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Childhood-onset proximal spinal muscular atro-
phy (SMA) is characterized by degeneration of
the anterior horn cells of the spinal cord leading
to symmetrical limb and trunk paralysis. SMA is
the second most common fatal autosomal reces-
sive disease of early life after cystic fibrosis, with
an incidence of between 1 in 6,000 to 1 in 10,000
live births (1). Subdivision is based on the age of
onset of symptoms, which tends to reflect disease
severity. Type I, Werdnig-Hoffman disease, is le-
thal in infants and manifests at birth or within 6
months of age. These patients never sit unaided.
Type II patients sit, but never walk unaided, and
survival depends on how much the respiratory
muscles are affected. Type III SMA (Kugelberg-
Welander disease) is a relatively mild disorder
with onset in adolescence or later (2). In contrast
to the muscular dystrophies, cell death in SMA is
not thought to be progressive, though nothing is
yet known about the underlying defect (3).

CHROMOSOMAL LOCALIZATION
OF CHILDHOOD-ONSET
PROXIMAL SMA

All three forms of SMA have been mapped to
chromosome 5q11.2-q13.3 (4-7). The localiza-
tion of the mutation was refined by the identifi-
cation of microsatellites that showed strong link-
age disequilibrium with the disease (8-11).
These studies indicated a high frequency of null
alleles associated with the SMA phenotype, sug-
gesting that deletions of the critical region are
common in patients (12). Five independent YAC
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contigs have been constructed (12-17). How-
ever, these are inconsistent, due either to the
inherent instability of this chromosomal region
in YACs or to polymorphism resulting from vari-
able copies of repetitive sequences, pseudogenes,
and retrotransposon-like sequences within the
region containing the mutation (18-21).

CANDIDATE GENES FOR SMA
Survival Motor Neuron Gene

To date, three candidate cDNAs have been re-
ported. The Survival Motor Neuron gene (SMN)
exists in two almost identical copies within a
large inverted duplication of a 500-kb region on
5q13 (22). The gene encodes an ubiquitously
expressed 1.7-kb mRNA. The two copies of the
gene differ by five single base pair changes. None
of these would predict a change in protein se-
quence. Both genes are expressed, although the
centromeric copy undergoes alternative splicing
to produce a truncated transcript lacking exon 7.
Two of the single base pair changes lie in exons 7
and 8, enabling differentiation of the two copies
by single-stranded conformation polymorphism
analysis (SSCP) (Fig. 1). Deletion of exons 7 and
8 in the telomeric copy of SMN are detected in
more than 95% of patients, whereas deletions of
the centromeric exons 7 and 8 are consistent
with a normal phenotype and found in 3-5% of
controls (22,23). In approximately 5% of cases of
SMA of all types, the telomeric version of exon 7 is
absent by SSCP analysis while the telomeric exon 8
is present. Direct sequencing has shown that in
these cases the telomeric exon 7 sequence is re-
placed by the centromeric copy. It has been sug-
gested that this is due to gene conversion occurring
between the two copies of the SMN gene.
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FIG. 1. Candidate genes for SMA lie in an in-
verted duplication spanning 500 kb on 5q13

Single-stranded conformation polymorphism (SSCP)
analysis allows resolution of the two copies of SMN
exons 7 and 8 and the detection of deletions. Lane
1, a healthy individual; Lane 2, a healthy individual
who lacks the centromeric version of SMN, deletion
of which is not associated with a disease phenotype;
Lane 3, a patient with type I SMA who is deleted for
the telomeric version of SMN; Lane 4, a patient de-
leted for the telomeric version of exon 7 but who
retains telomeric exon 8 (sequencing shows that this
is due to a gene conversion event linking the centro-
meric version of exon 7 to the telomeric version of
exon 8).

The confusing issue with SMN is that the
same deletions of exons 7 and 8 of the telomeric
gene are observed in all types of SMA. Very
severely affected children, as well as adults with
disease onset as late as the fourth decade, show
identical deletions in exon 7 and 8 (24). In ad-
dition, asymptomatic siblings and parents of af-
fected individuals have also been described with
this deletion pattern (25-27). This suggests that,
while deletion of exons 7 and 8 of SMN is a very
good diagnostic marker for chromosome
5-linked SMA (28), it alone is not sufficient to
define the disease phenotype. It may be that
mutations in other genes on chromosome 5q13
are involved. Alternatively, the lack of genotype/
phenotype correlation for SMN deletions may be
due to the presence of variable numbers of copies
of the centromeric SMN gene which, if func-
tional, could compensate for the lack of the te-
lomeric copy. There is evidence from the study of
microsatellites that the more severely affected
patients possess fewer alleles at these loci than
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the more mildly affected patients. Consistent
with these data, one report presented evidence
for a relationship between gene dosage and the
disease, although these studies remain to be con-
firmed (29).

Identification of a de novo deletion of SMN
in two haploidentical siblings, one of whom was
affected and previously thought to be nonchro-
mosome 5 SMA, suggests that the rate of new
mutations in SMA may be high (23). Indeed, in
the initial studies of microsatellites, Melki and
colleagues (12) demonstrated a case of de novo
mutation. This may be a further reflection of the
instability of this genomic region.

Strong evidence supporting an important
role for SMN in the disease is provided by the
finding of mutations in patients without dele-
tions. Two patients in the original study had
small deletions in the gene involving splice sites
and one patient had a point mutation predicting
an amino acid substitution (22). In a separate
study, patients from consanguineous families
were homozygous for a 4-bp deletion in SMN
exon 3 leading to a frameshift (30). However,
even in these families there was variable severity
of the disease with the same mutation.

Neuronal Apoptosis Inhibitory
Protein Gene

The neuronal apoptosis inhibitory protein
(NAIP) gene maps close to SMN and is also du-
plicated in 5q13 (31). Variable numbers of trun-
cated copies of NAIP exist in the region. The
presence of NAIP can be detected by PCR ampli-
fication of exon 5, which is only present in the
full-length gene. Deletion of exon 5 is found in
45% of type I SMA patients and 18% of type II
and III patients. Three out of 168 carriers were
also found to harbor deletions of exon 5. The
true incidence of deletions in the functional copy
of NAIP in patients may be higher than observed
but masked by the presence of truncated copies
of the gene.

Evidence that NAIP may play a role in the
pathogenesis of SMA comes from functional
studies. The NAIP gene shows homology to two
genes encoding baculovirus inhibitor of apopto-
sis proteins (31). Recent experiments in which
NAIP is shown to suppress apoptosis in mamma-
lian cells are supportive of the protein acting as a
negative regulator of motor neuron apoptosis
and, when deficient or absent, contributing to
the SMA phenotype (32).

A third transcript XS2G3 mapping to the
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TABLE 1. Comparison of candidate genes for spinal muscular atrophy

SMN Gene

NAIP Gene

Disrupted or deleted in the majority of patients with SMA

No correlation of mutation with disease severity

Rare isolated cases of deletions in phenotypically normal

carriers
No homology to known genes

Deletions only detected in a proportion of patients
More severe patients are more likely to be deleted

Deletions in carriers detected at a low rate in all
populations

Homology to genes known to be involved in
inhibition of apoptosis in other species

candidate region has been shown to be deleted in
patients but subsequently has been demon-
strated to correspond to exon 7 of NAIP in the
reverse orientation (33). It therefore detects the
same deletions as NAIP.

HOW MANY GENES ARE
INVOLVED IN SMA?

Deletion studies of SMA patients, carriers, and
normals indicate that the size of the deletion in
type I patients is larger, encompassing both SMN
and NAIP, than that in type II and III patients
(34-36). In fact types II and III appear to repre-
sent a continuum. One interpretation of these
data is that both SMN and NAIP play a role in the
disease process (Table 1).

The rare occurrence of either SMN or NAIP
deletions in asymptomatic carriers suggests that
other modifying genes may be involved. Al-
though there is phenotypic variation in pedi-
grees, in general the severity of the disease
breeds true, indicating that any modifier locus
maps within chromosome 5ql3. It is possible
that neither of the two genes is the SMA gene
and deletions in the true gene extend into these
closely neighboring genes. An alternative expla-
nation first proposed by Becker, suggests that
there may be several different SMA alleles
segregating in the population, which in combi-
nation determine disease severity. The model
predicts both the rare occurrence of pseudo-
dominance and the appearance of extreme dif-
ferences in phenotype in a single family (37).
Cases of pseudodominance have been observed,
but the evidence for different alleles is still
awaited.

TOWARDS THE MOLECULAR
BASIS OF SMA

Although the pathology of SMA is considered to
be primarily neuronal, the possibility of an in-
trinsic muscle defect has been indicated by in
vitro experiments (38). Myoblasts from SMA pa-
tients which were innervated by neurite out-
growth from spinal cord slices showed a charac-
teristic pattern of degeneration compared with
control muscle. This observation suggests that
muscle has an abnormal phenotype in the severe
forms of SMA which may impair target depen-
dent motor neuron survival in vivo.

Clues to the role of NAIP and SMN in the
manifestation of SMA may come from the devel-
opment of animal models. However, such mod-
els may be complicated by the presence or ab-
sence of multiple gene loci in other organisms.
As yet it is unknown whether the genes are
duplicated in the mouse. Whatever the arrange-
ment, targeted disruption of even one of these
genes in the mouse may be very informative. If
mutations of both SMN and NAIP can explain
the disease process, it will be fascinating to de-
termine how these genes came to be duplicated
in the course of evolution.
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