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Abstract
We previously reported a five-generation family manifesting an autosomal dominant disorder of
facial myokymia and dystonic/choreic movements (FDFM). The dyskinetic episodes are initially
paroxysmal but may become constant. With increasing age they may lessen or even disappear. The
previous study excluded nine candidate genes chosen for their association with myokymia or
chorea and two regions containing single or clustered ion channel genes. We now report
identification by whole genome linkage analysis of a broad region on chromosome 3p21-3q21 that
segregates with the disease in all ten affected members in three generations who participated in the
study. GENEHUNTER-MODSCORE Version 2.0.1 provided a maximum multipoint LOD score
of 3.099. No other disorders primarily characterized by myokymia, dystonia, or chorea are known
to map to this region. Identification of additional families with FDFM may narrow the critical
region and facilitate the choice of candidate genes for further analysis.
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Introduction
We previously described a five-generation family of German ethnic background with both
choreiform or dystonic dyskinesia and predominantly facial myokymia (FDFM; OMIM
606703) transmitted in an autosomal dominant pattern (Fernandez et al., 2001). Myokymia
is the fine continuous involuntary contraction of muscles that may be visible as worm-like
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rippling and can be detected by electromyogram. It can affect any muscle group; myokymia
of the periorbital muscles may resemble blepharospasm. Chorea is characterized by rapid,
jerky, movements that may look dance-like and purposeful but are, in fact, involuntary.
Dystonia reflects increased muscle tone that results from involuntary muscle contractions,
forcing parts of the body into abnormal, sometimes painful, postures. Dyskinesia is a more
general term simply referring to abnormal involuntary movements.

In the family described here, onset of FDFM was in early childhood or adolescence with
paroxysmal choreiform or dystonic movements possibly triggered by stressful situations.
With age the episodes became more pronounced, prolonged, and frequent, and by age 30
were nearly constant. Later in life some individuals experienced improvement in disease
severity. Although intelligence, strength, and dexterity were normal, and lifespan did not
appear to be shortened, the disorder was quite socially disabling. Electroencephalographic
studies (EEG) were normal in several affected individuals, but one young child had frequent
unprovoked staring spells preceded by an aura, with no memory of the event, but no
postictal behaviors. An EEG demonstrated interictal epileptiform discharges over the central
regions of both cerebral hemispheres. Another affected relative reportedly had a childhood-
onset seizure disorder, but documentation was not available. With the exception of
acetazolamide in several of the affected individuals, interventions including gabapentin,
valproic acid, carbamazepine, amitriptyline and chlordiazepoxide were singularly
ineffective.

By targeted genotyping we excluded 11 regions containing genes associated with chorea and
myokymia (Fernandez et al., 2001): 1) the Huntington disease gene on chromosome 4p; 2)
the paroxysmal dystonic choreoathetosis gene at 2q34; 3) the dentatorubral-pallidoluysian
atrophy gene at 12p13; 4) the choreoathetosis/spasticity disease locus on 1p that lies in a
region containing a cluster of potassium (K+) channel genes; 5) the episodic ataxia type 1
(EA1) locus on 12p that contains its etiologic gene, KCNA1, and two other voltage-gated K+
channel genes, KCNA5 and KCNA6; 6) the chorea-acanthocytosis locus on 9q21; 7) the
Huntington-like syndrome gene on 20p; 8) the paroxysmal kinesigenic dyskinesia locus on
16p11.2-q11.2; 9) the benign hereditary chorea locus on 14q; 10) the SCA type 5 locus on
chromosome 11; and 11) the chromosome 19 region that contains several ion channels and
the CACNA1A gene, a brain-specific P/Q-type calcium channel gene associated with ataxia
and hemiplegic migraine. In addition, by clinical testing in one an affected person in the
family, no mutations were found in the caveolin 3 gene (CAV3) at 3p25 that is sometimes
associated with myokymia. We now provide an eight-year interval follow-up with
description of a newly symptomatic family member, and results of a genome wide scan for
the causative gene.

Methods
Family

Under protocols approved by the Institutional Review Board of the University of
Washington, subjects were examined and blood samples were obtained from 10 affected
members, including a set of identical twins, three unaffected members, and three spouses
from three generations of this family (fig. 1). The pedigree position numbers of some
individuals differ from those shown previously (Fernandez et al., 2001), but the relative
order has been maintained.

Genetic analyses
Genomic DNA was extracted from leukocytes or Epstein-Barr virus transformed B
lymphocyte lines by standard methods. A whole genome linkage analysis at an average 10
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cM resolution was performed using ABI PRISM ® Linkage Mapping screening set Version
2.5. Using an MJ Research PTC-240 or PTC-100 Thermal Cycler, genomic DNA (40 ng)
was PCR amplified in 10 μl volumes containing 0.4 U FastStart Taq DNA Polymerase
(Roche Diagnostics, Mannheim, Germany), and final concentrations of 1.5 mM MgCl2, 200
mM of each dNTP, and 0.3-0.5 μM each of the forward (fluorescence-labeled) and reverse
primers. The PCR began with a heating step of 95°C for 4 min, followed by 30 cycles at
94°C for 45 sec, 57°C for 45 sec, 72°C for 60 sec, and a final extension step at 72°C for 7
min. Products were size-separated on an ABI PRISM ® 3130 XL Genetic Analyzer
(Applied Biosystems). Power and multipoint linkage analyses for the genome scan were
performed with SLINK (Ott 1989; Weeks et al., 1990) and GENEHUNTER Version 1.2
(Kruglyak and others 1996), respectively. For program constraints, unaffected at-risk
individuals were not included in the latter analysis, and although both twins were genotyped,
only one was included. Haplotypes were constructed manually for all regions that provided
positive LOD scores. For regions that could not be eliminated by this procedure, and to
narrow the critical region of linkage, additional markers were identified from the Marshfield
genetic map, obtained from Bioneer (Alameda, CA) and genotyped as previously described
(Raskind et al., 2005). Fine mapping analyses, which also included the unaffected at-risk
individuals, were done with GENEHUNTER-MODSCORE Version 2.0.1 (Dietter et al.,
2007) and program-generated haplotypes were also corroborated by hand.

Results
Family Description

We previously described in detail the clinical characteristics of disease in 5 of 18 family
members affected with FDFM (Fernandez et al., 2001). An additional member of the
youngest generation subsequently developed symptoms of this disease at age 5 (individual
V-3 in fig. 1), including mild persistent involuntary twitches of facial muscles and
outstretched fingers and hands. He and his two affected sisters have shown modest
improvement on acetazolimide. A video of affected family members has been archived with
the Movement Disorders Society (Bird 2002).

Linkage Analysis
A simulation study performed under the assumptions of 0.0001 disease allele frequency,
90% penetrance, and four alleles of equal frequency suggested that samples from 14 family
members, including one member of the identical twin pair but not individual V-3 whose
sample was obtained after the study was begun, could provide a maximum LOD score of
2.39 at a recombination rate (θ) = 0.0. The estimated maximum LOD score rose to 3.099
when individual V-3 was included.

Using the same penetrance estimate and also without the sample from individual V-3, a
whole genome scan across all 22 autosomes at a 10 cM level was performed. Multipoint
analysis identified five regions of interest with LOD scores above 0.0, including
chromosomes 2q14.1-2q22.3, 3p21.1-3q21.3, 4q28.3, 6q23.3-6q27, and 18q11.2-18qter
(data not shown). The region on chromosome 6 was eliminated by haplotype analysis.
Genotypes of individual V-3, whose DNA was obtained after completion of the genome
scan, allowed exclusion of the chromosome 18 locus. Additional markers in the regions of
interest on chromosomes 2, 3, and 4, were genotyped (table I). Maximum multipoint LOD
scores of .43 and 0.11 were obtained for chromosomes 2 and 4, respectively. Furthermore,
results from manual haplotyping were inconsistent with linkage to either of these
chromosomal regions. The finer scale mapping on chromosome 3 provided a maximum
LOD score of 3.099 (fig. 2). Recombinant events in affected individuals V-3 and III-2
defined the proximal and distal boundaries of the minimal linkage region at D3S1582 and
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D3S3606, respectively (fig. 1). Although a recombination in individual IV-10 might narrow
the region further, the possibility of incomplete penetrance of FDFM in this at-risk person
must be considered.

Discussion
This report provides additional information about the natural history of FDFM. The age of
onset ranges from early childhood to late adolescence. We describe a new affected person
(V-3) whose symptoms began at age 5 and who had modest benefit from acetazolamide, as
did other relatives including his affected sisters.

The availability of this additional subject in the family, coupled with advances in genomics
and statistical genetics analytic programs, permitted a successful genome-wide linkage study
for FDFM. The 71.73 cM region of linkage corresponds to approximately 74Mb and
contains 245 annotated genes, of which 47 are associated with disorders (NCBI Entrez
Gene, Build 36.3). In addition, the region contains numerous pseudogenes, hypothetical
proteins and open reading frames. If the recombinant event in individual IV-10, who is
unaffected at age 60, is considered, the critical region could be reduced to 52.76 cM.
Disorders with similar features to FDFM may help prioritize candidate genes.

Myokymia is also a prominent feature of the autosomal dominant disorders episodic ataxia
type 1 (EA1; OMIM 160120) (Browne et al., 1994; Jen et al., 2007) and myokymia with
neonatal epilepsy (BFNC/myokymia; OMIM 606437) (Cooper and Jan 2003; Dedek et al.,
2001). It has been documented occasionally in a variety of other disorders, including several
spinocerebellar ataxias. EA1 is caused by mutations in the KCNA1 gene on chromosome
12p13. Like FDFM, the symptoms tend to improve after early adulthood (Brunt and van
Weerden 1990). Mutations in KCNA1 can also cause myokymia and spasticity in the
absence of ataxia (Chen et al., 2007). BFNC/myokymia is caused by a missense mutation
within the putative voltage sensor of the potassium channel KCNQ2 on chromosome
20q13.3 (Jen et al., 2007).

Epilepsy is a less frequent feature of FDFM. The episodic ataxias EA2, EA3, EA5, and EA6
are not characterized by myokymia but include epilepsy as a symptom with varying
frequency, and they, along with FDFM, may respond to acetazolamide (Jen et al., 2007).
EA2 (OMIM 108500) and EA5 (OMIM 601949) are caused by mutations in genes that code
for components of calcium channels, the CACNA1A gene on chromosome 19p13 (Strupp et
al., 2007) and the CACNB4 gene on chromosome 2q22-q23 (Escayg et al., 2000),
respectively. EA6 (OMIM 60011) is caused by mutation of SLC1A3, a glutamate transporter
gene on chromosome 5p13 (Jen et al., 2005). The genes for EA3 (OMIM 606554) and EA7
(OMIM 611907) (Kerber et al., 2007) that map to chromosomes 1q42 and 19q13,
respectively, have not yet been identified. Two other disorders deserve mention as they
share both the episodic nature of FDFM and choreiform dyskinesia. Paroxysmal
nonkinesigenic choreoathetosis (OMIM 118800) is caused by mutations in the N-terminal
alpha helix of the protein of the myofibrillogenesis regulator-1 gene (MR1) (Rainier et al.,
2004). Paroxysmal kinesigenic choreoathetosis (OMIM 128200) maps to chromosome
16p11.2-q12.1, but the gene has not yet been identified.

FDFM also shares some clinical features with nonparoxysmal disorders. Myokymia is
observed in spinocerebellar ataxia (SCA) type 14 (Stevanin et al., 2004) and rarely in SCA2
(Cancel et al., 1997). Facial fasculations but no true myokymia are common in SCA3/MJD
(Berciano et al., 2006), SCA5 (11q13). Interestingly, although EA2 is allelic to SCA6,
patients with SCA6 do not exhibit myokymia. Genes in or related to those in the “ataxiome”
(Lim et al., 2006) that map to the critical region might be considered candidates. The
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families of genes responsible for the inherited choreas and dystonias may also be
informative for FDFM.

High priority candidates within the critical region include the calcium channel gene
CACNA2D3 (Hanke et al., 2001) and the KCTD6 gene that catalyzes transmembrane
transfer of potassium ions through voltage-gated channels (Van Bogaert et al., 2007). The
Ca2+ dependent secretion activator gene CADPS is also of potential interest, although it is
not reported to express in muscle (Sadakata et al., 2006). Work on these genes will be
pursued. However, considering the number of genes contained in the large region of interest,
the most efficacious steps toward identification of the FDFM gene would be to ascertain
additional families whose disease links to the same region.
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Figure 1.
Five-generation pedigree demonstrating apparent autosomal dominant transmission of
familial dyskinesia and facial myokymia. Affected individuals are denoted by gray symbols.
Haplotypes for nine markers on chromosome 3 are shown for all participating subjects;
chromosome segments containing the putative disease-causing allele are shown in black; an
ambiguous segment is shown in gray. Arrows identify recombinations in two affected
persons that define the minimal linkage region.
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Figure 2.
Multipoint LOD plot of results for 25 markers on chromosome 3 that demonstrates a broad
region with positive scores.
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Table I

Whole genome screen markers and additional markers in regions of interest.

Markers UniSTS#
(Additional Markers)

KcM1

D2S347 131.51

D2S2271 48424 133.65

D2S112 141.62

D2S151 152.04

D2S2241 24241 156.92

D3S1289 71.41

D3S1582 26051 72.21

D3S1300 80.32

D3S1285 91.18

D3S1566 97.75

D3S3681 109.22

D3S1271 117.76

D3S1278 129.73

D3S1267 139.12

D3S3606 726 143.94

D3S1292 146.60

D4S402 124.45

D4S1615 34042 128.31

D4S1575 132.05

D4S1565 71100 143.84

D4S424 144.56

1
Location on the Marshfield map (Map)
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