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Abstract

Amyotrophic lateral sclerosis (ALS) is a progressive neurologic disorder resulting from the degeneration of upper
and lower motor neurons, and is inherited in 10% of cases. About 20% of familial ALS, clinically indistinguishable
from sporadic ALS, is caused by mutations of Cu/Zn superoxide dismutase on chromosome 21q22.21 inherited as an
autosomal dominant trait. We now report a new locus in the non-50D1 dominantly inherited ALS.

We screened a large ALS family with 11 affected individuals and one obligate gene carrier with genome-wide ABI
polymorphic markers using the ABI 377 automated system. No evidence of linkage was obtained with the autosomal
markers. We next screened this family with X chromosome markers as there was no evidence of male-to-male tran-
smission of the disease. Linkage was established with several X chromosome markers with a lod score up to 3.8;
almost the maximum possible score in this family.

Our finding imply that a gene for the dominant expression of a neuronal degeneration is coded on X chromosome
and raise the question of the role of X-linked genes that escape inactivation in this pathogenesis. More importantly,
our finding that a gene cansing ALS is Jocalized on X chromosome has direct investigational relevance to sporadic
ALS, where epidemiological studies show male gender predominance (1.3:1) and earlier onset in men by 5-10 years,
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive
neurodegenerative disease resulting from degeneration of
motor neurons in the brain stem, spinal cord, and cere-
bral motor cortex, leading to progressive muscular atro-
phy, weakness, paralysis, and death due to respiratory
failure[3]. About 10% of ALS cases are familial ALS,
clinically indistinguishable from sporadic ALS except for
earlier onset of the disease by 10 years. Although three

loci were identified for the juvenile autosomal ALS[2, 5,
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6], most cases of familial ALS are inherited as a dom-
inant disorder with the mean age of about 46 years[13].
Approximately 20% of familial ALS cases are associated
with mutations in Cu, Zn superoxide dismutase (SODI1)
gene{12] located on chromosome 21g21{14]. Over 60 diff-
erent mutations in SOD1 are associated with familial
ALS5 and transgenic mice overexpressing mutated hu-
man SOD1 are models for familial ALS[4]. Recent efforts
have focused on the discovery of other genes responsible
for the remaining 80% of familial ALS cases. However,
lower penetrance and late-onset in many non-SOD1 ALS
cases have slowed the search for additional genetic loci.
We now report the second dominant locus for ALS on X

chromosome.
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Materials and methods

Clinical evaluation

All family members diagnosed with familial ALS were
examined by a neurologist. Those patients with any signs
of ALS on general exam underwent extensive evaluation.
Five members of Family 186 were autopsied and two st-
udied in detail: both had finding of typical ALS (Charcots
disease) with anterior horn cell loss and corticospinal

fract involvement.

Genotype analysis

Blood samples were obtained with the consent of each
family members of familial ALS and lymphoblastoid cell
lines were established. Genomic DNA was prepared
from the lymphoblastoid cells as described in a standard
method[8]. Primer sequences of microsatallite markers for
radioactive genotyping were obtained from the Genome
Database. PCR was performed in 96 well microfiter plate
(PE Applied Biosystems 9600) or by Catalyst 877. Amp-
lified alleles were separated in gels tun on the 377 Auto-
mated DNA Sequencer (PE Applied Biosystems) and an-
alyzed by genotyper software (PE Applied Biosystems)
and by use of GenescanTM 350-TAMRA or GenescanTM
500 TAMRA as size standards. CEPH DNA standards

were used for the determination of allele sizes.

Linkage analysis

Two-point and multipoint lod score calculations were
performed using the computer programs, MLINK and
LINKMAP, Disease penetrance was set at 90% for all
analyses. Heterogeneity tests were carried out using the
HOMOG program.

Results and Discussion

A large North American Caucasian family (Family
186) was initially studied, because the family had a pot-
ential to give high lod score enough to establish linkage
(Fig 1). Since adult-onset familial ALS was thought to
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Fig 1. Pedigree and haplotypes of Family 186.

be inherited as an autosomal dominant trait, we screened
this ALS family with the affected individuals and one
obligate gene carrier with the genome-wide panel of pol-
ymorphic markers using the ABI 377 automated system.
In the course of screening all the autosomal chromo-
somes with 350 ABI polymorphic markers spaced ~10
cM apart, we found several potentjal loci on chromos-
ome 5, 6, 17, and 19. Further investigation of these cand-
idate loci by saturation genotyping of all the available
members of the family ruled out linkage to these loci.
As Family 186 had no male-to-male transmission of
the disease, we next screened this family with X chromo-
some markers. The marker DX5991 co-segregated with
ALS, Two recombination events were evident with DXS-
1055 and one recombination with DXS981 on chrom-
osome Xpll-Xgll in the pedigree. Two-point lod score
between DXS5991 and ALS resulted in statistically signi-
ficant linkage (Z=3.8, q=0). We further investigated this
chromosomal interval with additional 7 markers known
to be mapped in this region. All of these markers gave
high lod scores as summarized in Table 1. Haplotype
analysis of the genotyped individuals in the Family 186
(Fig 1.) revealed a recombination between DXS1275 and
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Table 1. Two-point lod scores between ALS2 locus and Xpll-Xqll markers.

Locus

Lod scores at recombination fraction( @)

0.00 0.05 0.10 0.15 0.20 0.30 0.40
DXA1055 - 0.62 0.97 1.05 1.02 0.75 0.31
DXA573 333 3.04 273 241 2.08 1.36 0.58
DXA8023 2.80 2.55 230 2.03 1.74 1.12 044
DXA988 3.66 3.35 3.03 2.69 233 1.55 0.68
DXA991 3.80 3.47 313 2,78 240 1.59 0.69
DXA8029 3.72 3.40 3.06 271 2.34 1.53 0.63
AR 3.64 3.51 317 2.82 244 1.64 0.73
DXA981 3.69 3.38 3.05 2.71 234 1.56 0.69
DXA1275 - 1.90 192 1.80 1.61 1.10 0.46
DXA986 0.75 0.68 0.61 0.54 047 0.31 0.16

The numbers in parentheses are total combined lod scores for Family 186 and 20 additional two generation families without

male-to-male transmission of ALS. The two-point lod scores of Family 186 are shown without parentheses in the table.

DX51055. The candidate region is 16.0 cM interval incl-
uding the centromere of X chromosome, and the actual
physical distance of this area is 29.6 Mb.

Our results demonstrate that a gene other than SOD1
causes adult-onset dominant ALS. This second ALS gene,
ALS2, is linked to an 89 ¢M region between DXS1055
and DXS1275 (Fig 2). This region includes the pericen-
trometic region of the X chromosome where recombina-

tion is less frequent. Therefore, the actual physical dist
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Fig 2. The X chromosomal region locating the ALS2
gene and the actual map distance of the area.

ance in this area could be larger than that predicted by
the genetic map. Comparison of the genetic map of this
region with 75 Kbp resolution physical map[10] shows
the physical distance between DXS1055 and DXS1275 is
indeed larger at 29.6 megabasepairs (Mbp) and contains
about 100 transcripts.

One of the two X chromosomes of normal females
becomes inactivated in each somatic cell during early
development. This compensates for the dosage difference
of X-linked genes between males and females (Lyons
hypothesis). For females having the mutated ALS2 gene,
it would be expected that the mutant allele would be
expressed in only 50% of motor neurons, while the wild
type allele would be expressed in the other 50% of motor
neurons. Because motor neurons are mononucleated cells,
the product of the mutant allele could not have a direct
dominant negative effect in the 50% of motor neurons
where only the wild type product is expressed. Thus,
50% of motor neurons should remain healthy and reine-
rvate. Studies of post-polic spinal cords indicate that a
50% loss of motor neurons is not reflected in the clinical
measurement of strength(l, 15]. Therefore it is unlikely
that loss of 50% of motor neurons would cause an ALS
phenotype. In another X-linked familial motor neuron
disease, Kennedy disease[7], females are not usually

affected. A different scenario would prevail if the mutated
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gene escapes X-chromosome inactivation or is activated
in an age-dependent marmer. The gene could then be ex-
pressed in all motor neurons and lead to motor neuron
degeneration. Eight expressed sequences (representing at
least six different genes) clustered in the Xp11.21-p11.22
region are known to escape X-chromosome inactivation
[9]. These genes are excellent candidate genes for ALS2.

The finding of SOD1 mutations in familial ALS cases
has led to hypotheses of mechanism of pathogenesis,
such as loss of dismutase activity, generation of free rad-
icals, and acquired new toxic enzyme activities (peroxi-
dase and peroxynitrate, etc). But it is still unclear how
50D1 mutations Jead to motor neuron degeneration. The
identification of the ALS2 gene may identify a cellular
pathway that intersects with SOD1 and provide an im-
portant piece of the puzzle of ALS. Finally, our proof of
principle that an X-linked gene can cause dominant ALS
has direct investigational relevance to sporadic ALS, where
epidemiological studies have shown male gender predo-

minance (1.3:1) and earlier onset in men by 5-10 years{11].
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