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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a progressive
degenerative neuromuscular disease that shows famil-
ial, autosomal dominant inheritance in 10%–15% of
cases. Previous genetic analysis of one large family
linked a recessive form of familial ALS (FALS-AR
type 3) to the chromosome 2q33–35 region. Using addi-
tional polymorphic markers, we have narrowed the size
of the linked region to approximately 1.7 cM by linkage
and haplotype analysis. We have also established a
yeast artificial chromosome contig across the locus that
covers an approximate physical distance of 3 million
bases. Based on this contig, genes and expressed se-
quences that map near the 2q33 region have been ex-
amined to determine whether they are located within
this ALS2 candidate locus. Five identified genes and 34
expressed sequence tags map within the region defined

by crossover analysis and merit further consideration as
candidate genes for this disease.

Key words Amyotrophic lateral sclerosis 7 Yeast
artificial chromosome contig 7 Mapping

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive,
degenerative disease that affects both upper and lower
motor neurons. Although most cases of ALS occur in
unrelated individuals, both dominant (FALS-AD) and
recessive (FALS-AR) inherited forms of the disease
have been observed [1, 2]. A subset of FALS-AD cases
are associated with mutations in the gene encoding cy-
tosolic Cu,Zn superoxide dismutase (SOD1) [3, 4]. Mu-
tations in the neurofilament heavy chain gene have
been identified in rare cases [5], but their relationship
to the etiology of ALS is unclear. The genetic causes of
the other inherited ALS cases have not been identif-
ied.

FALS-AR can be divided into three clinical sub-
types [2]. Type 1 involves mild spasticity of all limbs
and amyotrophy of the upper limbs. Symptoms (spas-
ticity and peroneal atrophy) are primarily in the lower
limbs in type 2. In type 3, prominent spasticity of the
facial and limb muscles is accompanied by distal amyo-
trophy of the upper and lower extremities.

Previous genetic analysis linked FALS-AR to the
chromosome 2q33–35 region in one large consangui-
neous family with type 3 disease [6]. Significant log of
the odds (LOD) scores were obtained with markers
D2S117, D2S116, D2S72, and D2S155, and crossover
analysis delimited an 11-cM candidate region for the re-
sponsible gene, designated ALS2 [6]. If one assumes
that the same ancestral chromosome was inherited
through the several branches of this family, the locus is
further limited to an 8-cM region by a presumptive an-
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Table 1 New markers in the
FALS-AR (familial amyo-
trophic lateral sclerosis-auto-
somal-recessive) region (YAC
yeast artificial chromosome,
PAC PI-derived artificial
chromosome, PCR polymerase
chain reaction)

Marker GenBank ID dbSTS ID Type Source

GM-1a G31889 48838 (CA)N A188E12
GM-4 G31874 48823 Alu 47-23 PCR 168H9
GM-5 G31875 48824 Alu 47-23 PCR 168H9
GM-7 G31876 48825 Alu S-J PCR 168H9
GM-8 G31877 48826 Alu 47-23 PCR 964G9
GM-10 G31878 48827 Alu 47-23 PCR 964G9
GM-13 G31879 48828 Alu S-J PCR 925A3
GM-15 G31880 48829 Alu S-J PCR 841A8
GM-16 G36356 53347 PAC end PAC 5I17
GM-17 G35367 53348 PAC end PAC 5I17
GM-18 G36356 (see Methods) PAC end PAC 12J15
GM-20 G31881 48830 YAC end 796C3
GM-21 G31882 48831 YAC end 983G8
GM-25 G31883 48832 Alu S-J PCR 893C5
GM-26 G31884 48833 YAC end 845E4
GM-28 G31885 48834 YAC end 865E11
GM-41 G31886 48835 YAC end 848B7
GM-42 G31887 48836 YAC end 983G8
GM-43 G31888 48837 YAC end 168H9
GM-124a G36358 53349 PAC subclone PAC 5I17

a These markers are polymorphic

cestral recombination event. We have now narrowed
the region to approximately 1.7-cM using additional po-
lymorphic markers in this family and have established a
yeast artificial chromosome (YAC) contig across the
region. Based on this contig, genes and expressed se-
quence tags (ESTs) that map near the 2q33 region have
been examined to determine whether they are present
within the ALS2 candidate region and merit further
consideration as candidate genes for FALS-AR.

MATERIALS AND METHODS

Pedigree analysis

The clinical symptoms of the FALS-AR family have been pre-
viously described [2, 6]. The FASTLINK (version 3.0P) set of
analysis programs was used to calculate two-point LOD scores for
the FALS-AR locus and each polymorphic marker examined
[7–12]. Autosomal recessive inheritance with complete pene-
trance and a disease allele frequency of 0.0001 were assumed
[6].

STS analysis

Polymerase chain reaction (PCR) was performed using Taq poly-
merase (Perkin Elmer, Foster City, Calif.; Fisher Scientific, Pitts-
burgh, Pa., USA) following the manufacturer’s instructions. Prim-
ers for PCR were selected with the help of the program Oligo
(version 4.0, National Biosciences, Plymouth, Minn., USA) and
obtained from several sources (GIBCO BRL, Grand Island, N.Y.;
Integrated DNA Technologies, Coralville, Iowa; Genosys Bio-
technologies, The Woodlands, Tex.; Research Genetics, Hunts-
ville, Ala., USA). Human genomic DNA and a YAC (CEPH
747H8) that does not contain DNA from the 2q33 region were
used as positive and negative controls, respectively, for all mark-
ers tested.

YAC and PAC analysis

YAC A188E12 was from the library described by Burke et al.
[13]. All other YACs were from the Centre d’Étude du Polymor-
phisme Humain (CEPH) mega YAC libraries [14]. Alu finger-
printing data and initial map and marker information were ob-

tained from databases maintained and made publicly available by
Genethon [15, 16] and the Whitehead Institute Center for Ge-
nomic Research [17].

Primers AOX F7 (5b-GAG-CAA-TTC-CTC-AGC-AAG-
TGC-C-3b), AOX R6 (5b-CCT-TCC-AAT-GAG-TTT-CTG-
GCA-GG-3b), and AOX R12 (5b-CCG-AGC-CCA-AAA-GGG-
AGA-CTT-C-3b) were derived from the aldehyde oxidase
(AOX) cDNA sequence (GenBank entry L11005 [18]). AOX F7
corresponds to bases 1310–1331, while AOX R6 and AOX R12
are complementary to bases 1557–1579 and bases 1628–1649, re-
spectively. Primer AOX F101 (5b-CCA-GTG-CAT-AGG-TGA-
TGC-TCA-G-3b) was derived from the approximately 1.5- kilo-
base (kb) fragment amplified by primers AOX F7 and AOX R6
from YAC A188E12 and is positioned near the 3b end of the
AOX intron contained in this fragment. The 242-base pair (bp)
fragment amplified by primers AOX F101 and AOX R6 from
YAC A188E12 was used to probe a chromosome 2-specific P1-
derived artificial chromosome (PAC) library [19] using standard
techniques [20]. An EcoRI digest of one of the PACs identified in
this screening, PAC 5I17, was subcloned into vector pZERO-2.1
(Invitrogen, Carlsbad, Calif., USA) and similarly probed with the
YAC end-clone STS GM-21 (Table 1).

YAC and PAC end fragments were amplified using vectorette
PCR [21]. Inter-Alu fragments were generated from the indicated
YACs (Table 1) by PCR with either primer 47-23 or primers S-J
[22] as described previously [23]. DNA sequences were defined
using Sequenase following the manufacturer’s instructions (Uni-
ted States Biochemical Co., Cleveland, Ohio, USA). Some sam-
ples were analyzed on a Model 4200L automated DNA sequencer
(LiCor, Lincoln, Neb., USA). The sequences and primers for
markers developed in this study can be found in GenBank and
dbSTS (Table 1).

The ends of PAC 5I17 and PAC 12J15 overlap by approxi-
mately 1.7 kb. GM-16 (200-bp STS marker at the T7 end of PAC
5I17) and GM-18 (190 bp STS marker at the T7 end of PAC
12J15) are both present in the fragment whose sequence is given
in GenBank entry G36356. The primers for these two markers
are: GM-16F (5b-TGA-GGT-GCT-CTG-TTC-TCT-TTG-3b),
GM-16R (5b-TGG-AAG-AAA-GCA-AAA-TGA-ATG-C-3b),
GM-18F (5b-CAG-GCA-GGA-AAG-GCA-AAC-CTC-3b), and
GM-18R (5b-CTG-ATG-CTG-ATG-CTG-AAC-3b).

Polymorphism analysis

Marker GM-1, a polymorphic (CA)N repeat, was tested in 106
control DNA samples. The observed allele sizes (and frequen-
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Table 2 Two-point LOD scores for FALS-AR versus chromo-
some 2q markers

Locus Recombination fraction (Q)

Cent 0.00 0.05 0.10 0.20 0.30 Zmax Qmax

D2S115 Pe 2.14 2.25 1.82 1.13 2.26 0.087
D2S1367 Pe 3.33 3.13 2.41 1.56 3.34 0.044
GM-1 Pe 3.92 3.99 3.18 1.99 4.15 0.078
D2S116 5.29 4.73 4.15 2.96 1.77 5.29 0.00
D2S346 8.38 7.51 6.63 4.78 2.87 8.38 0.00
D2S72 8.14 7.28 6.39 4.55 2.65 8.14 0.00
D2S2189 7.98 7.12 6.24 4.41 2.56 7.98 0.00
D2S2237 4.60 5.27 4.85 3.63 2.22 5.34 0.030
D2S155 4.40 3.84 3.28 2.16 1.11 4.40 0.001
D2S369 3.85 4.48 4.08 2.98 1.80 4.54 0.030

qter

cies) are 239 bp (0.057), 237 bp (0.175), 235 bp (0.160), 233 bp
(0.217), 231 bp (0.184), and 225 bp (0.208).

GM-124 was amplified from individuals VI:10 and VI:14, and
the PCR products were directly cloned into vector pCR2.1 (Invi-
trogen). For each individual, DNA was isolated from 8 separate
colonies and sequenced. The polymorphism identified in this
fragment was examined in the family by single-strand conforma-
tion polymorphism analysis (SSCP) by the method described pre-
viously [3]. The primers for SSCP, GM-126F (5b-CAA-TTA-
GGC-CAC-TAT-TCT-ATG-TG-3b) and GM-126R (5b-CCC-
AGG-AAT-GTA-TTT-TGA-TTT-ATG-3b), are located within
the GM-124 fragment and amplify a 330-bp fragment.

Two members of the family (affected individual VI:1 and car-
rier individual V:3) were screened for alterations in two known
genes. DNA from a normal human lymphoblast cell line (CGM)
was used as a control. Primers placed in intronic regions were
used to amplify each of the three exons encoding CTLA-4 [24]
and the four exons encoding CD28 [25]. The primer sequences
are available from the authors (R.B. and D.P.) upon request.

RESULTS

Generation of new markers

To assist our investigation, we generated new markers
across the ALS2 locus. Those markers that proved use-
ful for the work discussed here are listed in Table 1.
Two of these markers, GM-1 and GM-124, are poly-
morphic, and help to define the boundaries of the lo-
cus, as described below. Eight STSs were selected from
fragments isolated by Alu PCR. Ten others were gener-
ated from the ends of the YACs and PACs used in our
study.

Linkage analysis

Previous linkage analysis of one large consanguineous
family with type 3 recessive FALS produced positive
LOD scores for the markers D2S116, D2S72, and
D2S155 [6]. To confirm and extend this work, we tested
additional polymorphic markers between D2S115 and
D2S157 in this family and determined linkage scores
(Table 2). All markers tested from this region showed

positive linkage to FALS-AR. The scores also imply
the occurrence of crossover events within this family in
this extended region (e.g., LOD p –e at Qp0.00 for
markers D2S115, D2S1367, and GM-1). These crossov-
ers, which are more evident when haplotype analysis is
applied to the pedigree, help define the limits of the
disease locus.

Determination of the telomeric limit of the FALS-AR
locus

Previous analysis [6] identified a crossover that involves
marker D2S157 in individual VI:4. With data from ad-
ditional markers (D2S154 and D2S155), we have now
determined that both chromosomes of this individual
independently show evidence of crossover events
(Fig. 1). Although affected individual VI:4 is homozy-
gous (alleles 3 3) for marker D2S157 as would be ex-
pected for a recessive condition in this inbred family,
both of these alleles derive from parental non-disease-
associated chromosomes (Fig. 1). Thus, both chromo-
somes have been involved in crossovers centromeric to
marker D2S157. In addition, individual VI:4 is hetero-
zygous (alleles 2 3) for marker D2S154. Each parent of
this individual carries a disease chromosome with a 2
allele at this marker, and a non-disease-associated chro-
mosome with a 3 allele (Fig. 1). Thus, one of the cros-
sover events must have occurred between markers
D2S155 and D2S154, although we cannot determine in
which parent this crossover occurred. These data estab-
lish an explicit telomeric limit for this locus at marker
D2S154.

In earlier work, a crossover that involved marker
D2S155 could be inferred if the assumption is made
that all disease chromosomes in this highly consangui-
neous family derive from the same ancestral chromo-
some [6]. When additional markers are examined, two
crossovers, both of which involve D2S155, can be infer-
red. The effect of one of these crossovers is seen in in-
dividual V:2 (Fig. 1), but it may have been present in an
earlier generation. The second inferred ancestral cros-
sover also involves the more-centromeric marker
D2S2237. This haplotype is seen in individuals IV:5 and
V:3 (and their descendants, Fig. 1). Unless two inde-
pendent crossovers that involve marker D2S2237 have
occurred, the presence of this haplotype in both indi-
viduals implies that the crossover occurred in an earlier
generation. Based on the YAC contig we have assem-
bled, the nearest polymorphic markers centromeric to
D2S2237 are D2S1384 and D2S2189, which are both
homozygous in all affected individuals in this family.
Thus, the telomeric end of the ALS2 region must lie
between markers D2S2237 and D2S1384, if the assump-
tion of a single inherited ancestral chromosome is cor-
rect. Accordingly, we have designated D2S2237 as the
telomeric boundary of this FALS-AR locus (Fig. 2).
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Fig. 1 Haplotype analysis of the 2q33 region in family F107. Al-
lele data for selected markers in the 2q32-q33 region are shown,
with inferred genotypes in parentheses. The marker names are
listed on the far left. Horizontal lines within the haplotypes and x
indicate crossover events. Haplotypes associated with the disease
phenotype are boxed. For individual VI:4, alleles that cannot be
definitively assigned to a specific chromosome are shown in
square brackets. Squares and circles represent males and females,
respectively. Filled symbols represent affected individuals. Dou-
ble horizontal lines in the pedigree indicate marriages between
related individuals

Characterization of the centromeric limit of the
FALS-AR locus

Previous haplotype analysis [6] of this family indicated
in individual VI:14 a crossover event that included
marker D2S115, establishing a centromeric limit for
this locus. The crossover does not involve D2S116
(LOD score for D2S116 is 5.29 at Qp0.00) (Table 2,
Fig. 1). The gene that encodes the enzyme AOX [26,
27] maps very close to D2S116, as both are present in
the same 280-kb Not I fragment of YAC A188E12 [28].
We initiated a closer study of the genomic region near
AOX and D2S116 for two reasons. First, some cases of

dominantly inherited ALS are associated with muta-
tions in the gene encoding SOD1, an enzyme involved
in reactive oxygen species metabolism [3, 4]. Thus, oth-
er enzymes, such as AOX, that potentially generate
free radicals are candidates for causing other forms of
ALS, including FALS-AR. Also, if the extent of the re-
gion involved in the crossover in individual VI:14 could
be mapped nearer to D2S116, the size of the candidate
region would be substantially reduced and AOX might
be excluded as a candidate.

Because of the similarity between the messages for
human AOX and mouse xanthine oxidase (XO) [18,
29], the structure of the mouse XO gene [30] was used
as a guide for the selection of primers to attempt to am-
plify introns of the AOX gene. Primers AOX F7 and
AOX R6, which span a 270-bp fragment of the AOX
cDNA, amplify an approximately 1.5-kb fragment from
YAC A188E12, including an intron located after base
1393 of the cDNA sequence for AOX (GenBank entry
L11005 [18]). This intron corresponds to intron 13 of
the recently reported structure of the AOX gene [31].
Primer AOX F101, positioned near the 3b end of this
intron, and primer AOX R12 amplify an approximately
1.1-kb genomic fragment, including exon 14 and intron
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Fig. 2 Yeast artifical chromosome (YAC) contig across the ALS2
region. The line at the top of the diagram shows the genetic map
of the chromosome q233 region, with the centromere (CEN) to
telomere (TEL) orientation indicated. Distances [32, 33] between
selected markers are given in cM. In the lower portion of the dia-
gram, not drawn to scale, YACs and PACs are shown as hori-
zontal lines with their names to the left; dotted lines indicate po-
tential gaps or deletions. Markers are listed with their presence in
individual clones shown by a symbol indicating the type of mark-
er as follows: solid squaresppolymorphic markers; open
squarespYAC or PAC end fragment markers; solid ovalspAlu
polymerase chain reaction fragment markers; solid circlespmark-
ers representing expressed sequences; open circlespother STSs.
Single parentheses group markers with positions relative to each
other that are undetermined. Arrows indicate the limits of the
ALS2 locus. Arrowheads indicate other markers shown in Fig. 1
or listed in Table 2 (PSMA3 proteasome component C3,
hORC2L human origin recognition complex protein subunit 2)

14, which is located after base 1578 of the cDNA. This
intron contains a polymorphic (CA)N repeat (marker
GM-1, GenBank Assession number G31889, Table 1).
Marker GM-1 is involved in the crossover in individual
VI:14 (Fig. 1), thus moving the centromeric boundary
of the disease locus from D2S115 to GM-1, within
280 kb of D2S116. This finding essentially limits the
ALS2 locus to the 1.7-cM distance between D2S116
and D2S2257 [32].

To refine further the boundary of the centromeric
crossover, a chromosome 2-specific PAC library [19]
was probed with a 242-bp fragment corresponding to
AOX exon 14. Four PACs were identified and
screened for the presence of other markers near
D2S116. PACs 10H2 and 14F22 were positive for GM-
1. PAC 12J15 contained WI-9291 (derived from the 3b
untranslated region of the AOX cDNA) and GM-1.
The hybridization signal for PAC 5I17 was weaker than
that for the other PACs, and this PAC does not contain
markers WI-9291 or GM-1. However, it is positive for
GM-21 (Table 1), an STS marker derived from the end

of YAC 983G8 that is near marker D2S116 in our con-
tig that crosses the ALS2 locus. PCR testing of markers
derived from the ends of PACs 12J15 and 5I17 con-
firmed the relative positions of these PACs near the
AOX gene and D2S116 (Fig. 2). Thus, while PAC 5I17
does not contain the AOX gene, it does map to this
region and may contain sequences homologous to the
AOX gene.

PAC 5I17 was digested with EcoRI, and the sub-
clones were probed with GM-21. A 5.2-kb fragment
that contains GM-21 was identified. Segments from this
fragment were amplified from DNA from unaffected
individual VI:10 (Fig. 1). This individual is heterozy-
gous for the family disease chromosome and the non-
disease chromosome involved in the crossover in indi-
vidual VI:14. The sequences of the amplified fragments
were determined. We identified within one segment
(GM-124, located in YAC 983G8 approximately 3.9 kb
from the YAC end marked by GM-21), a polymor-
phism that consisted of two single-base changes sepa-
rated by 235 bp. As shown in Fig. 1, individual VI:14
was heterozygous for this polymorphism. This result
moved the crossover point in individual VI:14 within
YAC 983G8, excluding the AOX gene from the ALS2
locus. Based on minimal size estimates for the AOX
gene and PAC 5I17, we estimate that marker GM-124
is within 160 kb of D2S116. Thus, the limit of the cen-
tromeric end of the ALS2 region is narrowly defined.

Assembly of a YAC contig

After analysis of available database information and
mapping reported for this region [16, 17, 32–36], 27
YACs were selected for our study based on four crite-
ria: (1) the confirmed presence of markers from the
ALS2 locus, (2) minimal evidence for being chimaeric
(indicated by strong hybridization to other chromo-

38



Table 3 Exclusion of known
genes and expressed sequence
tags (ESTs) from the FALS-
AR locus

Gene name Probe Methoda

ACADL pr: M74096 B
Acetylcholine receptor a WI-6965 A, B
Acetylcholine receptor d WI-7254 B
Acetylcholine receptor g pr: X01718 B
cAMP-response element binding protein (CREB) WI-8988 A
Carbamyl phosphate synthetase WI-7790 A
Collagen 3a1 WI-7548 A
Collagen 4a4 WI-7328 A
Collagen 5a2 WI-7678 A
Fibronectin 1 WI-8999 A
Glutamate decarboxylase UTR-9857 A
Inositol polyphosphate-1 phosphatase WI-9155 A, B
Insulin-like growth-factor binding protein 5 WI-7179 A
Integrin a4 subunit WI-9025 A
Interleukin 8 receptor a WI-7744 A
Myosin light chain WI-7607 A
n-chimaerin WI-7611 A
Nucleolin WI-7767/D2s2594 A
PAX3A WI-7962 A
PLC-L DH82-1,2 B
Titin WI-9271 A, B
Tyrosine-kinase-type cell surface receptor pr: L07868 B
Vitronectin receptor a subunit (integrin a5) WI-7853 A
D2S1846 WI-6330 B
D2S2019 WI-3694 B
dbEST 02446 D2s421E B
dbEST 03323 D2s238E B

a ApRelative position was determined by inspection of published maps [17, 37, 38]. BpEST or
gene marker did not amplify by PCR from YACs in the contig

somes or positive signals for markers from other loca-
tions) or containing a deletion (negative for markers
within a series), (3) estimated size (YACs61,100 kb
were selected to ensure a framework, while
YACs^600 kb were expected to provide data for finer
resolution), and (4) potential usefulness in closing gaps
(probability of overlapping other selected YACs, as in-
dicated by Alu fingerprint data). Total DNA was pre-
pared from the selected YACs and tested by PCR for
the presence of markers that map within or near the
ALS2 region. Control human genomic DNA and a
YAC (CEPH 747H8) that does not contain DNA from
the region of interest were used as positive and nega-
tive controls, respectively, for all markers tested.

The initial map assembled using these data con-
tained several ambiguities of order and position and a
gap telomeric to marker D2S346. We therefore devel-
oped several new STS markers in this locus using inter-
Alu PCR and YAC end fragments (Table 1). Some
ESTs were also used to refine the map. A marker map
consistent with these combined results and that minim-
ized internal YAC deletions was established (Fig. 2).
We estimate the total distance between GM-124 and
D2S2237 to be 3 million bp.

Analysis of known genes and ESTs

Many genes have been mapped to the general 2q32-q33
region and could be considered as candidates for the
ALS2 gene. Using the established YAC contig, the

presence or absence of these genes within the region
defined for ALS2 can be determined. Some genes were
excluded from consideration on the basis of published
map data [17, 37, 38]. In addition, we tested markers for
ESTs [17, 37–39] and various genes of particular inter-
est to determine whether they could be amplified by
PCR from YACs in the FALS-AR contig. The crossov-
er that involves marker GM-124 excludes the AOX
gene from consideration. Excluded genes are listed in
Table 3. Genes with coding sequences found within the
contig include proteasome component C3 (PSMA3)
[40], the human origin recognition complex protein
subunit 2 (hORC2L) [41, 42], and Abl interactor 2
(Abi-2) [43]. Markers for 34 ESTs are present within
the contig and potentially represent candidate genes for
ALS2.

Two genes, the T-cell membrane glycoprotein CD28
and the cytotoxic T-lymphocyte-associated protein
CTLA4, were previously mapped to YACs that are
contained in our contig [36]. Two members of the fami-
ly (affected individual VI:1 and carrier individual V:3)
were screened for alterations in the coding regions of
these genes. Primers placed in intronic regions were
used to amplify each of the four exons encoding CD28
[25] and the three exons encoding CTLA-4 [24], and
the sequences of the resulting products were deter-
mined. For CD28, no changes were observed in these
individuals relative to the published wild-type sequence
[25]. Both individuals were homozygous for two
changes in the sequence for CTLA-4. In the 5b untrans-
lated region, we observed two C’s (ttggCCatg) at posi-
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tion –51 relative to the start of the open reading frame,
where the published sequence lists a single C (ttggCatg)
[24]. In exon 1, base 328 of the open reading frame was
initially reported as G (GCC]Ala) [24], while we ob-
served an A (ACC]Thr). These two differences were
also seen in the sequence of the corresponding region
from normal human lymphoblast DNA. We conclude
that these two alterations represent either variations in
the wild-type sequence or inaccuracies in the originally
reported sequence of CTLA-4 and that they are not as-
sociated with the disease phenotype caused by the
ALS2 locus.

All ESTs and the 31 map markers within the ALS2
locus amplify from the genomic DNA of affected indi-
viduals. This observation suggests that these individuals
do not have extensive DNA deletions across or within
this locus.

DISCUSSION

Our analysis of additional markers in the 2q33 chro-
mosomal region has confirmed the previously reported
linkage [6] of this region to type 3 FALS-AR. With
these markers the FALS-AR region has been more
precisely limited to a genetic distance of about 1.7 cM.
Although this localization depends on the assumption
of a single ancestral disease chromosome within the
family, the overall similarity of the disease haplotype in
this region and the high degree of consanguinity in the
family support this assumption.

We have established a YAC contig that covers the
disease locus with at least threefold depth, allowing us
to estimate the physical size as approximately 3 million
bp. The relative order of markers in the contig is essen-
tially consistent with previous physical mapping efforts
in this region [17, 32, 36]. We have placed marker
IB1518 to the centromeric side of adjacent marker
D2S1853 (also known as WI-4092), while prior maps
[17, 32] show D2S1853 as the more centromeric of
these two markers. Similarly, D2S307 maps to the tel-
omeric side of markers GGAA-P17317 and D2S2596 in
our contig, while it is placed closer to the centromere
by others [17, 32]. Several of the new markers we have
identified map between markers D2S346 and D2S307,
an area in which few markers had previously been de-
scribed. Seven of the markers between D2S346 and
D2S307 are derived from Alu-PCR fragments and none
is a simple sequence repeat, consistent with previous
reports that these types of repetative sequences tend to
occur in clusters by class [44–46]. This finding confirms
the value of using different marker types to close gaps
in existing physical maps [44].

By narrowing the defined ALS2 region and combin-
ing information from our YAC contig with other avail-
able mapping data, we have been able to eliminate
many potential candidate genes from further considera-
tion as a causative gene for this disease in this family.
Among the eliminated genes are several that are ex-

pressed in skeletal muscle or motor neurons, including
titin, nucleolin, myosin light chain, and acetylcholine
receptor subunits alpha, delta, and gamma. AOX has
also been excluded from the disease region. The mouse
genome contains at least two adjacent AOX genes [47,
48], and there may be multiple AOX genes in the hu-
man genome as well. The presence of a homologous
gene would explain why we detected PAC 5I17 with an
AOX exon 14 probe, even though this PAC does not
contain the known AOX gene. Any genes that map
centromeric to the 2-bp polymorphism (GM-124) with-
in the PAC are also excluded as candidates for the
FALS-AR causative gene. No disease-associated se-
quence alterations were observed in two genes, CTLA-
4 and CD28, that are located within the ALS2 locus.

Traditionally, neurodegenerative diseases have been
diagnosed and grouped on the basis of clinical symp-
toms and criteria, such as patient age at disease onset
and the classes and locations of affected nerves and
muscles. Knowledge of the genomic alterations causing
these diseases is forcing revision of many clinical clas-
sifications. There are now examples of nominally dis-
tinct diseases being caused by mutations within a single
gene, as well as clinically similar conditions associated
with changes in multiple genes. The dominant form of
familial ALS is among the diseases known to be caused
by at least two separate genes [3, 5]. FALS-AR also ap-
pears to be heterogeneous. Thus, while ALS in the
large family with type 3 FALS-AR that we analyzed
here is genetically linked to the chromosome 2q33 re-
gion, another subset of FALS-AR families shows ge-
netic linkage to chromosome 15q (M. Ben Hamida and
F. Hentati, unpublished data). In the long term, the op-
timal classification of neuromuscular conditions is like-
ly to be based on the underlying genetic causes.
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