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Expedited Review

A Gene (ETM) for Essential Tremor Maps to Chromosome
2p22-p25

Joseph J. Higgins, Lana T. Pho, and Linda E. Nee
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Institutes of Health, Bethesda, Maryland, U.S.A.

Summary: We report the results of linkage analysis in a large
American family of Czech descent with dominantly inherited
““pure’’ essential tremor (ET) and genetic anticipation. Genetic
loci on chromosome 2p22-p25 establish linkage to this region
with a maximum LOD score (Z_,,) = 5.92 for the locus,
D25272. Obligate recombinant events place the ETM gene in a
15-¢M candidate interval between the genetic loci D25768 and

D28224. Repeat expansion detection analysis suggests that ex-
panded CAG trinucleotide sequences are associated with ET.
These findings will facilitate the search for an ETM gene and
may further our understanding of the human motor system. Key
words: Linkage analysis—Essential tremor—Human chromo-
some 2p.

Essential tremor (ET), the most common human
movement disorder, affects from 1-6% of the population
older than 40 (1-3). ET is more prevalent than Parkin-
son’s disease, multiple sclerosis, motor neuron disease,
myasthenia gravis, and epilepsy (4). The main feature of
ET is postural tremor of the arms, but the head, legs,
trunk, voice, jaw, and facial muscles also may be in-
volved. Aggravated by emotions, hunger, fatigue, and
temperature extremes, the condition may cause a func-
tional disability or even incapacitation (5,6). Beta-
adrenergic blocking agents and primidone, established
treatments for the disorder, are only partially effective
and have significant side effects (7). ET may be so dis-
abling as to require neurosurgical intervention for partial
alleviation (5).

The areas of the human nervous system that mediate
tremor are poorly understood. Postmortem studies have
failed to reveal any pathologic substrate for the disorder
(8). The reduction in amplitude of postural tremor ef-
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fected by blocking peripheral beta-adrenergic receptors
implies that the peripheral nervous system may play a
role in ET. Most evidence, however, supports a central
nervous system etiology for ET. The results of studies
using positron emission tomography in humans with ET
demonstrate overactivity of a neuronal circuit involving
the thalamus, cerebellum, or the red or inferior olivary
nuclei (9,10). The synchronization of neuronal dis-
charges after intravenous administration of the beta-
carboline alkaloid, harmaline, in animals lends further
evidence to support these findings (11). The precise
mechanism of the tremorgenic effects of the beta-
carboline alkaloids remains uncertain, but their inverse
agonist effects on GABAergic synaptic transmission sug-
gests that they cause a receptor-mediated enhancement of
thythmic discharges in the inferior olivary nuclei (11).
More than 160 years ago, ET was recognized as a
familial disorder (12). Current estimates suggest that
more than 96% of ET cases are dominantly inherited
(13). The phenomenon of genetic anticipation, defined
by an earlier age of the disease onset in successive family
generations, is recognized in some families with mem-
bers who have ET (14-17). In addition to other neuro-
logic signs, individuals with the genetic disorders idio-
pathic torsion dystonia on chromosome 9¢32-g34 (18),
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X-linked spino-bulbar muscular atrophy (SBMA) (19),
and familial Parkinson’s disease on chromosome 4g2]-
g23 (20) have a tremor similar to that of patients with
ET. Although the association of postural tremor with
dystonia in some families suggests that the disorders may
be pathogenically related (14), other families with
“‘pure’” ET are not linked to the idiopathic torsion dys-
tonia locus on chromosome 9¢32-g34 (21). The authors
report that a *‘pure’” ET phenotype is linked to a locus on
chromosome 2p22-p25 and that this locus differs from
the genetic loci identified for idiopathic torsion dystonia,
Parkinson’s disease, or X-linked SBMA.

METHODS

Family Studies

The family’s founder—who originated in the town of
Osvracin, county Plzefi, in the Czech Republic—
immigrated to the United States in the mid-19th century.
After the proband was identified, other family members
were found and examined at two family reunions in dif-
ferent regions of the United States. All family members
that agreed to participate in the study were examined
regardless of the presence or absence of tremor. The
diagnosis of ET was based on the presence of bilateral
postural tremor, with or without kinetic tremor that was
visible and persistent in the hands or forearms.

Tremor assessments were made when the subjects’
limbs were at rest with their arms in a wing-beating
position (with the elbows partially flexed and the shoul-
ders abducted in the horizontal plane) (22). Tremor am-
plitude was assessed by visual inspection and classified
as fine, moderate, or coarse. Fine tremor was defined as
no to slight tremor; moderate tremor was obvious, with
2- to 4-cm excursions of the affected body part; and
coarse tremor was disabling, with greater than 4-cm ex-
cursions. To distinguish enhanced physiologic tremor
from ET, only individuals with moderate or coarse
tremor amplitudes and slow tremor frequencies (4 to 10
Hz) were considered affected. The status of individuals
with recent or concurrent exposure to tremorgenic agents
and children who were unable to cooperate fully was
considered indeterminate. Tremor was partially respon-
sive to oral administration of propranolol or primidone in
some family members. The age at which tremor was first
noted by the study participant was considered the age at
disease onset.

Genotyping and Linkage Analysis

The family pedigree and haplotypes were constructed
using Cyrillic 2.1 (Cherwell Scientific Publishing Ltd.,
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Oxford, England). Samples were obtained after informed
consent. High-molecular-weight genomic DNA was iso-
lated from whole-blood lysate by methods previously
described (23). Genotyping was performed using stan-
dard methods (24). Pairwise and multipoint linkage
analyses were performed using the FASTLINK package
(version 3.0) and VITESSE programs (25-27). ET was
considered as autosomal dominant, with a frequency of
0.01, and tully penetrant. Allele frequencies for the markers
used in the linkage analysis were computed based on 74
unrelated individuals (148 independent chromosomes).
Two-point analysis log,, of the likelihood ratio (LOD)
scores were calculated for these computed values and for
1/n allele frequencies (n = the number of alleles observed)
to determine the effect on the maximum LOD score. The
distances and order of genetic markers were set as reported
in the Cooperative Human Linkage Consortium database
(http://www.chlc.org). Overlapping five-point analysis was
pertormed for loci D25168, D2S131, D25272, D25224, and
ETM. Map distances were computed by the Haldane map-
ping function (26).

Repeat Expansion Detection

Detection of trinucleotide repeat expansions in the hu-
man genome was based on using genomic DNA as a
template for the annealing and ligation of repeat specific
oligonucleotides without prior knowledge of chromo-
somal location. A thermostable ligase was used in a cy-
cling procedure, which generates multimers of the oli-
gonucleotides (28). Reactions contained 1 pg of genomic
DNA, 0.15 uL of Ampligase (100 U/uL) (Epicentre
Technologies, Madison, WI) and 1X Ampligase buffer,
1.0 pL of 0.1 wM disodium ethylenediamine-
tetraacetate, and 50 ng of phosphorylated (CTG),, oli-
gonucleotide in a total volume of 10 pL. Samples were
initially denatured at 95°C for 5 minutes, and then were
cycled 400 times at 95°C for 5 minutes, 80°C for 30
seconds, and 94°C for 10 seconds. Ten pL of loading
dye (99.0% formamide, 1.0% xylene cyanole/
bromphenol blue) was added to the reaction mixture, and
the samples were denatured at 95°C for 5 minutes before
loading. The samples were loaded on a 6% polyacryl-
amide/6 Molar (M) urea gel using 0.09 M Tris-borate,
with 0.002 M ethylenediamine-tetraacetate as a running
buffer at 90 watts of constant power. The gel was trans-
ferred by capillary blotting to Hybond N+ (Amersham
Co., Arlington Heights, I11). Following ultraviolet immo-
bilization, the membrane was hybridized for | hour at
60°C to a labeled (CAG),, oligonucleotide in Rapid-hyb
buffer (Amersham Co., Arlington Heights, I11). The
probe was labeled in a 25-pL reaction containing 125 ng
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(CAG);p, 27 U of terminal deoxynucleotidyl transferase
(Life Technologies, Gaithersburg, Md), and 70 microCu-
ries of a->?P labeled 2’-deoxyadenosine 5’-triphosphate
(Amersham Co., Arlington Heights, IlI) for 1 hour at
37°C. The reaction was stopped by adding 500 pL of
0.01 M Tris-chloride and 0.001 M ethylenediamine-
tetraacetate, pH 8.0. The membrane was washed twice in
0.15 M secdium chloride, 0.015 M sodium citrate, and
0.1% sodium dodecy! sulfate for 15 minutes at 60°C and
autoradiographed for 1 to 3 days. Family members were
screened for expansions of (CAG), contained in the fol-
lowing Cooperative Human Linkage Consortium CAG/
CTG loci by using standard PCR conditions: GCTIB4,
GCT3A11, GCT3C12, GCT3DI12, GCT4A02, GCT4A03,
GCT4D02, GCT5A09, GCT5C07, GCTSCI1, GCT5EQ9,
GCT6D03, GCT8BOY9, GCT9CO2, GCTIOBO?,
GCTI10D07, GCTIOF0Il, GCTIOF03, GCTI1BI2,
GCT11G10, GCTI5BOS, GCTI5D07, GCTI5F06, and
GCT15G07.

RESULTS

The extended family pedigree consists of 138 mem-
bers. Information on 67 of them was available; 18 were
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affected by ET (Fig. 1). Unrelated spouses (n = 11) were
unaffected, except for individual II-2 (Fig. 1). No other
neurologic illnesses such as dystonia, parkinsonism, my-
oclonus, malignant hyperthermia, peripheral neuropathy,
or ‘‘restless’” legs syndrome were present in the family.
None of the characteristics described in dystonic tremor
was observed in affected individuals (29). All study par-
ticipants that were assigned the affected status knew or
suspected that they had tremor. The age at which they
first noticed tremor was designated as the age of disease
onset. Genetic anticipation was suggested in the family,
as the onset of tremor in generations III (63 + 13 [age +
SDl;n=3),IV(29+10;n = 7),and V (11 £ 3;n
5) was progressively younger.

To identify a genetic locus responsible for the ET
phenotype, we performed a genome scan using 333 ge-
netic loci spaced at approximately 10-centiMorgan (cM)
intervals throughout the human genome in a large kin-
dred (Fig. 1). Loci that yielded positive LOD scores us-
ing an ‘‘affected only’’ model were further investigated
by typing flanking loci. Regions were considered ex-
cluded if the flanking loci yielded LOD scores of less
than -2 at 0 0.10. Genetic loci at the cytogenetic
location 2p22-p25 were linked to the disease phenotype
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FIG. 1. An abridged pedigree of an American kindred of Czech descent with cssential tremor. The extended American family pedigree consists of
138 members. The status of individuals with recent or concurrent exposure to tremorgenic agents and children unable to cooperate fully was
considered indeterminate (crossed symbols). The size of the repeat expansion detection products in base pairs is listed below each individual
represented and foilowed by the inferred haplotypes for the six chromosome 2p loci D25162, D25423, D2S168, D2S131, D2§272, and DZS224: The
haplotype barcodes indicate areas that segregate with the disease locus (black) and areas of recombination (white). Squares represent mz}_les apdplrcles
represent females. Shaded symbols denote individuals with essential tremor. The proband is indicated by an arrow. For reasons of confidentiality, the
order and sex of at-risk individuals are changed.
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TABLE. Two-point LOD scores between chromosome 2p markers and the essential tremor locus

Recombination fraction (8)

0.00 0.01 0.05 0.10 0.20 0.30 0.40 Z pax O max
Locus name

D285162 -0 2.12 3.16 3.29 2.89 2.14 1.18 3.29 0.10
D25423 - 1.89 2.26 2.15 1.63 1.01 0.43 2.26 (.05
D2S5168 —C 0.09 0.54 0.54 0.35 0.21 0.08 0.54 0.05
D2S5131 5.44 5.35 4.97 4.48 343 2.30 1.11 5.44 0.00
D25272 5.92 5.83 5.43 4.92 3.82 2.61 1.31 5.92 0.00
D285224 —0C 347 3.79 3.59 2.82 1.84 0.76 3.79 0.05

LOD = log,, of the likelihood ratio: L(BYL(® = 0.5)

withZ . = 592 at6 = 0.00 for locus D25272 (Table)
using a model with 23 informative meiosis (15 affected
and 8 unaffected individuals). The more conservative
“‘affected only’” model yielded similar pairwise LOD
scores, with maximum values at 6 = 0.00 of 3.90 for
locus D25272 and 3.54 for locus D2S131. Haplotype
reconstruction placed the ETM gene in a 15.4—cM can-
didate interval between the genetic loci D25168 and
D2S5224 (Fig. 1). The genetic loci D2S131 and D25272
showed no obligate recombination events in affected in-
dividuals. Multipoint LOD score analysis between loci
D2S168-5.7 cM-D2S8131-6.3 cM-D28§272-3.4 cM-
D2S§224 and the disease locus places the ETM gene be-
tween loci D2S272 and D2S224 at a recombination dis-
tance of 12.8 cM from locus D25168 with Z,,, = 6.00.
The Z,,..., method places the disease locus in a 13.2—cM
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FIG. 2. An autoradiograph of repeat expansion detection products
from a branch of the family with essential tremor demonstrating co-
segregation of a (CAG), expansion in individuals affected by tremor.
The lowest band in each lane represents 90 base pairs; each additional
band represents an additional 30 base pairs. Shapes denoting affected
individuals are shaded. The clinical status of individual V-4 was inde-
terminate. Lane | was edited.

Movement Disorders, Vol. 12, No. 6, 1997

interval ranging from 9.6 cM telomeric to 3.6 cM cen-
tromeric to D2S272. *‘ Affected only’” analysis generated
similar results with Z, ., = 3.90 at the same position.
We performed repeat expansion detection (RED) analy-
sis on the genomic DNA samples of family members to
test the hypothesis that a CAG trinucleotide repeat
[(CAG),] expansion was responsible for the phenom-
enon of genetic anticipation (Fig. 2). All 15 affected
individuals tested by RED analysis demonstrated
(CAG), expansions of 210 (n = 14) or 270 bases (n =
1). All affected descendants of individual 1I-4 (n=12,
Fig. 1) had RED products of 210 bases, except for a
young child with an indeterminate clinical status who
inherited the disease haplotype (V-6, Fig. 1). Of 16 un-
affected individuals, 13 had RED products <180 bases.
Two of the eight individuals with an indeterminate status
(I1-2 and TV-21, Fig. 1) and one unaffected, at-risk
woman (ITI-14, Fig. 1) had expansions of 210 or 270
bases. Fisher’s exact test demonstrated a significant (p <
0.001) dependence between the presence of a (CAG),
expansion and affected status. The known repetitive
CAG regions on chromosome 2 reported in the Coop-
erative Human Linkage Consortium database did not
demonstrate expansions in affected family members.

DISCUSSION

Our localization of an ET susceptibility gene ETM on
chromosome 2p22-p25 represents the first genetic locus
linked to ET. This finding suggests that a single highly
penetrant gene is sufficient to cause at least one form of
ET in a single large family. The finding also implies that
the tremor in familial Parkinson’s disease and idiopathic
torsion dystonia are mediated by genetic factors that are
different than ‘‘pure’” ET, as they are linked to different
genetic loci. X-linked SBMA and ET, however, may
share a similar tremorgenic mechanism. A (CAG), ex-
pansion in the human androgen receptor (hAR) gene
causes X-linked SBMA (19). This (CAG), expansion en-
dows the hemizygous mutant AR gene or one of its
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products with a ‘‘gain-of-function” that is harmful to
neurons as no other mutation, including a complete de-
letion in the ZAR gene, causes the selective motor neu-
ronopathy and mild androgen insensitivity that charac-
terize X-linked SBMA. The presence of (CAG), expan-
sions in SBMA and ET is intriguing as the disorders
exhibit an identical tremor. This association must be in-
terpreted with caution, because an expanded (CAG),, did
not cosegregate with the disease haplotype in one at-risk
individual in our study. This result may indicate that the
(CAQG),, expansion in this individual is too small to be
detected by a RED methodology that uses a lower limit
of 40 repeat copies or that the (CAG), is located at
another genetic locus. Previous studies report that ap-
proximately 30% of the normal population demonstrate
genomic expansions of 180 bases by RED (28,30).
Therefore, the expanded alleles in our family members
may be uninformative or simply segregating with an-
other unrelated locus. Linkage analysis using highly
polymorphic genetic markers places ETM on chromo-
some 2p22-p25 by odds of almost 1,000,000:1, but the
location of the (CAG), expansion in our family may map
to another locus. ‘‘Pure’’ ET may be similar to other
diseases in which anticipation is unrelated to trinucleo-
tide repeat expansions (31). Although whether (CAQG),
expansions are present in individuals with idiopathic tor-
sion dystonia is unknown, (CAQG), expansions were not
detected by RED in affected members of one large kin-
dred with Parkinson’s disease (20).

The coexistence of other neurologic conditions such as
dystonia in families with ET (15) suggests phenotypic
heterogeneity. Whether the postural tremor in these kin-
dreds is a genetically related phenomenon or a separate
but associated feature of different neurologic disorders
remains to be determined. A unifying hypothesis that
accounts for the clinical diversity in these families may
involve a receptor-mediated process that regulates rhyth-
mic neuronal discharges. Mutations in a gene on chro-
mosome 2p22-p25 may be one of multiple genes in-
volved in the generation of ET.

Several genes have been identified in the chromosome
2p22-p25 region, but none appears to be an evident ET
gene candidate by function or pattern of expression. Fur-
ther studies in other families with ET will help identify
the gene(s) responsible for this common disabling con-
dition and increase our understanding of human motor
control.
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