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Abstract

:

Familial adult myoclonus Epilepsy (FAME) is a non-coding repeat expansion disorder that has been reported under different acronyms and initially linked to four main loci: FAME1 (8q23.3–q24.1), FAME 2 (2p11.1–q12.1), FAME3 (5p15.31–p15.1), and FAME4 (3q26.32–3q28). To date, it is known that the genetic mechanism underlying FAME consists of the expansion of similar non-coding pentanucleotide repeats, TTTCA and TTTTA, in different genes. FAME is characterized by cortical tremor and myoclonus usually manifesting within the second decade of life, and infrequent seizures by the third or fourth decade. Cortical tremor is the core feature of FAME and is considered part of a spectrum of cortical myoclonus. Neurophysiological investigations as jerk-locked back averaging (JLBA) and corticomuscular coherence analysis, giant somatosensory evoked potentials (SEPs), and the presence of long-latency reflex I (or C reflex) at rest support cortical tremor as the result of the sensorimotor cortex hyperexcitability. Furthermore, the application of transcranial magnetic stimulation (TMS) protocols in FAME patients has recently shown that inhibitory circuits are also altered within the primary somatosensory cortex and the concomitant involvement of subcortical networks. Moreover, neuroimaging studies and postmortem autoptic studies indicate cerebellar alterations and abnormal functional connectivity between the cerebellum and cerebrum in FAME. Accordingly, the pathophysiological mechanism underlying FAME has been hypothesized to reside in decreased sensorimotor cortical inhibition through dysfunction of the cerebellar–thalamic–cortical loop, secondary to primary cerebellar pathology. In this context, the non-coding pentameric expansions have been proposed to cause cerebellar damage through an RNA-mediated toxicity mechanism. The elucidation of the underlying pathological mechanisms of FAME paves the way to novel therapeutic possibilities, such as RNA-targeting treatments, possibly applicable to other neurodegenerative non-coding disorders.
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1. Introduction


Familial adult myoclonus epilepsy is a rare autosomal dominant disorder featuring cortical hand tremors, myoclonic jerks, and, more rarely, convulsive seizures. Since its first description in 1985, FAME has been reported in over a hundred pedigrees worldwide, allowing the characterization of well-known clinical features [1]. However, FAME is still an underrecognized disorder and it is often misdiagnosed and mistreated.



The genetic defect consists of non-coding pentameric repeat expansions in distinct genes for nearly all cases of FAME worldwide. These expanded pentamers, independently from the affected gene, have been hypothesized to play a pathogenic role through an RNA-mediated mechanism determining dysfunction of the cerebellar–cerebral networks and specifically of the cerebellar–thalamic–cortical loop.



This hypothesis has also strengthened the previous evidence provided by the neuropathological and neurophysiological investigations suggesting that the cerebellum holds a central role underlying cortical hyperexcitability in FAME.



We review the clinical phenotype, treatment, and genetic characteristics of FAME and discuss the recent advances in understanding the pathogenesis of this condition as a cortical–subcortical network disorder.



1.1. History of the Disease across Different Acronyms


The term “cortical tremor” was introduced by Ikeda et al. [1] in 1990 to describe a fine jerky movement of hand extremities attaining pseudo-rhythmicity on posturing and, thus, resembling essential tremor, in two unrelated patients. They further presented with adult-onset generalized epilepsy and the absence of cerebellar or pyramidal signs. Considering its clinical and electrophysiological features (see Section 2), this involuntary movement was defined as a variant of cortical reflex myoclonus [2,3]. A hereditary disorder characterized by adult-onset cortical tremor, associated with myoclonic jerks and seizures, was described in Japanese families even before the introduction of the term “cortical tremor”.




1.2. Japanese Families


The first description of a family presenting with adult-onset fine finger tremulous movement, myoclonic jerks, and generalized seizures was reported by Uyama et al. [4] in 1985. This disorder affected the family therein described through three generations with high penetrance, suggesting a genetic etiology with an autosomal dominant mode of inheritance. Furthermore, the electrophysiological assessment demonstrated the presence of cortical reflex myoclonus, whilst no other neurological or neuroradiological features were noticed.



The same authors reported four additional unrelated families, including 27 affected members through three generations, with similar signs and symptoms and proposed the term FAME [5].



Forty patients from 12 families presenting with the same clinical characteristics were reported using the term “familial essential myoclonus and epilepsy” (FEME), although the neurophysiological studies were not performed [6]. Yasuda et al. reported two similar families with 26 affected members who showed autosomal dominant hand tremors, myoclonus, and seizures. Since this condition showed a non-progressive course, the authors used the term “benign adult-onset familial myoclonic epilepsy” (BAFME) [7].



Okuma et al. reported four additional families and proposed that the previous reports on similar pedigrees, although using different terms, described the same disorder. Since the involuntary movements of the patients clinically resembled a tremor rather than myoclonus, they suggested that the term “familial cortical tremor with epilepsy” (FCTE) would have been more appropriate [8,9]. Later, Terada et al. investigated six patients from three pedigrees with cortical tremors and proposed the term “familial cortical myoclonic tremor” (FCMT) rather than using those containing “epilepsy”, claiming that the patients only presented with occasional seizures [10].



In 1999 Mikami et al. and Plaster et al. identified the FAME locus on chromosome 8q23.3–q24.1 in five Japanese families and hypothesized the existence of a founder effect [11,12]. Since the growing knowledge at that time on the role of genes encoding ion channels in the etiology of several epilepsies, the authors suggested that these genes might have been responsible for FAME (see Section 6).




1.3. Non-Japanese Families


Among non-Japanese families, a similar clinical picture was initially described in European pedigrees and particularly in those of Italian origin. The first report was provided by Elia et al. [13], who reported a family presenting with cortical tremor, showing the neurophysiological features of cortical reflex myoclonus, and infrequent generalized seizures through five consecutive generations.



An Italian pedigree showing additional features to the core clinical and neurophysiological characteristics of FAME was described by Guerrini et al. This family was distinguished from the others by focal seizures and frontotemporal EEG abnormalities in a few family members. Genome-wide linkage analysis mapped this condition on chromosome 2p11.1–q12.2 [14]. The authors used the acronym ADCME (autosomal dominant cortical myoclonus and epilepsy) and proposed this condition as a new epilepsy syndrome, distinguished from that one described in Japanese families.



Nevertheless, three families from the South of Italy sharing the typical clinical and neurophysiological features of Japanese families were subsequently reported with linkage to chromosome 2p11.1–q12.2 as the ADCME pedigree [15,16]. Even though these families did not show the distinguishing features of ADCME, considering the overlapping syndromic core, the authors suggested that ADCME could be included within the same spectrum.



About other European families, a large Dutch pedigree with cortical tremor and epilepsy, in addition to intellectual disability in a more progressed stage [17], and a four-generation Spanish kindred were reported [18]. In both pedigrees, linkage to chromosome 8q23.3–q24.1 was excluded, and the Dutch one also linked to chromosome 2p11.1–q12.2 was excluded afterwards [19], further supporting the genetic heterogeneity of FAME.



In 2005, Striano P et al. [20] and van Rootselaar et al. [21] reviewed the fifty Japanese and European families with autosomal dominant cortical tremor, myoclonus, and epilepsy reported until then under different terms. They both concluded that FAME, FEME, BAFME, FCTE, FCMT, and ADCME represented the same clinical entity, even if genetically heterogeneous, with Japanese families linked to 8q24 and Italian ones to 2p11.1–q12. A third locus was later identified in a large French family, mapping to chromosome 5p15.31–p15.1 [22,23]. FAME pedigrees have also been subsequently described in China [24], even showing linkage to the French locus 5p15.31–p15.1 [25,26]. A fourth locus was lastly identified in a Thai family on chromosome 3q26.32–3q28 [27]. Further pedigrees worldwide have been reported in recent years, including a large family of European descent living in New Zealand and Australia [28], a family from Turkey [29], pedigrees from a South Indian Community [30,31], Sri Lanka [32] and a family of South African origin [33].





2. Clinical Features


The core features defining FAME include cortical tremors, epileptic myoclonus, and seizures. Despite variable degrees in the age of onset and severity, FAME usually manifests with cortical tremor and myoclonus within the second decade of life (range 11–50 years old) [34,35,36]. Epilepsy usually presents with bilateral tonic–clonic seizures by the third or fourth decade (range 12 and 67 years old). Seizures are rare and reported as the presenting symptom in 16% of the described patients [21,36].



2.1. Cortical Tremor and Myoclonus


Cortical tremor is the core feature of FAME, and consists of continuous, arrhythmic (or pseudo-rhythmic), fine myoclonic jerks, involving the distal upper limbs, bilaterally. It is induced by posture or action, although may be noticed even at rest [21].



Cortical tremor is stimulus sensitive [21] to tactile and occasionally photic stimulation [37,38]; it is enhanced by emotional stress, fatigue, or sleep deprivation [20,28,37], whilst alcohol responsiveness has been reported in a minority of cases [28,37,39]. Sensitivity to vibration and glucose deprivation has also been observed [39].



Severity varies between and within pedigrees and may interfere with daily life activities. There is no significant progression over time, despite a worsening of the disturbance that may be observed in the elderly (Figure 1) (see Section 3) [20,21].



The semiology of cortical tremor strictly resembles essential tremor, from which it is clinically distinguished for the lack of true rhythmicity and the irregular spatial distribution [20]. Furthermore, cortical tremor does not usually respond to beta-blockers, whilst it benefits from antiseizure medications (ASMs) [20,21]. Clinical criteria to distinguish between FAME and essential tremor have been suggested [39]. However, the differential diagnosis of these disorders requires the neurophysiological demonstration of the cortical origin of the tremor [20]. Patients usually present with further multifocal myoclonic jerks involving the proximal arms, axial and facial sites, particularly the eyelids, and the lower limbs [14,21,28,35,37,41]. They are equally enhanced by posture and action and evoked by sensory stimuli. As cortical tremors, these myoclonic jerks are generated by networks involving the sensory–motor cortex. Latorre et al. proposed that cortical tremor can be defined as a rhythmic variant of cortical myoclonus and that it belongs to a spectrum of cortical myoclonus, from reflex myoclonus to myoclonic epilepsy, resulting from sensorimotor cortex hyperexcitability [42].




2.2. Seizures


Seizures are infrequent (from 5 to 10 episodes during the entire lifespan) [35] and, when present, appear after the onset of cortical tremor and myoclonus. They usually consist of bilateral tonic–clonic seizures responsive to monotherapy, sometimes preceded by clusters of myoclonic jerks. Seizures may be triggered by sleep deprivation, emotional stress, and photic stimulation [5,15,20,28,38]. Focal onset seizures with impaired awareness and that are drug-resistant have also been reported in some pedigrees [14,22,31]. Even myoclonic seizures provoked by photic stimulation and causing falls have been described [18,28,43]. Absences and febrile seizures have been reported in a minority of cases [13,29,43].




2.3. Additional Clinical Features


Migraine has been reported in some pedigrees [22,28,29,44] and night blindness with a reduced b-wave response on electroretinography (ERG) has been described in a single pedigree from Japan [45]. However, migraine was not always associated with cortical tremor, as it is a frequent disorder that may coexist with FAME [39].



When involving the trunk and the lower limb, the myoclonus impairs autonomous walking in individuals from different families [23,39,46]. However, additional subtle cerebellar signs have been reported in some pedigrees, including postural ataxia, downbeat nystagmus, and impaired smooth pursuit, and have been hypothesized as part of the syndrome [22,47,48] (see Section 7).



Cognitive impairment has been reported in various pedigrees, especially in older members [13,14,18,28,41]. In detail, neuropsychological testing disclosed visuospatial impairment in some pedigrees, along with verbal and visual memory deficits in some individuals, indicative of temporal lobe dysfunction [41,46].



Furthermore, a relatively high frequency of psychiatric features in patients with FAME was observed [46,49]. These manifestations included generalized anxiety disorder and depression, along with pathological traits of personality (i.e., paranoid, psychasthenia, schizophrenia, hypomania) and impaired quality of life of these patients. Additionally, the myoclonus severity significantly correlated with both state and trait anxiety, while it did not correlate with depression symptoms [49]. Psychiatric comorbidity was described afterwards in non-Italian pedigrees, including a Turkish pedigree [29] and a South Indian pedigree [31].





3. Disease Course


Although FAME has been considered to have a benign course, unlike progressive myoclonus epilepsies (PMEs), the natural history of the disease includes a worsening of cortical tremor and myoclonus, along with ataxia and slow-progressive dementia [35,46,50]. Coppola et al. demonstrated that, although very slowly, the disease progresses over the years. The authors observed a slow but gradual and progressive worsening of the myoclonus, which was correlated with the duration of the disease. Myoclonus usually interfered with fine movements of daily life (i.e., handwriting, signing, or speech) in adult age, despite ASM treatment, and resulted in walking impairment for individuals aged > 80 years. However, none of the patients were wheelchair-bound or bedridden [46]. In Japanese patients, a progressive increase in cortical hyperexcitability revealed by increased SEP amplitudes was found to underlie the worsening of cortical tremor with age [50].



Furthermore, the long-term evolution of EEG revealed mild progressive slowing of the background activity in parallel with the gradual worsening of myoclonus over the years [46]. This finding was described afterwards also in Japanese patients, suggesting a mild diffuse brain dysfunction with minimal progression [51] (see Section 5).




4. Neurophysiological Investigations


Neurophysiological Investigations are essential to identify cortical tremors and for the diagnosis of FAME.



The clinical and electrophysiological features of this involuntary movement, as described by Ikeda et al. [1] include (1) a brief EMG burst of about 50 ms in duration; (2) distal predominance, mainly involving the fingers; (3) an increase by outstretched posture and particularly by action; (4) relative rhythmicity; and (5) no definite synchronization or reciprocity in the two antagonist muscles. Furthermore, this type of tremor fulfils the criteria of cortical reflex myoclonus [2,3]: (1) enlarged cortical components of somatosensory evoked potentials, named giant SEPs [3,52]; (2) enhancement of the long latency reflexes (LLRs) [53]; and (3) the presence of cortical spikes preceding EMG myoclonic jerks at the jerk-locked averaging (J-LBA) analysis [54].



4.1. EEG-EMG Polygraphy


A polygraphic recording is the first step to detecting tremor and cortical myoclonus since it allows us to analyze the relationship between myoclonic and cortical events (Figure 2) [54,55,56].



The EEG background activity is usually normal, between 11 and 12 Hz before age 40 years. However, a gradual and progressive slowing is evident over the years, independent from treatment [46]. Interictal EEG may show generalized epileptiform discharges (EDs) (i.e., generalized spike/polyspikes–waves) in a variable percentage of affected individuals, especially in those not receiving treatment [21,35,38,43,46], and photoparoxysmal response [38,43,46,57]. A faster frequency of generalized spike–waves in FAME (4.3 ± 1.0 Hz) has been hypothesized to be a distinctive EEG feature, compared with that in epilepsy with generalized tonic–clonic seizures only [57]. Focal EDs have been reported in a minority of cases, particularly in those presenting with drug-resistant focal seizures and initially termed ADCME [14]. EEG EDs and photosensitivity are usually evident during the intermediate phases of the disease, and they tend to disappear along the disease progression [46]. Furthermore, a photomyogenic response (i.e., muscular, mainly anterior, response synchronous with photic stimulation) may also be present [20]. A retrospective EEG and polysomnography analysis have shown a reduction of EDs during all sleep stages in FAME [58].



Surface EMG in patients with FAME is characterized by arrhythmic or semi-rhythmic and high-frequency (around 10/s) myoclonic jerks. The myoclonic bursts last about 50 ms, supporting a cortical origin [1,55,56]. Additionally, the jerks are synchronous between agonist and antagonist muscles, whilst in essential tremors, they show a rhythmic agonist/antagonist alternate [20]. Furthermore, EMG bursts show stimulus sensitivity consistent with cortical reflex myoclonus, since they are triggered by tendon tap, posturing, passive or voluntary movement, and emotional stress [35,55]. Cortical tremor induced by fixation-off sensitivity and exacerbated during drowsiness was described in a single patient [59].




4.2. Jerk-Locked Back Averaging (J-LBA) Analysis


The cortical event preceding the myoclonic jerk may be seen in raw recordings, usually as spikes or polyspikes. However, the cortical correlate of myoclonus may be merged with the background activity and, therefore, is not visible in raw recordings. In these conditions, the J-LBA analysis demonstrates that the myoclonus is of cortical origin. This neurophysiological technique commonly shows a positive–negative, biphasic spike or wave, on the contralateral sensorimotor regions, time-locked to the myoclonic events. The cortical potential usually precedes the myoclonic jerks with a latency of around 20 ms for the hand myoclonus and 30 ms for the leg myoclonus [20,55,56].




4.3. Cortico-Muscular Coherence Analysis


EEG-EMG corticomuscular coherence analysis may help demonstrate a cortical drive when the J-LBA analysis has not shown a clear-cut cortical event, particularly in patients with high-frequency cortical myoclonus [55,60,61]. It may also help differentiate cortical from essential tremor [62]. This analysis aims to measure the strength of functional coupling between the sensorimotor cortex activity and EMG signals recorded from contralateral upper limb muscles. In cortical myoclonus it commonly discloses an increased coherence between EMG and contralateral EEG fronto-central electrodes signals, especially in the beta band (peak at 17 Hz, range 8–30 Hz); phase spectra analysis confirms that EEG precedes EMG activity [55,61,62].




4.4. Giant Somatosensory-Evoked Potential (SEP) and High-Frequency Oscillations (HFOs)


Cortical tremor is considered a rhythmic variant of cortical reflex myoclonus and is characterized by abnormally enlarged SEP, in response to peripheral electric stimulation, namely, giant SEPs [1]. The giant SEP was initially described in PMEs and defined, when evoked at the median nerve, by an amplitude difference from the N20 peak to the P25 peak larger than 8.6 uV, or that measured from the P25 to the N33 peak larger than 8.4 uV [63]. In contrast, the initial negative component, N20, was found not enhanced, suggesting that the sensory input into the sensorimotor cortex and the primary cortical response were not altered [3,56,63].



Since its first description, the giant SEP was regarded as a manifestation of a pathologically enhanced excitability of those areas of the sensorimotor cortex, which generates normal SEPs [3]. The presence of the giant SEP, therefore, supports the diagnosis of cortical or cortical reflex myoclonus, as it is not seen in myoclonus of another origin [55]. However, its absence does not exclude the presence of cortical myoclonus. Indeed, the sensorimotor cortex hyperexcitability may be attenuated by ASMs (i.e., clonazepam, levetiracetam, perampanel, and valproate) [52,64,65]. In this case, the recovery cycle of SEPs (SEP-R) using paired-pulse stimuli may provide additional information [56].



Dubbioso et al. have observed a significant reduction of N20-P25 suppression at both cortical short intervals and subcortical longer interstimulus intervals (ISIs) in FAME2 patients. Furthermore, analysis of high-frequency oscillations (HFOs) on the N20 component revealed a smaller e-HFO area and a larger l-HFO area, compared to patients with JME and healthy controls. These findings supported the alteration of inhibitory circuits within the primary somatosensory cortex (S1) and the concomitant involvement of subcortical networks (see Section 7) [66]. Lastly, high-frequency oscillations (HFOs) on the P25 component, which are not physiological features unlike HFOs within N20, have been found in patients with FAME. They have been proposed as a biomarker for FAME diagnosis and may reflect the degree of cortical hyperexcitability [67].




4.5. Long-Latency Reflexes (LLRs)


LLRs are motor responses to somesthetic stimuli which follow transcortical pathways. After electrical stimulation of the hand (thenar eminence), three components can be identified: they are termed LLR I–II–III. LLR I is also called C-reflex. LLRs may be physiologically present during tonic muscle activation, after various stimuli. The presence of LLR I (or C reflex) at rest, usually with a latency of 40 ms, suggests hyperexcitability of the central part of the loop reflex, that is, the sensorimotor cortex. Therefore, the finding of the C reflex at rest is pathognomonic of reflex myoclonus, albeit not of its cortical origin [53,56], and can be considered as a marker of abnormal interaction between primary sensory cortex S1 and primary motor cortex M1 [42]. In FAME patients the C reflex at rest is commonly observed [20].




4.6. Transcranial Magnetic Stimulation (TMS)


In Guerrini et al., the resting motor threshold intensity was significantly reduced, and the post-motor evoked potential silent period was shortened. These findings suggested cortical hyperexcitability with impairment in inhibitory mechanisms within the primary motor cortex (M1) [14]. Subsequently, in a Dutch pedigree short-interval intracortical inhibition (SICI) was found significantly reduced, compatible with intracortical GABAA-ergic dysfunction. The decreased cortical inhibition was hypothesized to be caused by a dysfunction of the cerebellar input to inhibitory intracortical circuits via the cerebellar–thalamic–cortical loop [47]. These findings were confirmed in a further Italian pedigree [41]. Dubbioso et al. recently studied the cortical sensorimotor, and the thalamo–cortical networks in a large series of genetically confirmed FAME2 patients. The authors demonstrated the impairment of both GABA-A and GABA-B circuits, along with a marked increase in facilitatory glutamatergic circuits within M1. The inhibitory circuits were also altered within S1 and the concomitant involvement of subcortical networks was hypothesized to be involved in the pathophysiology of FAME (see Section 7). This study concluded that TMS measures, especially SICI and long interval intracortical inhibition, were demonstrated superior to SEP parameters for FAME diagnosis [66].





5. Neuroradiology


Brain MRI is usually normal, albeit structural brain abnormalities have been reported in a minority of cases. These include mild enlargement of the subarachnoid spaces or the lateral ventricles and slight cerebellar atrophy [13,18,41]. Two proton magnetic resonance (MR) spectroscopy (1H-MRS) studies disclosed an abnormal increase in the Cho/Cr ratio [68] and a significant decrease in NAA/Cho ratio [69] in FAME patients’ cerebellum, which reflects cerebellar neuron loss and secondary astrocytosis. On the contrary, there was no difference in the metabolite ratios, neither in the frontal and occipital cortex [68] nor in the thalamus [69]. These led the authors to hypothesize that the cerebellum could be the prominent site of neuronal dysfunction in FAME (see Section 7). Additionally, 1H-MRS was also able to detect brain changes in patients with recent disease onset and may be useful in the early diagnosis of FAME.



MR diffusion tensor imaging also revealed significantly decreased mean fractional anisotropy values in the cerebellum, indicating damage of cerebellar white matter in FAME, compared with controls and patients with essential tremors [70]. The same authors also objectified a global and localized cerebellar gray matter reduction of FAME patients [71]. Afterwards, white matter alterations in other brain regions were extensively disclosed, along with increased white matter volume in the right cerebellum and right sagittal stratum. The authors also found that the cerebellar white matter volume was positively correlated with SEP amplitude (P25–N33), linking cerebellar and cortical hyperexcitability. These findings supported the idea that FAME was a network disorder, involving a wide range of cortical and subcortical structures, including the cerebellum, thalamus, thalamocortical connections, and corticocortical connections (see Section 7) [72]. Functional magnetic resonance imaging (fMRI) studies have also investigated cerebellum–cerebral connectivity and revealed that abnormal functional connectivity between the cerebellum and cerebrum exists in the resting state of patients with FAME [73,74].




6. Genetics


6.1. Identification of FAME Loci


To date, four loci have been linked to FAME in various pedigrees. Therefore, four variants of FAME have been recognized: FAME1 (8q23.3–q24.1), FAME2 (2p11.1–q12.1), FAME3 (5p15.31–p15.1), and FAME4 (3q26.32–3q28).



FAME1 was mapped to chromosome 8q23.3–q24.1 in Japanese pedigrees and a founder effect was hypothesized [11,12].



FAME2 locus was initially identified on chromosome 2p11.1–q12.2 in an Italian pedigree showing additional features to the core clinical and neurophysiological characteristics of FAME by Guerrini et al. [14]. Three families from Southern Italy sharing the typical clinical and neurophysiological features of Japanese families were subsequently reported with linkage to the same locus as the ADCME pedigree (2p11.1–q12.2) [15,16]. Madia et al. demonstrated that a common founder haplotype was shared by five FAME2 families from Southern Italy [75]. A founder effect was confirmed in a further Italian pedigree [43].



FAME3 locus was identified in a French family, mapping to chromosome 5p15.31–p15.1 [22,23]. FAME3 pedigrees have also been subsequently described in China [24,25,26].



FAME4 was lastly mapped to chromosome 3q26.32–3q28 in a Thai family [27].



Several linkage studies progressively narrowed the FAME1 locus to 4.17 Mbp [76,77] and the FAME2 interval to 9.78 Mbp [28,75,78].




6.2. Non-Coding TTTTA and TTTCA Repeat Expansions


Several coding variants were identified within FAME loci in a minority of pedigrees, involving the SLC30A8 (FAME1) [77], ADRA2B (FAME2) [79], and CTNND2 (FAME3) [80] genes and several FAME genes have been suggested when using WES. However, none of these candidate causative genes had sufficient evidence to guarantee their association with FAME [34].



The finding of clinical anticipation in Japanese pedigrees [34] led to the hypothesis of a mutation not detectable using classical NGS could be responsible for FAME. Therefore, trinucleotide or polynucleotide repeat expansion, located either in the coding or non-coding regions, was suspected [81].



Indeed, in 2018 Ishiura et al. [82] identified the expansion of noncoding TTTCA and TTTTA pentanucleotide repeats in intron 4 of SAMD12 (which encodes sterile α -motif domain-containing 12) as the causative mutation of FAME1. Moreover, in two families in which repeat expansions in SAMD12 were excluded, similar expansions of TTTCA and TTTTA repeats were detected in TNRC6A located on16p21.1 (which encodes trinucleotide repeat-containing 6A; FAME6) and RAPGEF2 located on 4q32.1 (which encodes Rap guanine nucleotide exchange factor 2; FAME7). Accordingly, the expansions of the same pentanucleotide repeat motifs were supposed to be involved in the pathogenesis of FAME, rather than the functional alteration of genes in which the expanded repeats were located. In addition, an RNA-mediated toxicity mechanism was hypothesized, since the presence of RNA foci containing UUUCA repeats in nuclei of neuronal cells in autopsied brains was observed [82]. To conclude, the expanded TTTCA repeats were proposed to be primarily causative of FAME1, since expansions of TTTTA repeats were observed in a limited proportion of control subjects, and RNA foci with UUUUA repeats were not detected.



The finding of non-coding TTTCA and TTTTA pentanucleotide repeat expansions in SAMD12 was confirmed in Chinese pedigrees [37,83,84,85] and in an Indian community [86]. Furthermore, intronic expansions have also been identified in the other FAME linkage intervals, including ATTTT and ATTTC in the first introns of STARD7 (which encodes StAR-related lipid transfer domain-containing 7; FAME2) [40], TTTTA/TTTCA repeat expansions in the first intron of MARCH 6 (FAME3) [87], and YEATS2 (FAME4) [88]. It is noteworthy that the TTTCA insertion and expansion were always accompanied by the TTTTA repeats and confirmed as necessary for the development of FAME. The identified genes did not share common pathways, supporting that the pathological mechanism was more likely related to the type of expansion, regardless of the altered gene function. Indeed, the pentameric expansions were demonstrated to not alter either mRNA or protein levels [87,88]. This observation, along with the localization of the FAME-related expansions within intronic regions, further supported the hypothesis of RNA-mediated toxicity (see Section 7).



While triplet repeat expansions have been reported in various neurological diseases (i.e., spinocerebellar ataxias, DRPLA, Friedreich’s ataxia, Huntington’s disease, fragile X syndrome, and myotonic dystrophy), similar pentameric repeat expansions have been detected only in spinocerebellar ataxia 37 (SCA37), in the first intron of DAB1 [89,90]. This gene has transcripts specifically expressed in the cerebellum, differently from the FAME genes, which are widely expressed within the CNS.




6.3. Genotype-Phenotype Correlation


Clinical anticipation in the onset age of cortical tremors or seizures had been observed in Japanese pedigrees even before identifying TTTTA and TTTCA expansions [5,34,91] and suggested that a repeat expansion mechanism could be involved in the pathogenesis. Similarly, in the first reported European pedigrees, a more severe expression of the neurologic phenotype through successive generations was observed, suggesting anticipation [13].



When TTTTA and TTTCA expansions were identified, Ishiura et al. also showed that the length of the expanded repeats tended to be unstable over consecutive generations and appeared inversely correlated to the age at cortical tremor or seizure onset [82]. This correlation has been further confirmed in other pedigrees and the other FAME genes, supporting that progressive increase in the TTTCA/TTTTA repeat length over successive generations provides a molecular explanation for the anticipation observed in FAME [83,84,85,92,93].





7. Pathophysiology


Along with features of cortical hyperexcitability, cerebellar clinical and neuroradiological signs have been reported in FAME pedigrees [22,47,48]. Moreover, several imaging studies indicate cerebellar alterations and abnormal functional connectivity between the cerebellum and cerebrum (see Section 5).



Cerebellar dysfunction in FAME has been further demonstrated in post-mortem histological studies in a Dutch pedigree, which disclosed marked loss and morphological changes (i.e., somal sprouting and loss of the dendritic tree) of Purkinje cells in the cerebellar cortex with no or limited changes in the sensorimotor cortex [37,47,48]. In a single South African pedigree, neuropathology investigations also showed Purkinje cell loss, dentate atrophy, and neuronal cell loss, with gliosis in the olives and pallidum [94]. Similar cerebellar features were described in spinocerebellar ataxia subtype 6 (SCA6), caused by CACNA1A mutations. These observations indicated a central role of the cerebellum in the pathogenesis of FAME.



Recently, Latorre et al. suggested that cortical tremor is part of a spectrum of cortical myoclonus, which is due to the evolution from a spatially limited focus of excitability to the recruitment of more complex networks capable of sustaining repetitive activity. They also observed that cortical tremor distinguishes itself from the other forms of cortical myoclonus by its rhythmicity and proposed that it could be driven by abnormal activity in the cerebellar–thalamic–cortical loop [42].



Dubbioso et al. demonstrated the involvement of subcortical networks (i.e., dorsal column nuclei and the thalamus) using combined TMS and SEPs investigations [66]. Indeed, both cortical tremor and epilepsy have been hypothesized to be the result of decreased sensorimotor cortical inhibition through dysfunction of the cerebellar–thalamic–cortical loop, secondary to primary cerebellar pathology [48,95,96].



Alternatively, a common mechanism could underlie both cortical hyperexcitability and cerebellar degeneration as calcium signaling dysfunction. The presence of additional features, including migraine and night blindness, supported that FAME could be a channelopathy. However, mutations in genes encoding ion channels were excluded and cortical myoclonus is not a feature of SCA6, another repeat expansion disorder, despite the loss of Purkinje cells.



The exact pathogenic mechanisms involving the cerebellum have yet to be elucidated. The detection of RNA foci containing repeats in the nucleus of cortical neurons and Purkinje cells supported an RNA-mediated toxicity mechanism [40,82]. A similar RNA toxic gain-of-function has been evidenced in other non-coding repeat expansion neurodegenerative diseases (e.g., C9ORF72-linked ALS/frontotemporal dementia, myotonic dystrophy, fragile X tremor/ataxia syndrome, some spinocerebellar ataxias, and Huntington’s disease-like 2), and further, underlying non-mutually exclusive mechanisms have been hypothesized. They include the functional alteration of RNA-binding proteins sequestrated into the RNA foci, the translation of the expanded transcripts into neurotoxic peptides (namely, RAN proteins, since the translation occurs in a “repeat-associated non-AUG” way), and the loss or the overexpression of linked genes [97,98,99,100]. Nevertheless, there is no evidence of RNA-mediated toxicity in FAME, since no RAN neuropeptides nor RNA-binding proteins sequestrated into the RNA foci have been demonstrated.




8. Treatment Strategies and Future Perspectives


The medical treatment of FAME patients is based on drugs with both anti-seizure and anti-myoclonic effects. Commonly, valproate and levetiracetam are first-line medications, associated with benzodiazepines. Among these latter, clonazepam is considered the most effective in FAME, owing to its longer half-life compared to other BDZs. Perampanel might be useful as the first add-on to first-line ASMs and has been demonstrated to be specifically efficacious on refractory cortical myoclonus, even at low doses [64,65,101]. Additionally, piracetam (PIR) is among the first ASMs recognized as efficacious on cortical myoclonus, albeit it is no longer used [102].



Noteworthy, sodium channel blockers such as carbamazepine and gabapentin, which are commonly used in essential tremor, may worsen myoclonus, or lead to status epilepticus in FAME [103,104]. In addition to medical treatment, alternative symptomatic approaches might be considered in FAME. Repetitive TMS has shown therapeutic potential in myoclonus of different etiologies. Specifically, low-frequency (LF) rTMS (stimulus rates of 1 Hz or less) over the primary motor cortex produces an inhibition of motor cortical excitability and has been demonstrated to improve cortical myoclonus in one individual with myoclonus differently from FAME [105,106]. Moreover, the advances in understanding the pathogenesis of FAME, and particularly the detection of RNA foci containing repeats in neuronal cells, pave the way to novel therapeutic possibilities, as RNA-targeting treatments (i.e., antisense oligonucleotides, RNA-targeting Cas9) [107]. Indeed, antisense oligonucleotides (ASOs) capable to bind the RNA pentamers expanded and may prevent the formation of RNA aggregates or the translation of the pentameric repeats into neurotoxic peptides [108]. ASOs have been proposed as therapeutic strategies for diverse neurodegenerative repeat expansion disorders, including Huntington’s disease. Additionally, ASOs-based treatment has been recently introduced for spinal muscular atrophy [109].



As FAME represents a novel non-coding repeat expansion disease model [89,90], the elucidation of the underlying pathomechanisms is expected to provide precision therapeutic strategies, possibly applicable to further neurodegenerative non-coding disorders.







Author Contributions


C.C.: study concept and design, drafting of the manuscript, literature search, and administrative and technical support. A.C.: study concept and design, critical revision of the manuscript, editing. P.S.: study concept and design, critical revision of the manuscript, and editing. All authors have read and agreed to the published version of the manuscript.




Funding


IRCCS ‘G. Gaslini’ is a member of ERN-Epicare. This work was supported by #NEXTGENERATIONEU (NGEU) and funded by the Ministry of University and Research (MUR), National Recovery and Resilience Plan (NRRP), project MNESYS (PE0000006)—A Multiscale Integrated Approach to the Study of the Nervous System in Health and Disease (DN. 1553 11.10.2022). This work was also supported by the Italian Ministry of Health, RICERCA CORRENTE 2023.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


On behalf of all authors, the corresponding author states that there are no conflict of interest.




References


	



Ikeda, A.; Kakigi, R.; Funai, N.; Neshige, R.; Kuroda, Y.; Shibasaki, H. Cortical Tremor: A Variant of Cortical Reflex Myoclonus. Neurology 1990, 40, 1561. Available online: http://www.ncbi.nlm.nih.gov/pubmed/2215948 (accessed on 17 October 2018). [CrossRef] [PubMed]

	



Shibasaki, H. AAEE minimonograph #30: Electrophysiologic studies of myoclonus. Muscle Nerve 1988, 11, 899–907. [Google Scholar] [CrossRef] [PubMed]

	



Kakigi, R.; Shibasaki, H. Generator mechanisms of giant somatosensory evoked potentials in cortical reflex myoclonus. Brain 1987, 110 Pt 5, 1359–1373. [Google Scholar] [CrossRef] [PubMed]

	



Uyama, E.; Kumamoto, T.; Ikeda, T.; Iwakiri, T.; Uchino, M.; Araki, S. A family of familial myoclonic epilepsy characterized by middle-adult onset presenting with finger tremorous involuntary movements and benign course. Clin. Neurol. 1985, 25, 1491–1492. [Google Scholar]

	



Uyama, E.; Fu, Y.H.; Ptácek, L.J. Familial adult myoclonic epilepsy (FAME). Adv. Neurol. 2005, 95, 281–288. [Google Scholar]

	



Inazuki, G.; Naito, H.; Ohama, E.; Kawase, Y.; Honma, Y.; Tokiguchi, S.; Hasegawa, S.; Tamura, K.; Kawai, K.; Nagai, H. A clinical study and neuropathological findings of a familial disease with myoclonus and epilepsy. The nosological place of a familial essential myoclonus and epilepsy (FEME). Seishin-Shinkeigaku 1990, 92, 1–21. (In Japanese) [Google Scholar]

	



Yasuda, T. Benign adult familial myoclonic epilepsy (BAFME). Kawasaki Med. J. 1991, 17, 1–13. [Google Scholar]

	



Okuma, Y.; Shimo, Y.; Hatori, K.; Hattori, T.; Tanaka, S.; Mizuno, Y. Familial cortical tremor with epilepsy. Park. Relat. Disord. 1997, 3, 83–87. [Google Scholar] [CrossRef]

	



Okuma, Y.; Shimo, Y.; Shimura, H.; Hatori, K.; Hattori, T.; Tanaka, S.; Kondo, T.; Mizuno, Y. Familial cortical tremor with epilepsy: An underrecognized familial tremor. Clin. Neurol. Neurosurg. 1998, 100, 75–78. [Google Scholar] [CrossRef]

	



Terada, K.; Ikeda, A.; Mima, T.; Kimura, K.; Nagahama, Y.; Kamioka, Y.; Murone, L.; Kimura, J.; Shibasaki, H. Familial cortical myoclonic tremor as unique form of cortical reflex myoclonus. Mov. Disord. 1997, 12, 370–377. [Google Scholar] [CrossRef]

	



Mikami, M.; Yasuda, T.; Terao, A.; Nakamura, M.; Ueno, S.; Tanabe, H.; Tanaka, T.; Onuma, T.; Goto, Y.; Kaneko, S.; et al. Localization of a gene for benign adult familial myoclonic epilepsy to chromosome 8q23.3-q24.1. Am. J. Hum. Genet. 1999, 65, 745–751. [Google Scholar] [CrossRef]

	



Plaster, N.M.; Uyama, E.; Uchino, M.; Ikeda, T.; Flanigan, K.M.; Kondo, I.; Ptácek, L.J. Genetic localization of the familial adult myoclonic epilepsy (FAME) gene to chromosome 8q24. Neurology 1999, 53, 1180–1183. [Google Scholar] [CrossRef] [PubMed]

	



Maurizio, E.; Sebastiano, A.M.; Raffaele, F.; Carmela, S.; Stefano, D.G.; Maria, B.; Roberto, M.; Carlo, A.T. Familial cortical tremor, epilepsy and mental retardation. Arch. Neurol. 1998, 55, 1569–1573. [Google Scholar]

	



Guerrini, R.; Bonanni, P.; Patrignani, A.; Brown, P.; Parmeggiani, L.; Grosse, P.; Brovedani, P.; Moro, F.; Aridon, P.; Carrozzo, R.; et al. Autosomal dominant cortical myoclonus and epilepsy (ADCME) with complex partial seizures and generalized seizures. A newly recognized epilepsy syndrome with linkage to chromosome 2p11.1-q12.2. Brain 2001, 124, 2459–2475. [Google Scholar] [CrossRef] [PubMed]

	



de Falco, F.A.; Striano, P.; de Falco, A.; Striano, S.; Santangelo, R.; Perretti, A.; Balbi, P.; Cecconi, M.; Zara, F. Benign adult familial myoclonic epilepsy. Genetic heterogeneity and allelelism with ADCME. Neurology 2003, 60, 1381–1385. [Google Scholar] [CrossRef] [PubMed]

	



Striano, P.; Chifari, R.; Striano, S.; De Fusco, M.; Elia, M.; Guerrini, R.; Casari, G.; Canevini, M.P. A new benign adult familial myoclonic epilepsy (BAFME) pedigree suggesting linkage to chromosome 2p11.1-q12.2. Epilepsia 2004, 45, 190–192. [Google Scholar] [CrossRef]

	



Laubage, P.; Amer, L.O.; Simonetta-Moreau, M.; Attane, F.; Tannier, C.; Clanet, M.; Castelnovo, G.; An-Gourfinkel, I.; Agid, Y.; Brice, A. Absence of linkage to 8q24 in a European family with familial adult myoclonic epilepsy (FAME). Neurology 2002, 58, 941–944. [Google Scholar] [CrossRef]

	



van Rootselaar, F.; Callenbach, P.M.C.; Hottenga, J.J.; Speelman, H.D.; Brouwer, O.F.; Tijssen, M.A. A Dutch family with familial cortical tremor with epilepsy. Clinical characteristics and exclusion of linkage to chromosome 8q23.3-q24.1. J. Neurol. 2002, 249, 829–834. [Google Scholar] [CrossRef]

	



Brouwer, O.F.; Callenbach, P.M.C.; van Rootselaar, F.; Hottenga, J.J.; Van den Maagdenberg, A.M.; Frants, R.R. A Dutch family with ‘Familial Cortical Tremor with Epilepsy’: Exclusion of linkage to chromosomes 8q and 2p [abstract]. Epilepsia 2002, 43 (Suppl. S8), 128. [Google Scholar]

	



Striano, P.; Zara, F.; Striano, S. Autosomal dominant cortical tremor, myoclonus and epilepsy: Many syndromes, one phenotype. Acta Neurol. Scand. 2005, 111, 211–217. [Google Scholar] [CrossRef]

	



van Rootselaar, A.F.; van Schaik, I.N.; van den Maagdenberg, A.M.; Koelman, J.H.; Callenbach, P.M.; Tijssen, M.A. Familial cortical myoclonic tremor with epilepsy: A single syndromic classification for a group of pedigrees bearing common features. Mov. Disord. 2005, 20, 665–673. [Google Scholar] [CrossRef] [PubMed]

	



Magnin, E.; Vidailhet, M.; Depienne, C.; Saint-Martin, C.; Bouteiller, D.; LeGuern, E.; Apartis, E.; Rumbach, L.; Labauge, P. Familial cortical myoclonic tremor with epilepsy (FCMTE): Clinical characteristics and exclusion of linkages to 8q and 2p in a large French family. Rev. Neurol. 2009, 165, 812–820. [Google Scholar] [CrossRef] [PubMed]

	



Depienne, C.; Magnin, E.; Bouteiller, D.; Stevanin, G.; Saint-Martin, C.; Vidailhet, M.; Apartis, E.; Hirsch, E.; LeGuern, E.; Labauge, P.; et al. Familial cortical myoclonic tremor with epilepsy: The third locus (FCMTE3) maps to 5p. Neurology 2010, 74, 2000–2003. [Google Scholar] [CrossRef]

	



Deng, F.Y.; Gong, J.; Zhang, Y.C.; Wang, K.; Xiao, S.M.; Li, Y.N.; Lei, S.F.; Chen, X.D.; Xiao, B.; Deng, H.W. Absence of linkage to 8q23.3-q24.1 and 2p11.1-q12.2 in a new BAFME pedigree in China: Indication of a third locus for BAFME. Epilepsy Res. 2005, 65, 147–152. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Hu, X.; Chen, Q.; Zhang, Y.; Zhang, Y.; Hu, G. A Chinese benign adult familial myoclonic epilepsy pedigree suggesting linkage to chromosome 5p15.31-p15.1. Cell Biochem. Biophys. 2014, 69, 627–631. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.; Sun, W.; Chen, Q.; Li, J.; Hu, G. Genetic analysis of a Chinese family provides further evidence for linkage of familial cortical myoclonic tremor with epilepsy to 5p15.31-p15. Neurol. India 2015, 63, 215–219. [Google Scholar] [CrossRef] [PubMed]

	



Yeetong, P.; Ausavarat, S.; Bhidayasiri, R.; Piravej, K.; Pasutharnchat, N.; Desudchit, T.; Chunharas, C.; Loplumlert, J.; Limotai, C.; Suphapeetiporn, K.; et al. A newly identified locus for benign adult familial myoclonic epilepsy on chromosome 3q26.32-3q28. Eur. J. Hum. Genet. 2013, 21, 225–228. [Google Scholar] [CrossRef]

	



Crompton, D.E.; Sadleir, L.G.; Bromhead, C.J.; Bahlo, M.; Bellows, S.T.; Arsov, T.; Harty, R.; Lawrence, K.M.; Dunne, J.W.; Berkovic, S.F.; et al. Familial adult myoclonic epilepsy: Recognition of mild phenotypes and refinement of the 2q locus. Arch. Neurol. 2012, 69, 474–481. [Google Scholar] [CrossRef]

	



Aydin Özemir, Z.; Oğuz Akarsu, E.; Matur, Z.; Öge, A.E.; Baykan, B. Autosomal Dominant Cortical Tremor, Myoclonus, and Epilepsy Syndrome mimicking Juvenile Myoclonic Epilepsy. Noro Psikiyatr Ars. 2016, 53, 272–275. [Google Scholar] [CrossRef]

	



Sharma, C.M.; Nath, K.; Kumawat, B.L.; Khandelwal, D. Autosomal dominant cortical tremor, myoclonus, and epilepsy (ADCME): Probable first family from India. Ann. Indian Acad. Neurol. 2014, 17, 433–436. [Google Scholar] [CrossRef]

	



Mahadevan, R.; Viswanathan, N.; Shanmugam, G.; Sankaralingam, S.; Essaki, B.; Chelladurai, R.P. Autosomal dominant cortical tremor, myoclonus, and epilepsy (ADCME) in a unique south Indian community. Epilepsia 2016, 57, e56–e59. [Google Scholar] [CrossRef] [PubMed]

	



Bennett, M.F.; Oliver, K.L.; Regan, B.M.; Bellows, S.T.; Schneider, A.L.; Rafehi, H.; Sikta, N.; Crompton, D.E.; Coleman, M.; Hildebrand, M.S.; et al. Familial adult myoclonic epilepsy type 1 SAMD12 TTTCA repeat expansion arose 17,000 years ago and is present in Sri Lankan and Indian families. Eur. J. Hum. Genet. 2020, 28, 973–978. [Google Scholar] [CrossRef] [PubMed]

	



33van Coller, R.; van Rootselaar, A.F.; Schutte, C.; van der Meyden, C.H. Familial cortical myoclonic tremor and epilepsy: Description of a new South African pedigree with 30 year follow up. Park. Relat. Disord. 2017, 38, 35–40. [Google Scholar] [CrossRef] [PubMed]

	



Hitomi, T.; Kondo, T.; Kobayashi, K.; Matsumoto, R.; Takahashi, R.; Ikeda, A. Clinical anticipation in Japanese families of benign adult familial myoclonus epilepsy. Epilepsia 2012, 53, e33–e36. [Google Scholar] [CrossRef]

	



Lagorio, I.; Zara, F.; Striano, S.; Striano, P. Familial adult myoclonic epilepsy: A new expansion repeats disorder. Seizure 2019, 67, 73–77. [Google Scholar] [CrossRef]

	



Striano, P.; Zara, F. Autosomal dominant cortical tremor, myoclonus and epilepsy. Epileptic Disord. 2016, 18, 139–144. [Google Scholar] [CrossRef]

	



van den Ende, T.; Sharifi, S.; van der Salm, S.M.A.; van Rootselaar, A.F. Familial Cortical Myoclonic Tremor and Epilepsy, an Enigmatic Disorder: From Phenotypes to Pathophysiology and Genetics. A Systematic Review. Tremor Other Hyperkinet. Mov. 2018, 8, 503. [Google Scholar] [CrossRef]

	



Gardella, E.; Tinuper, P.; Marini, C.; Guerrini, R.; Parrini, E.; Bisulli, F.; Liguori, R.; Montagna, P.; Lugaresi, E. Autosomal dominant early-onset cortical myoclonus, photic-induced myoclonus, and epilepsy in a large pedigree. Epilepsia 2006, 47, 1643–1649. [Google Scholar] [CrossRef]

	



Bourdain, F.; Apartis, E.; Trocello, J.M.; Vidal, J.S.; Masnou, P.; Vercueil, L.; Vidailhet, M. Clinical analysis in familial cortical myoclonic tremor allows differential diagnosis with essential tremor. Mov. Disord. 2006, 21, 599–608. [Google Scholar] [CrossRef]

	



Corbett, M.A.; Kroes, T.; Veneziano, L.; Bennett, M.F.; Florian, R.; Schneider, A.L.; Coppola, A.; Licchetta, L.; Franceschetti, S.; Suppa, A.; et al. Intronic ATTTC repeat expansions in STARD7 in familial adult myoclonic epilepsy linked to chromosome 2. Nat. Commun. 2019, 10, 4920. [Google Scholar] [CrossRef]

	



Suppa, A.; Berardelli, A.; Brancati, F.; Marianetti, M.; Barrano, G.; Mina, C.; Pizzuti, A.; Sideri, G. Clinical, neuropsychological, neurophysiologic, and genetic features of a new Italian pedigree with familial cortical myoclonic tremor with epilepsy. Epilepsia 2009, 50, 1284–1288. [Google Scholar] [CrossRef] [PubMed]

	



Latorre, A.; Rocchi, L.; Magrinelli, F.; Mulroy, E.; Berardelli, A.; Rothwell, J.C.; Bhatia, K.P. Unravelling the enigma of cortical tremor and other forms of cortical myoclonus. Brain 2020, 143, 2653–2663. [Google Scholar] [CrossRef] [PubMed]

	



Licchetta, L.; Pippucci, T.; Bisulli, F.; Cantalupo, G.; Magini, P.; Alvisi, L.; Baldassari, S.; Martinelli, P.; Naldi, I.; Vanni, N.; et al. A novel pedigree with familial cortical myoclonic tremor and epilepsy (FCMTE): Clinical characterization, refinement of the FCMTE2 locus, and confirmation of a founder haplotype. Epilepsia 2013, 54, 1298–1306, Erratum in Epilepsia 2013, 54, 1709. [Google Scholar] [CrossRef] [PubMed]

	



Saka, E.; Saygi, S. Familial adult onset myoclonic epilepsy associated with migraine. Seizure 2000, 9, 344–346. [Google Scholar] [CrossRef]

	



Manabe, Y.; Narai, H.; Warita, H.; Hayashi, T.; Shiro, Y.; Sakai, K.; Kashihara, K.; Shoji, M.; Abe, K. Benign adult familial myoclonic epilepsy (BAFME) with night blindness. Seizure 2002, 11, 266–268. [Google Scholar] [CrossRef] [PubMed]

	



Coppola, A.; Santulli, L.; Del Gaudio, L.; Minetti, C.; Striano, S.; Zara, F.; Striano, P. Natural history and long-term evolution in families with autosomal dominant cortical tremor, myoclonus, and epilepsy. Epilepsia 2011, 52, 1245–1250. [Google Scholar] [CrossRef]

	



van Rootselaar, A.F.; van der Salm, S.M.; Bour, L.J.; Edwards, M.J.; Brown, P.; Aronica, E.; Rozemuller-Kwakkel, J.M.; Koehler, P.J.; Koelman, J.H.; Rothwell, J.C.; et al. Decreased cortical inhibition and yet cerebellar pathology in ‘familial cortical myoclonic tremor with epilepsy’. Mov. Disord. 2007, 22, 2378–2385. [Google Scholar] [CrossRef]

	



Sharifi, S.; Aronica, E.; Koelman, J.H.; Tijssen, M.A.; Van Rootselaar, A.F. Familial cortical myoclonic tremor with epilepsy and cerebellar changes: Description of a new pathology case and review of the literature. Tremor Other Hyperkinet. Mov. 2012, 2, tre-02-82-472-2. [Google Scholar] [CrossRef]

	



Coppola, A.; Caccavale, C.; Santulli, L.; Balestrini, S.; Cagnetti, C.; Licchetta, L.; Esposito, M.; Bisulli, F.; Tinuper, P.; Provinciali, L.; et al. Psychiatric comorbidities in patients from seven families with autosomal dominant cortical tremor, myoclonus, and epilepsy. Epilepsy Behav. 2016, 56, 38–43. [Google Scholar] [CrossRef]

	



Hitomi, T.; Takahashi, R.; Ikeda, A. Recent advance in research of benign adult familial myoclonus epilepsy (BAFME): Is BAFME a progressive disorder? Rinsho Shinkeigaku 2014, 54, 1142–1145. (In Japanese) [Google Scholar] [CrossRef]

	



Hitomi, T.; Kobayashi, K.; Sakurai, T.; Ueda, S.; Jingami, N.; Kanazawa, K.; Matsumoto, R.; Takahashi, R.; Ikeda, A. Benign adult familial myoclonus epilepsy is a progressive disorder: No longer idiopathic generalized epilepsy. Epileptic Disord. 2016, 18, 67–72. [Google Scholar] [CrossRef] [PubMed]

	



Rothwell, J.C.; Obeso, J.A.; Marsden, C.D. On the significance of giant somatosensory evoked potentials in cortical myoclonus. J. Neurol. Neurosurg. Psychiatry 1984, 47, 33–42. [Google Scholar] [CrossRef] [PubMed]

	



Rothwell, J.C.; Obeso, J.A.; Marsden, C.D. Electrophysiology of somatosensory reflex myoclonus. Adv. Neurol. 1986, 43, 385–398. [Google Scholar] [PubMed]

	



Shibasaki, H.; Kuroiwa, Y. Electroencephalographic correlates of myoclonus. Electroencephalogr. Clin. Neurophysiol. 1975, 39, 455–463. [Google Scholar] [CrossRef]

	



Shibasaki, H.; Yamashita, Y.; Kuroiwa, Y. Electroencephalographic studies myoclonus. Brain 1978, 101, 447–460. [Google Scholar] [CrossRef]

	



Cassim, F.; Houdayer, E. Neurophysiology of myoclonus. Neurophysiol. Clin. 2006, 36, 281–291. [Google Scholar] [CrossRef]

	



Toyota, T.; Akamatsu, N.; Tanaka, A.; Tsuji, S.; Uozumi, T. Electroencephalographic features of benign adult familial myoclonic epilepsy. Clin. Neurophysiol. 2014, 125, 250–254. [Google Scholar] [CrossRef]

	



Hitomi, T.; Inouchi, M.; Takeyama, H.; Kobayashi, K.; Sultana, S.; Inoue, T.; Nakayama, Y.; Shimotake, A.; Matsuhashi, M.; Matsumoto, R.; et al. Sleep is associated with reduction of epileptiform discharges in benign adult familial myoclonus epilepsy. Epilepsy Behav. Case Rep. 2018, 11, 18–21. [Google Scholar] [CrossRef] [PubMed]

	



Licchetta, L.; Bisulli, F.; Ferri, L.; Cantalupo, G.; Alvisi, L.; Vignatelli, L.; Loddo, G.; Provini, F.; Tinuper, P. Cortical myoclonic tremor induced by fixation-off sensitivity: An unusual cause of insomnia. Neurology 2018, 91, 1061–1063. [Google Scholar] [CrossRef]

	



Brown, P.; Farmer, S.F.; Halliday, D.M.; Marsden, J.; Rosenberg, J.R. Coherent cortical and muscle discharge in cortical myoclonus. Brain 1999, 122 Pt 3, 461–472. [Google Scholar] [CrossRef]

	



Grosse, P.; Guerrini, R.; Parmeggiani, L.; Bonanni, P.; Pogosyan, A.; Brown, P. Abnormal corticomuscular and intermuscular coupling in high-frequency rhythmic myoclonus. Brain 2003, 126 Pt 2, 326–342. [Google Scholar] [CrossRef] [PubMed]

	



van Rootselaar, A.F.; Maurits, N.M.; Koelman, J.H.; van der Hoeven, J.H.; Bour, L.J.; Leenders, K.L.; Brown, P.; Tijssen, M.A. Coherence analysis differentiates between cortical myoclonic tremor and essential tremor. Mov. Disord. 2006, 21, 215–222. [Google Scholar] [CrossRef] [PubMed]

	



Shibasaki, H.; Yamashita, Y.; Neshige, R.; Tobimatsu, S.; Fukui, R. Pathogenesis of giant somatosensory evoked potentials in progressive myoclonic epilepsy. Brain 1985, 108 Pt 1, 225–240. [Google Scholar] [CrossRef] [PubMed]

	



Striano, P.; Manganelli, F.; Boccella, P.; Perretti, A.; Striano, S. Levetiracetam in patients with cortical myoclonus: A clinical and electrophysiological study. Mov. Disord. 2005, 20, 1610–1614. [Google Scholar] [CrossRef]

	



Oi, K.; Neshige, S.; Hitomi, T.; Kobayashi, K.; Tojima, M.; Matsuhashi, M.; Shimotake, A.; Fujii, D.; Matsumoto, R.; Kasama, S.; et al. Low-dose perampanel improves refractory cortical myoclonus by the dispersed and suppressed paroxysmal depolarization shifts in the sensorimotor cortex. Clin. Neurophysiol. 2019, 130, 1804–1812. [Google Scholar] [CrossRef]

	



Dubbioso, R.; Striano, P.; Tomasevic, L.; Bilo, L.; Esposito, M.; Manganelli, F.; Coppola, A. Abnormal sensorimotor cortex and thalamo-cortical networks in familial adult myoclonic epilepsy type 2: Pathophysiology and diagnostic implications. Brain Commun. 2022, 4, fcac037. [Google Scholar] [CrossRef]

	



Tojima, M.; Hitomi, T.; Matsuhashi, M.; Neshige, S.; Usami, K.; Oi, K.; Kobayashi, K.; Takeyama, H.; Shimotake, A.; Takahashi, R.; et al. A Biomarker for Benign Adult Familial Myoclonus Epilepsy: High-Frequency Activities in Giant Somatosensory Evoked Potentials. Mov. Disord. 2021, 36, 2335–2345. [Google Scholar] [CrossRef]

	



Striano, P.; Caranci, F.; Di Benedetto, R.; Tortora, F.; Zara, F.; Striano, S. (1)H-MR spectroscopy indicates prominent cerebellar dysfunction in benign adult familial myoclonic epilepsy. Epilepsia 2009, 50, 1491–1497. [Google Scholar] [CrossRef]

	



Long, L.; Song, Y.; Zhang, L.; Hu, C.; Gong, J.; Xu, L.; Long, H.; Zhou, L.; Zhang, Y.; Zhang, Y.; et al. A case-control proton magnetic resonance spectroscopy study confirms cerebellar dysfunction in benign adult familial myoclonic epilepsy. Neuropsychiatr. Dis. Treat. 2015, 11, 485–491. [Google Scholar] [CrossRef]

	



Buijink, A.W.; Caan, M.W.; Tijssen, M.A.; Hoogduin, J.M.; Maurits, N.M.; van Rootselaar, A.F. Decreased cerebellar fiber density in cortical myoclonic tremor but not in essential tremor. Cerebellum 2013, 12, 199–204. [Google Scholar] [CrossRef]

	



Buijink, A.W.; Broersma, M.; van der Stouwe, A.M.; Sharifi, S.; Tijssen, M.A.; Speelman, J.D.; Maurits, N.M.; van Rootselaar, A.F. Cerebellar Atrophy in Cortical Myoclonic Tremor and Not in Hereditary Essential Tremor-a Voxel-Based Morphometry Study. Cerebellum 2016, 15, 696–704. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Wang, H.; Cen, Z.; Yuan, J.; Yang, D.; Chen, X.; Xie, F.; Wang, L.; Wu, S.; Ouyang, Z.; et al. White matter alterations in familial cortical myoclonic tremor with epilepsy type 1. Epilepsia 2022, 63, 1093–1103. [Google Scholar] [CrossRef] [PubMed]

	



Long, L.; Zeng, L.L.; Song, Y.; Shen, H.; Fang, P.; Zhang, L.; Xu, L.; Gong, J.; Zhang, Y.C.; Zhang, Y.; et al. Altered cerebellar-cerebral functional connectivity in benign adult familial myoclonic epilepsy. Epilepsia 2016, 57, 941–948. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Wang, J.; Cen, Z.; Wei, W.; Xie, F.; Chen, Y.; Sun, H.; Hu, Y.; Yang, D.; Lou, Y.; et al. Altered Cerebello-Motor Network in Familial Cortical Myoclonic Tremor With Epilepsy Type 1. Mov. Disord. 2020, 35, 1012–1020. [Google Scholar] [CrossRef]

	



Madia, F.; Striano, P.; Di Bonaventura, C.; de Falco, A.; de Falco, F.A.; Manfredi, M.; Casari, G.; Striano, S.; Minetti, C.; Zara, F. Benign adult familial myoclonic epilepsy (BAFME): Evidence of an extended founder haplotype on chromosome 2p11.1-q12.2 in five Italian families. Neurogenetics 2008, 9, 139–142. [Google Scholar] [CrossRef]

	



Mori, S.; Nakamura, M.; Yasuda, T.; Ueno, S.; Kaneko, S.; Sano, A. Remapping and mutation analysis of benign adult familial myoclonic epilepsy in a Japanese pedigree. J. Hum. Genet. 2011, 56, 742–747. [Google Scholar] [CrossRef]

	



Cen, Z.D.; Xie, F.; Lou, D.N.; Lu, X.J.; Ouyang, Z.Y.; Liu, L.; Cao, J.; Li, D.; Yin, H.M.; Wang, Z.J.; et al. Fine mapping and whole-exome sequencing of a familial cortical myoclonic tremor with epilepsy family. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2015, 168, 595–599. [Google Scholar] [CrossRef]

	



Henden, L.; Freytag, S.; Afawi, Z.; Baldassari, S.; Berkovic, S.F.; Bisulli, F.; Canafoglia, L.; Casari, G.; Crompton, D.E.; Depienne, C.; et al. Identity by descent fine mapping of familial adult myoclonus epilepsy (FAME) to 2p11.2-2q11.2. Hum. Genet. 2016, 135, 1117–1125. [Google Scholar] [CrossRef]

	



De Fusco, M.; Vago, R.; Striano, P.; Di Bonaventura, C.; Zara, F.; Mei, D.; Kim, M.S.; Muallem, S.; Chen, Y.; Wang, Q.; et al. The α2B-adrenergic receptor is mutant in cortical myoclonus and epilepsy. Ann. Neurol. 2014, 75, 77–87. [Google Scholar] [CrossRef]

	



van Rootselaar, A.F.; Groffen, A.J.; de Vries, B.; Callenbach, P.M.C.; Santen, G.W.E.; Koelewijn, S.; Vijfhuizen, L.S.; Buijink, A.; Tijssen, M.A.J.; van den Maagdenberg, A.M.J.M. δ-Catenin (CTNND2) missense mutation in familial cortical myoclonic tremor and epilepsy. Neurology 2017, 89, 2341–2350. [Google Scholar] [CrossRef]

	



Cen, Z.D.; Xie, F.; Xiao, J.F.; Luo, W. Rational search for genes in familial cortical myoclonic tremor with epilepsy, clues from recent advances. Seizure 2016, 34, 83–89. [Google Scholar] [CrossRef] [PubMed]

	



Ishiura, H.; Doi, K.; Mitsui, J.; Yoshimura, J.; Matsukawa, M.K.; Fujiyama, A.; Toyoshima, Y.; Kakita, A.; Takahashi, H.; Suzuki, Y.; et al. Expansions of intronic TTTCA and TTTTA repeats in benign adult familial myoclonic epilepsy. Nat. Genet. 2018, 50, 581–590. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Xiong, W.; Lu, L.; Zhou, D. Familial cortical myoclonic tremor with epilepsy: TTTCA/TTTTA repeat expansions and expanding phenotype in two Chinese families. Brain Res. 2020, 1737, 146796. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, S.; Zhang, M.Y.; Wang, X.J.; Hu, Z.M.; Li, J.C.; Li, N.; Wang, J.L.; Liang, F.; Yang, Q.; Liu, Q.; et al. Long-read sequencing identified intronic repeat expansions in SAMD12 from Chinese pedigrees affected with familial cortical myoclonic tremor with epilepsy. J. Med. Genet. 2019, 56, 265–270. [Google Scholar] [CrossRef] [PubMed]

	



Terasaki, A.; Nakamura, M.; Urata, Y.; Hiwatashi, H.; Yokoyama, I.; Yasuda, T.; Onuma, T.; Wada, K.; Kaneko, S.; Kan, R.; et al. DNA analysis of benign adult familial myoclonic epilepsy reveals associations between the pathogenic TTTCA repeat insertion in SAMD12 and the nonpathogenic TTTTA repeat expansion in TNRC6A. J. Hum. Genet. 2021, 66, 419–429. [Google Scholar] [CrossRef]

	



Mahadevan, R.; Bhoyar, R.C.; Viswanathan, N.; Rajagopal, R.E.; Essaki, B.; Suroliya, V.; Chelladurai, R.; Sankaralingam, S.; Shanmugam, G.; Vayanakkan, S.; et al. Genomic analysis of patients in a South Indian Community with autosomal dominant cortical tremor, myoclonus and epilepsy suggests a founder repeat expansion mutation in the SAMD12 gene. Brain Commun. 2020, 3, fcaa214. [Google Scholar] [CrossRef]

	



Florian, R.T.; Kraft, F.; Leitão, E.; Kaya, S.; Klebe, S.; Magnin, E.; van Rootselaar, A.F.; Buratti, J.; Kühnel, T.; Schröder, C.; et al. Unstable TTTTA/TTTCA expansions in MARCH6 are associated with Familial Adult Myoclonic Epilepsy type 3. Nat. Commun. 2019, 10, 4919. [Google Scholar] [CrossRef]

	



Yeetong, P.; Pongpanich, M.; Srichomthong, C.; Assawapitaksakul, A.; Shotelersuk, V.; Tantirukdham, N.; Chunharas, C.; Suphapeetiporn, K.; Shotelersuk, V. TTTCA repeat insertions in an intron of YEATS2 in benign adult familial myoclonic epilepsy type 4. Brain 2019, 142, 3360–3366. [Google Scholar] [CrossRef]

	



Seixas, A.I.; Loureiro, J.R.; Costa, C.; Ordóñez-Ugalde, A.; Marcelino, H.; Oliveira, C.L.; Loureiro, J.L.; Dhingra, A.; Brandão, E.; Cruz, V.T.; et al. A Pentanucleotide ATTTC Repeat Insertion in the Non-coding Region of DAB1, Mapping to SCA37, Causes Spinocerebellar Ataxia. Am. J. Hum. Genet. 2017, 101, 87–103. [Google Scholar] [CrossRef]

	



Loureiro, J.R.; Oliveira, C.L.; Mota, C.; Castro, A.F.; Costa, C.; Loureiro, J.L.; Coutinho, P.; Martins, S.; Sequeiros, J.; Silveira, I. Mutational mechanism for DAB1 (ATTTC)n insertion in SCA37: ATTTT repeat lengthening and nucleotide substitution. Hum. Mutat. 2019, 40, 404–412. [Google Scholar] [CrossRef]

	



Ikeda, A.; Kurihara, S.; Shibasaki, H. Possible anticipation in BAFME: Three generations examined in a Japanese family. Mov. Disord. 2005, 20, 1076–1077. [Google Scholar] [CrossRef] [PubMed]

	



Lei, X.X.; Liu, Q.; Lu, Q.; Huang, Y.; Zhou, X.Q.; Sun, H.Y.; Wu, L.W.; Cui, L.Y.; Zhang, X. TTTCA repeat expansion causes familial cortical myoclonic tremor with epilepsy. Eur. J. Neurol. 2019, 26, 513–518. [Google Scholar] [CrossRef] [PubMed]

	



Cen, Z.; Jiang, Z.; Chen, Y.; Zheng, X.; Xie, F.; Yang, X.; Lu, X.; Ouyang, Z.; Wu, H.; Chen, S.; et al. Intronic pentanucleotide TTTCA repeat insertion in the SAMD12 gene causes familial cortical myoclonic tremor with epilepsy type 1. Brain 2018, 141, 2280–2288. [Google Scholar] [CrossRef] [PubMed]

	



Carr, J.A.; van der Walt, P.E.; Nakayama, J.; Fu, Y.H.; Corfield, V.; Brink, P.; Ptacek, L. FAME 3: A novel form of progressive myoclonus and epilepsy. Neurology 2007, 68, 1382–1389. [Google Scholar] [CrossRef]

	



Striano, P.; Louis, E.D.; Manto, M. Autosomal dominant cortical tremor, myoclonus, and epilepsy: Is the origin in the cerebellum? Editorial. Cerebellum 2013, 12, 145–146. [Google Scholar] [CrossRef]

	



Striano, P.; Coppola, A.; Dubbioso, R.; Minetti, C. Cortical tremor: A tantalizing conundrum between cortex and cerebellum. Brain 2020, 143, e87. [Google Scholar] [CrossRef] [PubMed]

	



Todd, P.K.; Paulson, H.L. RNA-mediated neurodegeneration in repeat expansion disorders. Ann. Neurol. 2010, 67, 291–300. [Google Scholar] [CrossRef]

	



Zhang, N.; Ashizawa, T. RNA toxicity and foci formation in microsatellite expansion diseases. Curr. Opin. Genet. Dev. 2017, 44, 17–29. [Google Scholar] [CrossRef]

	



Schwartz, J.L.; Jones, K.L.; Yeo, G.W. Repeat RNA expansion disorders of the nervous system: Post-transcriptional mechanisms and therapeutic strategies. Crit. Rev. Biochem. Mol. Biol. 2021, 56, 31–53. [Google Scholar] [CrossRef]

	



Swinnen, B.; Robberecht, W.; Van Den Bosch, L. RNA toxicity in non-coding repeat expansion disorders. EMBO J. 2020, 39, e101112. [Google Scholar] [CrossRef]

	



Kobayashi, K.; Hitomi, T.; Matsumoto, R.; Watanabe, M.; Takahashi, R.; Ikeda, A. Nationwide survey in Japan endorsed diagnostic criteria of benign adult familial myoclonus epilepsy. Seizure 2018, 61, 14–22. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, A.; Shibasaki, H.; Tashiro, K.; Mizuno, Y.; Kimura, J. Clinical trial of piracetam in patients with myoclonus: Nationwide multiinstitution study in Japan. The Myoclonus/Piracetam Study Group. Mov. Disord. 1996, 11, 691–700. [Google Scholar] [CrossRef] [PubMed]

	



Striano, P.; Coppola, A.; Madia, F.; Pezzella, M.; Ciampa, C.; Zara, F.; Striano, S. Life-threatening status epilepticus following gabapentin administration in a patient with benign adult familial myoclonic epilepsy. Epilepsia 2007, 48, 1995–1998. [Google Scholar] [CrossRef] [PubMed]

	



Ueno, T.; Katagai, A.; Okudera, R.; Fujita, M.; Tomiyama, M. Carbamazepine-induced convulsive status epilepticus in benign adult familial myoclonic epilepsy: A case report. Neurol. Sci. 2022; ahead of print. [Google Scholar] [CrossRef]

	



Nardone, R.; Versace, V.; Höller, Y.; Sebastianelli, L.; Brigo, F.; Lochner, P.; Golaszewski, S.; Saltuari, L.; Trinka, E. Transcranial magnetic stimulation in myoclonus of different aetiologies. Brain Res. Bull. 2018, 140, 258–269. [Google Scholar] [CrossRef]

	



Houdayer, E.; Devanne, H.; Tyvaert, L.; Defebvre, L.; Derambure, P.; Cassim, F. Low frequency repetitive transcranial magnetic stimulation over premotor cortex can improve cortical tremor. Clin. Neurophysiol. 2007, 118, 1557–1562. [Google Scholar] [CrossRef]

	



Batra, R.; Nelles, D.A.; Pirie, E.; Blue, S.M.; Marina, R.J.; Wang, H.; Chaim, I.A.; Thomas, J.D.; Zhang, N.; Nguyen, V.; et al. Elimination of Toxic Microsatellite Repeat Expansion RNA by RNA-Targeting Cas9. Cell 2017, 170, 899–912.e10. [Google Scholar] [CrossRef]

	



Quemener, A.M.; Bachelot, L.; Forestier, A.; Donnou-Fournet, E.; Gilot, D.; Galibert, M.D. The powerful world of antisense oligonucleotides: From bench to bedside. Wiley Interdiscip. Rev. RNA 2020, 11, e1594. [Google Scholar] [CrossRef]

	



Corey, D.R. Nusinersen, an antisense oligonucleotide drug for spinal muscular atrophy. Nat. Neurosci. 2017, 20, 497–499. [Google Scholar] [CrossRef]








[image: Cells 12 01617 g001 550] 





Figure 1. (A) A South Italian pedigree affected with FAME. The members with “?” have unknown medical history. This family has been partially described in 2019 as family 11 [40] and in 2003 as Family B [15]. (B) Hand spirals drawn by individual IV:2 at 61 years old upward; individual V:2 at 34 years old downward. (C) Hand spirals drawn by individual IV:4 at 54 years old upward; individual V:3 at 31 years old downward. 
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Figure 2. EEG-EMG polygraphy of individual IV:2 recorded at the age of 61 years old. The image shows a normal background of EEG activity and spontaneous brief myoclonic jerks recorded over the EMG channels (ECD1: left extensor communis digitorum; FRC1: left flexor carpi radialis; ECD2: right extensor communis digitorum; FRC2: right flexor carpi radialis). 
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