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Spinal muscular atrophy (SMA) is an autosomal recessive disorder characterized
by degenration of anterior horn cells in the spinal cord, leading to symmetrical
proximal muscle weakness and atrophy. Affected individuals are classified into
three types depending on the onset age, highest motor functional ability and clinical
course. In 1990, the gene for SMA was mapped to chromosome region 5ql3 for all
three types of SMA. In 1995, the SMN (survival motor neuron) and NAIP (neuronal
apoptosis inhibitory protein) genes were reported as candidate genes for SMA. In
this study, we analyzed clinical features of SMA patients and deletions of these two
candidate genes. The subjects included 39 SMA patients and two atypical SMA
cases, one with mental retardation and the other with cardiomegaly. We classified
39 SMA cases based on the classification devised by the International SMA Consor-
tium Meeting Report. Twenty cases satisfied all three criteria of this classification,
and could clearly be classified as one of the three types. Our results of classifying
cases according to each criterion suggested that clinical features of SMA constitute
a broad spectrum encompassing the three types. Thus, it is most useful to classify
patients according to their highest motor functional ability. Thirty-three cases of
typical SMA (85% of all, 909 of type I, 1009 of type II and 549 of type III) showed
deletions of exons 7 and 8 or only exon 7 of the SMN gene. Two of type I (59 of
all) showed deletions of exon 5 and 6 of the NAIP gene with deletions of the SMA
genes. The other cases (2 of type I and 5 of type III) had no deletions of these genes.
Involvement of the SMN and NAIP genes appears to be related to the severity of
SMA. The one atypical case showed deletion of the SMN gene. The other one with
mental retardation may be heterogeneous.

weakness and atrophy?. Affected individuals

Introduction are classified into three groups depending on

Spinal muscular atrophy (SMA) is an the age at onset and disease progression. Type
autosomal recessive disorder characterized by I SMA (Werding-Hoffmann disease) is the
degeneration of anterior horn cells in the spinal most severe form of this disease. The onset is
cord, leading to skeletal muscle denervation prior to 6 months (m) of age, patients are never
and thereby symmetrical proximal muscle able to sit without support, and rarely live
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beyond 2 years (y) of age owing to respiratory
muscle weakness. Type II SMA is of intermedi-
ate severity. The onset is before the age of 18
m, patients are never able to stand or walk
without support, but generally live past age 2 y.
Type III SMA (Kugelberg-Welander disease) is
a much milder form. The onset of symptoms is
after 18 m and patients are ambulatory.

In 1990, the gene for SMA was mapped to
chromosome region 5q for all three types of
SMA. Brzustowicz et al? performed a blind
search with 115 microsatellite DNA markers
for three families with chronic SMA (including
types II and III), and mapped the gene locus of
chronic SMA to 5ql1.2-13.3. Melki et al®
reported the SMA gene locus to be in the 5
ql2-14 region, based on linkage analysis of 24
chronic SMA families. The locus of acute SMA
was reported to be in the same region by Melki
et al” and Gilliam et al®. These results suggest
that different mutations in the same gene or
continuous genes account for the three types of
SMA. In 1995, French and Canadian groups
independently reported candidate genes for
SMA; SMN (survival motor neuron) and NAIP
(neuronal apoptosis inhibitory protein)®”. Dele-
tions within the SMN gene were found in 226 of
229 SMA patients, whereas NAIP gene dele-
tions were found in variable proportions of
patients among the three types but the fre-
quency was highest in the clinically severe
types. Thus, two candidate genes were detect-
ed, but the cause of SMA including the respon-
sible protein has not been determined. Analyses
of the relationships between the phenotypes and
the candidate genotypes are anticipated to facil-
itate understanding of the course of SMA.

In this study, we classified 41 SMA patients
clinically, based on the age at onset, highest
motor functional ability achieved and clinical
course, as well as studying these individuals for
deletions of the SMN and NAIP genes.

Subjects and Methods

1. Subjects
We analyzed DNA and clinical features in 39

SMA patients (nos. 3-41) from 37 unrelated
families, all of whom had a childhood onset and
had been diagnosed based on clinical features
or muscle biopsy by pediatric neurologists at
Tokyo Women’s Medical College or by neurolo-
gists/pediatric neurologists at other hospitals.
Of the 39 SMA patients, 35 were Japanese, two
Korean (nos. 34, 36), one Japanese-African (the
mother is Japanese and the father is African)
(no. 12) and one Indian (no. 6). There were 18
males and 21 females. The age range at the
time of the study was 4m to 38ylm (mean 9.8y),
that of the onset age from 1m to 8y (mean 1.0
).

We also studied two atypical SMA cases. One
(no. 1), a Japanese boy whose onset was at birth,
was mentally retarded. The other (no. 2), who
had cardiomegaly, was a Chinese girl whose
onset was at 1m.

For the DNA analysis, 26 normal controls
and 26 healthy members (parents and siblings)
of SMA families were also studied. All 41
patients, or their parents, and the normal sub-
jects serving as controls provided informed
consent to undergo DNA analysis for the SMN
and NAIP genes.

2. Methods

1) Classification of SMA patients

We clinically classified our 39 patients into
three SMA types based on the diagnostic criter-
ia suggested in the report of the 1990 Interna-
tional SMA Collaboration Workshop® and the
1992 International SMA Consortium Meeting®
(Table 1-A). This classification is comprised of
three criteria: onset age, highest motor func-
tional ability and clinical course. As to type I
SMA, the onset is before 6m, these patients are
never able to sit without support and die before
2y. Type II SMA manifests between 6 and 18m,
patients cannot stand or walk alone, but sur-
vival exceeds 2y. In type III SMA the onset age
is after 18m, these patients can stand or walk
alone, and can survive until adulthood. To
determine the importance of each criterion, we
initially classified our patients according to
onset age, highest motor functional ability and

— 94 —



39

Table 1-A Classification of SMA in the report of International SMA Consortium

Meeting
Course
Age of onset
& Milestone Course
I from birth to 6m never able to sit without support death <2y
II before 18m unable to stand or walk without aid death>2y
I after 18m stand and walk death in adulthood

Table 1-B  SMA classification criteria reviced for this study

Type Onset age Highest motor function Clinical course
I <6m sit with support death or respirator dependency before 2y
II 7-18m stand or walk with support death or respirator dependency after 2y to 18y
[ >18m  stand or walk without support death beyond 18y

clinical course, each independently. The classi-
fications based on onset age and highest motor
functional ability were clear, while that based
on clinical course was ambiguous. Thus, we
revised the clinical course criterion of clinical
course for the same of simplification (Table
1-B); in type I, patients die or become respirator
dependent before 2y, while in type III they live
beyond 18y (adulthood). Then, if there was a
discrepancy among the criteria, the patient was
tentatively classified according to the highest
motor functional ability.

2) Analysis of the candidate genes

DNA specimens were extracted for periph-
eral blood lymphocytes (no. 1-7 and 10-41) or
muscle tissues obtained by biopsy (no. 9) or
autopsy (no. 8), according to standard tech-
niques. We examined two candidate genes, the
SMN gene and the NAIP gene, using these
DNA samples, as described below.

The SMN gene was analyzed according to
the method of van der Steege et al'®. We used
primers R111/X7-Dra for exon 7, and 541C960/
541C1120 for exon 8. Primer sets for polymer-
ase chain reaction (PCR) amplification were
synthesized. Genomic DNA (20 xg) from each
sample was amplified by PCR using these
primers with 10X PCR reaction buffer, 2.5 mM
MgCl,, each d-NTP mix and 0.5 U Tag DNA
polymerase. Samples were incubated in a DNA

thermocycler (Perkin Elmer Cetus) for 35
cycles under the following conditions: 94°C for 1
min, 55°C for 1 min and 72°C for 1 min for exon
7, and 94°C for 1 min, 59°C for 1 min and 72°C
for 1 min for exon 8. PCR products were
digested with the enzyme Dra-I for exon 7 and
Dde-I for exon 8 at 37°C for 3 hours, and then
analyzed on 2.59 agarose gels.

The NAIP gene was analyzed as follows. We
synthesized the primers for exons 5, 6 and 13
(Roy et al, 1995), as well as the primers for
exon 4 (4F; 5-CTCACTGCTTCCTACTAAAG-
3, 4R; 5-CTGAGGTTTATCCACAGTTC-3)
based on the cDNA sequence of the NAIP gene
reported by Roy et al”. Genomic DNA (20 xg)
from each sample was amplified by PCR using
these primers with 10X PCR reaction buffer,
2.5 mM MgCl,, each d-NTP and 0.5 U Taq
polymerase. Samples were incubated in a DNA
thermocycler for 35 cycles under the following
conditions: 94°C for 30 sec and 65°C for 4 min.
PCR products were analyzed on 3% agarose
gel.

3) Analysis of the correlation between clini-
cal features and deletions of the SMN and
NAIP genes

The phenotype-genotype correlation was
analyzed selecting a limited number of clinical
features (clinical SMA subtypes, onset age,
highest motor functional ability, age at the
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initiation of artificial ventilation, age at death
or final follow-up, and by distinguishing is
different gene deletion patterns).

Results

1. Clinical evaluation of SMA patients in
whom the SMN and NAIP genes were studied
The clinical features, i.e. onset age, highest

motor functional ability and course, of the
study subjects are summarized in Table 2. Five
cases (nos. 2, 5, 8, 9, 10) died due to respiratory
infection and dysfunction between 6m and 1ylm
of age. Seven cases (nos. 1, 3, 4, 6, 7, 11, 12) were
respirator dependent at the time of the current
study. In these cases, it is highly likely that
death due to respiratory insufficiency was aver-

Table 2 Clinical features of 41 SMA patients; onset age, clinical course and the highest motor

functional ability

10 Cases (nos. 3-12): type I, 18 cases (nos. 13-30): type II, 11 cases (nos. 31-41): type III.

No. 1 was an atypical SMA with mental retardation. No. 2 was an atypical SMA with
cardiomegaly. no. 2: Chinese, no. 6: Indian, no. 12: Japanese-African (the mother is Japanese
and the father is African), nos. 34 and 36: Korean, other 36 cases: Japanese. Cases 16 and 18,

and 22 and 29, are pairs of siblings.

. Highest motor functional abilities .
Case no.| Onset age Clinical course head control st stand walk Type by each criterion ¢ |Type a
Om 6m 12m 8m 24m Sy 10y * xx WS 0S WS 0S WS 0S onset  ability course
] Om E77772222722727777777 | 5d~r 9 #
2 Im 7+ . o) ##
3 Im B 7772222272773 dm~r g ] ] | ]
4 3m E2277772772227722277227277777777 7727777777 St~ | I I !
5 Im 6m -+ | I | |
6 I~2m sm~r § I | I |
7 2m 8m~~r | | | f
8 2m fim+ ! | | I
9 3m Hm+ i | I |
10 Im 228 lylm+ o i | | |
X 3m Iy~r i | ! bl
12 4m CEEERaa 2222272 27722,7727727777778 1y~ | | | [
13 3m : 88 o} | I I I
14 5m [ I Il [
15 4~6m I I 1l I
16 6m [ | [ [
17 m I | [ I
18 8m | I | I I
19 3m Q | i I Il
20 5m g ! [ i I
21 8m Ii I i [
22 9m i ! i I I
23 Im I I Il
24 12m I I it 1
25 ly Im I I I [
26 ly 3m i I fi I
27 10m T J [ It I I
28 lim i It Il [
29 12m I [ 1] I
30 12m I It 1] [
31 10m ? ] i 1 []
32 ly2m o] I n I I
33 ly 3m b I i I 1
34 ly 5m <{> I 1] i 1]
35 ly 6m o 1] (] 1 1]
36 ly6m ’ i i i
37 ly6m § 1] I i [
38 ly 7m 1] 1] il li
39 3y 1 I I i
40 3y £ n il [l U}
41 8y i 1] Il 1]

r:respirator, + : deceased, alive without respirator, [/ alive with respirator, *:not acquired, ** :acquired,

ws : with support, os : without support
# : neurogenic muscular atrophy with mental retardation,

# # : atypical SMA with cardiomegaly,

“** : follow-up duration inadequate to allow evaluationof clinical course,

¢ : type classification according to single criterion,

A : ltimate type classification according to global judgement.

96 —



ted by artificial ventilation. Cases 16 and 18,
and 22 and 29, are pairs of siblings.

In 20 (nos. 3-12, 21, 22, 24-28, 37, 39, 40) of our
patients, all three criteria were consistent with
one type of SMA. Thus, only about half of our
patients could be unequivocally classified as
one of the three types of SMA.

The classification based solely upon the age
of onset yielded the following results; 15 (nos.
3-15, 19, 20) were type I, 17 (nos. 16-18, 21-34)
type II, and 7 (nos. 35-41) type III. Classification
based on highest motor functional ability was
as follows; 16 (nos. 3-18) type I, 12 (nos. 19-30)
type II, and 11 (nos. 31-41) type III. Data con-
cerning clinical course were sufficient for evalu-
ation only in 38 cases; 10 cases (nos. 3-12) were
classified as type I, all of whom were respirator
dependent or had died before 2y, 21 (nos. 13-19,
21, 22, 24-28, 31, 33-36, 38, 41) as type II or III
had all lived beyond 2y without requiring a
respirator but had not yet reached 18y at the
time of this study, and 7 (nos. 20, 29, 30, 32, 37,
39, 40) as type III, all of whom lived b'eyond 18
y.

Results of evaluating consistency among the
three criteria were as follows; of the 15 type I
cases classified according to onset age, 10 never
acquired head control, one (no. 13) acquired
head control, two (nos. 14, 15) were able to sit
with support, while the remaining two (nos. 19,
20) could sit without support at some point in
their clinical course, and could thus be classi-
fied as type II based on the highest motor
functional ability. Of the 17 type II cases classi-
fied according to onset age, 3 were able to sit
with support, i.e. they were type I according to
highest motor functional ability, 7 without sup-
port, one was able to stand with support, 2 were
able to walk with support, while the remaining
4 (nos. 31-34) walked unassisted, and could be
classified as type III based on highest motor
functional ability. All of the type III cases
classfied according to onset age could walk
unassisted, i.e. there was no inconsistency.

The results of tentatively classifying all 39
SMA patients according to maximum motor

41

ability and clinical course were as follows; 10
cases (nos. 3-12) type I, 18 (nos. 13-30) type II,
and 11 (nos. 31-41) type III. In case no. 13, the
onset was before 6m, and the ability to sit was
never attained, indicating a type I classifica-
tion. However, he is alive at 9y9m without
respirator assistance as in most type II cases.
Cases nos. 14-18 were able to sit with support,
i.e. type I according to highest motor functional
ability, but lived beyond 2y and did not need a
respirator at the time of this study. Therefore
these cases were classified as type II. Cases nos.
28-30 were able to stand or walk, but support
was necessary, and the duration of these peak
motor functional abilities was only 3~4 months.
2. Analysis of the SMN and NAIP genes
(Fig. 1, Table 3)

On SMN gene analysis, 30 of our 39 SMA
cases (8 SMA type I, 17 type II and 5 type III)
showed homozygous deletions of both exon 7
and exon 8. Three cases (nos. 10, 24, 39) showed
deletions only of exon 7. Case no. 10 was
classified as type I, no. 24 as type 1I and no. 39
as type III, employing all three criteria. Six
cases (1 SMA type I and 5 type III) had no
deletions of either exon 7 or exon 8. In short, 33
of 39 SMA cases (85%) were either missing both
exon 7 and exon 8 or had a deletion of exon 7
alone of the SMN gene. According to the clini-
cal classification using all three criteria, 9 of 10
cases (90%) with type I SMA showed deletions
of exon 7 or 8 of the SMA gene, while all 19
(100%) type Il cases and 5 of 10 (50%) type III
cases had such deletions. The control subjects
and healthy family members (parents and sib-
lings) did not have homozygous deletions of the
SMN gene.

Of the two atypical SMA patients, case no. 1
had no deletions of either exon 7 or exon 8§,
while case no. 2 had deletions of both exons.

The NAIP gene analysis revealed only two
(nos. 5, 11) of the 39 cases (5%) to have homo-
zygous deletions of exons 5 and 6 of this gene.
Both cases were classified as SMA type 1. The
type II and III cases had no NAIP gene dele-
tions. Similarly, none of the unaffected controls
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Fig. 1 Demonstration of deletions of the SMN and NAIP genes

Upper: PCR products of the SMN gene are shown for some of our SMA patients. C means
normal control. The left picture shows the results for exon 7 of the SMN gene, the right for
exon 8. Lanes 1-10 and 12 illustrate the absence of exons 7 and 8.

Lower: PCR products of the NAIP gene are shown. The left picture shows the results for
exons 5 of the NAIP gene. Lane 2 shows the exon 5 deletion. The right picture shows deletion

of exon 6 in lane 2.

or the parents and healthy siblings of SMA
patients in this study had NAIP gene deletions.

In short, the results of anlayzing these two
candidate genes were classifiable into four
deletion patterns (A-D) including no deletions
(Table 4-A, B). Pattern A, complete deletion of
exons 7 and 8 of the SMN gene and of exons 5
and 6 of the NAIP gene, was observed in two
cases (nos. 5, 11). Overall, 20% of type I cases
and 5% of all SMA cases showed to this pat-
tern. Pattern B, the deletion of exons 7 and 8 of
the SMN gene but no deletion of exons 5 and 6
of the NAIP gene, was demonstrated in 609% of
type I, 949 of type II, 45% of type III and 729
of all typical cases. Pattern C, the deletion of
exon 7 of the SMN gene alone, was found in one
case of each type: 109 of type I, 6% of type II
and 9% of type III. Pattern D, i.e. no deletions
of either exon 7 or 8 of the SMN gene or of
exon 5 or 6 of the NAIP gene, was demonstrat-
ed in 109% (1/10) of type I, 459 (5/11) of type III

and 15% (6/39) of all typical cases.

One atypical SMA case (no. 2) showed pat-
tern B, the othe (no. 1) pattern D.
3. Clinical features and deletions of the SMN
and NAIP genes

1) Inclusion and exclusion criteria for the
diagnosis and deletions

Table 2 shows the inclusion and exclusion
criteria for the diagnosis of SMA, as well as the
clinical features of our cases. Cases no. 1 and 2
had exclusion criteria, and were thus regarded
as having atypical SMA in this study. The
typical cases with deletions accounted for 85%
of our entire patient group, 909 of type I, 100%
of type II and 5095 of type III inclusive. Bilater-
ally symmetrical muscle weakness was noted in
all but one case (no. 34, a type III case) in whom
weakness was asymmetrical. Muscle fiber fas-
ciculation involving the tongue was seen in 90%
(9/10) type I, 89% (16/18) of type II, 45% (5/11)
of type III cases and 77% (30/37) of all cases.
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Table 3 Clinical details based on the criteria for SMA diagnosis and results of analysis of the SMN and NAIP genes

Cnaose SMN gene NAIP gene

Gene deletion

Inclusion criteria

Neurogenic

Exclusion

Types Muscle weakness Fasciculation change Ccriteria Others
exon?’ exond exond exon6 Si’;?ggle' piodﬁérgil 1:%;; tongue others EMG g}g;cslﬁ
* 2 + + - - + + 8] + - ND +  cardio-megaly
4+ o+ - + + + + NA NA NA -
5 + + + + + + + + NA + + -
6 + + - - + + + + - ND + -
I 7 + + - - + + + + NA ND NA -
8 + + - - + U + + NA + + -
9 + + — - + + + + finger + + -
10 + - - NA NA + + finger N NA -
11 + + + + + + U + — + + —
2 + + - - 4+ + + NA NA + + —
13 0+ o+ - -+ + - + - + + - intestinal
perforation
14 + + — — + U + + finger normal + -
15+ + - - + + + + - + + - ovarian tumor
6 + o+ - + + + + - + + -
17 + + — + + + - — -+ + -
8 o+ o+ - - + + + + - ND ND -
19 + + - - + + + + - + + -
20 + + - -  + + + + - + NA -
II 21 + + — - + + + + NA ND + -
22 + + - - + + + + finger + + -
23 + + — — + + + - - ND + -
24 + - - - 4+ + + + - + + -
25 + + - - + + + + finger + + -
26 + + — - + + + + finger + + —
27 + + — + + + + finger + + —
28 + + - - + + + + finger + + -
29 + + — - + + + + finger + + -
B B _ diabetes
30 + + + + U + face (rt) ND -+ mellitus
33 + + - + + = + finger + + —
35 + + - - + U U - NA NA + -
m |3 + + - - + + + + NA + + -
37 + + - - + + + + finger + -+ -
_ _ _ visual
8+ + + + + + finger + + disturbance
39 + — — + —+ + + NA NA NA -
_ - _ mental
* 1 + + + NA NA NA - retardation
1 3 — + + + + - + ND -
31 - - — — + + U - NA + NA -
39 - — — — + + U - - + + - pneumothorax
II 34 - - - re>1t + + - - NA + -
_ _ _ _ _ . _ EEG
40 + + = finger * + abnormality
41 - - — - + NA NA - — + NA -

ND : not done, U : unknown, *: atypical SMA case, NA : information not avaliable.
Upper : 34 cases had deletions involving exons 7 or 8 of the SMN gene or of exons 5 or 6 of the NAIP gene. Lower : 7 cases
had no deletions of either exons 7 and 8 of the SMN gene or of exons 5 and 6 of the NAIP gene.

Tongue fasciculation was recognized in 88%
(29/33) of cases with deletions, i.e. patterns A, B
and C, but in only 17% (1/6) of those with no

deletions. Muscle fasciculation of the fingers or
face was recognized in 50% (2/4) of type I, 39%
(7/18) of type II, 509 (4/8) of type III and 43%
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Table 4-A Deletion patterns involving the SMN and NAIP genes in each clinical type

Gene deletion pattern Clinical type Gene deletion
Pattern SMN gene NAIP gene I II 1l total SMN gene NAIP gene
exon 7 exon 8 exon 5,6 n % n % n % n % n % n %
A deleted deleted deleted 2 20 0 0 00 2 5
[2 17] [2 5]
B deleted deleted  not deleted 6 60 17 o4 5 45 28 72 33 85 2 5
[7 58] ) [29 71] [34 83] [2 5]
C deleted  not deleted not deleted 1 10 1 6 1 9 3 8
(1 8] 3 7
D not deleted not deleted not deleted 1 10 0 0 545 6 15 6 15 37 9%
[2 17] (7 17] [7 171 [39 95]
total 10 100 39 100 39 100 39 100
[12 100] 18 100 11100 [41 100] [41 100] [41 100]

[ ] :including two atypical SMA

Table 4-B Deletion patterns involving the SMN and NAIP genes and clinical types

Gene deletion pattern Clinical type

Pattern SMN gene NAIP gene I I I total

exon 7 exon 8 exon 5,6 n % n % n % n %

A deleted deleted deleted 2 100 0 0 00 2 100
[2 100] [2 100]

B deleted deleted  not deleted 6 21 17 61 5 18 28 100
[7 24] (17 60] [5 17] (29 100]

C deleted  not deleted not deleted 1 33 133 133 3 100
[1 33] (1 33] [1 33] [3 100]

D not deleted not deleted not deleted 1 17 00 5 83 6 100
[2 29] [5 71] [7 100]

[ ] :including two atypical SMA

(13/30) of all typical cases examined for this
findings. Other findings of our subjects included
intestinal perforation, ovarian tumor, diabetes
mellitus, pneumothorax, visual disturbance and
EEG abnormality in one case each.

2) Highest motor functional ability and dele-
tion pattern (Table 5)

Among 10 cases who never attained head
control, 2 (209%) showed pattern A, 6 (60%)
pattern B, 1 (10%) pattern C and 1 (10%) pat-
tern D. One who attained head control showed
pattern B. Five cases who were able to sit with
support showed pattern B. Among 9 cases who
were able to sit without support, 8 showed
pattern B and one pattern C. In short, those who
were able to sit with or without support showed
pattern B or C, not A or D. No. 38, who was
able to stand with support, had pattern B.

Among 13 cases capable of walking with or
without support, 7 showed pattern B, one pat-
tern C and 5 pattern D.

In other words, patients with pattern A had a
highest motor functional ability of head control,
while in pattern B peak functions were variable
and included head control (27.5%), sitting with
support (17%), sitting unaided (27.5%), standing
with support (13.4%), walking with support
(6.7%) and walking alone (17.2%). In pattern C,
one case each attained head control, sitting
unaided and walking alone. Five of the 7 pat-
tern D cases, i.e. those with no known deletions,
were able to walk unaided while the other two
never attained head control.

3) Onset age and deletion pattern (Fig. 2)

Two pattern A cases both had an onset
before 3m (mean 0.2y). In the pattern B, C and
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Table 5 Number of cases by gene deletion pattern

according to peak motor function

Highest motor Gene deletion pattern
functional ability A B C D
Walk alone 5 1 5
Stand without support
Walk with support 2
Stand with support 1
Sit without support 8 1
Sit with support 5
Head control 1
No head control 2 6(1) 1 1(1)

Deletion patterns

A I SMN gene(exons 7,8) and NAIP gene(exon 5)

deletion

B : SMN gene(exons 7,8) deletion
C : SMN gene(exon 7) deletion
D
(

I no deletion
) : atypical SMA

45

D cases the onset age ranged from 2m to ly7m
(mean 0.7y), Im to 3y (mean 1.7y) and less than
1m to 8y (mean 2.4y), respectively. The latter
pattern, i.e. pattern D, was associated with
markedly variability in onset age.

4) Deletion pattern and ages at initiation of
ventilatory assistance, death and final follow-
up (Fig. 3)

Of the two pattern A patients, one (no. 5) died
before 6m, while the other (no. 11) was respira-
tor dependent at ly. Among 28 cases with
pattern B, 2 (no. 8, 9) died before ly, and 4 (no.
4, 6, 7, 12) became respirator dependent before
ly. Four cases not requiring ventilatory assis-
tance were younger than 2y at the time of this
study. Eighteen cases lived beyond 2y, 4 of

8y [ ]
3y [ ] [
1y7m ®
1y6m [ X X J
1ySm ®
o ly4m
oy 1y3m [ X ]
° 1ly2m [ ]
2 yim [
© 1yOm o0 [
11m [ X
10m [ [ J
9m [ ]
8m ( X ]
7m [ J
6m [ ]
5m 000
am [
3m 0000
2m [ X X J
m (@) o [
Om (@)
dletion pattern A B C D

Fig. 2 Distribution of patients according to onset

40y
30y [
20y [ ] [ ] ( X J
18y (X ]
(X J
[ X X
10y [ X X J
0000 O [ X J
[ ]
[ ] ®
2y o0
( X J
o lyém
g’ 1y5m
1y4m
Ty3m
ly2m
Tylm @ 0
1yOm @
1m o@
10m
9m
8m @
7m
6m O e
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3m
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age by deletion pattern

A: SMN gene (exons 7, 8) and NAIP gene (exon
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( ): typical SMA.

Fig. 3 Distribution of patients according to ages
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at initiation of ventilatory assistance, death and
final follow-up by deletion pattern

A: SMN gene (exons 7, 8) and NAIP gene (exon
5) deletion, B: SMN gene (exons 7, 8) deletion,
C: SMN gene (exon 7) deletion, D: nodelation.
( ): atypical SMA, O: respirator dependent, [_:
deceased.
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whom are still being followed and are present-
ing more than 18y. Among the 3 cases with
pattern C, no. 10 died at 11m, no. 24 was foll-
owed until 8y2m and no. 39 was followed until
age 23y4m. Among 6 cases with pattern D, one
(no. 3) became respirator dependent, and 5 lived
beyond 2y. Two of the 5 were followed-up
beyond 18y.

Discussion

1. The problem of classification according to
clinical features

SMA 1is well known as presenting diverse
clinical phenotypes, but all types have in com-
mon the underlying pathology of degeneration
of anterior horn cells in the spinal cord, result-
ing clinically in proximal dominant muscular
atrophy and weakness. Clinical classification of
this disease has long been debated. The current-
ly used classification criteria have numerous
drawbacks, but a satisfactory alternative has
yet to be established. In general, the childhood
onset form of this disease is broadly classified
into three types according to onset age, highest
motor functional ability and clinical course.
According to the international classification
system?®, type I is the most severe form of
SMA, as described above, while type III is the
mildest. Type II is intermediate between types
[ and III. Correlative assessment of each com-
ponent among the three clinical criteria, in
terms of its consistency with the other two,
revealed that only 20 patients could be classi-
fied unequivocally based on all three criteria. In
other words, patients classified accoridng to
onset age often had a clinical course or peak
motor functional ability not consistent with the
type of SMA indicated by onset age. The exis-
tence of cases showing a borderline clinical
picture is widely recognized. Ultimately, nearly
half of our cases were assigned a conflicting
SMA types based on classification using the
three criteria.

As shown in Table 1, all 39 typical SMA were
classified into one of the 3 types by first em-
ploying one of the three criteria and were then

ultimately classified based on total impression,
especially highest motor functional ability.
Investigation of the onset ages of our cases
revealed that all 10 cases ultimately classified
as type I and most of those classified as type 11
satisfied the onset age criterion. Two of the 15
cases classified as type I according to onset age,
however, showed peak motor functional abil-
ities consistent with type II. Five of these cases
lived beyond 2y without ventilatory assistance
and one survived into adulthood. The onset age
range for ultimate classification of type III
cases was broad, 10m to 8y, with 4 cases (36%)
having their onset before 18m. With a later
onset, i.e. after ly, transient walking or stand-
ing is more common. The onset age overlapped
extensively between cases ultimately classified
as type II and those designated type III.
Furthermore, four of 17 cases classified as type
II based on the onset age achieved highest
motor functional abilities consistent with type
III. Thus, onset age tends to suggest a more
severe prognosis than the outcome most
patients actually experience.

Conversely, clinical course, which is marked-
ly influenced by a variety of factors including
both parental and medical care as well as con-
comitant illnesses, often overestimates or
underestimates the severity of SMA. The clini-
cal course in type is known to be closely related
to respiratory muscle dysfunction. In our view,
the severity of respiratory muscle involvement
constitutes a useful marker for distinguishing
between type I and type II, and thus it is a
useful criterion for classification, as exem-
plified by case no 13. It should also be pointed
out that the life span of type I cases is
nowadays greatly prolonged by the use of artifi-
cial ventilation (e.g. nos. 3, 4, 6, 7, 11, 12), such
that age at death has lost its significance as an
index of clinical course in SMA patients in
recent years. We also assessed highest motor
functional ability as the sole criterion for clas-
sifying SMA patients clinically. Typical SMA
type I cases can not sit unaided and never attain
head control. We consider cases who can main-
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tain a sitting posture with or without support to
have typical type II SMA, and those who can
walk without support to have type III. This
criterion was apparently the most useful. How-
ever, the use of this criterion has inherent
disadvantages. The duration of peak motor
functional ability, e.g. walking in type III, was
often quite brief, whereas lower abilities, e.g.
sitting unaided, were generally maintained for
the greater part of the patient’s life. Thus, a
patient who walked even briefly would ulti-
mately be classified as type III despite having a
clinical course basically compatible with type
II. The marked variability in the durations of
various motor functional abilities and the exsis-
tence of borderline cases, such as nos. 13, 28, 29
and 30, makes SMA classification extremely
difficult. These results underscore the diffi-
culties encountered in attempting to classify
SMA patients using all three criteria. Dub-
owitz!'? proposed a flexible classification for
the full spectrum of SMA. This classification
includes types 1.1-1.9, as represented by type I
herein, types 2.1-2.9 as type II and types
3.1-3.9 as type III (“Type 4.0” =normal). Type
1.1 is the most severe form of type I, while type
1.9 is the mildest and is similar to type II
(Types 2.1-2.9 and types 3.1-3.9 show a simi-
lar gradation). This system is, however, very
difficult to apply in the clinical setting.

Given all of the above considerations and our
experience, classification according to highest
motor functional ability appears to yield the
fewest inconsistencies and most accurately
reflects the severity of SMA. We therefore
relied on this criterion in correlating genotype
with phenotype, in this study.

2. Consideration of the results of DNA anal-
ysis

As a result of the current analytic study of
the SMN and NAIP genes (Table 3 and 4), two
type I cases were revealed to have deletions of
exons 7 and 8 of the SMN gene and of exons 5
and 6 of the NAIP gene. There were no type Il
or III cases with this deletion pattern. Deletion
of both exon 7 and 8 of the SMN gene with no
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the NAIP gene deletions (pattern B), was
demonstrated in 28 cases including 6 type I, 17
type II and 5 type III cases. Deletion pattern B
was most commonly found in type II (type II
94% >1 609 >1I1 4595). One case of each type
had a deletion of exon 7 of the SMN gene alone.
In the remaining 6 cases (15%), one of type I
and 5 of type III, no deletions of either exons 7
and 8 of the SMN gene or exons 5 and 6 of the
NAIP gene were found. Deletions in type I
cases tended to be larger than those in type II;
in type I, two cases had deletions of both SMN
and NAIP genes, and six had deletions of exons
7 and 8 and one has a deletion of only exon 7 of
the SMN gene, while in type II, the vast major-
ity of cases (949%) showed deletions of exons 7
and 8, but non had deletions of both the SMN
and NAIP genes. Nearly half of type III cases
had deletions of exons 7 and 8 or only exon 7 of
the SMN gene, while the remainder had no
known deletions. These results simply that the
size of the SMA gene deletion determines dis-
ease severity and to correlate with clinical type.
Case no. 3, who had no deletions, however, was
a typical type I SMA case clinically.

Lefebvre et al® reported cases with a point
mutation or short deletions in the consensus
splice sites of introns 6 and 7. Our case no. 3
may have had such a short deletion or point
mutation, which would not have been detected
by the methods employed in this study.
Although difficult, classifying SMA is impor-
tant for determining the prognosis of patients
with this untreatable disease. The afore-
mentioned difficulties encountered in classify-
ing individual SMA patietns into one of the
three clinical subtypes are quite understandable
given that the gene responsible for SMA is the
same for all three types. A relationship between
deletion size and clinical severity has been
suggested, though the precise mechanism
responsible for the variable severity has yet to
be elucidated.

3. The DNA analysis of atypical cases

Case no. 1 had mental retardation, one of the

exclusion criteria for the diagnosis of SMA,
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and did not have tongue fasciculation. Rudnik-
Schoneborn et al'® reported that cases with
SMN gene deletions could be classified into
three types: diaphragmatic SMA, SMA with
olivopontocerebellar atrophy and SMA with
congenital arthrogryposis and bone fractures as
well as SMA plus variant. Our case no. 1 did not
conform to any of these types. This case may be
genetically heterogeneous without liknage to 5
ql3. Case no. 2 showed deletions of the SMN
gene, suggesting that some atypical cases with
exclusion criteria may nonetheless have SMA.
4. Review of the literature on DNA analysis
of SMA

We compared the frequencies of deletions of
the SMN and NAIP genes among reports in the
international literature (Table 6). The fre-
quency of deletions in Japanese cases, i.e. our
present patients, was 86% (30/35) for the SMN
gene and 69 (2/35) for the NAIP gene. The
NAIP gene deletion frequency was 23% in type
I and 09 in types II and III. Reports from other
countries cited in Table 6 all showed the SMN
deletion rate to be over 909, markedly higher
than in our study. Although Ishikawa et al®*?
reported a 919 deletion rate for the SMN gene
in a small number of Japanese patients, SMN

and NAIP gene deletions appear to be less
common in Japan than in other countries, in
general. The reasons for these discrepancies
are unknown, but racial differences may be
contributory. It is possible that the deletion is
smaller in Japanese than in other races.Exami-
nation of materials submitted to our laboratory
from other racial groups, 1 Korean, 1 Japanese-
African, 1 Indian and 1 Chinese, revealed all to
have deletions of exons 7 and 8 of the SMN
gene. Another Korean case had no deletions of
either gene. The incidence of NAIP gene dele-
tions tended to be higher in the severe type than
in milder forms of SMA. Roy et al” reported
comparable results. These observations suggest
that the deletion size is related to SMA types.
The NAIP gene is homologous with the
apoptosis inhibitor proteins from baculovirus.
Roy et al” suggested that a failure of normal
inhibition of motor neuron apoptosis due to
mutation of the NAIP gene may be the patho-
genetic mechanism causing this disease at the
molecular level. Recently, Lefebvre et al*® repo-
rted that the protein product of the SMN gene
is located within a novel nuclear structure and
interacts with RNA-binding proteins.
5. Relationship between the type of DNA

Table 6 Frequencies of deletions of SMN and NAIP genes in reports from

several countries

Country n dsell\ggoﬁ?g/:) dgll?tlign g(%/i)l)e* References
France 229 98.6 Lefebvre et al, 19959
Canada 110 I 245, 11,11 : 18 Roy et al, 19957
UK 140 97.8 Rodrigues et al, 1995
Switzerland 62 90.4 46.8 Spiegel et al, 1996'
Belgium 23 91.3 Goemans et al, 1996'®
Netherlands 103 93 37 Cobben et al, 1995'”
Bulgaria 91 Joadainova et al, 19961®
Turkey 69 91 I 270,11 2 15 Erdem et al, 1996'%
Kuwait 13 100 0 Moosa et al, 19962
Taiwan 89 98.9 21.3 Chang et al, 1995V
Japan 11 91 0 Ishikawa et al, 1996%?
Japan 35 86 I 223, I,I1:0 Shiraiwa et al : this study 1997

* I, II, Il: SMA type, I,

I, II.

The figure shown here represents the gene deletion frequency in Japanese SMA patients,

i.e. those in the present study. Calculations were made excluding four non Japanese

patients (cases nos. 6, 12, 34 and 36) from the study population.
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deletion and clinical features

There have been a limited number of DNA
studies of SMA, including prenatal diagno-
sis?¥?% but there are no reports precisely de-
scribing the clinical features of patients in rela-
tion to their deletion patterns. It is important to
provide information about the quality of life of
patients showing specific deletions, as part of
the genetic counseling offerd in association
with prenatal diagnosis. It is also essential for
the family to be aware of their child’s prognosis
and certain difficult decisions, most notably
whether or not one should initiate ventilatory
assistance. This prognostic information allows
parents to make appropriate plans for the child’
s future, i.e. education and social adaptation.

Although the number of patients in our study
is limited, our study demonstrated that patients
with large deletions including the NAIP gene
never attain head control while those with the
type B deletion pattern show a broad range of
motor abilities. Furthermore, 17% of the latter
patients were able to walk and 13% lived
beyond 18y. As there were only three patients

with the type C deletion pattern, the data are

insufficient to speculate as to the significance
of deletion of exon 7 only. Even among the
casas with no deletions, i.e. pattern D, one case
was atypical and may thus have a different
mutation, while the other had a clinical picture
compatible with typical SMA type I as con-
firmed by one of the authors (Fukuyama).
Further study of more cases is necessary before
definitive conclusions can be drawn regarding
the clinical relevance of the SMN and NAIP
gene deletions examined in the present study.
The three types of SMA described herein
have in common a constellation. of clinical
characteristics, supporting the assumption that
they represent a single genetic disease. None-
theless, SMA constitutes a broad and continu-
ous spectrum, clinically, perhaps based on dif-
ferent levels of SMA gene expression. Our hope
is that the SMA gene will be identified, allow-
ing elucidation of the molecular parthogenetic
mechanism underlying this disease, and eventu-
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ally leading to effective treatment of patients
and prevention of this devastating disease.
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[NEEADIEAIEV B BE M ER E R DERAR (G & 3 FEIRF R

VREZFERARE NRRE, YRERE STHRET
MEEERARY NERE, YEHMEOHEEE 2 v = —rhiiEbNER

\‘/513 EEN JArvn g 2 AAYT © ¥ 2 72¥< 2% &
He HEEY - FEInRTY « REEATY -\l =R
47 & vay x 7eH4 Frax a4 7 toay

MWH % &Y - s R - NH EEY

LR EFEE (SMA) X EHORTAMEOZEYE, RECLD, HEHECHNET2ET 2HELA
B EOBEGBRTH 5. REBIIFIEF, kefEETEES, BEic kv 3 20McoEI 5,
DTFEEFERNCE, 199012 38 L IZ5ql3icFET 5 Z & REBH I M, & 51219954 SMA DO1EHAH
BT & LT SMN (survival motor neuron) i&E{mF & NAIP (neuronal apoptosis inhibitory
protein) JE{EFHHRE S iz, ABZETIE SMA BE 2K HEL, SMN &zF, NAIP #E&
TROWTEN LTz, &7z, BRI BB AN ROBRRERE L7z, WRIZ SMA 8E394
YASHRERE, LIEKE AR o Tz atypical SMA 2 £ TH S, 19904 D International SMA Collabo-
ration Workshop Report OEEFREISE A S L 12392048 L T2, ZODEIC B 2 RIEER, &S
FEEFGE S, B0 3 OOEREDT TR L, BREIZHETE 120139842081 TH - 72,
FEREER, EERES, BBDOZN TN DWW THEL R, REFR, S8 CIBEwERRR LR
L, BEREICOET 201 3REEEERRENB L URENERTH -2, &7z, B FHETOESE,
21KMD85% (33/39 1 1H190%, I #1009, II #549%) 2B >T SMN EIFD exon 7 DA, E72i
exon 7B LU 8 DREHEMDREKERDI, &z, 1BD24(5% 2/39) icEBv>T SMN E{EZT
DR L [FAERIC NAIP BET O exon 5 B L UREADED Stz WHEETORD oIz 2L i
[ B OEEFTH 7208, FOMD SMN BEILTFDADRELUIHEFNIERERIC 2 D OEIED
NTwiz, WFNORELRDSNZ» - THOSI B 5FIE MM ThHo 7, PAEX VBERWEES
LBETFOREY A4 XOMENRE S 7z, atypical SMA @ 9 5 141 SMN &L T DREFED
Bz, 7z, BAEEEEZ LD R 1HIRREDNRED ST, B2 2EBORREELHEZ Sl,
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