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The dystonias are a common clinically and genetically heteroge-
neous group of movement disorders. More than ten loci for
inherited forms of dystonia have been mapped, but only three
mutated genes have been identified so far. These are DYT1,
encoding torsin A1 and mutant in the early-onset generalized
form, GCH1 (formerly known as DYT5), encoding GTP–cyclohy-
drolase I and mutant in dominant dopa-responsive dystonia2,
and TH, encoding tyrosine hydroxylase and mutant in the reces-
sive form of the disease3. Myoclonus–dystonia syndrome (MDS;
DYT11) is an autosomal dominant disorder characterized by
bilateral, alcohol-sensitive myoclonic jerks involving mainly the
arms and axial muscles4,5. Dystonia, usually torticollis and/or
writer’s cramp, occurs in most but not all affected patients and

may occasionally be the only symptom of the disease6,7. In
addition, patients often show prominent psychiatric abnormali-
ties, including panic attacks and obsessive–compulsive behav-
ior8–10. In most MDS families, the disease is linked to a locus on
chromosome 7q21 (refs. 11–13). Using a positional cloning
approach, we have identified five different heterozygous loss-
of-function mutations in the gene for ε-sarcoglycan (SGCE),
which we mapped to a refined critical region of about 3.2 Mb.
SGCE is expressed in all brain regions examined. Pedigree
analysis shows a marked difference in penetrance depending
on the parental origin of the disease allele. This is indicative of
a maternal imprinting mechanism, which has been demon-
strated in the mouse ε-sarcoglycan gene14.
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Fig. 1 SGCE mutations in MDS families. (+), SGCE mutation confirmed by sequencing; (–), mutation excluded by sequencing. Of 11 sequenced asymptomatic at-
risk family members, 3 were positive and 8 were negative. Pedigrees have been reduced for greater clarity of presentation. (∅ ), the genetic status of these indi-
viduals is not shown, to protect their privacy.
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In this study, we included index patients from six German fami-
lies with MDS (Fig. 1 and Table 1). We established linkage to
chromosome 7q21 in families MD2, MD6, MD7 and MD10 by
genotyping polymorphic CA repeat markers13. In two families
(MD8 and MD9), only index patients were available. The critical
region had been defined previously by a proximal recombination
with D7S652 (ref. 13) and a distal recombination with D7S821
(ref. 12). We used an anonymous CA repeat on bacterial artificial
chromosome clone AC003078 to reduce the critical region fur-
ther to approximately 3.2 Mb (Fig. 2). Genomic sequences across
this region were available through the Human Genome Project.
Analysis of finished and unfinished sequences in the critical
region showed 15 genes within this region (14 known and 1
novel) and 2 pseudogenes (transcript map available at
http://ihg.gsf.de/chr7/index.html). For mutation screening, we
used genomic DNA from index patients of the six families. By
complete sequencing of ten of the identified genes, we found
seven silent polymorphisms in three genes and one polymor-
phism leading to an amino acid change in the gene for PPP1R9A
(Web Table A).

We detected loss-of-function mutations in SGCE in all index
patients screened (Fig. 1): two nonsense changes in exon 3, R97X
(289C→T) in family MD6 and R102X (304C→T) in families
MD7 and MD10. Family MD2 showed a deletion (565delA) lead-
ing to a frameshift of the coding region, with a premature stop at
codon 169. We identified a splice-site mutation at the 3′
exon–intron junction of exon 6 (907+1G→A) in family MD9
and a deletion of 97 bp, affecting intron 3 and 15 bp of exon 4 in
family MD8 (488–97del). We found no sequence alterations in 72
control alleles in any of the 11 exons of the gene. Kindreds MD7
and MD10 have identical mutations. Although they are not
known to be related, they share haplotypes for the two closest CA

repeat markers typed, D7S1513 and an anonymous CA repeat
marker, located in intron 3 (69292). The mutations segregated
with the disease in all four families with more than one affected
family member available (Fig. 1). We found reduced penetrance,
particularly in the offspring of affected females, indicating the
possibility of maternal imprinting. Such a mechanism has been
demonstrated for the orthologous mouse gene14. Further pedi-
gree analysis in all families with known mutations in SGCE or
linkage to chromosome 7q21 (MD2 and MD6–10 from our
series, the family published by Nygaard et al.11 and families C, E,
F and G reported by Klein et al.12) confirmed that penetrance is
highly dependent on the parental origin of the disease allele. Of
62 clinically affected individuals (40 males and 22 females) in the
combined families, 49 inherited the disease from their father and
only 4 from their mother. In nine cases, parental origin could not
be determined. By contrast, we found a maternal origin of the
affected allele in 14 of 18 clinically asymptomatic carriers (12
males and 6 females, carrier status being determined either by
sequencing, in our families, or by pedigree position in the oth-
ers), whereas paternal transmission occurred in only 3. In one
case, parental origin could not be determined. This inheritance
pattern deviates significantly from the expected equal distribu-
tion of parental alleles (2×2 contingency table, χ2 test: P<10–8),
supporting the assumption that the differential expression of
parental alleles contributes to disease penetrance. Four other
families with MDS published in the literature8,15–17 also show a
pedigree structure compatible with this mechanism, indicating a
lack of locus heterogeneity in this disorder.

SGCE is known to be widely expressed in embryonic and adult tis-
sues18 and has been localized to smooth muscle19, to the outer
Schwann cell membrane of peripheral nerve20 and to the brain19.
However, its distribution in different cell types of the central nervous

Table 1 • Clinical characteristics of families

Number Mean age
of living at onset Psychiatric disturbances

Family Origin affected patients M F (yr) Mc Tc Wc (number of affected patients)

MD2 North Germany, 11 9 2 8.7 + + + panic attacks (3)
coastal area

MD6 East Bavaria 3 2 1 3.5 + + + Obsessive–compulsive disorder (1)
MD7 North Bavaria 7 4 3 4 + + + anxiety disorder (1)
MD8 Bavaria 4 2 2 7 + + – n. a.
MD9 Bavaria 4 3 1 4 + + – panic attacks (1)

alcohol abuse (1)
MD10 Prussia 8 3 5 8 + + – n. a.

M, male; F, female; Mc, myoclonus; Tc, torticollis; Wc, writer’s cramp; n. a., data not available.
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Fig. 2 Physical map of the SGCE critical region. The position of DNA markers and BACs are drawn ‘to scale’ as estimated by the unfinished sequence data. Gaps
are shown between clones AC069292 and AL157375 and clones AC003079 and AC023460. The approximate positions of genes between markers 3078 and D7S821
are indicated.
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system had not been investi-
gated. We found SGCE to be
expressed in tumor cell lines of
neuronal origin (Fig. 3a). In
addition, northern blot analysis
showed broad expression in dif-
ferent brain regions (Fig. 3b).

The molecular pathogenesis
of abnormal movements is
poorly understood. So far,
investigations have focused on
the role of neurotransmitters
and their receptors, mainly
because these abnormal move-
ments can be induced pharma-
cologically through interference
with dopaminergic and sero-
tonergic neurotransmission.
Furthermore, at least one vari-
ant, dopa-responsive dystonia,
is caused by mutations in genes
encoding enzymes of dopamine
biosynthesis2,3, and a distur-
bance of dopamine release has been suggested as a pathogenic
mechanism in generalized dystonia21. Finally, a point mutation in
the gene for the dopamine D2 receptor has been found in one fam-
ily with MDS9 but not in others13,22,23.

The identification of SGCE mutations in MDS for the first
time, to our knowledge, implicates a member of the sarcoglycan
family, which until now was associated exclusively with muscular
dystrophies, in the pathogenesis of a nondegenerative central
nervous system disorder. SGCE is one of five known members of
this family, encoding transmembrane components of the dys-
trophin–glycoprotein complex20,24, which links the cytoskeleton
to the extracellular matrix. Mutations in the genes encoding α-,
β-, γ- and δ-sarcoglycan, which are expressed mainly in muscle,
cause autosomal recessive limb-girdle muscular dystrophies25. It
can be hypothesized that loss of SGCE, which is also expressed in
brain, results in subtle changes in the neuronal architecture that
give rise to the abnormal movements and psychiatric distur-
bances that are observed. Recent evidence indicates that changes
in neuronal ‘wiring’, rather than in neurotransmitter metabo-
lism, may constitute the underlying defect in mental disorders
such as schizophrenia26. SGCE mutations may therefore have a
role not only in more common forms of dystonia but also in a
wider range of neuropsychiatric disorders.

Methods
Families. We identified a total of 37 living affected patients (14 women and 23
men) showing the typical signs of MDS. Patients developed proximal, bilater-
al, myoclonic jerks, usually involving the arms and axial muscles more than
legs and gait, during the first or second decade of life (mean age of onset, 5 yr;
range, 1.5–18 yr). Myoclonus was exquisitely responsive to alcohol in most
cases. Pedigrees and a summary of clinical characteristics are in Table 1 and
Fig. 1. Clinical features of four of the families are described in more detail else-
where7,13,27. This study was approved by the local ethics committee. After giv-
ing informed consent, all patients and their relatives were systematically
examined by neurologists trained in movement disorders (F.A., M.N., D.B., C.
Kamm, K.S., M.B., J.W. and T.G.). The diagnosis of MDS was established
according to published criteria4. We obtained 20 ml peripheral blood from
each family member and extracted DNA following standard protocols.

Sequence analysis. Genomic sequences were obtained from GenBank
and analyzed using an annotation tool. The results are available at
http://ihg.gsf.de/chr7/index.html. The tool runs a series of sequence
analysis programs on a DNA sequence, handling the various input and

output formats required. We used three different gene-finding programs
(GENESCAN, GRAIL and MZEF), electronic PCR of sequence-tagged
sites and BLAST searches against databases of mRNAs, proteins and Uni-
Gene clusters. Genome-wide repeats were identified using REPEAT-
MASKER (A.F.A. Smit and P. Green, unpublished data).

Mutation analysis. Dideoxy-cycle sequencing of PCR products amplified
from genomic DNA was done with an Ampli Sequence sequencing kit
(Perkin-Elmer) after purification with QIAquick PCR Purification Kit
(Qiagen). Sequence products were analyzed on an ABI 3100 sequencer
(PE-Applied Biosystems).

RT-PCR. Three neuroblastoma cell lines and one retinoblastoma cell line
were obtained from American Type Culture Collection: SK-N-BE (CRL-
2271), SK-N-SH (HTB-11), SH-SY5Y(CRL-2266) and WERI-Rb1(HTB-
169). We extracted RNA with Trizol (Life Technologies) according to the
manufacturer’s instructions, and obtained first-strand cDNA from 5 µg
total RNA using oligo-d(T)12 random hexamers (Roche Molecular Bio-
chemicals) and Moloney murine leukemia virus reverse transcriptase
(Promega) at 42 °C, as specified by the supplier. To amplify SGCE, we
designed cDNA primers in exons 2 and 5 (bp 153–536).

Northern blot analysis. Northern blots contained 2mg poly(A)+ RNA from
different brain regions (Human brain II; Clontech). For hybridization we
used an SGCE cDNA fragment (bp 599–1,270) in Church buffer (BSA 1%,
EDTA 1 mM, NaPO4 0.5M, pH 7.5, SDS 7%) at 65 °C and washed blots
with 0.01×SSC at 60 °C.

Note: Supplementary information is available on the Nature Genetics
web site (http://genetics.nature.com/supplementary_info/).

Acknowledgments
We thank G. Denuschl for referral of the index patient in family MD2.

Received 27 April; accepted 20 July 2001.

1. Ozelius, L. et al. The early-onset torsion dystonia gene (DYT1) encodes an ATP-
binding protein. Nature Genet. 17, 40–48 (1997).

2. Ichinose, H. et al. Hereditary progressive dystonia with marked diurnal
fluctuation caused by mutations in the GTP cyclohydrolase I gene. Nature Genet.
8, 236–242 (1994).

3. Ludecke, B., Dworniczak, B. & Bartholome, K. A point mutation in the tyrosine
hydroxylase gene associated with Segawa’s syndrome. Hum. Genet. 95, 123–125
(1995).

4. Gasser, T. Inherited myoclonus-dystonia syndrome. Adv. Neurol. 78, 325–334
(1998).

5. Quinn, N.P., Rothwell, J.C., Thompson, P.D. & Marsden, C.D. Hereditary myoclonic
dystonia, hereditary torsion dystonia and hereditary essential myoclonus: an area

M
ar

ke
r

S
K

-N
-B

E

S
K

-N
-S

H

W
E

R
I-

R
b-

1

S
H

-S
Y

5Y

SGCE

β-actin

383 bp >

626 bp >

c

e

r

e

b

e

l

l

u

m

t

e

m

p

o

r

a

l

l

o

b

e

p

u

t

a

m

e

n

c

e

r

e

b

r

a

l

c

o

r

t

e

x

o

c

c

i

p

i

t

a

l

l

o

b

e

f

r

o

n

t

a

l

l

o

b

e

m

e

d

u

l

l

a

s

p

i

n

a

l

c

o

r

d

pu
ta

m
en

te
m

po
ra

l l
ob

e

fr
on

ta
l l

ob
e

oc
ci

pi
ta

l l
ob

e

sp
in

al
 c

or
d

m
ed

ul
la

ce
re

br
al

 c
or

te
x

ce
re

be
llu

m

1.8 kb >

2 kb >

SGCE

β-actin

Fig. 3 Tissue expression pattern of SGCE. a, RT-PCR analysis of total mRNA from three neuroblastoma cell lines and one
retinoblastoma cell line with intron-spanning primers. Upper panel, SGCE expression; lower panel, β-actin expression
(for comparison). b, Northern blot analysis of different brain regions, hybridized with an SGCE cDNA fragment (bp
599–1270). Bottom, loading controls after hybridization with a β-actin probe.

a b

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://genetics.nature.com



letter

nature genetics • volume 29 • september 2001 69

of confusion. Adv. Neurol. 50, 391–401 (1988).
6. Kurlan, R., Behr, J., Medved, L. & Shoulson, I. Myoclonus and dystonia: a family

study. Adv. Neurol. 50, 385–389 (1988).
7. Gasser, T. et al. Linkage studies in alcohol-responsive myoclonic dystonia. Mov.

Disord. 12, 363–370 (1996).
8. Kyllerman, M. et al. Alcohol-responsive myoclonic dystonia in a large family:

dominant inheritance and phenotypic variation. Mov. Disord. 5, 270–279 (1990).
9. Klein, C. et al. Association of a missense change in the D2 dopamine receptor with

myoclonus dystonia. Proc. Natl Acad. Sci. USA 96, 5173–5176 (1999).
10. Doheny, D. et al. Phenotypic features of myoclonic dystonia in two kindreds. Mov.

Disord. 15, S162 (2000).
11. Nygaard, T.G. et al. Localization of a gene for myoclonus-dystonia to

chromosome 7q21-q31. Ann. Neurol. 46, 794–798 (1999).
12. Klein, C. et al. A major locus for myoclonus-dystonia maps to chromosome 7q in

eight families. Am. J. Hum. Genet. 67, 1314–1319 (2000).
13. Asmus, F. et al. Inherited myoclonus-dystonia syndrome: narrowing the 7q21-q31

locus in German families. Ann. Neurol. 49, 121–124 (2001).
14. Piras, G. et al. Zac1 (Lot1), a potential tumor suppressor gene, and the gene for

epsilon-sarcoglycan are maternally imprinted genes: identification by a
subtractive screen of novel uniparental fibroblast lines. Mol. Cell Biol. 20,
3308–3315 (2000).

15. Lundemo, G. & Persson, H.E. Hereditary essential myoclonus. Acta Neurol. Scand.
72, 176–179 (1985).

16. Kurlan, R., Behr, J. & Shoulson, I. Hereditary myoclonus and chorea: the spectrum
of hereditary nonprogressive hyperkinetic movement disorders. Mov. Disord. 2,
301–306 (1987). 

17. Fahn, S. & Sjaastad, O. Hereditary essential myoclonus in a large Norwegian

family. Mov. Disord. 6, 237–247 (1991).
18. Ettinger, A.J., Feng, G., & Sanes, J.R. ε-Sarcoglycan, a broadly expressed

homologue of the gene mutated in limb-girdle muscular dystrophy 2D. J. Biol.
Chem. 272, 32534–32538 (1997).

19. Straub, V. et al. ε-Sarcoglycan replaces alpha-sarcoglycan in smooth muscle to
form a unique dystrophin-glycoprotein complex. J. Biol. Chem. 274, 27989–27996
(1999).

20. Imamura, M., Araishi, K., Noguchi, S. & Ozawa, E. A sarcoglycan-dystroglycan
complex anchors Dp116 and utrophin in the peripheral nervous system. Hum.
Mol. Genet. 9, 3091–3100 (2000).

21. Hewett, J. et al. Mutant torsinA, responsible for early-onset torsion dystonia,
forms membrane inclusions in cultured neural cells. Hum. Mol. Genet. 9,
1403–1413 (2000).

22. Durr, A. et al. D2 dopamine receptor gene in myoclonic dystonia and essential
myoclonus. Ann. Neurol. 48, 127–128 (2000).

23. Grimes, D.A., Bulman, D., George-Hyslop, P. & Lang, A.E. Inherited myoclonus-
dystonia: evidence supporting genetic heterogeneity. Mov. Disord. 16, 106–110
(2001).

24. McNally, E.M., Ly, C.T. & Kunkel, L.M. Human epsilon-sarcoglycan is highly related
to alpha-sarcoglycan (adhalin), the limb girdle muscular dystrophy 2D gene. FEBS
Lett. 422, 27–32 (1998).

25. Lim, L.E. & Campbell, K.P. The sarcoglycan complex in limb-girdle muscular
dystrophy. Curr. Opin. Neurol. 11, 443–452 (1998).

26. Selemon, L.D. & Goldman-Rakic, P.S. The reduced neuropil hypothesis: a circuit
based model of schizophrenia. Biol. Psychiatry 45, 17–25 (1999).

27. Scheidtmann, K., Muller, F., Hartmann, E. & Koenig, E. Familial myoclonus-
dystonia syndrome associated with panic attacks. Nervenarzt 71, 839–842 (2000).

©
20

01
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/g

en
et

ic
s.

n
at

u
re

.c
o

m
© 2001 Nature Publishing Group  http://genetics.nature.com


