 20 days of age,
his dyspnea worsened and was treated with nasal directional positive airway pressure (nDPAP).
Neurological examination revealed decreased deep tendon reflexes in the upper and 10Wer,,,:1imbs.
Ocular movement was intact and tongue fasciculation not observed. His respi‘l:‘éi‘t(’:u"y ’conc’iition
gradually deteriorated despite the use of nDPAP, and he became bound to anartlﬁcxal ventilator

at 3 months old, undergoing a permanent tracheostomy at 6 months.

Patient 2

Patient 2 was a 6-year-old boy. He was born at 41 ’wee’ks of gestation, the first child of
non-consanguineous healthy parents without any signiﬁcant family history. His birth weight was
2,802 g. He was noticed to have mild hypotonia and tho?acic deformity at birth, but his sucking,
swallowing, and breathing coordination was almost normal. He left the hospital at age 5 days
but was hospitalized again at age 2 mon_ths bécause of difficulties in swallowing and dyspnea
with excessive saliva in the mouth. Neurological examination at that time revealed decreased
deep tendon reflexes in the upper and lower limbs. Ocular movement was intact and tongue
fasciculation not observed. About 3 weeks after the second admission, he presented with
frequent apnea relatéd to pneumonia. He was intubated and bound to an artificial ventilator from
3 months, and underWeﬁt a permanent tracheostomy 5 days after intubation. He was discharged

from the hospital at 7 months with an artificial ventilator and a nasogastric feeding tube.
Molecular genetic analysis

Molecular genetic analysis showed that Patient 1 carried one copy of SMN1, while

Patient 2 had no copies (Fig. 2). Multiplex ligation-dependent probe amplification
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(MLPA) analysis confirmed Patient 2 had completely lost SAMNI, with no possibility of

a-SMN expression in any period of life (Fig. 2). Both patients shared the same genotype
for SMNZ2 and NAIP, modifying genes of the SMA phenotype; they had two copies of

SMNZ2and NAIP (Fig. 2).

(A) Patient1

Copy Number  NAIPT NABT/C SMINT  SMNT  SMMZ SMNZ SMNU2 BMNT1/2 SMN12 SMN1Z
of Gena Exons  Ex 8 Ex13 Ex ¥ Ex8 Ex ¥ Ex8 Ex 1 Exd Ex & Exg
2 4 1 1 2 2 3 3 3 3

15
Copy Ratio

of Pafient
to Contros ’0

(B} Patient?2

Copy Numbar NAEFT MAIPTIC S8RMNT  SMN1  SMNZ  SMN2 SMNT1RZ SMBTZ SMN12Z SMNL2

of Gene Exens  Ex§ Ex13 ExT Ex 8 Ex7 Ex8 Ex1 Exd ExB Ex &
2 4 0 0 2 2 p 2 2 p

Capy Ratin
of Patiant
o Controls

Figure 2. ; :

Copy numbers of SMN1,‘SMN2,:\iand NAIP exons based on MLPA analysis. (A) Patient 1 and (B)
Patient 2. We determined thé exon copy number of the genes in each patient using a commercially
available Salsa MLPA kif P0’21k kk(MRC-HoIIand,‘ Amsterdam, Netherlands). The vertical axis shows the
copy number ratio sf patient to control exons. The numbers above histograms indicate the copy

number of each‘_e_,xon. Here, NAIPT and NAIPC denote NAIP and NAIPy, respectively.

Nucleotide sequencing of the remaining SMNI copy in Patient 1 identified a
single nucleotide insertion (c.819_820insT) in exon 6 (Fig. 3).8 This frame-shifting

mutation, which has already been registered in LOVD  database

(http://www.dmd.nl/nmdb2/home.php?select db=SMN1), causes disruption of the
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C-terminal domain of FL-SMN1 protein (p.Thr274TyrfsX32). The “QNQKE” motif was

absent in Patient 1 because of the frame-shifting mutation. Active transport in motor
neurons and cytoplasmic localization of FL-SMN in motor neurons are closely related
with the presence of a “QNQKE” motif in the domain derived from exon 7 .1°,VThus, the

mutated FL.-SMN1 was likely to be non-functional.

{A) Nucleotide sequence

Exon 6 <—————> Exon7

LA AAARN A AR A

GGCTATCATTACTGGCTATTATAT GGGTTTCAGAC
A

c. 819_820 insT +6C of SMN1 Exon 7

(B) Amino acid sequence

Wild type *+*HTGYYM GFRONQKEGRCSHSLN (stop)
Mutant type **"HYWLLY GFQTKSKRRKVLTFLKLR RNAGIEQH (stop)
Exon 6 Exon 7 Exon 8
Figure 3.

SMN1 cDNA exons 6-7 and the C-terminus of FL-SMN1 in Patient 1. (A) Nucleotide sequence. The
presence of a SMN1-specific nucleotide (+6C in exon 7) confirms the presence of the ¢.819_820 insT
mutation in the SMN17 gene. (B) Amino acid sequence. The “QNQKE” motif is absent in Patient 1

(see Text).

In Patient 1, additional mutations were not identified in any exons other than
exon 6 or intron 3 of SMNI. Thus, Patient 1 carried an intact a-SMN sequence in the
remaining SMNI allele, suggesting high possibility of a-SMN expression in the

embryonic period.
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Discussion

Disease course and severity in Patients 1 and 2 were similar. Therefore, our findings
indicated that defective FL-SMN function due to the frame-shifting mutation in Patient 1 was

compatible with absence of FL-SMN due to complete loss of the SMNI gene in Pqtiégt 2.In

Patient 1, the disrupted C-terminal domain of FL-SMN may have a serious effect on

cellular function as the domain is closely associated with self-oligomerization, active

transport, and cytoplasmic localization of FL-SMN in motor neurons.®
Interestingly, the presence or absence of a-SMN did not ‘seem to influence
disease severity in the two patients examined. Patient 1 carried an intact sequence coding

a-SMN with high possibility of a-SMN expression in the e“tﬁbryo 1c period, while Patient 2 has

no sequence coding a-SMN and no possibility ofa—SMN expression. We cannot provide
evidence for embryonic expression of a-SMN in matena] oi)tained from Patient 1 after birth, but
even if enough a-SMN was expressed 1n theembryomc period, it is unlikely to function
efficiently enough to modify SMA "’d‘is“iéas;e‘ ;s‘éverity because of the frame-shifting mutation
disrupting the C-terminal domain of FL-SMN

We previously examiﬁed th patients with a mutation (¢.275G>C) in SMN! exon 3,
leading to an amino acid sﬁBstitution (p.Try92Ser) in the Tudor domain." The p.Try92Ser
mutation alters a-‘SMN‘ struéture.7 Locatelli et al. clearly demonstrated that the p.W92S
mutation hamp“efs"ax‘ﬁdﬁal ’growth of NSC34 motor neurons induced by a-SMN.” However, from
our own ob‘sery,eil‘ﬁi_ons”, the clinical phenotype of the patients with the p.W92S mutation is not as
severe as Patié:’nt 1 in this study: neither of them required artificial ventilators in the first year of
life."" In other words, disruption of the C-terminal domain of FL-SMN may have a more serious

effect on SMA phenotype compared with a mutation in the Tudor domain of a-SMN (and

FL-SMN).
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We should mention several limitations of the present study. First, we could not show

a-SMN expression in Patient1, not only in the fetal period but also in the postnatal period. The
a-SMN expression is down-regulated after birth.® According to our experience, it is impossible
to detect a-SMN expression in the peripheral blood cells of human infants and childrer:x:." Second,
we examined only a set of SMA patients with the same genotypic backgréund ekcept
axonal-SMN. To formulate general concepts about axonal-SMN, we need moresets of SMA
patients with the same genotypic background except axonal-SMN. At;léét, w"é&did test only two
genes modifying the SMA phenotype, SMN2 and NAIP. These genés ﬁé\}/’.éwalready been proved
to modify the SMA phenotype. However, it has not been clafiﬁed until now what genes are
critically involved in modifying mechanism of the SMA pheﬁOtyée,

In conclusion, in Patient 1, the C-terminal domain of FL-SMNI1 determined the
severity, rather than the a-SMN, one copy of which could be present and intact, although its
generalization may be premature. Our study suggested that SMA disease severity may be
determined by C-terminal defects of FL—SMNI, irrespective of presence or absence of a-SMN
expression. However, it should be noted that this stﬁdy focused on disease progress, including
respiratory dysfunction, and it is necessary to further study the role of a-SMN in axonal growth

of motor neurons, as a-SMN may have roles in fine tuning of neural circuit formation.
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