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Abstract

Objective: Our goal was to perform detailed clinical and genomic analysis of a large
multigenerational Chinese family with 21 individuals showing symptoms of Familial
Cortical Myoclonic Tremor with Epilepsy (FCMTE) that we have followed for over
20 years.

Methods: Patients were subjected to clinical evaluation, routine EEG, and structural
magnetic resonance imaging. Whole exome sequencing, repeat-primed PCR, long-
range PCR, and PacBio sequencing were performed to characterize the disease-caus-
ing mutation in this family.

Results: All evaluated patients manifested adult-onset seizures and presented with
progressive myoclonic postural tremors starting after the third or fourth decade of life.
Seizures typically diminished markedly in frequency with implementation of antisei-
zure medications but did not completely cease. The electroencephalogram of affected
individuals showed generalized or multifocal spikes and slow wave complexes. An
expansion of TTTTA motifs with addition of TTTCA motifs in intron 4 of SAMDI2
was identified to segregate with the disease phenotype in this family. Furthermore,
we found that the mutant allele is unstable and can undergo both contraction and ex-
pansion by changes in the number of repeat motifs each time it is passed to the next
generation. The size of mutant allele varied from 5 to 5.5 kb with 549-603 copies of
TTTTA and 287-343 copies of TTTCA repeat motifs in this family.

Significance: Our study provides a detailed description of clinical progression of
FCMTE symptoms and its management with antiseizure medications. Our method of
repeat analysis by PacBio sequencing of long-range PCR products does not require
high-quality DNA and hence can be easily applied to other families to elucidate any
correlation between the repeat size and phenotypic variables, such as, age of onset,

and severity of symptoms.
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1 | INTRODUCTION

Familial Cortical Myoclonic Tremor with Epilepsy (FCMTE)
is an autosomal dominant disorder characterized by pro-
gressive adult-onset cortical myoclonic tremor and seizures
that are partially responsive to antiseizure medication. Due
to the heterogeneity of clinical symptoms, the disorder has
been described under multiple names, for example, benign
adult familial myoclonic epilepsy (BAFME), familial adult
myoclonic epilepsy (FAME), and familial cortical tremor
with epilepsy (ECTE)."* Van Rootselaar and colleagues,5
who first coined the term FCMTE, indicated that all these
terms refer to a single disease entity with phenotypic and
genetic heterogeneity. Earlier attempts at identifying the ge-
netic basis of FCMTE mapped the candidate genes to mul-
tiple regions of the human genome, thus identifying at least
five FCMTE loci."*® Despite the identification of several
candidate genes, such as, UBRS5, NOL3, ACMSD, ADRA2B,
CNTN2, CTNND2, PLA2G6, and SLC30AS, the underlying
causative gene remained unknown for the majority of re-
ported families.!*¢® Recently, Ishiura and colleagues9 iden-
tified abnormal expansions of noncoding pentanucleotide
repeat motifs (TTTCA and TTTTA) in three genes, SAMDI2
(chromosome 8), TNRC6A (chromosome 16), and RAPGEF?2
(chromosome 4), as the underlying cause of FCMTE in
Japanese families. Of these, the repeat expansion in intron
four of SAMD12 was the most frequent and was observed in
48 out of 51 FCMTE families.’ These findings were subse-
quently validated in additional Japanese and Chinese families
with FCMTE.'*!? Here, we present a large multigenerational
Chinese family with more than twenty individuals with
FCMTE symptoms from five generations that we have been
studying for 23 years. Using a combination of the repeat-
primed PCR, long-range PCR, and PacBio sequencing, we

epilepsy, FCMTE, myoclonus, SAMD12

Key Points

e Detailed clinical evaluation of FCMTE patients
from a large multigenerational family demon-
strated phenotypic adult-onset seizures (partially
responsive to antiseizure medications) and pro-
gressive myoclonic postural tremors.

e Although most patients presented with gener-
alized-onset tonic-clonic seizures, five patients
from the same family presented with focal to bi-
lateral tonic-clonic seizures.

e The disease occurs due to an expansion of intronic
repeats in SAMDI2 from < 1kb (in normal indi-
viduals) to 4.2-4.7 kb in the affected individuals.

e The expanded repeat region shows intergenera-
tional instability.

identified a 4.2-4.7 kb repeat with 549-603 copies of TTTTA
and 287-343 copies of TTTCA repeat motifs in intron four of
SAMD12 in affected individuals.

2 | METHODS
2.1 | Family collection and clinical
evaluation

The proband, a 58-year-old woman (324 in Figure 1A) from
suburban area of Beijing, China, was referred for intractable
seizures. A detailed pedigree was constructed based on the
clinical histories of all family members (Figure 2). At the initial
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FIGURE 1 FCMTE pedigree and spiral drawing to show the range of tremor severity. A, Partial pedigree of the family showing the part we

studied from generations II to VI. The proband (324) is marked by a red arrow. All individuals whose DNA was tested are identified by a number

written underneath the male or female symbol. The filled symbols indicate clinically affected individuals; open symbols indicate clinically normal

individuals, and open symbols with red dots indicate individuals who were clinically normal at the time of evaluation but carried the mutant allele

as detected by repeat-primed PCR data. B, Tremor as shown through the spiral drawing task. The examiner first drew a spiral to illustrate the task

(i). The remaining drawings demonstrate the range of increasing severity of the tremor in three family members from mild (ii, 416 in panel A),

moderate (iii, 418 in panel A), and to severe (iv, 324 in panel A)

evaluation, there were 21 affected individuals among over 130
family members spanning six generations. Detailed clinical
evaluations were conducted on 12 patients by at least two of
the authors (Table 1). Parts of the family including individuals
who were young and asymptomatic at initial evaluation were
recently examined again. Routine EEG and structural magnetic
resonance imaging were performed for some of the family
members. The electroclinical characterization of this family has
been described previously. ' Blood samples were obtained from
13 affected and 12 unaffected individuals in the family. High-
molecular-weight genomic DNA was extracted from peripheral
leukocytes by modified standard plrocedulres.]5

2.2 | Ethics and patient consents

The study was fully approved by the Ethics Committee of
the China-Japan Friendship Hospital, Ministry of Health,

China,14 and written informed consent was obtained from all
participants.

2.3 | Whole exome sequencing (WES)

WES was performed on DNA from nine affected
(Figure 1A, No. 33, 35, 39, 324, 41, 46, 410, 415, 423)
and three unaffected individuals (Figure 1A, No. 411, 44,
425) using the xGen Exome Research Panel (IDT). Each
sample was run on two lanes of HiSeq 4000 machine
(Illumina). WES data were analyzed using Varsifter.'® All
variants unique to the family were identified and filtered
by their effect on the protein function. The functional vari-
ants (stop-gain/loss, splicing, nonsynonymous, frameshift,
nonframeshift insertions/deletions) were then excluded as
candidate variants by their presence in the 1000 Genome
and ExAC databases.
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FIGURE 2 Complete pedigree of the six-generation family at the time of clinical evaluation and sample collection. Proband is marked by the

red arrow. Half-filled symbols (patients 88 and 128) represented EEG epileptiform discharges without clinical seizure

2.4 | Repeat-primed fluorescent PCR
Repeat-primed fluorescent PCR (RP-PCR) was com-
pleted using the recently described primer sets, P1/P2 for
TTTTA and P3/P4 for TTTCA repeats in intron four of
SAMDI12° and PCR conditions described previously with
extension time of 1 min instead of 30 s.!” Briefly, for
each DNA sample, fluorescent PCR was performed using
FAM-M13R primer with the P1/P2 and P3/P4 primer sets.
PCR products were separated by capillary electrophoresis
on genetic analyzer ABI3130xL or 3730xL and analyzed
by GeneMapper 5.

2.5 | Long-range PCR and
PacBio sequencing

Long-range PCR was performed using 200 ng of genomic
DNA, PrimeSTAR GXL Premix (Takara Bio), and
SAMDI12LF/SAMDI12LR primers and conditions as de-
scribed recently.lo The PCR products were analyzed by
electrophoresis on 1% agarose gel and MassRuler DNA
ladder mix (Thermo Fisher Scientific). For single-molecule
real-time (SMRT) sequencing using PacBio technology,
long-range PCR was carried out in ten reactions/sample and
pooled to generate 500 uL of PCR product. For each sample,
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TABLE 1 Clinical findings in patients at the time of first evaluation in 1996
In Figure2 18 70 71 74 75 20 79 14 58 32 7 21
Patient id InFigure 1A 324 418 416 423 NA 39 410 33 41 NA 35 46
Gender F F M F M F M F M F M M
Age at evaluation 58 40 37 34 32 55 36 64 28 52 74 56
Age of seizure onset 28 25 25 25 26 28 26 26 25 28 35 30
Seizures + + + + + + + + + + + +
Myoclonus + + + + + + + + + + + +
Dementia - - - = = = = - - - - _
Dysdiadochokinesia + - + + + + +
Finger-nose test + + L o e +
Heel-shin coordination + + + + + +
Rombergism ++ L bt + 4 +
Gait ataxia + + + + + +
Plantar reflexes flexor + L 4L L L
or Babinski reflex

EEG SW  SwW  SW  SW SW NA NA NL NA NL NL NL

Abbreviations: NA, not available; NL, normal; SW, spikes and slow wave.

two size-selected libraries were created (~1 kb for the WT
allele and ~5 kb for the mutant allele) and pooled by size.
The pools were run on a single PacBio Sequel SMRTcell and
demultiplexed to separate the reads for each size. For each
sample, consensus sequences for wild-type (WT) and mutant
alleles were generated using the long amplicon analysis.

3 | RESULTS
3.1 | Clinical description of the proband and
pedigree

At the time of initial evaluation, there were 21 clinically af-
fected individuals in six generations in this extended family
of over 130 members, with an inheritance pattern suggesting
an autosomal dominant disease (Figure 1A and Figure 2). We
performed detailed clinical evaluations on 12 affected individu-
als. Seizures in these 12 patients began in adulthood with onset
between 25 and 35 years of age. Seizure semiology was typi-
cally generalized-onset tonic-clonic seizures, but three patients
(Figure 1A, No. 324, 416, 418) presented with focal to bilat-
eral tonic-clonic motor seizures (3/12, 25%). Two individuals,
who were asymptomatic at the time of initial evaluation due
to their young age (Figure 1A, No. 42, 520), also manifested
likely focal to bilateral tonic-clonic motor seizures upon subse-
quent evaluations (5/14, 36%). All patients also presented with
myoclonic postural tremors starting after the third or fourth
decade of life (Figure 1B, Table 1). In comparison with pro-
gressive myoclonic epilepsies, seizures were partially respon-
sive to medication and their frequency did not increase with

time. Late-onset ataxia was also present, but dementia was not
observed in any patient (Table 1). The electroencephalogram
of affected individuals showed generalized spikes or multifo-
cal spike-and-slow wave complexes as described prf:viously.14
None of the evaluated patients had any significant CT or MRI
abnormality. Valproic acid reduced seizure frequency in all pa-
tients, but did not ameliorate the tremor, which continued to
worsen with age. Tremor also progressed over time even in a
few patients who had discontinued valproic acid after long pe-
riods of seizure freedom. Together, this suggests that tremor
progression was unrelated to the use of valproic acid. Detailed
description of the clinical symptoms of the proband and her af-
fected children is given below.

3.2 | Proband (324 in Figure 1A)

Seizures began in this patient at age 28. On antiseizure medi-
cations, including carbamazepine and later valproic acid, sei-
zures diminished from two per month to two or less per year.
Semiologically, seizures began with palpitations, sweating, and
blurry vision. This was followed by alteration of awareness,
head deviation to the right, and often bilateral tonic-clonic sei-
zure with loss of bladder control and tongue biting. Postictal
confusion and speech difficulty typically lasted 1-2 hours. Her
myoclonic jerks started at age 30, two years after seizure onset.
Myoclonic jerks first appeared in the hands and arms and later
involved the trunk and lower extremities. They were most pro-
nounced in the extremities and were arrhythmical, asymmetri-
cal, and exacerbated by emotions and voluntary movements.
At times, myoclonus was severe enough to result in falls; on
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one occasion, she suffered nasal and facial fractures. An inten-
tion tremor then ensued and progressed in severity. Myoclonus
and tremors were unresponsive to antiseizure medications and
worsened with time showing transient improvement after alco-
hol intake. Examination at age 80 showed a 3-7 Hz tremor that
was more prominent in the arms than the legs. At the forearms,
there were prominent supination/pronation movements and at
the shoulders internal/external rotation. Tremor worsened with
action and became particularly vigorous when she extended her
arms. Tremor was worse when she drew a spiral using her right
hand (Figure 1B-iv). Tremor amplitude in the legs increased
when she walked but was also observed when sitting.

3.3 | Proband's son (416 in Figure 1A)

The proband's son reported a history of a head trauma and in-
tracerebral hemorrhage at age 18. His seizures started at age 25
and tremors at age 35. Given the significant delay in seizure
onset from the head trauma and with an age of onset and seizure
semiology similar to other family members, the trauma was felt
to be an unlikely etiology of his symptoms. Carbamazepine
monotherapy followed by later introduction of Valproic acid
resulted in diminished seizure frequency from 3-4 seizures per
month to 2-3 seizures or less per year. His seizures were of the
impaired awareness type at onset, usually with a preceding aura
consisting of palpitations, sweating, and “feeling uncomfort-
able.” The auras were followed by alteration of awareness and
head deviation to the right, lasting for a few minutes before pos-
tictal confusion ensued. Like his mother, tremors were lessened
by alcohol intake. Examination at age 58 revealed subtle tremor
in comparison with his mother (Figure 1B-ii). Occasionally, the
tremors manifested as internal/external rotation of the shoulders
as he handled objects with his hands.

3.4 | Proband's daughter (418 in Figure 1A)
The proband's daughter developed impaired awareness sei-
zures and myoclonus at age 25. Her seizures initially occurred
a couple of times per month and had a catamenial pattern. Her
most common auras consisted of fear and a rising sensation
in the chest. She also had an aura of visual hallucination on
one occasion when she reported seeing her husband, who was
not physically present, prior to a seizure. Rarely, there was
jamais vu. Motor semiology, which began with right head
deviation, was followed by a bilateral tonic-clonic seizure.
Examination at age 60 revealed left facial weakness, which
reportedly occurred after a single lifetime febrile seizure at
age 2 or 3. Of note, no other history of febrile seizure was
reported in the family. She also reported herself to be seizure-
free for 3 years. Her tremor was mild, though obvious when
she drew a spiral (Figure 1B-iii).

i i ® 107
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Regarding the four individuals who were asymptomatic
at the time of initial clinical evaluation due to their young
age but found to carry the mutation by genomic analysis as
described below (Figure 1 A, denoted with red dots), two of
them were found to be affected during subsequent clinical
evaluations. Individual #42 had developed an aura of fear, a
rising sensation in the chest, and sometimes jamais vu; in-
dividual #520 had developed focal to bilateral tonic-clonic
motor seizures and tremor, while individuals No. #519 and
528 were still clinically normal.

3.5 | Identification of expanded
pentanucleotide repeat in intron 4 of SAMDI12
as the causative mutation in this family

We selected 9 affected and 3 unaffected individuals from
the 3rd and 4th generations of the pedigree for WES to
identify the underlying mutation in this family. Analysis
of the WES data revealed segregation of the disease phe-
notype with several variants from 8q22 to 8q24 region, in-
dicating the causative gene may lie in this region (data not
shown). At the same time, Ishiura and colleagues reported
that expansion of TTTTA repeats to TTTTA and TTTCA
repeats in intron 4 of SAMDI2, which lies in the 8q24 re-
gion, causes FCMTE in multiple Japanese families.” This
led us to examine our family for the presence of these in-
tronic repeat expansions using repeat-primed fluorescent
PCR (Figure 3A). We tested DNA from 24 individuals (12
clinically affected and 12 unaffected at the time of initial
evaluation) and detected the presence of expanded TTTTA
and TTTCA motifs in intron 4 of SAMDI2 in 16 out of 24
individuals. Eight individuals who were negative for the
presence of expanded repeat were all clinically unaffected.
However, of the 16 individuals who tested positive for the
expanded repeat, only 12 individuals were known to be
clinically affected at the time of DNA collection. The other
four individuals may have been asymptomatic due to their
young age at the time of evaluation (Figure 1A, denoted
with red dots). As mentioned above, two of them presented
with clinical symptoms at subsequent evaluations. These
data led us to conclude that the expanded SAMD2 intronic
repeat segregates with the disease phenotype and is the
causative mutation for FCMTE in this family.

3.6 | Number of TTTTA and TTTCA
motifs and the size of mutant allele changes
each time it is transmitted

The size of mutant allele varies between tissues in the
same individual, between generations in the same family
and between families due to the variation in number of
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FIGURE 3 Characterization of the mutant allele by repeat-primed and long-range PCR and PacBio sequencing. A, Representative plots

of repeat-primed PCR for TTTTA and TTTCA repeats from an unaffected (411 in Figure 1A) and affected individual (46 in Figure 1A). B, Gel
image showing the amplification of mutant and WT alleles by long-range PCR from 24 family members whose DNA was available. Identity of
each sample (corresponding to Figure 1A) is marked on the top. Red circles mark two samples where mutant allele is detected by RP-PCR but not
robustly by long-range PCR due to the low-quality DNA. The ladder used is Mass Ruler DNA ladder mix where the top band is 10 kb. C, Size and
pattern of the SAMD 2 intronic pentanucleotide repeat motifs in each patient demonstrating its unstable nature
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TTTTA and TTTCA motifs.”>'” Therefore, we performed
long-range PCR to determine the size range of the mu-
tant allele in this family. Our data showed that the mu-
tant allele ranged in size between 5 and 5.5 kb, whereas
the WT allele amplified as ~800 bp, thus suggesting the
length of repeat expansion to be between 4.2 and 4.7 kb in
this family (Figure 3B). To determine the exact nature of
TTTTA and TTTCA motifs in the mutant allele and vari-
ation among patients from the same family, we performed
targeted SMRT sequencing using PacBio technology with
the long-range PCR products from six patients. The se-
quenced patients included three parent-child pairs where
the three parents were also siblings, thus inheriting the
mutation from the same parent (Figures 1A, 3C). Analysis
of the sequence data revealed that the repeated region in
the wild-type (WT) allele varied from 83 to 107 bp with
the following two patterns (TTTTA), TTA(TTTTA)4.,5 or
(TTTTA) sTTA(TTTTA), sTTATA(TTTA), (Figure 3C).
The mutant allele carried between 4233 and 4758 bp of
the repeated motifs with 549-603 copies of the TTTTA
motif and 287-343 copies of the TTTCA motif (Figure 3C).
Interestingly, the repeat length is closer in size for the
three siblings from generation III: 35M (4438 bp), 33F
(4283 bp), and 324F (4318 bp) who inherited the muta-
tion from the same parent (Figure 3C). The repeat length
was shorter in 46M compared with his father (35M), and
larger in 41M and 423F compared with their mothers (33F
transmitted to 41M, 324F transmitted to 423F), suggesting
that the repeat can undergo contraction or expansion as it
passes to the next generation (Figure 3C). Thus, our de-
tailed analysis of the repeat structure of the mutant allele in
this family revealed the instability of the expanded repeat.
Overall, our study describes the use of targeted PacBio se-
quencing of amplified repeat region to determine the exact
nature of repeat expansion and serves as a validation of the
noncoding expanded repeat in intron 4 of SAMDI2 as a
common cause of FCMTE in Chinese families.

4 | DISCUSSION

FCMTE is a unique disorder due to its clinical presenta-
tions of adult-onset myoclonic tremor and seizures. Here,
we present a large multigenerational FCMTE family from
China that we first evaluated over 20 years ago and have
followed up since then. Previous reports have implicated
that the seizures in FCMTE patients are usually general-
ized tonic-clonic seizures, although some can be of focal
onset. '8 Interestingly, five of our patients presented with
impaired awareness seizures, evolving into bilateral tonic-
clonic seizures. This raises the question of whether seizures
in FCMTE could arise from the temporal lobe, as could
be reasonably concluded from the detailed semiologic

i i ® 109
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descriptions of probands 324, 416, and 418. However,
EEG data did not suggest temporal lobe localization. One
possibility is that simply due to the large number of pa-
tients examined, some focal findings were present. Aura
and head version have been reported in patients with gen-
eralized epilepsy at rates greater than 10%.2"** If there is
a mechanism by which FCMTE can result in focal onset
seizures in addition to generalized-onset seizures, perhaps
this could in part be related to rapid secondary bilateral
synchronization. Additional EEG data should be collected
to further examine this possibility. With regard to medi-
cal treatment of seizures, individuals in this family were
responsive to valproic acid as has been reported in some
FCMTE patients5 but also to a lesser extent, other antisei-
zure medications such as carbamazepine. Myoclonus and
tremor appeared years after the seizure onset, became more
severe with age, featured more prominently in the extremi-
ties, and had overlap with essential tremor, thus corrobo-
rating previous descriptions of FCMTE patients.lg’23 24

Recently, expanded intronic pentanucleotide repeats
in SAMDI2 (chromosome 8), TNRC6A (chromosome 16),
RAPGEF?2 (chromosome 4), STARD7 (chromosome 2), and
MARCHG6 (chromosome 5) were identified as the under-
lying cause of FCMTE in several Chinese, Japanese, and
European families.””'**>?® Using WES and RP-PCR, we
confirmed that the expansion of the intronic pentanucle-
otide repeat motif TTTTA to TTTTA and TTTCA motifs
in SAMDI12 is the causative mutation in our family. The
reported size of the expanded repeat region varies within
and between families and ranges from 2.2 to 18.4 kb as esti-
mated by Southern blots or long-range PCR.*1012 Analysis
of repeat length from peripheral blood and autopsied tissues
(brain, liver, kidney) from several patients also revealed its
somatic instability in the same patient.9 In our family, we
were unable to analyze the somatic variability due to lack
of autopsied tissues. However, we demonstrated the inter-
patient and intergenerational instability and showed that
the expanded repeat size varies between 4.2 and 4.7 kb.
It has been proposed that the intergenerational instability
of the expanded repeat region may correlate with specific
clinical features, such as the age of onset of clinical symp-
toms, severity of disease, and progression of the disease.
Therefore, it is important to determine the exact sequence
of expanded repeats from several affected individuals from
multiple families. So far, the exact repeat sequence has
been determined for only a handful of affected individuals
due to the technical challenges encountered in sequenc-
ing of DNA containing repetitive sequences. Ishiura and
colleagues’ sequenced BAC clones with repeat region of
affected individuals and showed that the repeat undergoes
contraction during BAC cloning. Whole genome long-read
sequencing using Oxford Nanopore or PacBio platforms
works but is expensive and requires high-molecular-weight
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DNA that may not be available in most cases.”' 1213 Here,
we demonstrated that targeted PacBio sequencing of the
mutant allele amplified by long-range PCR is a cost-ef-
fective method to determine its exact sequence. Our study
also demonstrated that the mutant allele is unstable and can
undergo both contraction and expansion of its repeat mo-
tifs during transmission to the progeny. Of the six affected
individuals we sequenced, the three siblings who inherited
the mutation from the same parent showed lesser varia-
tion in its size (35-155bp), whereas their children showed
higher variation (205-475 bp). The number of repeat motifs
decreased in one case (35M to 46M) and increased in two
other cases (33F to 41M and 324F to 423F) of parental
transmission to the next generation. However, we did not
notice any correlation of repeat size with the age of seizure
onset or other clinical symptoms.

Based on the expression data in the GTEx portal, SAMD12
is highly expressed in various regions of the brain (https://
gtexportal.org/home/gene/SAMD12). However, not much is
known about its role in cellular and biological processes and
there are no published reports of animal models of its loss
or gain of function. Thus, the exact mechanism of FCMTE
with intronic repeat expansions in SAMDI2 is not known.
Identification of expanded intronic pentanucleotide repeats
in five unrelated genes: SAMDI 2,9'10‘12’13’27 TNRC6A,9
RAPGEF2,” STARD7,” and MARCHG6® as the underlying
cause of FCMTE in multiple ethnicities suggests that the
expanded repeats themselves are pathogenic. Interestingly,
more than thirty neurological, neurodegenerative, and neuro-
muscular diseases are known to be caused by expansions of
coding or noncoding repeats.zg_31 The coding repeats often
involve expansion of trinucleotide sequence leading to an
expanded stretch of the same amino acid in the protein, for
example, polyglutamine stretch in Huntington's disease and
spinocerebellar ataxias (SCA1, SCA2, SCA3, SCA6, SCAT7,
SCAS8, SCA17).” The noncoding repeats, however, are more
variable in the size of an expanded motif as well as its location
in the gene. They lie in the 5’ untranslated regions (Friedreich
Ataxia), introns (SCA10, SCA31, SCA36, SCA37), or 3’ un-
translated regions (SCA8).3* The noncoding repeats can
either lead to loss of function by transcriptional repression or
cause RNA toxicity by being part of the transcript.29 Various
mechanisms have been proposed for RNA toxicity, for ex-
ample, sequestration or depletion of essential RNA-binding
proteins, such as splicing factors, or generation of neurotoxic
peptides by internal translation of the expanded repc:ats.zg’31
Ishiura and colleagues9 suggested that the pathogenesis of
FCMTE involves foci formation in neuronal cells of affected
individuals, possibly by sequestration of RNA-binding pro-
teins. Future studies employing animal models and induced
pluripotent cells containing the expanded repeats are needed
to define exact mechanisms of FCMTE.
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