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MUTATION UPDATE

HUMAN MUTATION 15:228-237 (2000)

An Update of the Mutation Spectrum of the
Survival Motor Neuron Gene (SMN1) in Autosomal
Recessive Spinal Muscular Atrophy (SMA)

Brunhilde Wirth*

Institute of Human Genetics, Bonn, Germany

Communicated by Richard G.H. Cotton

Spinal muscular atrophy (SMA) is characterized by degeneration of motor neurons in the spinal
cord, causing progressive weakness of the limbs and trunk, followed by muscle atrophy. SMA is
one of the most frequent autosomal recessive diseases, with a carrier frequency of 1 in 50 and the
most common genetic cause of childhood mortality. The phenotype is extremely variable, and
patients have been classified in type I-IIl SMA based on age at onset and clinical course. All three
types of SMA are caused by mutations in the survival motor neuron gene (SMN1). There are two
almost identical copies, SMN1 and SMIN2, present on chromosome 5q13. Only homozygous ab-
sence of SMN1 is responsible for SMA, while homozygous absence of SMN2, found in about 5%
of controls, has no clinical phenotype. Ninety-six percent of SMA patients display mutations in
SMN1, while 4% are unlinked to 5q13. Of the 5q13-linked SMA patients, 96.4% show homozy-
gous absence of SMN1 exons 7 and 8 or exon 7 only, whereas 3.6% present a compound heterozy-
gosity with a subtle mutation on one chromosome and a deletion/gene conversion on the other
chromosome. Among the 23 different subtle mutations described so far, the Y272C missense
mutation is the most frequent one, at 20%. Given this uniform mutation spectrum, direct molecu-
lar genetic testing is an easy and rapid analysis for most of the SMA patients. Direct testing of
heterozygotes, while not trivial, is compromised by the presence of two SMIN1 copies per chromo-
some in about 4% of individuals. The number of SMN2 copies modulates the SMA phenotype.
Nevertheless, it should not be used for prediction of severity of the SMA. Hum Mutat 15:228-
237, 2000. © 2000 Wiley-Liss, Inc.

KEY WORDS: mutation spectrum; survival motor neuron genes; SMN1; SMN2; spinal muscular at-

rophy; SMA

INTRODUCTION

Spinal muscular atrophy (SMA) is a group of
autosomal recessive neuromuscular disorders char-
acterized by degeneration of the anterior horn cells
of the spinal cord, leading to symmetrical muscle
weakness and atrophy. SMA represents the second
most common fetal autosomal recessive disorder
after cystic fibrosis. The disorder is subdivided into
three clinical groups (types I-III SMA) on the ba-
sis of clinical onset and maximum motor function
[International SMA Consortium, 1992; Zerres and
Rudnik-Schéneborn, 1995]. Patients with type I
SMA disease (Werdnig-Hoffmann, MIM# 253300)
show onset at birth or before six months, and usu-
ally die of respiratory insufficiency within two years.
Type I SMA patients are never able to sit or walk.
Patients with type II SMA (intermediate form,
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MIM# 253550) show onset after 6 months. They
can sit but are never able to walk unaided, and life
expectancy is significantly reduced. Type IIl SMA
(Kugelberg-Wlander disease, MIM# 253400) pa-
tients show first symptoms after 18 months and are
able to stand and walk, but often become wheel-
chair-bound during youth or adulthood. The gene
involved in type I-IIl SMA has been mapped to
5q12-q13 by linkage analysis, and refined to a re-
gion of about 750 kb [Brzustowicz et al., 1990; Melki
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et al., 1990a, b; Gilliam et al., 1990; Wirth et al.,
1995a]. The region contains a large inverted dupli-
cation consisting of at least four genes, which are
present in a telomeric (t) and a centromeric (c)
copy: survival motor neuron gene (SMN1 or SMNt
and SMN2 or SMNc); neuronal apoptosis inhibi-
tory protein gene (NAIP and YNAIP); basal tran-
scription factor subunit p44 (BTFp44t and
BTFp44c); and a novel protein with unknown func-
tion H4F5t and H4F5¢ [Lefebvre et al., 1995; Roy
etal.,, 1995; Biirglen et al., 1997; Carter et al., 1997;
Scharf et al., 1998] (Fig. 1A). Although homozy-
gous deletions encompassing all these genes are
found in SMA patients, it is now well established
that mutations or deletions of SMN1 (MIM#
600354) cause the disease, while the number of
SMN2 (MIM# 601627) copies modulates the SMA
phenotype [Lefebvre et al., 1998].

Type IV SMA (the adult form) seems to be het-
erogeneous: in few cases homozygous absence of
SMNI has been described, whereas most cases were
5q13-unlinked [Brahe et al., 1995; Clermont et al.,
1995; Zerres et al., 1995; Wirth, unpublished results].

SMN GENES

There are two almost identical copies, SMN1
and SMN2, within the 5q13 region [Lefebvre et
al., 1995]. Each SMN gene encompasses 27 kb
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including nine exons (1, 2a, 2b, 3-8) [Biirglen et
al.,, 1996a; Chen et al., 1997]. The ubiquitously
expressed SMN transcript is 1.7 kb and codes for
a protein consisting of 294 amino acids [Lefebvre
etal., 1995]. Sequencing of the complete genomic
region containing SMN1 and SMNZ2, respectively,
revealed a 99% homology between the two copies
[Monani et al., 1999]. SMN1 can be distinguished
from SMN2 by only five nucleotide differences:
one in intron 6, one in exon 7, two in intron 7 and
one in exon 8. The C-to-T transition in exon 7 is
a translationally silent nucleotide exchange, and
the one in exon 8 lies within the 3" untranslated
region (Fig. 1B, Table 3) [Lefebvre et al., 1995;
Biirglen et al.,1996a; Monani et al., 1999]. The
full length cDNAs of the two genes are identical
except for the two nucleotide exchanges in exons
7 and 8, yet SMN1 produces a majority of full-
length SMN1 while SMN2 produces primarily
transcripts lacking exon 7 (~60%) and minor
amounts of full-length transcripts (~40%)
[Lefebvre et al., 1995; Gennarelli et al., 1995]. It
has been recently demonstrated that the C-to-T
transition in exon 7 disrupts a putative exonic splic-
ing enhancer (ESE), causes alternative splicing of
SMN?2 exon 7, and is thus the molecular defect
responsible for SMA [Lorson et al., 1999]. Al-
though the two SMN copies encode identical pro-
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FIGURE 1.
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A: Schematic representation of the inverted and duplicated SMA region (5q13), including four duplicated

genes: H4F5, SMN, NAIP, and BTFp44. The region is flanked by HRAD17 proximal [von Deimling et al., 1999] and
TFNR (Kelter and Wirth, unpublished results). B: Localization of the nucleotides by which SMN1 can be distinguished

from SMN2.
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teins, SMN2 mainly produces a protein with a dif-
ferent carboxy terminus due to exon 7 skipping.
Exons 6 and 7 of the SMN gene contain a func-
tional relevant domain responsible for the self-oli-
gomerization of the SMN protein, and thus exon
skipping or mutations within this region lead to
reduced self-association [Lorson et al., 1998]. This
explains why the SMA phenotype correlates with
the copy number of SMN2. The more SMN2 cop-
ies a patient has, the more full-length SMN2 pro-
tein is present and the milder is the SMA
phenotype [Lefebvre et al., 1995; Burghes 1997;
Campbell et al., 1997; Wirth et al., 1999]. How-
ever, other unknown factors must modify the SMA
phenotype, since affected and unaffected sibs with
homozygous deletions of SMN1 and identical
haplotypes have been described in rare cases
[Cobben et al., 1995; Hahnen et al., 1995; Wang
et al., 1996; Wirth et al., 1999].

The SMN protein is a 38 kDa polypeptide which
is ubiquitously expressed, but is found in especially
high levels in the spinal motor neurons (Lefebvre
et al.,, 1997; Coovert et al., 1997). The SMN pro-
tein level is significantly reduced in tissues derived
from type  SMA patients, and moderately reduced
in tissues derived from type II and III SMA pa-
tients compared to controls [Lefebvre et al., 1997,
Coovert et al., 1997]. SMN plays an essential role
in spliceosomal snRNP biogenesis and pre-mRNA
splicing [Liu et al., 1997; Fischer et al., 1997;
Pellizzoni et al., 1998]. Together with SIP1 (an
SMN/-interacting protein), SMNI is involved in
the assembly of the snRNP components [Liu et
al., 1997; Fischer et al., 1997]. Both SMN and SIP1
are expressed in the cytoplasm and in distinct com-
partments of the nucleus called gems [Liu and
Dreyfuss, 1996]. In accordance with the impor-
tant function within the cell, SMN knock-out mice
are early embryonic lethal [Schrank et al., 1997].
Given the important function of SMN as a house-
keeping gene, it is still questionable why the ab-
sence of SMN1 causes only degeneration of spinal
motor neurons but not of other cells. A possible
answer is an interaction of SMN with a neuron-
specific protein. Recently, Giesemann et al. [1999]
described such an interaction between SMN and
the neuron specific profilin II (PENII), a protein
which binds to proline-rich regions.

MUTATIONS AND POLYMORPHISMS IN
SMN1/SMN2

The nucleotide differences between the SMN
copies in exons 7 and 8 are used for the molecular
diagnosis of SMA. The homozygous absence of

SMNI1 can be easily determined by PCR of exon 7
followed by Dral digest, which cuts SMN2 [van
der Steege et al., 1995], or Hinf I digest, which
cuts SMN1 [Wirth et al., 1999], and by PCR of
exon 8 followed by Ddel digest, which cuts SMN2
[van der Steege et al., 1995]. Alternatively, the
SMN copies can be distinguished by SSCA
[Lefebvre et al., 1995].

Exon 7 and 8, or only exon 7, of the SMN1 gene
are homozygously absent in 94% of SMA patients
(Table 1). There is a slightly higher frequency of
homozygous absence of SMN1 in types I and II
(96% and 94%, respectively) as compared to type
III SMA (86%). Nevertheless, the disease mecha-
nism responsible for the homozygous absence of
SMNI in types I-III SMA is different (see below).

In rare cases subtle mutations in SMN1 are re-
sponsible for the disease (Table 2, Fig. 2). It is dif-
ficult to calculate an overall frequency of rare
mutations from the literature data, because the
number of identified mutations was not given rela-
tive to the total number of clinically well charac-
terized SMA patients. From a large study carried
out in 525 typical SMA patients, we identified
homozygous absence of SMN1 in 92%, subtle
mutations in 3.4%, and no mutation in 4.6%
[Wirth et al., 1999].

Based on the high frequency of homozygous
absence of SMNI1 found in SMA patients, and
according to Hardy-Weinberg equilibrium, 99.7%
of all SMA patients must carry at least one SMN1
deletion on one chromosome. This means that the
non-deletion, non-consanguineous SMA patients
should be compound heterozygous, carrying a de-
letion on one chromosome and one subtle muta-
tion on the other one. Consequently, quantitative
tests have been developed which enable the de-
termination of the SMN1 copy number in non-
deletion SMA patients [McAndrew et al., 1997,
Wirth et al., 1999]. Non-deletion SMA patients
should show only one SMNI1 copy in the quanti-
tative tests. The same tests allow the identifica-
tion of carriers of SMA, except for 4% of carriers
who have two SMN1 copies per chromosome and
thus cannot be detected [McAndrew et al., 1997;
Wirth et al., 1999].

The identification of subtle mutations is com-
plicated by the presence of SMN2. Our strategy
to identify subtle mutations in non-consanguine-
ous families is: 1) Quantitative SMN1 testing of
the patient and the parents. The patient and one
parent should carry only one SMN1 copy. 2) Hap-
lotype studies with Agl-CA and C212, two multi-
copy polymorphic markers localized at the 5'-end
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TABLE 1. Frequency of Hmozygous Absence of the SMN1 Gene Found in Type I-IIl SMA Patients

Homozygous absence of SMN1 exons (%)

Reference Type of SMA Exons 7 and 8 Exon 7 only Non-deleted
Lefebvre et al., 1995 -1 93 (213/229)* 6(13/229) 1 (3/229)
Rodrigues et al., 1995 I 96 (49/51) 2(1/51) 2 (1/51)

Il 93 (54/58) 5(3/58) 2 (1/58)

I 84 (26/31) 13(4/31) 3 (1/31)
Cobben et al., 1995 I 92 (45/49) 0 (0/49) 8 (4/49)

Il 88 (30/34) 6 (2/34) 6 (2/34)

I 90 (18/20) 5 (1/20) 5 (1/20)
Hahnen et al., 1995; I 91 (247/270) 7 (18/270) 7 (11/270)

Wirth et al., 1999; II 83 (103/124) 10 (13/124) 7 (8/124)
Wirth, unpublished results 11 68 (89/131) 15 (19/131) 18 (23/131)

Velasco et al., 1996 I 96 (27/28) 4 (1/28) 0 (0/28)

Il 79 (22/28) 4 (1/28) 18 (5/28)

I 89 (8/9) 11 (1/19) 0 (0/9)
Simard et al., 1997 I 68 (19/22) 18 (1/22) 9 (2/22)

Il 100 (13/13) 0 (0/13) 0 (0/13)

I 72 (18/25) 4 (1/25) 24 (6/25)
Total for each type of SMA 1 91 (379/418) 5(21/418) 4 (18/418)

i 87 (222/257) 7 (19/257) 6 (16/257)

e 74 (159/216) 12 (26/216) 14 (31/216)
Total for all types of SMA I, Il and III 87 (975/1122) 7 (79/1122) 6 (68/1122)

3213/229 means 213 of 229 cases.

These sums exclude the data reported by Lefebvre et al., [1995] since no frequencies have been given for each type of SMA.

of the SMN genes. Identical mutations were found
on identical haplotypes (founder effect), and can
thus give a hint to the particular mutation. 3) Se-
quencing of the complete SMN1 coding region
from cloned RT-PCR products [Wirth et al., 1999].

Direct sequencing of genomic DNA is inappro-
priate due to unequally higher amounts of SMN2
copies. Direct sequencing of cDNA is inadequate
not only because of unequal amounts of SMN1/
SMN2, but also due to the lack of exons 3, 5, and
7 in alternatively spliced transcripts. Furthermore,
any mutation found must be assigned to the cor-
rect SMN copy, which makes subcloning and se-
quencing of SMNI1 absolutely necessary. SSCP
analysis of each exon is more time-consuming; not
all mutations can be identified; and sequencing for
the exact mutation and assignment to the correct
SMN copy must be carried out anyway.

There are 23 different subtle mutations pub-
lished so far, which include non-sense, frameshift
and missense mutations, deletions, inversions and
splice site mutations (Table 2, Fig. 2). The Y272C
and 813ins/dupll mutations are the most fre-
quently occurring mutations (17% (9/53) and 13%
(7/53), respectively) among all subtle mutations.
In the German population the Y272C missense
mutation accounts for 37% (7/19) of all rare mu-
tations. It has been shown that most of the mis-
sense mutations are localized within a highly
conserved region of exons 6 and 7 [Talbot et al.,
1997; Hahnen et al., 1997; Wirth et al., 1999],

and that these mutations reduce the self-oligomer-

ization capacity of the SMN protein [Lorson et
al., 1998].

Homozygous absence of SMN2, a condition
found in about 3-5 % of control individuals, has
no clinical consequences [Lefebvre et al.,1995].
Each viable individual has at least an SMN1 or an
SMN2 copy. Due to its function in the snRNP bio-
genesis and pre-mRNA splicing, SMN is an im-
portant housekeeping gene, and its absence is
lethal [Schrank et al., 1996].

There are 31 polymorphisms reported so far:
twelve in the promotor, one in intron 1 [Monani
et al., 1999], one in exon 2a [Hahnen and Wirth,
1996], one in exon 3 [Brahe et al., 1996], and six-
teen in intron 6 [Monani et al., 1999] (Table 3).

DISEASE MECHANISMS

The SMA region contains a 500 kb duplication
and inversion in the majority of control individu-
als. This repeated unit can vary from 0—4 copies
per chromosome, however, which confers high in-
stability and leads to deletions and gene conver-
sion within the region. The high de novo mutation
frequency found in 2% of SMA patients is caused
mainly by unequal crossing-over between the re-
peated units during paternal meiosis. This usually
leads to deletions of variable sizes, including at least
SMN1, Agl-CA, C212, and in some cases NAIP
[Wirth et al., 1997]. Gene conversion of SMN1
into SMN2, a second mechanism responsible for
the absence of SMN1, has been described as a de
novo event in an SMA patient [Wirth et al., 1997,
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TABLE 2. Subtle Mutations Within the SMN1 Gene Described in SMA Patients

Type of Exon (E)/ Type of No. of
mutation Intron (I) Mutations of SMN1 Nucloetide change SMA patients Reference
Deletions ES8 Deletion of exon 8 only I, 111 2 Gambardella et al., 1998
14-16 6.4 kb Alu-mediated deletion I 2 Wirth et al., 1999
including exons 5 and 6
Nonsense mutations El Q15X 78 C-T I I 2 Wirth et al., 1999
Frameshift mutations E2a 124insT ATTCT - ATTTCT I 1 Wirth et al., 1999
E2b 241-242in4 ACCT - ACGTGTCT I 1 Wirth et al., 1999
E3 430del4 ATAGAGAG - ATAG I-111 i Bussaglia et al., 1995
E3 472del5 GATGAAGTG - GATG I 1 Brahe et al., 1996
E4 542delGT AAGTGA - AAGA I-11I 3 Parsons et al., 1998a, 1998b
E4 591delA CAAAT -, CAAT 11 1 Wirth et al., 1999
E4 618insT CCTCCA - CCTTICCA I 1 Clermont et al., 1997;
Lefebvre, personal communication
E6 813ins/dupl1l ATGCTGATGCTTG-A LI 7 Parsons et al., 1996; Parsons et al., 1998b;
TGCTGATGCTTIGCTG Clermont et al., 1997; Lefebvre, personal
ATGCTTG communication
Splice site mutations 16 c.868-11del7 aacttccttattttccttacagGG I 1 Lefebvre et al., 1995, and personal
- aactttntccttacagGG communication
17 c.922+3deld GAgtaagtct ~ GAgtat 11 1 Lefebvre et al., 1995, and personal
communication
17 c.922+6T-G GAgtaagtct - GAgtaaggct 11 1 Wirth et al., 1999
Missense mutations E1l A2G 38C-G I, II 3 Parsons et al., 1998b
E3 E134K 433 G-A I 1 Clermont et al., 1997;
Lefebvre, personal communication
E6 P245L 767 C-T III 1 Rochette et al., 1997
E6 S2621 818 G-T 111 2 Hahnen et al., 1997; McAndrew et al., 1997
E6 Y272C 848 A-G I-111 9 Lefebvre et al., 1995; Rochette et al., 1997;
Wirth et al., 1999; Herchenbach and
Wirth, unpublished results
E6 T2741 854 C-T IL, I 4 Hahnen et al., 1997; Wirth et al., 1999;
Parsons et al., 1998
E6 G275S 856 G- A 111 1 Biirglen et al., 1996b
E7 G279C 868 G- T 1L, 111 2 Wang et al., 1998
E7 G279V 869 G- T I 2 Talbot et al., 1997
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FIGURE 2.
for both SMN1 and SMN2 in Table 3.

1999]. This encompasses either the complete
SMNI gene or part of it, resulting in hybrid SMN
genes which usually have origin in exon 7 of SMN2
and exon 8 of SMN1 [Lefebvre et al.,1995; Bus-
saglia et al., 1995; Hahnen et al., 1996; van der
Steege et al., 1996; Wirth et al., 1999]. Gene con-
version leads to an increase of SMN2 copies, as
determined by quantitative analysis and pulse field
gel analysis [Campbell et al.,1997; McAndrew et
al., 1997; Burghes, 1997; Wirth et al., 1999].

While the majority of type I SMA patients carry
real homozygous deletions of SMN 1, the majority of
type II and III SMA patients show homozygous ab-
sence of SMN1 as a result of gene conversion of
SMNI into SMN2, leading to an increase of 3—4
copies of SMN2 (Fig. 3). A strong correlation be-
tween SMN2 copy number, also reflected by the Agl-
CA and C212 copy number/alleles and the severity
of SMA, has been shown by various studies using
different methods [Melki et al., 1994; DiDonato et
al.,1994; Wirth et al., 1995b, 1999; Campbell et al.,
1997; McAndrew et al., 1997; Burghes, 1997]. But
since this is not a strict correlation, it should not be
used for predictions of the severity of SMA.

DIAGNOSTIC RELEVANCE

SMA can be quickly and reliably diagnosed due
both to identification of SMN1 as the determinant

f f
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Distribution of subtle mutations showing an effect on SMN1 cDNA in SMA patients. Polymorphisms are listed

gene for SMA, and discovery of the various muta-
tions responsible for SMA (which in 94% of cases
are homozygous absence of SMN1). In most cases,
therefore, invasive muscle biopsy can be avoided.
Furthermore, the SMN1 deletion test allows iden-
tification of SMA patients who would not other-
wise be diagnosed on the basis of clinical and
pathological examination [Biirglen et al., 1995;
1996¢; Devriendt et al., 1996; Rudnik-Schéneborn
et al., 1996; Korinthenberg et al., 1997; Omran et
al.,, 1998]. Quantitative testing of SMN1 copies
can be used to identify SMA patients heterozy-
gous for the deletion of SMN1 who are likely to
carry a subtle mutation on the other chromosome.
Furthermore, the quantitative SMN1 deletion tests
allow identification of 96% of SMA carriers. No
reliable prediction of the type of SMA can be made
by means of molecular genetic analysis.

Future Prospects

As mentioned above, recent findings revealed
that alternative splicing of exon 7 of SMN2 is
caused by a single nucleotide exchange that dis-
rupts an exonic splicing enhancer within exon 7.
Since each SMA patient has at least one SMN2
copy, one can envisage a therapy based on up-
regulation of the SMN2 full-length transcript.
Compared to other inherited diseases where an
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TABLE 3. Polymorphisms Identified in Both SMN1 and SMN2

Position Nucleotide position Polymorphism Reference
Promotor -3366 -/G Monani et al., 1999
-2052 C/A Monani et al., 1999
-2020 C/T Monani et al., 1999
-1990 C/T Monani et al., 1999
-1805 C/G Monani et al., 1999
-1438 AT Monani et al., 1999
-1427 C/G Monani et al., 1999
-1317 C/G Monani et al., 1999
-1155 G/A Monani et al., 1999
-893 A/G Monani et al., 1999
-769 GAG/- Monani et al., 1999
-318 GCC/- Monani et al., 1999
Intron 1 +8451 T/C Monani et al., 1999
Exon 2a +14035 (codon 28)? C/T Hahnen and Wirth, 1996
Exon 3 +17739 (codon 154) A/G Brahe et al., 1996
Intron 6 +21851 G/T Monani et al., 1999
+22872 A/G Monani et al., 1999
+23117 G/A Monani et al., 1999
+23505 A/G Monani et al., 1999
+25239 T/C Monani et al., 1999
+25379 G/A Monani et al., 1999
+25381 T/C Monani et al., 1999
+25519 G/A Monani et al., 1999
+25683 G/A Monani et al., 1999
+25729 C/G Monani et al., 1999
+26156 G/A Monani et al., 1999
+26236 -/AGGCA Monani et al., 1999
+26287 A/C Monani et al., 1999
+26587 G/A Monani et al., 1999
+26658 T/C Monani et al., 1999
+26769 C/A Monani et al., 1999
+27092° G/A Biirglen et al., 1996a
Exon 7 +27141 (codon 280)° C/T Lefebvre et al., 1995
Intron 7 +27289° A/G Biirglen et al., 1996a
+27404° A/G Biirglen et al., 1996a
Exon 8 +27869° G/A Lefebvre et al., 1995

2This polymorphism has been described only for SMN2.
®Nucleotide difference (no polymorphism) which distinguishes SMN1 from SMN2 (see also Fig. 1).

incorrect or no protein is produced and scientists but is inefficiently expressed. Therapy directed
are eagerly trying to reintroduce the gene by gene towards up-regulation of full-length SMN2 might
therapy, the gene is present in the case of SMA therefore be a useful strategy.
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FIGURE 3. Schematic representation of the most frequently observed SMA chromosomes in acute SMA (type I) and mild
SMA (type II/III). While type I SMA chromosomes usually carry true SMN1 deletions on both 5q13 homologs, type Il and
III SMA chromosomes carry either on one or on both 5q13-homologs an increased SMN2 copy number caused by gene
conversion of SMN1 into SMN2.
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