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Summary

Idiopathic torsion dystonia (ITD) is characterized by sustained, involuntary muscle contractions, frequently
causing twisting and repetitive movements or abnormal postures. Most familial forms of ITD display
autosomal dominant inheritance with reduced penetrance. Linkage analysis has been previously used to
localize a dystonia gene to the 9q32-34 region in a large non-Jewish family and in a group of Ashkenazi
Jewish families. Utilizing GT repeat polymorphisms from this region, here we demonstrate that the gene
causing dystonia in Ashkenazi Jews can be localized to the 11-cM interval between AK1 and D9S10. Linkage
analysis in the non-Jewish family is also consistent with occurrence of the gene in this region, although positive
lod scores extend over a >20-cM interval in that family. These results set the stage for positional cloning
of the dystonia gene. Currently there are no known candidate genes in this region.

Introduction

Torsion dystonia is a syndrome characterized by sus-
tained, involuntary muscle contractions, frequently
causing twisting and repetitive movements or abnor-
mal postures (Fahn 1988). The occurrence of dystonia
in the absence of either known disease (e.g., Wilson
disease) or identifiable biochemical or pathologic dis-
order is classified as idiopathic (primary) torsion dys-
tonia (ITD).
The nosology of the idiopathic dystonias is com-

plex, because of the occurrence of dystonia in several
ethnically distinct populations, with clinical features
varying in age at onset, tendency to diurnal fluctua-
tion, specific manifestations, and response to pharma-
cologic therapies (Lee et al. 1976; Segawa et al. 1976;
Bressman et al. 1988, 1989; deYebenes et al. 1988;
Gimenez-Roldan et al. 1988). The disease occurs in
both hereditary and sporadic forms. Inherited forms
of dystonia generally display autosomal dominant
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transmission, although X-linked (Lee et al. 1976) and
possible autosomal recessive (Eldridge 1970) forms
have been described. ITD occurs at highest frequency
among Ashkenazi Jews (1 / 15,000) (Zilber et al. 1984;
Bressman et al. 1989) and is less common in non-
Jewish populations (1 / 160,000) (Zeman and Dyken
1967). Disease expression is highly variable. Onset
in childhood usually portends development of severe,
disabling, generalized dystonia, whereas onset in
adulthood is frequently more restricted or segmental
in its expression.
Our group previously demonstrated genetic linkage

between a gene for dystonia and DNA markers in the
chromosome 9q32-34 region in a large non-Jewish
kindred (Ozelius et al. 1989) and in a group ofAshken-
azi Jewish families (Kramer et al. 1990). Both of these
forms of hereditary dystonia present with early-onset
disease, usually progressing to generalized dystonia.
These forms differ in ethnic origin and in penetrance,
which is .30 and .75 in the Jewish and non-Jewish
groups, respectively (Kramer et al. 1988; Bressman et
al. 1989; Ozelius et al. 1989; Risch et al. 1990). The
DNA markers giving strongest linkage were GSN (gel-
solin) and ASS (argininosuccinyl synthetase) in the
non-Jewish family and the Jewish families, respec-

366



Dystonia Genes near ASS on 9q34

tively. The GSN and ASS markers have been mapped
to 9q32-34 by physical and genetic means (Kwiatkow-
ski et al. 1988, 1989; Northrop et al. 1989), with
recombination distance between them being 14 cM.
The gene causing dystonia in the non-Jewish family
has been designated DYT1. Whether dystonia in the
Jewish population is caused by the same or a second
locus has not been ascertained.
Here we use linkage analysis to delimit this dystonia

gene(s) to the region between AK1 and D9S10 (a re-
gion which spans <11 cM) on chromosome 9q34. We
also provide additional evidence that the same locus
is responsible for dystonia in these two populations.

Subjects and Methods

Patients, Families, and Clinical Evaluation

Twelve Ashkenazi Jewish families and one large
family of mixed non-Jewish ancestry (family R) were
analyzed in this study. Clinical and pedigree informa-
tion on these families has been reported in detail (Ozel-
ius et al. 1989; Kramer et al. 1990).
The method of evaluating patients and family mem-

bers for dystonia has also been described in detail (Bress-
man et al. 1989; Risch et al. 1990). In brief, standard-
ized neurologic examinations were performed by neu-
rologists experienced in evaluating dystonia. Of those
individuals included in the analysis, all but two also
underwent videotaping of the examination. Subse-
quently, videotape exams were reviewed by examiners
blinded to the identity of the subjects.

DNA Methods, Probes, and Polymorphism Analysis

Blood was obtained, by venesection, from con-
senting family members. DNA was prepared from ei-
ther peripheral blood leukocytes or established lym-
phoblastoid cell lines by standard methods (Ozelius
et al. 1989). Southern blot analyses were performed
according to methods described elsewhere (Ozelius et
al. 1989). Two polymorphic marker probes on 9q
were used: pMCT136 (PstI) for random VNTR locus
D9S10 (q34) (Lathrop et al. 1988) and pAK1B3.25
(TaqI and BanI) for the adenylate kinase-1 locus
(AK1; q32-34) (Bech-Hansen et al. 1989; Zuffardi
et al. 1989; D. E. Schuback, L. Ozelius, and X. 0.
Breakefield, unpublished observations).
Analysis of allele status for the GNS, ABL, and ASS

GTn repeat polymorphisms was performed using oli-
gonucleotide primer pairs CAGCCAGCTTTGGAGA-
CAAC and TCGCAAGCATATGACTGTAA (GSN),

TTTACACCTTCACCCAGAGA and GGCTGTG-
TTCAGTTAAACGT (ABL), and TGGGGAGCT-
ATAAAAATGAC and GGTTGGCCTAAGAAAA-
CCAT (ASS) (Kwiatkowski 1991; Kwiatkowski et al.
1991; Kwiatkowski and Perman 1991) in the PCR to
amplify the repeat-containing region. Reaction vol-
umes were 10 Al and contained 0.2mM each of dATP,
dGTP, and dTTP; 2.5 gM dCTP; 4 ng each oligonu-
cleotide; 0.088gl 32P dCTP (3,000 mCi/mm); and 0.05
RI Taq polymerase (Perkin Elmer-Cetus). Thermal
controller settings were 940C for 1.5 min; 25 cycles
at 940C for 1 min, 550C for 1 min, and 720C for 1
min; and 720C for 9 min. Amplified products were
analyzed by electrophoresis of a 2-pl aliquot of the
preparation on 6% acrylamide, 8 M urea, sequenc-
ing-type gels. Gels were dried and exposed to Kodak
XAR film, without screen, for 4-24 h for preparation
of autoradiographs.

Linkage Map of 9q32-34, and Linkage Analysis

A linkage map of 9q32-34 was created using the
markers GSN, AK1, ABL, ASS, and D9S10 (MCT136)
and a panel of 56 Venezuelan reference pedigrees con-
taining 631 individuals (Haines et al. 1990; Ozelius et
al. in press). The map is shown in figure 1, and the
marker order shown has odds >1,000:1 over the next
most likely order, as determined by analysis using
MAPMAKER (Lander et al. 1987), except for the
placement ofABL, for which the odds were only 100: 1
over placement of ABL telomeric to ASS.
Two-point linkage analysis was performed using

the LIPED program, version 3 (Ott 1976; Hodge et al.
1979), which incorporates age correction. Autosomal
dominant inheritance of a rare gene (frequency 0.01%)
was assumed, and penetrance was estimated at .30 in
the Jewish families and .75 in the non-Jewish family.
Parameters for the age correction were based on em-
pirical age-of-onset data on affected individuals in the
two populations discussed here. Allele frequencies for
the various markers used were estimated by counting
alleles in the married-in-individuals, both in these two
populations and in the Venezuelan reference pedi-
grees.

Multipoint analysis was done by using the LINK-
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Figure I Map of 9q34. Distances are indicated in centi-
Morgans.
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MAP program from the LINKAGE computer pack-
age, version 5.03 (Lathrop and Lalouel 1988). Be-
cause of the multiple alleles found with several of these
markers, and because of the extent of family material,
two separate multipoint analyses were performed us-

ing subsets of the DNA markers with the dystonia
trait.

Results and Discussion

Table 1 presents the results ofpairwise linkage anal-
ysis between a panel of DNA markers from 9q32-34
and dystonia in the non-Jewish family R and in the
Jewish families. Strong positive scores were seen for
the GSN, ABL, and ASS GT repeat markers, with
maximum values, in one or both populations, at 0%
recombination. The highest lod scores were observed
with ABL in the non-Jewish family and with ASS in
the Jewish families. The non-Jewish family exhibited
a broad region of positive lod scores at 0% recombina-
tion (extending from GSN to ASS), indicating that
over that entire interval there were no crossover events

in this particular pedigree. Analysis of the 12 Jewish
families indicated that there were five, one, zero, one,

and three likely crossover events between, respec-

tively, the GSN, AK1, ABL, ASS, and D9S1 0 markers
and the dystonia trait in different family members.

For the Jewish and non-Jewish families, two sets of
multipoint analyses were performed: (1) one with the
dystonia locus, GSN, and AKi and (2) a second with
dystonia, AK1, ASS, and D9S10. Results are pre-

sented graphically in figure 2. With respect to the Jew-
ish families, the DYT1 gene is clearly excluded from
the region spanning GSN to AKi (fig. 2a). The most
likely position of the DYT1 gene is midway between
AKi and ASS (lod score 4.43; fig. 2b), very close to
ABL (which was not included in the analysis because
it was relatively uninformative for linkage). This is
entirely consistent with previous results for these Ash-
kenazi families (Kramer et al. 1990); furthermore the
1-lod-unit confidence interval has been reduced from
18 cM to 6 cM.

Analyses in the non-Jewish family clearly reflect the
fact that no recombinations were observed between
the dystonia locus and GSN, AK1, or ASS. Although
the highest lod score (4.87) occurs at ASS, GSN and
AK1 fall within the 1-lod-unit confidence interval.
These data provide strong evidence that, in the Jew-

ish families studied here, the dystonia gene is located
within the 1 1-cM interval flanked by AKi and D9S10,

Table I

Pairwise Linkage Analyses of Dystonia with Markers on Chromosome 9q

LOD SCORE AT 0 =

GENE SYMBOL MARKER .00 .05 .10 .20 .30 .40

GSN (GT repeat):
Family R .................. 3.99 3.73 3.45 2.76 1.92 .91
Jewish family .............. - 8.77 .68 1.31 1.37 .97 .47

Total .................. - 4.78 4.41 4.76 4.13 2.89 1.38

AK1:
FamilyR .................. -.12 .00 .04 .04 .03 .01
Jewish family .............. - 6.48 - .72 - .02 .28 .18 .04

Total ................... - 6.60 - .72 .02 .32 .21 .05

ABL (GT repeat):
Family R .................. 5.11 5.06 4.78 3.91 2.72 1.27
Jewish family .............. -1.33 1.19 1.06 .80 .55 .29

Total .................. - 6.44 6.25 5.84 4.71 3.27 1.56

ASS (GT repeat):
Family R ................... 4.65 4.58 4.36 3.59 2.50 1.15
Jewish family .............. 3.60 4.72 4.24 3.03 1.80 .76

Total .................. 8.25 9.30 8.60 6.62 4.30 1.91

D9S10 (MCT136):
FamilyR .................. -4.37 1.15 1.44 1.37 .96 .38
Jewish family .............. - 3.26 -1.04 - .47 - .07 .01 .00

Total .................. - 7.63 .11 .97 1.30 .97 .38
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Figure 2 Multipoint analysis of dystonia and 9q markers in
12 Ashkenazi Jewish families ( ) and in one large non-Jewish
family (---). The location map summarizes lod scores for dystonia
at various map positions in a fixed marker map of GSN and AK1
(a) and of AK1, ASS, and D9S10 (b). Genetic distances are given
in centiMorgans (cM) and are calculated on the basis of sex-average
recombination estimates.

with odds of 21,878:1 that the gene actually lies near
the center of the 6-cM interval between AK1 and ASS.
Although the ethnic backgrounds of the two popula-
tions studied are distinct, and although the penetrance
of the condition also differs (being .75 in the non-

Jewish family and .30 in the Jewish families), our re-

sults are consistent with the same gene, or two related
genes linked to each other, causing the disease in these
two groups. The difference in penetrance may be ex-

plained by the occurrence of distinct mutations in the
same gene in the two populations.

Allelic heterogeneity with this 9q locus is recog-

nized, on the basis of linkage analysis, for three other
forms of dystonia with distinct clinical features. These
forms are dystonia with responsiveness to 1 -dopa and
with Parkinsonian features (Kwiatkowski et al. 1991),
dystonia responsive to alcohol and with myoclonic
features (J. Wahlstrom, L. Ozelius, P. Kramer, G. Holm-
gren, M. Kyllerman, U. Drugge, and X. 0. Breake-
field, unpublished observations), and X-linked dysto-
nia occurring in the Philippines (Kupke et al. 1990).

However, it is possible that this same gene(s) from
9q34 is responsible for most other cases of "classic"
dystonia, what has been called "childhood-onset with-
out marked diurnal variation" (Fahn 1989; Muller
and Kupke 1990).
Our analysis illustrates the utility of GTn repeat

polymorphisms in linkage analysis studies. These
polymorphisms can be highly informative (Weber
1990) and are widely distributed over the human ge-

nome, occurring, on average, every 50-100 kb (Litt
and Luty 1989; Weber and May 1989). Indeed, the
polymorphisms used in the present study were specifi-
cally sought within the GSN, ABL, and ASS loci to

improve the quality of the linkage-data relative to

these loci in the dystonia family material available.
All three markers consist of at least eight alleles with
heterozygosity .67-.83 (Kwiatkowski 1991; Kwiat-
kowski et al. 1991; Kwiatkowski and Perman 1991).
Such highly informative markers are particularly use-

ful in linkage analysis of relatively isolated popu-

lations such as Ashkenazi Jews, in which convention-
al two-allele markers often have limited utility. In
this particular case, the ABL GT polymorphism was

also not very informative in the Jewish population
(table 1).

This narrow localization of the disease gene by iden-
tification of flanking markers (AK1 and D9S1 0) sets

the stage for identification of the disease gene by posi-
tional cloning techniques. Previously, we have consid-
ered gelsolin and dopamine IB-hydroxylase as potential
candidates for the dystonia gene (Ozelius et al. 1989).
Gelsolin is excluded by the current results, at least
in the Jewish population. Dopamine 3-hydroxylase,
which maps telomeric to D9S1 0 (Ozelius et al., in
press), has been excluded, in these and two other
forms of dystonia, by other studies (Schuback et al.,
in press). The only remaining known genes in this
region are the ABL oncogene and the argininosucci-
nate synthetase (ASS) gene, neither of which appears

to be a likely candidate gene for a neurologic disorder
whose pathophysiology is presumably localized to the
basal ganglia.
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