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Summary

The gene for autosomal recessive proximal spinal muscu-
lar atrophy (SMA) has been mapped to an 850-kb interval
on 5q11.2-q13.3, between the centromeric D5S823 and
telomeric D5S557 markers. We report a new complex
marker, Agl-CA, that lies in this interval, whose primers
produce one, two, or rarely three amplification-fragment-
length variants (AFLVs) per allele. Class I chromosomes
are those which amplify a single AFLV allele, and class II
chromosomes are those which amplify an allele with two
or three AFLVs. Agl-CA shows highly significant allelic
association with type" I SMA in both the French Canadian
(Hopital Sainte-Justine [HSJ]) and American (Ohio State
University [OSUI) populations (P<.0001). Significant as-
sociation between the Agl-CA genotype and disease sever-
ity was also observed. Type I patients were predominantly
homozygous for class I chromosomes (P=.0003 OSU;
P=.0012 HSJ), whereas the majority of type II patients
were heterozygous for class I and II chromosomes
(P-=.0014 OSU; P=.001 HSJ). There was no significant
difference in Agl-CA genotype frequencies between type
III patients (P=.5 OSU; P=.25 HSJ) and the paired normal
chromosomes from both carrier parents. Our results indi-
cate that Agl-CA is the most closely linked marker to
SMA and defines the critical candidate-gene region. Fi-
nally, we have proposed a model that should be taken into
consideration when screening candidate SMA genes.

Introduction

Proximal spinal muscular atrophy (SMA) is an autosomal
recessive disorder resulting in loss of a-motor neurons in
the spinal cord. Affected individuals are classified into
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three groups, depending on the age at onset and progres-
sion of the disease. Children with acute type I SMA are the
most severely affected. They have onset of symptoms prior
to 6 mo, are never able to sit, and rarely live beyond the
age of 2 years. Types II and III (chronic) SMA are milder
forms and show onset of symptoms between 6 mo and 17
years.
SMA affects 1 in 10,000 live births, representing an over-

all carrier frequency of 1:40 (Pearn 1980). Although the
primary defect responsible for SMA is unknown, all three
forms of autosomal recessive proximal SMA have been
mapped to 5ql 1.2-ql3.3 by linkage analysis (Brzustowicz
et al. 1990; Gilliam et al. 1990; Melki et al. 1990a, 1990b;
Simard et al. 1992; MacKenzie et al. 1993; Wirth et al.
1993, 1994; Burghes et al. 1994a). Recently, a physical map
of the region was assembled using a contiguous set of YAC
clones (Francis et al. 1993; Kleyn et al. 1993; Carpten et
al., in press) and radiation hybrids (Thompson et al. 1993).
Although recombinants have localized the SMA gene to
an interval of -850 kb (Francis et al. 1993; B. Wirth, un-
published data), the isolation of the gene has been ham-
pered by complex genomic structures found in this region.
These include chromosome 5-specific repetitive loci
(Francis et al. 1993; Thompson et al. 1993), multicopy se-
quences unique to 5q11.2-q13.3 that are represented
multiple times (Brahe et al. 1994; Burghes et al. 1994b),
and a high incidence of pseudogenes (authors' unpub-
lished observation). Owing to the overall complexity of
this region and the high incidence of pseudogenes, it is
imperative to further refine the SMA candidate-gene in-
terval. Simard et al. (1994) have shown the presence of
linkage disequilibrium in the French Canadian population.
Recently, we have reported a multicopy marker, CATT-1,
which shows allelic association in the American and Cana-
dian populations (Burghes et al. 1994b).

In this paper, we present data from a new multicopy
marker, Agl-CA, which lies between D5S823 and D5S557.
It demonstrates highly significant allelic association with
SMA in both the American and French Canadian popula-
tions and acts to core two consensus haplotypes observed
in French Canadian families. Given the strong allelic asso-
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ciation between SMA and Agl-CA, as well as the signifi-
cant segregation of Agl-CA class genotypes with respect
to clinical severity, the Agl-CA marker identifies the criti-
cal region that should be searched for candidate cDNAs
of the SMA gene.

Families, Material, and Methods

Families
All patients fulfilled the diagnostic criteria for proximal

SMAs defined by the international SMA consortium
(Munsat 1991,1992). DNA samples from families of SMA
patients were analyzed in the laboratories of the Clinical
Neuroscience Center, Ohio State University (OSU), and
the Service de Genetique Medicale, Hopital Sainte-Justine
(HSJ). The HSJ families are, with two exceptions, of
French Canadian origin. The OSU families attended a

number of different U.S. clinics, and in addition there were
families from Hungary. Two families from Germany, pre-

viously reported by Wirth et al. (1993, 1994), were in-
cluded. Although the ethnic origins of the OSU families
were not precisely defined, the OSU sample was more het-
erogeneous than was the HSJ sample. We do not know of
any close kinship between the OSU and HSJ families.

Sibships were classified as type I, II, or III SMA. Where
there were siblings of two types, the sibship was classified
with the more severe type. The HSJ families consisted of
37 sibships from 36 families. All but two families were

French Canadian. One sibship had type I and II SMA sib-
lings and was classified as type I. One sibship had type II

and III SMA siblings and was classified as type II. The ex-

tended family had a patient with type II SMA and an aunt
and uncle with type III SMA; each sibship was separately
classified. The OSU sample consisted of 58 sibships from
55 families. The three extended families consisted of two
pairs of first-cousin sibships and one pair of second-cous-
ins once-removed sibships. We classified one sibship with
type I and II siblings as type I; one sibship with types II and
III siblings as type II; two sibships that were either type II

or type III as type II; and one sibship with type III and type
IV siblings as type III SMA.

Somatic and Radiation Hybrid Lines
The somatic cell hybrid HHW105, which contains an

intact chromosome 5 (Dana and Wasmuth 1982) as its only
human material in a Chinese hamster background, was ob-
tained from the National Institute of General Medical Sci-
ences (NIGMS) Human Genetic Mutant Cell Repository
(Corriel Institute for Medical Research) and grown in a-

minimal essential medium (aMEM) that had been supple-
mented with proline as described by the supplier. The cell
line HHW1064 (Gilliam et al. 1989), which contains a hu-
man chromosome 5 deleted for Sqll.2-q13.3 in a Chinese
hamster background, was grown under the same condi-

tions as HHW105. A Chinese hamster cell line was also
obtained from NIGMS and grown in aMEM according to
the supplier's instructions. The radiation hybrid, XZH28,
which has been previously described, contains as its sole
human content -2 Mb of DNA from the SMA region
(Thompson et al. 1993).

Preparation and Isolation ofSequence-tagged Sites (STSs)
between D5S435 and D5S35 I
To amplify the human DNA from XZH28 and subse-

quently clone it, Alu-vectorette PCR was performed.
XZH28 DNA (1-5 jg) was digested to completion with
EcoRV, HinclI, and RsaI (BRL) in separate reactions with
a total of 10 U of restriction enzyme each. Vectorette
adapters (Riley et al. 1990) were ligated to the digested
XZH28 DNA by standard methods at a 20:1 molar ratio
for adapter:DNA. The subsequent vectorette libraries of
XZH28 were diluted to 5-10 ng/gl and used as template
for Alu-vectorette PCR. PCR was performed on the
XZH28 vectorette libraries by using Alu559 (Ledbetter et
al. 1990) and the universal vectorette primer, UVP224
(Riley et al. 1990). Each PCR reaction was carried out in a
total volume of 50 jil, using 5-10 ng of vectorette library
DNA; 6.7 mM MgCl2; 67mM Tris-HCI pH 8.0; 16.6 mM
(NH4)2SO4; 28 mM P-mercaptoethanol; 10% dimethyl-
sulfoxide (v/v); 0.3 mM each of dATP, dCTP, dGTP, and
dTTP; and 2.5 U of Taq DNA polymerase (Perkin Elmer
Cetus). After an initial denaturation of 3 min at 94°C, 35
cycles of 94°C for 45 s, 55°C for 45 s, and 72°C for 3 min-
utes were performed with a final 7-min extension at 72°C
in a Perkin Elmer Cetus thermal cycler. An aliquot was
analyzed on a 2% agarose gel.
The Alu-vectorette PCR products were purified using a

Promega PCR prep column according to the manufactur-
er's instructions. Twenty micrograms of glycogen (Boeh-
ringer Mannheim) were added to the eluate, and the sam-
ples were then ethanol precipitated. The products were
resuspended in 10 mM Tris-HCl/1 mM EDTA (pH 8.0)
buffer at a concentration of '-100 ng/gl. One hundred
nanograms of the Alu-vectorette PCR products was li-
gated to 25 ng of the T-tailed vector, pT7 (Novagen), using
T4 ligase and the manufacturer's conditions. Ligations
were electroporated into electrocompetent DSHa cells at
2.5 mV, 200 Ohms, and 2.5 gFD. The colonies obtained
were master plated in duplicate. One plate was lifted onto
Hybond N+ (Amersham) and was hybridized with the
UVP224 primer which had been end labeled with [,y-
32P]ATP by using a standard T4 polynucleotide kinase
(USB) reaction (Sambrook et al. 1989) to identify clones
that contained inserts. The hybridization was carried out
using Rapid Hyb (Amersham) according to the manufac-
turer's protocol. Positive clones were amplified by PCR
using the AluSS9 and UVP224 primers to determine the
size of the inserts. Clones that contained inserts >120 bp
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were sequenced using the dsDNA Cycle Sequencing Sys-
tem (BRL) with miniprep DNA that had been purified us-
ing Promega miniprep columns. Products of the sequenc-
ing reactions were analyzed on 6% denaturing polyacryl-
amide gels. Primer sets were designed and then synthesized
using a PCR mate 1000 DNA synthesizer (Beckman).
One of the STSs identified was Agl, which mapped back

to XZH28. The primer set for Agl is (forward, 5' ACT
gCA CTC CAT gCA CTC AgC; reverse, 5' TCC TTg TAA
CCT CAg AgT gTg T), and the PCR conditions included
an initial denaturation of 3 min at 940C followed by 35
cycles at 940C for 30 s, at 580C for 20 s, and at 720C for 20
s. The product size of Agl was 128 bp.

Isolation ofan AgI Cosmid
The chromosome 5 cosmid library (Los Alamos) was

replica plated into microtiter plates containing Luria broth
(Sambrook et al. 1989) and kanamycin (25 jg/ml) and
grown overnight. Each plate was then converted into
DNA by using a modified alkaline lysis miniprep (Sam-
brook et al. 1989). To identify genomic clone(s) from Agl,
each plate pool was screened with the Agl STS. After iden-
tification of the positive plate(s), row and column DNA
from that microtiter plate(s) was prepared in order to iden-
tify the coordinates of the positive cosmid (108H11). The
Agl cosmid was digested with Sau3AI (BRL) and was li-
gated into dephosphorylated BamHI-digested Puc18, us-
ing T4 ligase (Boehringer-Mannheim). The ligation mix-
ture was transformed into DHSa competent cells (BRL)
and the resulting colonies were master plated in duplicate.
One plate was lifted onto Hybond N+ and screened with
a (CA)9 oligonucleotide probe that was end labeled as de-
scribed above. The hybridization was carried out over-
night at 42°C in 6 X SSC/0.5% Carnation milk/1% SDS
and was washed sequentially at 42°C for 5-10 min in 2
X SSC/0.1% SDS, 1 X SSC/0.1% SDS, 0.5 X SSC/0.1%
SDS, and 0.2 X SSC/0.1% SDS. Between buffer changes,
filters were monitored and compared with positive and
negative controls. Positive clones were picked and se-
quenced (BRL dsDNA cycle sequencing). The subclone,
Agl -CA, contains a (CA)21 dinucleotide repeat.

PCR ofAg I-CA and Other Polymorphic Primer Sets
Primers that flank the Agl-CA repeat sequence were de-

signed (forward, 5' ATT TAC TTT TCC AAg ggg gAg g;
reverse, 5' CAT gTT gCT TAg gCC TCg TCT) and were
used for linkage analysis. This was done by first end-label-
ing the forward primer. The PCR was carried out in a vol-
ume of 25 il that contained 0.3 mM dNTPs, 50 mM KCI
(pH 9.0), 10 mM Tris-HCI (pH 8.3), 2.5 mM MgCl2,
0.01% triton X 100 (v/v), 0.01% tween-20 (v/v), 0.01%
gelatin (w/v), 1 U of Taq DNA polymerase, 50-100 ng of
genomic DNA, 50 ng [,y-32P] end-labeled forward primer,
and 50 ng reverse primer. Cycling conditions included an

initial denaturation of 3 min at 940, followed by 35 cycles
of 30 s at 94°C, 45 s at 65°C, 1 min at 720C, and a final
extension of 7 min at 720C. The PCR products were dena-
tured by adding one volume of formamide stop mix and
heating for 3 min at 90°C. The samples were loaded onto
an 8% denaturing polyacrylamide gel and electrophoresed
at 1,600 V for -4 h. Best resolution was obtained using a
wide-tooth (8 mm) comb. The conditions for the markers
D5S125 (Mankoo et al. 1991), D5S435 (Soares et al. 1993),
D5S557 (Francis et al. 1993), D5S351 (Hudson et al. 1992),
MAP1B-3' (Lien et al. 1991), and JK53 (Morrison et al.
1992) have been described previously.

Linkage Analysis and Genotyping ofAgi -CA
The linkage analysis was performed using the LINK-

AGE 5.1 package (Lathrop et al. 1984). SMA was analyzed
as a completely penetrant autosomal recessive disorder
with a gene frequency of .0063 (Brzustowicz et al. 1990;
Burghes et al. 1994a). LOD scores were calculated using
the MLINK program.
The primer set Agl-CA amplifies one, two, or rarely three

PCR fragments simultaneously. For clarity, we have desig-
nated these PCR fragments as "amplification-fragment-
length variants" (AFLVs). Agl-CA alleles are composed of
one, two, or three AFLVs, as determined after segregation
analysis. "Genotype" refers to an individual's alleles at the
Agl-CA locus, while "haplotype" refers to all markers in the
SMA region. This has been done to eliminate confusion of
terminology in the extended haplotype analysis of French Ca-
nadian families. One or more AFLVs comprise the alleles of
the highly polymorphic Agl-CA locus. The AFLVs lie close
together, as the Agl-positive cosmid contains two AFLVs.
Alleles were assigned independently in the two laboratories
by inspection of segregation in the families, taking into ac-
count any differences in signal intensity of the AFLVs for
evidence of variation in copy number. Fifteen AFLVs were
observed of sizes 90-122 bp (table 1). Agl-CA alleles with
one AFLV per chromosome were classified as class I alleles.
Alleles with two or three AFLVs per chromosome were clas-
sified as class II alleles. Alternative Agl-CA genotypes were
possible for two HSJ and seven OSU families (e.g., see fig.
1B). Since alleles with three AFLVs were rarely observed, we
only considered class I and class II alleles with two AFLVs in
the instances of alternative genotypes. Three alleles in HSJ
and five alleles in OSU normal chromosomes were unknown
because of missing parental data. In total, 58 different Agl-
CA alleles were identified.

Statistical Analysis
Some of the "observed" numbers of certain Agl-CA alleles

and genotypes were fractional counts as a consequence of
averaging frequencies of alternative genotypes. The Pearson
x2 statistic was used to test homogeneity of allele-class geno-
types between SMA and normal chromosomes for each of
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Table I

Counts of AFLVs in Both the OSU and HSJ Populations

OSU HSJ
SIZE

AFLV (bp) Normal Acute SMA Chronic SMA Total SMA Normal Acute SMA Chronic SMA Total SMA

1 ................ 122 3 0 0 0 000 0
2 ................ 120 2 0 0 0 000 0
3 ................ 118 7 2 1 3 322 4
4 ................ 116 104 2 662 4 6
5 ...... .......... 114 25 3 7 10 22 0 6 6
6 ................ 112 16 1 5 5 11 1 2 3
7................ 110 19 9 14 23 15 2 7 9
8................ 108 37 8 19 26 27 5 15 20
9................ 106 14 5 3 8 14 5 9 14

10 ................ 104 2 3 6 9 304 4
11 ................ 102 9 6 7 12 6 0 11
12 ...... .......... 100 11 15 8 23 10 13 18 31
13 ................ 98 1 0 0 0 000 0
14 ................ 96 0 2 0 2 000 0
15 ................ 90 1 0 0 0 000 0

Total AFLVs 157 58 72 127 117 30 68 98
Total chromosomes 95 51 48 99 67 26 43 69

NOTE.-The AFLVs from 2 HSJ and 5 OSU normal chromosomes were excluded because of missing parental data. In addition, 2 HSJ and 7 OSU
families were excluded, as phase could not definitively be assigned to SMA or normal chromosomes. Note that the total number of AFVLs differs from
the total number of chromosomes, since more than one AFLV can occur on a chromosome.

the three clinical types of SMA. In type III HSJ families, the
Agl-CA allele-class genotypes 1/1 and 1/2 were combined
into one category. The small sample distribution Of X2 may
be reasonably close to the asymptotic x2 approximation un-
der the null hypothesis (Fienberg 1980).
Many Agl-CA alleles were infrequent and contingency

tables of SMA and normal chromosomes for each type of
SMA were sparse, with the number of alleles ranging from
20 to 38. A X2 test for small expected values proposed by
Smith (1986) was used for tests of homogeneity of allele
frequencies. The test is a normal approximation to the dis-
tribution Of X2 based on the exact mean and variance of x2
under the null hypothesis. We used the second test statistic
of Smith (1986), which is based on V2, to test for the
presence of overall allelic association. To identify Agl-CA
alleles that were significantly more frequent than expected
on SMA chromosomes, we used a sequential procedure
and the Freeman-Tukey deviate as the test criterion. The
Freeman-Tukey deviate is Vi + Vxi+ 1 - V4mi+ 1,
where xi is the observed frequency and mi is the expected
frequency. The Freeman-Tukey deviate is approximately
normally distributed with mean 0 and variance 1, where xi
follows a Poisson distribution with mean mi (Bishop et al.
1975). We considered a large value of the Freeman-Tukey
deviate for an SMA Agl-CA allele to be >1.65, nominally
a probability of <.05. The sequential test procedure was as
follows. First, the Agl-CA allele with the largest Freeman-
Tukey deviate was identified by fitting the log-linear model

of independence to the contingency table of alleles from
families of a specific SMA type. If the value of the deviate
met the criterion, then that cell was treated as a structural
zero and the resulting incomplete contingency table was
fit using the log-linear model of quasi independence
(Bishop et al. 1975; Fienberg 1980). The next SMA Agl-
CA allele with the largest deviate was identified, and if the
value met the criterion then the relative excess of that al-
lele was considered to be significant, the cell was treated as
a structural zero, and the resulting incomplete contingency
table (now with two zeroes) was fit using the log-linear
model of quasi independence. This procedure was termi-
nated at any step in which the largest value of the Freeman-
Tukey deviate of the remaining Agl-CA alleles did not
meet the criterion. In only one case, that of the analysis of
type I SMA in OSU, was it necessary to fit an incomplete
contingency table using the model of quasi independence.
This was because all other Agl-CA alleles, judged to be
significantly in excess in SMA chromosomes of a particular
group of families, were not observed in the normal chro-
mosomes. Data analysis and graphics were carried out us-
ing the S language (Becker et al. 1988) as implemented in
S-PLUS (Statistical Sciences 1992).

Results
Isolation and Physical Mapping ofAgI
The Agl STS marker was identified by Alu-vectorette

PCR of radiation hybrid DNA (XZH28), which contained
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I I 2 3 4 5 6

A.

I-

1 Y27
I F-

I

AG1

Y97

Yoe

......,..1_

CATT-1

II~~~~~~~~~~~~~~

I

DSS557

Figure 2 A, Mapping panel of AgI. Lane 1, Negative control. Lane 2, Amplification of chinese hamster DNA. Lane 3, Amplification of human
genomic DNA. Lane 4, Amplification of DNA from hybrid HHW105 containing only human chromosome 5. Lane 5, Amplification of DNA from
hybrid HHW1064, which is deleted for Sql 1.2-q13.3. Lane 6, Amplification of XZH28, which contains the SMA region as its only human DNA. B,
Location of Agl with respect to YAC clones and nearby markers. Broken lines denote deletions.

the SMA region (-2 Mb of DNA) as its only human com-

ponent. The STS was initially mapped using somatic cell
hybrids. Agi was present in radiation hybrid XZH28 and
the hybrid HHW105 but absent in hybrid HHW1064, in-
dicating that it maps to the region containing the SMA
gene (fig. 2A). The STS marker was also mapped in YACs.
It was positive on YACs 97 and 98 and negative on YACs
88 and 122 in the contig reported by Kleyn et al. (1993).
With the YACs reported by Carpten et al. (in press), Agl
was negative on YACs 23, 27, and 31 but positive on all
the other YACs extending centromeric of CATT-1. This
indicates that the most likely physical position for Agl is
within the deletion of YAC 27 (fig. 2B).
Genetic Analysis ofAgi -CA in SMA Families
Agl-CA is a multicopy marker that has 15 AFLVs and

58 alleles. This marker may have one, two, or rarely three

AFLVs per chromosome. As is clear from the data pre-

sented above, all copies map to the genomic region con-

taining the SMA gene. Agl-CA maps between D5S823 and
D5S557, and no recombinants were observed between
Agl-CA and SMA in the OSU, HSJ, and German families
(fig. 1). In the OSU population, Agl-CA was linked to the
SMA locus with a LOD score of 16.52 at 0 = 0. The ob-
served counts of the various AFLVs in phase-known fami-
lies are shown in table 1. Following segregation analysis,
chromosomes were designated as being either class I or

class II. Class I chromosomes contain an Agl-CA allele
with a single AFLV, whereas class II chromosomes have an
allele that contains two or three AFLVs. The distribution
of particular Agl-CA alleles is summarized for both the
OSU and HSJ populations in figure 3. Obligate heterozy-
gote carriers and their affected children were used to assign

B.

IYi
- , | - |

DSS435

1223

I
I
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normal and SMA chromosomes; any fractional counts are
due to equal weighting of alternative genotypes. The nor-
mal alleles represented by Agl-CA in the OSU and HSJ
families were generally the same, except that certain alleles
predominated in one population. For instance, the "9/12"
allele was present in >11% of HSJ chromosomes and only
5% of OSU chromosomes. Allele "14" was observed only
in Hungarian families in the OSU population. However,
allele "12" occurred predominantly on SMA chromo-
somes in both populations; this allele was typed on 41.5/
190 SMA chromosomes and only on 2/182 normal chro-
mosomes. Furthermore, allele "11," while absent in the
HSJ population, was present on 10% of the OSU SMA
chromosomes and 1% of the OSU normal chromosomes.
Finally, alleles "7" and "8" were present on 20% SMA and
only 9% normal chromosomes in the OSU population.

In light of obvious differences in the distribution of var-
ious alleles between SMA and normal chromosomes, we
tested for allelic association between SMA and Agl-CA,
using a x2 heterogeneity test for small expected values that
was proposed by Smith (1986). We observed significant al-
lelic association between Agl-CA and SMA for type I fam-
ilies in both patient populations (z=4.14, P<.0001 and
z=6.45, P<.0001 in HSJ and OSU, respectively) and for
type II families in the HSJ population (z=4.90, P<.0001).
There was lack of significant association for type II families
in the OSU population (z=1.08, P= .14) and for type III
families in both patient populations (z=1.32, P=.09 and
z=1.42, P=.08 in HSJ and OSU, respectively). To identify
the SMA alleles that occurred significantly more fre-
quently than expected, we used a sequential test procedure
and a criterion based on the size of the Freeman-Tukey
deviate. The SMA chromosomes carrying Agl-CA allele
"12" were significantly more frequent than expected in
type I SMA families in both patient populations (Freeman-
Tukey deviates 1.98 and 2.13 in HSJ and OSU, respec-
tively) and in type II families in the HSJ population (Free-
man-Tukey deviate 1.71). In addition, SMA chromosomes
carrying either Agl-CA allele "11" or "7" were signifi-
cantly more frequent than expected in the OSU type I fam-
ilies (Freeman-Tukey deviates 1.67 and 1.75, respectively).

Finally, there were significant differences in the Agl-CA
allele-class genotype frequencies between SMA and nor-
mal chromosomes for type I and II, but not for type III
SMA (table 2). The estimated class 1 allele frequencies
showed a marked trend of decreasing frequency with de-
creasing severity in HSJ SMA chromosomes (.85, .68, and
.18 in types I, II, and III, respectively). The frequencies of
cass I alleles in OSU SMA chromosomes were also greater
in acute than in chronic SMA (.85, .44, and .54 in types I,
II, and III SMA, respectively).

Extended Haplotype Analysis in the French Canadians

Owing to their common and recent origins, the French
Canadian families were analyzed in detail with the markers

[D5S125-D5S435-(Agl -CA)-DSS57-DSS351-MAP1 B-
JK531. Extended haplotype data were available for 63
SMA chromosomes and 61 normal chromosomes (table
3). As can be seen, there were a total of 110 unique haplo-
types, and only one haplotype was common to both nor-
mal and SMA chromosomes. Overall, SMA chromosomes
are more homogenous than are normal chromosomes, in
that 28.6% of SMA chromosomes were observed more
than once. Two haplotypes, [145-124-(9/12)-164-198-
234-110] and [145-124-(12)-164-200-232-114], each ac-
counted for 9.5% of the SMA chromosomes. This indi-
cates that 19% of the SMA chromosomes may be ances-
trally related to two different haplotypes.

In type III SMA, the extended haplotype containing the
Agl-CA "9/12" allele predominates (fig. 4). This haplo-
type was present on 10 SMA chromosomes. Of these, 6
were identical [145-124-(9/12)-164-198-234-110]. Four
additional chromosomes have been included, as they may
be related. SMA chromosome FC24 may have diverged
from the consensus haplotype at JK53 as a result of a single
mutation or recombination event. In contrast, a single re-
combination between Agl-CA and DSS557 or two muta-
tions, one at D5S557 and the other at MAP1B, could ex-
plain how SMA chromosomes FC8 and FC35 could have
diverged from the consensus. If there was a single recom-
bination, this event would place the SMA locus proximal
to D5S557, consistent with the current genetic mapping
data. Finally, if SMA chromosome FC16 is related, a mini-
mum of two recombination events would be required,
placing the SMA locus distal to D5S435. Family FC7 (two
type III individuals) was homozygous for the "9/12" hap-
lotype. Consequently, if there is a single SMA mutation
segregating with this haplotype, it is most likely one that
results in the least severe form of the disease.

Assembling the 16 SMA chromosomes carrying allele
"12" at the Agl-CA locus was more difficult. However, a
subset of these do appear to be related to each other. Six
SMA chromosomes from five families were identical. Fam-
ily FC36, with a history of type I SMA, was homozygous
for this extended haplotype. This observation suggests
that, if these chromosomes carry an identical SMA muta-
tion, then this haplotype segregates with type I SMA. SMA
chromosome FC33 differs at a single site, D5S435. FC28
maps SMA proximal to D5S351. We could not establish
any obvious relationship between the eight remaining
SMA chromosomes carrying allele "12" and the consensus
haplotype; these are listed in figure 4.

Discussion

Recombination analysis has mapped the SMA gene to
an 850-kb interval between the markers D5S823 and
D5S557 (Francis et al. 1993; B. Wirth, unpublished data).
Recently, using the markers D5S435, D5S125, D5S351,
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Type I SMA chromosomes (n=82)
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1.111111 -- -~~IEm- ml- Em IU
8 12 7/8
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Figure 3 The combined distribution of Agl-CA alleles in both the OSU and HSJ population. Agl-CA alleles and their order in the histograms
of allele frequencies in pooled data are as follows: "3," "4,""5,""6,""7,""8,""9,""10,""11 ," "12," "14," "15," "1/3," "1/5," "1/8," "2/3," "2/

4," "2/8," "2/12," "3/4," "3/5," "3/7," "3/8," "3/12," "4/5," "4/6," "4/7," "4/8," "4/9," "4/10," "5/6," "5/7," "5/8," "5/9," "5/10," "5/
1," "5/12," "6/7," "6/8," "6/11," "6/12," "7/8," "7/9," "7/10," "7/11," "7/12," "8/9," "8/10," "8/11," "8/12," "9/10," "9/11," "9/12,"

"10/12," "11/12," "11/13," "6/7/11," "9/11/12."

and JK53 in 22 French Canadian families, Simard et al.
(1994) reported statistically significant linkage disequilib-
rium. In addition, linkage disequilibrium has also been ob-
served with the marker D5S435 in type I German SMA
families (B. Wirth, unpublished data). In both instances,
linkage analysis indicated that certain haplotypes occurred
only on SMA chromosomes.

The 850-kb region that contains the SMA gene is unu-
sual in that it contains a number of multicopy markers
(Kleyn et al. 1993; Brahe et al. 1994; Burghes et al. 1994b).
We have extensively characterized one of these, CATT-1
(Burghes et al. 1994), and were able to demonstrate sig-
nificant allelic association between CATT-1 and SMA in
the American and Canadian SMA populations. In this pa-

0.30 -
0.25 -

0.20 -
0.15 -
0.10 -

0.05
0.0 -

0.30 -

0.25 -

0.20 -

0.15
0.10
0.05
0.0

0
c
0)
or
a)
LL

0.30 -
0.25 -

0.20
0.15 -

0.10 -

0.05 -
0.0 -

_

_ _

1225



Am.J. Hum. Genet. 55:1218-1229,1994

Table 2

Ag I -CA Allele-Class Genotype Frequencies According to Type ofSMA

TYPE ia TYPE 11b TYPE III
Agl-CA ALLELE-
CLASSGENOTYPE SMA Normal SMA Normal SMA Normal

HSJ Families

1/1 .......... 9 {.69} 1 {.08} 4.67 {.36} 1 {.08} 0 .5 {.06}
1/2 ...... .... 4 {.31} 5 {.38} 8.33 {.64} 3 {.23} 4 {.36} 6 {.67}
2/2 .......... 0 7 {.54L 0 9{-69} 7 {.64} 2.5 {.28}

Total .......... 13 {1.0} 13 {1.0} 13 {1.0} 13 {1.0} 11 {1.0} 9 {1.01}

OSU Families

1/1 .......... 20.67 {.74} 4.67 {.19} 0 2.67 {.16} 2 {.17} 1 {.08}
1/2 ...... .... 6 {.21} 11 {.46} 16 {.89} 5 {.29} 9 {.75} 8 {.67}
2/2 .......... 1.33 {.O5} 8.33 {.35} 2 {.11} 9.33 {.55} 1 {.08} 3 {.25}

Total .......... 28 {1.0} 24 {1.0} 18 {1.0} 17 {1.0} 12 {1.0} 12 {1.0}

NOTE.-The SMA genotype is that of one patient in a family, and the normal genotype consists of the normal chromosomes of the parents. Curly
braces ({ }) indicate the relative frequencies of the Agl-CA genotypes, by SMA genotype. The results of X2 tests of the difference in the distribution
of AgI-CA allele-class genotypes between SMA and normal genotypes are given in footnotes a-c below.

a HSJ families-X2 = 13.51, df = 2, P = .0012; OSU families-x2 = 16.43, df = 2, P = .0003.
b HSJ families-%2 = 13.88, df = 2, P = .001; OSU families-x2 = 13.16, df = 2, P = .0014.
c HSJ families-X2 = 1.32, df = 1, P = .25 (Agl-CA genotypes 1/1 and 1/2 were combined); OSU families-x2 = 1.39, df = 2, P = .5.

per, we describe the identification and genetic analysis of
a new multicopy marker, Agl-CA, which lies centromeric
of CATT-1. Both Agl-CA and STS 98T (Kleyn et al. 1993)
map to a single P1 clone (authors' unpublished data). Agl-
CA-having one, two, or rarely three AFLVs per allele-is
less complex than CATT-1. We have demonstrated highly
significant association between Agl-CA and acute SMA
and provide evidence for a correlation between the Agl-
CA genotype and the severity of the disorder. Allele "12,"
which is significantly associated with SMA, was typed on

22% SMA chromosomes and on only 1% of normal chro-

mosomes, corresponding to frequencies of .218 and .005,
respectively. Interestingly, this association was significant
in type I SMA of both populations and type II SMA in the
HSJ population and was not significant in either of the type
III SMA populations. With respect to Agl-CA genotypes,
72% of type I SMA patients (compared to 15% normals)
were class I homozygotes. In type II SMA, 78% of SMA
patients (compared to 27% normals) were class I/class II
heterozygotes. There was no significant difference in the
Agl-CA genotype between type III SMA and normal indi-
viduals. Overall, our observations indicate that data

Table 3

Extended Haplotypes Observed in the French Canadian Population

NORMAL
CHROMOSOMES SMA CHROMOSOMES

HAPLOTYPE DSS125-D5S435-(Ag1-CA)-
D5S557-DSS351-MAP1B-JK53 No. % No. %

145-124-(9/12)-164-198-234-110 0 0 6 9.5
145-124-(12)-164-200-232-114 0 0 6 9.5
141-140-(3/4)-158-198-232-104 1 1.6 2 3.2
141-136-(8)-158-196-232-112 0 0 2 3.2
145-136-(7/8)-164-198-232-112 0 0 2 3.2
105 other haplotypes ..60 98.4 45 71.4
Total .. .61 100 63 100
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SMN Chromosomes
Family ID/SMA Type

6 FC5/II; FC7/III
FC7/III; FC17/I,II;
FC22/III; FC23/II

1 FC24/III
2 EC8/III; FC35/I
1 FC16/III

6 FC5/II; EC6/II;
FC28/I; FC34/I;
FC36/I; FC36/I

1 EC33/I
1 FC28/I
1 FC23/II
1 FC15/II
1 FC1/II
1 FEC25/I
1 FC12/I
1 FC21/II
1 FC25/I
1 FC35/I

Figure 4 Two consensus haplotypes identified in the French Ca-
nadian population.

should be rigorously analyzed when estimating allelic as-

sociation between SMA and closely linked loci, since as-

sociation appears to be influenced by disease severity as

well as ethnic origin.
Extended haplotype analysis in the French Canadian

population indicated that the majority of SMA patients
were likely compound heterozygotes for two different
SMA mutations, a factor that probably plays a role in the
observed clinical heterogeneity. Both the fact that >19%
of these haplotypes may be related to two ancestral SMA
chromosomes and the identification of two SMA families
each homozygous for a different consensus haplotype al-
low us to predict the relationship between these particular
SMA chromosomes and disease severity. When the [145-
124-(9/12)-164-198-234-110] consensus haplotype was

inherited from both parents (FC7), the affected individual
was diagnosed with type III SMA. This implies that, if this
haplotype marks a single SMA mutation, this chromosome
is likely associated with a mild SMA mutant allele. In con-

trast, the homozygous individual (FC36) for the consensus

haplotype [145-124-(12)-164-200-232-114] was diagnosed
with type I SMA, suggesting that this chromosome marks
a severe SMA mutation. However, the inheritance of the
severe SMA chromosome with the mild SMA chromo-
some resulted in an intermediate phenotype (FC5, type II;

FC23, type II). Consequently, these mutations appear to
show incomplete dominance. The exception was family
FC35, a type I SMA pedigree. Given the difference be-
tween the inherited SMA chromosome with respect to the
consensus "12" haplotype, it may be that the SMA muta-
tion on this chromosome is different from that carried on
the consensus haplotype. In agreement with this possibil-

ity, one of the grandparents in this pedigree was of German
descent. These observations support the claim that, while
some predictions can be made, until the exact mutation is
identified, the effects of intraallelic and interallelic comple-
mentation remain unclear. Finally, the lack of an obvious
consensus haplotype in the OSU population, coupled with
the significant association of allele "12" in both popula-
tions, suggests that SMA chromosomes carrying this allele
are likely to be old (before the colonization of America).
The observation of two consensus haplotypes in the
French Canadian population likely reflects genetic drift
among regions of Quebec, consistent with this popula-
tion's early history (Simard et al. 1994).

Overall, the data presented in this paper are consistent
with the association of a severe SMA mutation with the
Agl-CA locus. The mild SMA mutations do not show as-

sociation. It should be noted that the association of Agl-
CA with disease severity could be a consequence of the
mechanisms by which mutations arise. For example, dele-
tions could remove one of the Agl-CA AFLV copies as

well as the SMA gene. In support of this hypothesis, anal-
ysis of German type I SMA families with Agi-CA has
shown the lack of inheritance of a parental Agl-CA allele
by SMA offspring, which is consistent with a deletion cor-

rected (B. Wirth, unpublished data). In addition, Melki et
al. (1994) have also reported deletions within SMA fami-
lies.
As stated earlier, the genomic region surrounding the

SMA locus is complex, containing multicopy markers as

well as a high incidence of pseudogenes. In an attempt to
explain our observations of the relation between Agl-CA
and SMA, we propose the following model, based on our

knowledge of the a-globin gene cluster and the deletion
mutations that lead to the a-thalassemias. This cluster
contains five related genes: two a-globin genes, an a-pseu-
dogene, an (-gene, and an 4-pseudogene. The two a-globin
genes are almost identical; their introns share a high degree
of sequence similarity, and PCR amplification of portions
of intronic sequence can actually occur at two locations
(Weatherall 1992). Consequently, if a microsatellite was

present in a block of intronic sequence that had been du-
plicated, PCR amplification of that microsatellite could
give rise to a multicopy pattern similar to that observed for
Agl-CA. We propose that there are at least two copies of
the SMA gene per chromosome and that the Agl-CA
AFLV copies are located nearby. As in severe a-thalas-
semia, most type I SMA patients would carry on each
chromosome deletions that encompass both SMA genes

as well as one of the Agl-CA AFLV copies, or in certain
instances both AFLV copies as in the German type I fami-
lies (giving rise to class I chromosomes or nulls). Normal
individuals with single-allele chromosomes contain dele-
tions that remove one SMA gene and one Agl-CA AFLV
but do not extend to the second SMA locus or Agl-CA

Extended Haplotypes
125-435- (Agl-CA) -557-351-MAP-JK53

1 145-124- (9/12) -164-198-234-110

1146-198-232-110
141-132- (9/12) -164-198-232-114

145-124- (12)-164-200-232-114

132
1198-234-100

145-132- (12) -164-196-232-104
145-134- (12) -164-198-238-114
145-136- (12) -164-196-232-112
145-136- (12) -146-202-234-112
141-124- (12) -158-196-232-114
141-124- (12) -158-198-236-112
141-124- (12) -158-200-232-104
141-136- (12) -158-202-234-114
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AFLV. As in the a-globins, deletion of one SMA locus
would not be detrimental, because the second gene, lo-
cated in cis to the first, would be up-regulated. This sce-
nario as well as divergence of the Agl-CA locus would
account for 34% of normal chromosomes being class I.
Type II SMA patients are heterozygotes; one chromosome
is deleted for both copies of the SMA gene while the other
contains one SMA gene that contains a point mutation. In
this instance, the normal SMA gene in cis would not be
up-regulated, since the mRNA from the aberrant gene is
produced at normal levels, as in the a-globins (Weatherall
1992). In type III SMA, both chromosomes carry one SMA
gene that has a point mutation, and the second gene, lo-
cated in cis, cannot be up-regulated. Finally, in a manner
similar to a- and P-globins, the phenotypic heterogeneity
observed in type I/II or type Il/III families could be ex-
plained by the interaction of the SMA gene product with
another protein encoded by an unlinked locus. The struc-
ture or concentration of this interacting protein could in-
fluence the presentation of SMA. Definitive evidence for
or against this hypothesis must await the isolation of the
SMA gene(s). However, we present this model because it
has important implications with respect to the isolation
and confirmation of a candidate cDNA as being a product
of the SMA locus.

In conclusion, the marker Agl-CA shows highly signifi-
cant association in type I SMA, and the Agl-CA chromo-
some class marks the severity of the disorder. Conse-
quently, this marker clearly identifies the critical region
that should be searched for candidate genes.
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