Chapter 3 )
Advances in the Genetics of Human Creck or
Tremor

Fabio Coppede

Abstract This chapter aims at describing the recent advances in the genetics of
human tremor. Several human disorders are characterized by tremor as one of the
possible symptoms, making it almost impossible to fully describe the genetic basis
of each of them within the context of a single book chapter. Essential tremor (ET)
and Parkinsonian tremor represent the most common forms of human tremor, and
their genetics is fully described within the first sections of this chapter. Following
the introduction, this chapter starts with a description of the genetics of Parkinson’s
disease (PD) given the great advances in our understanding during the last two
decades. PD is characterized by resting tremor, rigidity, bradykinesia, and postural
instability as well as several non-motor symptoms. Studies in PD families identified
six well-validated causative genes for autosomal dominant or recessive forms of
the disease and several genes for atypical parkinsonism (Blauwendraat et al.,
Lancet Neurol 19(2):170-178, 2020; Day and Mullin, Genes (Basel) 12(7):1006,
2021). Moreover, more than 90 independent genome-wide significant risk variants
have been identified through genome-wide association studies (GWASs) for the
sporadic (idiopathic) forms of the disease (Nalls et al., Lancet Neurol 18(12):1091-
1102, 2019; Foo et al., JAMA Neurol 77(6):746-754, 2020). However, despite the
continuous advance in our understanding of the genetics of Parkinsonian tremor,
little is still known concerning essential tremor, the most common pathologic
tremor in humans. Whole-genome and exome sequencing studies revealed several
candidate genes possibly responsible for ET in a small number of families, but
they likely represent private variants. A recent GWAS revealed five genome-wide
significant loci associated with ET, and the search of ET genes is still ongoing
(Jiménez-Jiménez et al., Pharmaceuticals (Basel) 14(6):516, 2021; Liao et al.,
JAMA Neurol 79(2):185-193, 2022). Tremor is often observed in other diseases,
including ataxias and dystonias, and several examples of monogenic forms of these
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disorders are provided within the text. Moreover, this chapter covers the genetics
of familial cortical myoclonic tremor with epilepsy, Roussy-Lévy syndrome, and
Wilson disease’s tremor.

Keywords Genetics - Tremor - Genome-wide association study (GWAS) -
Parkinson’s disease (PD) - Essential tremor (ET) - Spinocerebellar ataxia -
Dystonia

3.1 Introduction

This chapter aims at describing the recent advances in the genetics of human
tremor. Several human disorders are characterized by tremor as one of the possible
symptoms, making it almost impossible to fully describe the genetic basis of each
of them within the context of a single book chapter. Essential tremor (ET) and
Parkinsonian tremor represent the most common forms of human tremor, and their
genetics is fully described within the first sections of this chapter. Following the
introduction, this chapter starts with a description of the genetics of Parkinson’s
disease (PD) given the great advances in our understanding during the last two
decades. PD is characterized by resting tremor, rigidity, bradykinesia, and postural
instability as well as several non-motor symptoms. Studies in PD families identified
six well-validated causative genes for autosomal dominant or recessive forms
of the disease and several genes for atypical parkinsonism (Blauwendraat et al.
2020; Day and Mullin 2021). Moreover, more than 90 independent genome-wide
significant risk variants have been identified through genome-wide association
studies (GWASs) for the sporadic (idiopathic) forms of the disease (Nalls et al.
2019; Foo et al. 2020). Despite the continuous advance in our understanding of the
genetics of Parkinsonian tremor, little is still known concerning essential tremor, the
most common pathologic tremor in humans. Whole-genome and exome sequencing
studies revealed several candidate genes possibly responsible for ET in a small
number of families, but they likely represent private variants. A recent GWAS
revealed five genome-wide significant loci associated with ET, and the search of
ET genes is still ongoing (Jiménez-Jiménez et al. 2021; Liao et al. 2022). Tremor
is often observed in other diseases, including ataxias and dystonias, and several
examples of monogenic forms of these disorders are provided within the text.
Moreover, this chapter covers the genetics of familial cortical myoclonic tremor
with epilepsy, Roussy—Lévy syndrome, and Wilson’s tremor.

3.2 Genetics of Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
after Alzheimer’s disease, and advancing age is the major risk factor for this
condition that, in industrialized countries, has a reported prevalence of about 1%
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in people aged more than 60 years and of about 3% in those older than 80 years
(Balestrino and Schapira 2020). Indeed, recent estimates suggest that over six
million individuals are suffering from the disease worldwide, and because the
world’s population is aging the number of affected individuals is expected to
more than double by 2040 (Dorsey and Bloem, 2018). The disease is clinically
characterized by resting tremor, rigidity, bradykinesia, and postural instability as
well as non-motor symptoms such as autonomic insufficiency, cognitive impair-
ment, and sleep disorders. Some improvement can be achieved with levodopa and
dopaminergic therapy, but there is currently no treatment that arrests the progression
of the disease. Pathologically, PD is characterized by progressive and profound
loss of neuromelanin containing dopaminergic neurons in the substantia nigra
with the presence of eosinophilic, intracytoplasmic inclusions termed as Lewy
bodies (LBs, containing aggregates of a-synuclein as well as other substances), and
Lewy neurites in surviving neurons (Thomas and Beal 2011). The majority of PD
cases are sporadic (idiopathic PD), likely arising from a combination of polygenic
inheritance, environmental exposures, complex gene—environment interactions, and
epigenetic dysregulation superimposed on slow and sustained neuronal dysfunction
due to aging (Migliore and Coppede 2009; Coppede 2021). Familial PD forms
account for only 5-15% of the cases, and to date rare variants in over 20 genes have
been suggested to cause monogenic PD forms (Blauwendraat et al. 2020). Loci and
genes that have been associated with monogenic PD were originally designated as
“PARK” loci with a number representing the chronological order of their discovery.
However, the relevance of many of these loci is heavily debated and some of them
are no longer considered disease-causing ones, so that current recommendations are
to use gene names in preference to numbered loci (Blauwendraat et al. 2020; Day
and Mullin 2021). Well-established PD genes include autosomal dominant (SNCA,
LRRK?2, and VPS35) and recessive ones (PRNK, PINK1, and DJ1I), as well as other
genes leading to atypical parkinsonism (ATP13A2, FBXO7, PLA2G6, and SYNJI).
Large-scale sequencing projects and genome-wide association studies (GWASs)
are currently helping to define the genetic landscape of PD (Fig. 3.1). While rare
and highly penetrant variants in some genes account for monogenic forms of the
disease, sporadic PD is likely resulting from interactions among combinations of
more common variants with a smaller effect size, environmental risk factors, and
aging. Indeed, more than 90 of such common variants have been identified by PD
GWASSs (Nalls et al. 2019; Foo et al. 2020). In addition, uncommon but not rare
variants of certain genes, such as GBA and LRRK2, exert an intermediate risk for
the disease.

3.2.1 Autosomal Dominant PD
3.2.1.1 SNCA

The a-synuclein gene (SNCA) on 4q21 was the first gene linked to monogenic PD,
and alternative gene names are PARK] or PARK4. A SNCA mutation causing a
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Fig. 3.1 The genetic landscape of Parkinson’s disease: The graph shows genes linked to PD,
grouped according to the allele frequencies of their variants and the associated risk for the
disease. Rare and high-penetrant mutations of SNCA, LRRK2, VPS35, PARKN, PINKI, and DJ1
genes account for monogenic autosomal dominant or recessive PD forms, and rare mutations
of ATP13A2, FBXO7, PLA2G6, and SYNJI are linked to atypical monogenic parkinsonism.
Uncommon but not rare variants in LRRK2 and GBA genes exert an intermediate risk for the
disease, and more than 90 common low-risk variants of several genes have been identified through
genome-wide association studies

p-AS53T substitution was found to segregate with the disease in an Italian kindred
and three unrelated families of Greek origin (Polymeropoulos et al. 1997). Another
mutation in the SNCA gene, leading to a p.A30P substitution, was subsequently
described in a small German family with PD (Kriiger et al. 1998), and a third
mutation resulting in a p.E46K substitution, in a Spanish family (Zarranz et al.
2004). A study in a large family identified a triplication of the SNCA gene as
causative of PD (Singleton et al. 2003). Individuals from this family had four fully
functional copies of SNCA. Other PD families have been subsequently described
with SNCA duplication and a disease course less severe of that observed in carriers
of SNCA triplication, suggesting the existence of a gene dosage effect (Chartier-
Harlin et al. 2004). Particularly, SNCA triplications and the p.E46K mutation are
more commonly associated with dementia than the p.A30P mutation and gene
duplications. The p.A53T mutation has been associated with dementia and the
presence of cortical LBs. Although SNCA has been the first PD gene identified,
SNCA missense mutations and multiplications are both extremely rare causes of
familial autosomal dominant parkinsonism (Nuytemans et al. 2010). a-Synuclein
is expressed throughout the mammalian brain particularly in presynaptic nerve
terminals, and mutated a-synuclein has an increased tendency to form aggregates
critical to Lewy body formation. These fibrillar aggregates are the major component
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of LBs in both familial and idiopathic PD, and aggregation of a-synuclein is thought
to be a key event in dopaminergic neuronal cell death. The function of a-synuclein
under normal physiological conditions is not yet fully elucidated, although there
is evidence that implicates SNCA in neurotransmitter release and vesicle turnover
at the presynaptic terminals (Abeliovich et al. 2000; Liu et al. 2004). Genetic
polymorphisms in the SNCA gene have been consistently associated with PD
risk, including a dinucleotide repeat sequence (Repl) within the promoter region
and several single nucleotide polymorphisms (SNPs) at the 3’ end of the gene
(Maraganore et al. 2006; Kay et al. 2008; Mata et al. 2011). Moreover, SNCA has
been among the genes most significantly associated with PD in GWAS (Pankratz
et al. 2009; Satake et al. 2009; Simon-Séanchez et al. 2009; Edwards et al. 2010;
Nalls et al. 2019; Foo et al. 2020). Meta-analysis of GWAS reveals that SNCA is a
low-risk locus for idiopathic PD (Nalls et al. 2019), and there is evidence suggesting
that SNCA alleles associated with increased PD risk are also correlated with higher
a-synuclein expression, pointing again to a gene dosage effect (Fuchs et al. 2008).
For example, GWASs identified a common SNCA variant in European populations
(rs356182) that is associated with an increased risk for PD with an odds ratio of
about 1.3 (Blauwendraat et al. 2020).

3.21.2 LRRK2

The leucine-rich repeat kinase 2 (LRRK2) gene maps on the PARKS locus in 12q12
and was the second causal gene linked to autosomal dominant PD (Paisan-Ruiz
et al. 2004; Zimprich et al. 2004). LRRK?2 encodes the protein dardarin which
contains several domains including the catalytic domain of a tyrosine kinase, and
whose name is derived from dardara, the Basque word for tremor. The precise
physiological role of dardarin is unknown, but the presence of several domains
suggests involvement in a wide variety of functions and, as a kinase, LRRK2 is
almost certainly involved in signaling cascades, probably relating to cytoskeletal
dynamics (Hardy 2010). Recent evidence suggests that LRRK?2 is also involved in
clathrin-mediated endocytosis (Heaton et al. 2020). All the identified pathogenic
mutations occur in predicted functional domains. The most prevalent LRRK2 muta-
tion is a p.G2019S missense mutation occurring in 1-2% of PD patients of European
origin, 20% of Ashkenazi Jewish patients, and approximately 40% of Arab Berbers
with PD. The penetrance of this mutation is incomplete and variable (15-85%)
and influenced by age, environment, and genetic background (Iwaki et al. 2020).
Another frequent hotspot of LRRK2 pathogenic mutations is the Argl441 codon
(Nuytemans et al. 2010). A p.G2385R mutation, originally identified as a putative
pathogenic mutation in a Taiwanese PD family, was subsequently reported to be a
common polymorphism and, probably, one of the most frequent genetic risk factors
for PD in Asian populations (Farrer et al. 2007). Large GWASs have confirmed that
LRRK?2 polymorphisms are well-validated PD risk factors in European and Asian
populations (Nalls et al. 2019; Foo et al. 2020). For example, a common noncoding
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variation (rs76904798) upstream of LRRK2, leading to increased LRRK?2 expression,
is associated with increased PD risk with an odds ratio of 1.15 (Nalls et al. 2019).

3.2.1.3 VPS35

In 2011, a p.D620N mutation in the VPS35 gene was identified as causative of
autosomal dominant late-onset PD in Swiss and Austrian kindreds (Vilarifio-Giiell
et al. 2011; Zimprich et al. 2011). VSP35 is a component of the retromer complex
and mediates retrograde transport between endosomes and the trans-Golgi network.
Recent studies have demonstrated that VPS35 and the retromer complex influence
mitochondrial homeostasis, suggesting that the p.D620N mutation can perturb
the maturation of endolysosomes and autophagy as well as membrane receptor
recycling, and elicit mitochondrial dysfunction (Sassone et al. 2021).

3.2.2 Autosomal Recessive PD
3.2.2.1 PRKN

Homozygous deletions in PRKN, also known as Parkin or PARK?2, were identified
in Japanese families as causative of juvenile PD forms (Kitada et al. 1998).
Subsequently, several PARK mutations, including missense mutations, frameshift
mutations and exonic deletions and insertions, have been observed in PD families
(Mata et al. 2004), and PRKN mutations are nowadays regarded as the most
common cause of early-onset PD (EOPD) (Jia et al. 2022). Parkin is an ubig-
uitin E3 ligase preparing target proteins for their degradation mediated by the
ubiquitin—proteasome system (Leroy et al. 1998). Moreover, parkin is involved in
mitochondrial maintenance, is required for the repair of mitochondrial oxidative
DNA damage, might be involved in mitochondrial cytochrome c release, and
induces subsequent autophagy of dysfunctional mitochondria (Deng et al. 2008;
Narendra et al. 2008; Poole et al. 2008; Rothfuss et al. 2009).

3.2.2.2 PINK1

Several mutations in the PTEN-induced putative kinase 1 gene (PINK-1) on
chromosome 1p35-36 (PARKG6), encoding a protein which is mitochondrially
located and whose loss of function is supposed to render neurons more vulnerable
to cellular stress, have been linked to autosomal recessive EOPD (Valente et al.
2004). PINKI mutations, primarily missense mutations, structural variants, and
nonsense mutations, cause mitochondrial deficits contributing to PD pathogenesis,
and represent the second most common cause of EOPD (Jia et al. 2022). PINK1 is a
kinase with an N-terminal mitochondrial targeting sequence, provides protection
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against mitochondrial dysfunction and regulates mitochondrial morphology via
fission/fusion machinery. PINK1 also acts upstream of parkin in a common pathway.
Indeed, studies have described PINKI1/parkin function in the maintenance of
mitochondrial quality via autophagy (Kawajiri et al. 2011).

3.2.2.3 PARK?7

Mutations in PARK7, also known as DJ-1, including exonic deletions and point
mutations, have been associated with EOPD (van Duijn et al. 2001; Lockhart
et al. 2004). DJ-1 is a mitochondrial protein involved in the protection against
oxidative stress, and it was shown that parkin, PINK1, and DJ-1 form a complex
to promote ubiquitination and degradation of parkin substrates, including parkin
itself (Xiong et al. 2009). Evidence indicates that DJ-1 works in parallel to the
PINK1/parkin pathway to maintain mitochondrial function in the presence of an
oxidative environment (Thomas et al. 2011). Collectively, PRKN, PINKI, and
PARK?7 code for proteins required for the ubiquitin-proteasome system and for the
maintenance of mitochondria. Their loss of function causes autosomal recessive PD
forms that often show early-onset and variable results with respect to Lewy body
pathology in the affected brain regions (Jia et al. 2022).

3.2.3 Other Genes Linked to Monogenic PD Forms

Several other genes have been linked to monogenic PD forms but either result
in complex or atypical forms of the disease or have less robust evidence for
pathogenicity (Blauwendraat et al. 2020). Indeed, the field of PD genetics is in
constant flux, with candidates being confirmed, refuted, or newly identified in rapid
succession (Wittke et al. 2021). Well-established or high confident PD genes leading
to autosomal recessive atypical forms include ATPI3A2, FBXO7, PLA2G6, SYNJ1,
DNAJC6, and VPS13C (Blauwendraat et al. 2020; Wittke et al. 2021; Jia et al. 2022).
Biallelic ATP13A2 mutations have been linked to an autosomal recessive form
of early-onset parkinsonism with pyramidal degeneration (Ramirez et al. 2006).
A recent analysis of 19 families with ATP/3A2 mutations revealed a median age
at onset of 14 years and atypical parkinsonism in 83% of the carriers, followed
by cognitive decline in 75% of them, and other common signs such as vertical
gaze palsy, spasticity/pyramidal signs, mini-myoclonus, and psychotic signs and
symptoms in almost 50% (Wittke et al. 2021). Functional studies suggest that
ATP13A2 deficiency impairs lysosomal polyamine export (van Veen et al. 2020).
The FBXO7 gene encodes for a member of the F-box family of proteins, all of which
may have a role in the ubiquitin—proteasome protein-degradation pathway (Shojaee
et al. 2008; Di Fonzo et al. 2009) and has been linked to autosomal recessive,
juvenile/early-onset parkinsonian-pyramidal syndrome (Di Fonzo et al. 2009). A
recent analysis of 26 FBXO7 mutation carriers originating from ten families showed



50 F. Coppede

that the mean age at onset was 17 years, atypical parkinsonism signs were present
in 92% of them and spasticity/pyramidal signs in 73% (Wittke et al. 2021). The
PLA2G6 gene encodes a calcium-independent group VI phospholipase A2 and has
been linked to autosomal recessive dystonia-parkinsonism, a disease characterized
by levodopa-responsive parkinsonism and dystonia (Paisdn-Ruiz et al. 2009, 2010).
A recent analysis of 50 patients with PLA2G6-dystonia-parkinsonism revealed a
mean age of 26 years old at PD diagnosis; moreover, neuropsychiatric symptoms
such as depression, anxiety, or personality changes preceded motor symptoms
in almost half of the patients (Vela-Desojo et al. 2022). The SYNJI gene codes
for polyphosphoinositide phosphatase synaptojanin 1 which has been implicated
in synaptic vesicle dynamics, including endocytosis and recycling, and causes
autosomal recessive, early-onset parkinsonism (Krebs et al. 2013; Quadri et al.
2013). In addition to parkinsonism, the most commonly reported features in SYNJI
mutant carriers were dystonia, gait difficulties, cognitive decline, postural instabil-
ity, hypomimia, and dysarthria/anarthria (Wittke et al. 2021). DNAJC6 encodes for
auxilin 1, a protein involved in clathrin-mediated synaptic vesicle endocytosis, and
DNAJC6 mutations have been initially described in two families with autosomal
recessive juvenile parkinsonism (onset age <11 years), prominent atypical signs,
poor or absent response to levodopa, and rapid progression (Edvardson et al.
2012; Koroglu et al. 2013). Subsequently, DNAJC6 mutations have been found
also in early-onset PD cases, characterized by symptoms onset in the third-to-fifth
decade of life and slow disease progression (Olgiati et al. 2016). The VPSI3C
gene codes for a member of the VPS13 family of proteins, involved in lipid
transport between the endoplasmic reticulum and other organelles, and VPSI3C
gene mutations have been identified in autosomal recessive, early-onset forms of
parkinsonism (Lesage et al. 2016; Rudakou et al. 2020). In addition to the above-
described genes causing autosomal recessive EOPD forms, mutations in DCTNI
cause Perry syndrome, a rare autosomal dominant disorder characterized by rapidly
progressive early-onset parkinsonism, central hypoventilation, weight loss, insom-
nia, and depression (Richardson et al. 2020). Several other genes have been linked
to typical or atypical parkinsonism, as well as to complex neurological disorders
that include parkinsonism as part of their symptoms. For example, POLG mutations
may cause variable clinical manifestations, including parkinsonism, and CHCHD?2
mutations can cause typical parkinsonism. However, for several of these genes,
including LRP10, TMEM230, DNAJC13, EIF4G1, GIGYF2, HTRA2, and UCHLI,
the pathogenetic role is still debated, some are no longer considered PD genes or
further validation is required prior to be considered PD genes (Blauwendraat et al.
2020; Jia et al. 2022).

3.2.4 Susceptibility Genes

Most of PD occurs as apparently sporadic forms and GWASs have revolutionized
our efforts to find loci at which common, normal genetic variability contributes to
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disease risk. The first GWAS loci for PD were identified in 2009 using data from
almost 5000 patients and 9000 controls (Simdn-Sanchez et al. 2009). In 2019, a
large GWAS including more than 37.000 patients, 18.600 proxy cases (individuals
with a first relative with PD) and 1.4 million controls, allowed the identification
of 90 independent genome-wide significant risk signals across 78 loci (Nalls et al.
2019). Additional PD loci have been identified in a subsequent GWAS including
more than 65.000 cases and almost 1.9 million controls (Foo et al. 2020). Indeed,
common variants of small effect size in SNCA, LRRK2, VPS13C, MAPT, RAB29,
BSTI, GAK, HLA-DRBS5, and many other genes have been associated with increased
PD risk (Nalls et al. 2019; Blauwendraat et al. 2020; Jia et al. 2022). Notably, the
GBA gene is the major genetic risk factor for PD and will be further discussed in the
next section.

3.24.1 GBA

Mutations in the GBA gene encoding glucocerebrosidase, the enzyme deficient
in the lysosomal glycolipid storage disorder Gaucher disease (GD: an autosomal
recessive disorder with multisystemic manifestations, including involvement of the
liver, spleen, bone marrow, lungs, and nervous system), are associated with the
development of PD and other Lewy body disorders (Velayati et al. 2010). The
observation that a small subset of GD patients develop parkinsonism with brainstem
or diffuse Lewy-related pathology (Tayebi et al. 2003), and that relatives of patients
with GD have an increased incidence of parkinsonism (Halperin et al. 2006), led
researchers to investigate GBA mutations as a possible risk factor for PD. Several
large-scale genetic studies demonstrated that heterozygote GBA variants are the
most important genetic risk factor for PD. More than 100 GBA variants have been
associated with PD, with an overall odds ratio of about 3.5-6 (Sidransky et al.
2009; Gegg et al. 2022). However, while the odds ratio for “mild” risk variants,
such as the common p.N370S variant, is lower than 5, certain high-risk variants,
such as the p.L444P one, confer a greater risk for PD. Overall, the estimated
lifetime risk of developing PD in heterozygous carriers of a GBA variant ranges
from 7.6% at age 50 years to 30% at age 80, and is influenced by other genetic,
environmental, and age-related factors. Indeed, GBA variants are the most common
genetic risk factor for PD. The accumulation of a-synuclein following loss of
glucocerebrosidase activity and subsequent lysosomal dysfunction in neurons is
well established. However, the mechanisms by which this occurs warrant further
investigation (Gegg et al. 2022).

3.3 Genetics of Essential Tremor

Essential tremor (ET) is one of the most common movement disorders in adults
and the most common pathologic tremor in humans. The median disease prevalence
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is estimated to be 0.4% across all ages, and the mean prevalence 0.67% (Louis
and McCreary 2021). However, ET prevalence increases markedly with age, with
recent estimates suggesting a 74% increase for every decade increase in age,
reaching more than 20% in nonagenarians (Louis and Ferreira 2010; Louis and
McCreary 2021). ET shows a bimodal age of onset, with a smaller peak in the
second decade of life and a larger peak in the sixth decade (Brin and Koller 1998).
Childhood-onset ET is usually hereditary and three times more frequent in males
than in females (Ferrara and Jankovic 2009). The disease is characterized by an
action tremor with mixed postural and kinetic elements. The postural tremor is
commonly seen in the hands and the kinetic tremor is brought out by action, such
as writing, eating, or pouring a cup of water (Dalvi and Mercury 2011). ET is
a heterogeneous condition with variable clinical expression in affected patients.
While the hands are most commonly affected, many patients have a head tremor as
well. Approximately 90-95% of the patients have tremor in their upper extremities,
30-34% have a head tremor, 12-20% a voice tremor, and 5-10% a face or trunk
tremor. Almost 10% of the patients have a lower limb tremor (Whaley et al. 2007,
Dalvi and Mercury 2011). Non-motor symptoms including mild cognitive changes,
changes in personality, anxiety, and depression are more frequent in ET patients
than in normal age-matched controls (Zesiewicz et al. 2010). According to recent
classification criteria, ET is defined as an isolated tremor syndrome manifesting as
an action tremor of bilateral upper extremities for a minimum of 3 years duration,
in the absence of any other neurological signs such as parkinsonism, ataxia, or
dystonia. Tremor involving the voice, head, and lower extremities may or may not
be present. ET patients with additional neurological signs (dystonia, rest tremor,
impaired tandem gait) are now categorized as “ET plus” (Lenka and Jankovic 2021).
The analysis of postmortem ET brains revealed that 75% of them are characterized
by cerebellar changes, including loss of Purkinje cells and increase in the number
of axonal swellings, termed “torpedoes.” Lewy bodies were observed in the locus
coeruleus of the remaining 25% of the brains (Louis et al. 2007). Overall, ET can
be considered a cerebellar disorder with pathologic changes affecting either the
cerebellum itself or neurons that synapse with Purkinje cells (Dalvi and Mercury
2011). Studies in twins revealed elevated concordance among monozygotic twins,
suggesting that the disease has a high heritability (Lorenz et al. 2004). Most of
the studies indicate that ET is a familial disorder in 40-50% of the cases, and the
disease is often inherited in a manner suggesting an autosomal dominant genetic
pattern with incomplete penetrance. A family history of ET appears to correlate
with younger age at onset, and first-degree relatives of ET patients have a fivefold
increased risk to develop the disease than normal controls. Non-familial “sporadic”
ET cases are known and might result from either low-penetrant autosomal dominant
loci or from multifactorial inheritance (Deng et al. 2007). Linkage analyses revealed
at least four loci for familial ET in Iceland and North American families located at
chromosomes 3q13, 2p22-p25, 6p23, and 5q35. However, the causative gene has
yet to be identified (Dalvi and Mercury 2011; Jiménez-Jiménez et al. 2021). Whole-
genome/exome sequencing approaches have revealed several additional putative
genes for ET, but lack of replication in other families suggests that they are
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likely private variants (Jiménez-Jiménez et al. 2021). GWASs have also identified
putative ET loci, but only a recent GWAS including 7.177 ET patients and 475.877
controls revealed five independent genome-wide significant loci that explained
approximately 18% of ET heritability (Liao et al. 2022). The results of this GWAS
suggest that a portion of ET heritability can be explained by common genetic
variants (Liao et al. 2022). Moreover, genetic factors alone do not explain all cases of
ET, and several environmental factors including exposure to neurotoxic compounds
such as B-carboline alkaloids and ethanol, as well as pesticide and lead exposure, are
potential ET risk factors, while smoking and antioxidant intake may be protective
(Ong et al. 2019).

3.3.1 Linkage Studies

In 1997, the first ET locus (ETM1) was mapped to chromosome 3q13 in 75 members
of 16 Icelandic families (Gulcher et al. 1997). A Ser9Gly variant in the dopamine
D3 receptor (DRD3) gene, located in the ETM1 locus, was subsequently associated
with disease risk and age at onset (Jeanneteau et al. 2006). Subsequent studies
failed to find a significant association of the DRD3 variant with ET, suggesting
that it is unlikely to be a causal factor for ET (Lorenz et al. 2009). The ETM2
locus was mapped to a 9.1 cM region on chromosome 2p22-p25 (Higgins et al.
1997) in a large American family of Czech descent. Subsequent studies suggested
an association between ET and an A265G substitution in the HS1-binding protein 3
gene (HS1BP3) mapping within the ETM2 locus (Higgins et al. 2005). However,
the association with the HS/BP3 gene was not replicated by other investigators
(Deng et al. 2005; Shatunov et al. 2005). Linkage to ETM1 and ETM?2 loci was not
evident in several ET families suggesting genetic heterogeneity in ET. A third ET
locus was mapped to chromosome 6p23. Several genes within this locus have been
investigated as candidates, but none of them was found to bear pathogenic mutations
(Shatunov et al. 2006). No linkage of these three loci with familial ET was found
in other studies (Aridon et al. 2008; Novelletto et al. 2011; Zahorakova et al. 2010),
suggesting genetic heterogeneity for ET. The analysis of 48 essential tremor patients
from five pedigrees revealed another locus on chromosome 5q35 linked to essential
tremor, but exome sequencing did not identify a potential causative variant in this
region (Hicks et al. 2016).

3.3.2 Whole-Genome and Exome Sequencing Studies

Whole-genome and exome sequencing studies revealed several candidate genes pos-
sibly responsible for ET in a small number of families, including FUS (designated
as ETM4), HTRA2, TENM4 (designated as ETM5), SORT1, SCN1IA, NOTCH2NLC
(designated as ETM6), NOS3, KCNS2, HAPLN4, USP46, CACNAIG, SLIT3,
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CCDCI183, MMP10, and GPRI151. However, mutations of these genes were found
only in singular families, suggesting that they could probably represent private
variants (reviewed in Jiménez-Jiménez et al. 2021).

3.3.3 GWASs

The first GWAS in ET identified a sequence variant (rs9652490) of the LINGO1
gene to be a risk factor in European and American populations (Stefansson et al.
2009). Subsequent GWASs identified variants of SLCIA2, STK32B, PPARGCIA,
and CTNNA3, as possible ET risk factors, but further GWASs failed to replicate
these findings (Thier et al. 2012; Miiller et al. 2016; Houle et al. 2017). Recently, a
GWAS including 7.177 ET patients and 475.877 control individuals revealed five
independent genome-wide significant loci that explained approximately 18% of
ET heritability. Functional analyses found significant enrichment in the cerebellar
hemisphere, cerebellum, and axonogenesis pathways (Liao et al. 2022). Overall, the
genetic etiology of ET remains still largely elusive, and the search of ET genes is
still ongoing.

3.4 Tremor in Ataxias

The ataxias are a heterogeneous group of progressive neurodegenerative disorders
with ataxia as the leading symptom. Cerebellar ataxias can be divided into acquired,
sporadic and hereditary forms (Krygier and Mazurkiewicz-Beldzifiska 2021). Inher-
ited ataxias include autosomal dominant spinocerebellar ataxias (SCAs), autosomal
recessive cerebellar ataxias, episodic ataxias (EA), and X-linked ataxias (Manto
and Marmolino 2009; Krygier and Mazurkiewicz-Beldzifiska 2021). Tremor is
often observed in ataxias (Magrinelli et al. 2020). The aim of this section of this
chapter is the discussion of several of the best-known examples of cerebellar ataxias
characterized by tremor as one of the symptoms (Table 3.1).

3.4.1 SCA2and SCA3

Parkinsonism, dystonia, and postural tremor are particularly prevalent in SCAs
types 2 (SCA2) and 3 (SCA3), caused by abnormal CAG trinucleotide repeat
expansion of ATXN2 and ATXN3 genes, respectively. SCA2 is characterized by
a broad group of progressive features, including gait ataxia, postural instability,
cerebellar dysarthria, dysmetria, and dysdiachokinesia, as well as non-cerebellar
manifestations including slow saccadic eye movements, peripheral neuropathy,
cognitive decline, dopamine-responsive parkinsonism, dystonia, and chorea (Kry-
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Table 3.1 Some examples of loci and genes associated with inherited ataxias

Designation Locus Gene Inheritance | Function or probable function

SCA2 12924 ATXN2 AD Ataxin-2, RNA processing

SCA3 14921 ATXN3 AD Ataxin-3, deubiquitinating enzyme,
ubiquitin—proteasome system

SCA7 3pl4.1 ATXN7 AD Ataxin-7, transcription factor that

appears to be critically important for
chromatin remodeling at the level of
histone acetylation and deubiquitination

SCA12 5q32 PPP2R2B | AD Regulatory subunit of protein
phosphatase 2A
SCA15/SCA16 | 3p26.1 ITPRI AD Inositol 1,4,5-triphosphate receptor 1,

mediates calcium release from
endoplasmic reticulum

SCA20 11q12 Unknown | AD Unknown

SCA27 13q34 FGFI14 AD Fibroblast growth factor 14, involved in
regulation of voltage-gated calcium
channel activity, synaptic plasticity, and

neurogenesis
FXTAS Xq27.3 FMRI X-linked | Fragile X mental retardation 1 gene,
development of synapses
CA 19p13.3 ATCAY AR Caytaxin, glutamate synthesis
AOALl 9p13.3 APTX AR DNA repair
AOA2 9q34.13 SETX AR DNA/RNA helicase
AT 11q22-q23 | ATM AR DNA repair

gier and Mazurkiewicz-Betdziriska 2021). The disease is caused by a CAG repeat
expansion of ATNX2, which can expand in families over successive generations
resulting in earlier onset age and faster progression. Affected individuals have
alleles with 32 or more CAG trinucleotide repeats, resulting in polyglutamine tract
expansion in the protein (Lastres-Becker et al. 2008). Machado-Joseph disease
(MJD), also known as spinocerebellar ataxia type 3 (SCA3), is the most common
form of spinocerebellar ataxia worldwide, caused by CAG trinucleotide repeat
expansion in ataxin-3 (ATXN3), coding a conserved and ubiquitous protein known
to bind polyubiquitin chains and to function as a deubiquitinating enzyme. Affected
individuals have alleles with 52 or more trinucleotide repeats (Matos et al. 2011).
The parkinsonian phenotype of SCA2 and SCA3 is often observed in Asians (Lu et
al. 2004; Kim et al. 2007).

3.4.2 SCA7

Spinocerebellar ataxia type 7 (SCA7) results from CAG repeat expansion in the
ATXN7 gene on chromosome 3pl4.1 and is characterized by progressive ataxia
and variable age at onset, degree of severity, and rate of progression among and



56 F. Coppede

within families. Associated symptoms can include palatal tremor, cone-rod retinal
dystrophy, and vision loss (Magrinelli et al. 2020; Krygier and Mazurkiewicz-
Beldzinska 2021).

3.4.3 SCAI2

Spinocerebellar ataxia type 12 (SCA12) is a late-onset, autosomal dominant, slowly
progressive disorder. Action tremor is the usual presenting sign, often starting in the
fourth decade. At disease onset, SCA12 manifests characteristic action tremors in
the upper limbs. Disease progression is slow, and patients display varied clinical
manifestations, including gait ataxia, abnormal eye movements, parkinsonism,
dystonia, hyperreflexia, and psychiatric and cognitive manifestations (Manto 2010;
Srivastava et al. 2017; Magrinelli et al. 2020). The disease is caused by a CAG repeat
expansion in PPP2R2B, a gene that encodes Bf, a regulatory subunit of protein
phosphatase 2A (PP2A). Alleles with 43 or more CAG repeats are observed in
SCA12 patients (Srivastava et al. 2017). The CAG expansion in PPP2R2B correlates
with increased Bf expression and does not result in polyglutamine production.
SCA12 may be considered in patients who present with action tremor and later
develop signs of cerebellar and cortical dysfunction (O’Hearn et al. 2011).

3.4.4 SCAI5 and SCAI6

Spinocerebellar ataxia type 15 (SCAL1S5), formerly known as SCA15/SCA16, is
rare and slowly progressive dominantly inherited ataxia. Its main distinguishing
characteristic is tremor, often affecting the head, which is seen in about half of the
affected individuals, and which may be the presenting feature (Storey and Gardner
2012). The disease is due to various deletions of the inositol 1,4,5-triphosphate
receptor 1 gene (ITPRI) on chromosome 3. “SCA16” has been shown to be due
to an ITPRI mutation and has now been subsumed into SCA15 (Iwaki et al. 2008).

3.4.5 SCA20

Spinocerebellar ataxia type 20 (SCA20) is a very rare slowly progressive dominantly
inherited disorder reported in individuals from a large Anglo-Celtic family from
Australia. Its distinguishing clinical features, each present in most affected persons,
are palatal tremor, and a form of dysphonia resembling spasmodic dysphonia. The
responsible locus was mapped in the pericentric region of chromosome 11 (Knight
et al. 2004), but the specific gene(s) underlying SCA20 have not yet been identified
(Miiller 2021).
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3.4.6 SCA27

Spinocerebellar ataxia type 27 (SCA27) is characterized by disease onset in late
childhood/early adulthood, and symptoms including slowly progressive cerebellar
ataxia, early-onset tremor, orofacial dyskinesia frequently in association with ocular
problems, psychiatric symptoms, and cognitive deficits (Miiller 2021). The disease
results from dominant mutations of the FGFI4 gene, on chromosome 13q34
(van Swieten et al. 2003). FGF14 controls channel gating, axonal targeting and
phosphorylation in neurons effecting excitability. It is also required for synaptic
transmission, plasticity, and neurogenesis (Miiller 2021).

3.4.7 Fragile X-Associated Tremor/Ataxia Syndrome

The fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurode-
generative disorder affecting mainly men over the age of 50 years. The disease
is caused by a CGG repeat expansion in the premutation range (55-200) in the
fragile X mental retardation 1 (FMRI) gene whose full mutation causes the fragile
X syndrome (FXS), the most common cause of inherited mental retardation. Major
signs are cerebellar gait ataxia, intention tremor, frontal executive dysfunction,
and global brain atrophy. Other frequent findings are parkinsonism, peripheral
neuropathy, psychiatric symptoms, and autonomic dysfunction. Affected females
have a less severe disease, and some symptoms different from that of men, for
example, muscle pain (Leehey 2009).

3.4.8 Others

As discussed in the Introduction of this section tremor is often observed in
several ataxias, including other SCAs and recessive ataxias, and not limited to the
above detailed examples. Early-onset hypotonia and nonprogressive axial cerebellar
ataxia, associated with nystagmus, intention tremor, and dysarthria characterize
Cayman ataxia (CA). The name derives from the fact that the disease has been
initially found in the Grand Cayman Island. CA is an autosomal recessive disease
caused by mutation of ATCAY, which codes for caytaxin, a protein involved in
glutamate synthesis and in synaptogenesis of cerebellar granular neurons and
Purkinje cells (Hayakawa et al. 2007). More recently, CA resulting from ATCAY
mutation has been reported also outside of the Grand Cayman Island, in a Pakistani
family (Manzoor et al. 2018). Tremor is also observed in other autosomal recessive
ataxias, such as those caused by defects of DNA repair genes (Gueven et al.
2007; Embirucu et al. 2009). Ataxia with oculomotor apraxia type 1 (AOA1) is
a condition characterized by involuntary movements (chorea and dystonia) and/or
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progressive global ataxia, with dysarthria associated with hands and head tremor.
The disease is caused by mutation in the APTX gene which encodes aprataxin,
a nuclear protein involved in single-strand DNA repair. Ataxia with oculomotor
apraxia type 2 (AOA?2) is characterized by global progressive ataxia with onset
usually between 8 and 25 years of age. Dystonia, head and postural tremor, chorea,
dysphagia, pes cavus, and scoliosis are occasionally seen. The disease is caused by
autosomal recessive mutations of SETX encoding senataxin, a DNA/RNA helicase
involved in RNA processing and DNA repair. Peripheral neuropathy and movement
disorder, as tremor or choreoathetosis, are seen after 5 years of age in ataxia—
telangiectasia (AT), a recessive disorder caused by mutations of the ATM gene that
encodes for a serine/threonine kinase responsible for DNA repair during the cell
cycle (Gueven et al. 2007).

3.5 Familial Cortical Myoclonic Tremor with Epilepsy

Familial cortical myoclonic tremor with epilepsy (FCMTE), also referred to
as familial adult myoclonic epilepsy (FAME), benign adult familial myoclonic
epilepsy (BAFME) or autosomal dominant cortical myoclonus and epilepsy
(ADCME), refers to a clinical entity first described in Japan and subsequently
in more than 100 families worldwide and characterized by postural myoclonic
tremor of the distal limbs, familial history of epilepsy, a rather benign outcome, and
autosomal dominant inheritance (Regragui et al. 2006; van den Ende et al. 2018).
Seven loci for FCMTE have been reported (Table 3.2), but the genetic variants
underlying the disorder have remained elusive for several years and identified
only recently. Intronic pentanucleotide repeat expansions composed of mixed
TTTCA/TTTTA repeats in the SAMDI2 gene have been identified as the cause
of FCMTEI in Japanese and Chinese populations. SAMDI2 codes for the sterile
alpha motif domain-containing protein 12, a protein predicted to be involved
in transmembrane receptor protein tyrosine kinase signaling pathway (Ishiura
et al. 2018; Cen et al. 2018; Zeng et al. 2019; Lei et al. 2019). Subsequently,
ATTTC repeat expansions in the first intron of STARD7 was identified as the cause
of FCMTE2. STARD7 codes for the protein StAR-related lipid transfer domain
containing 7, a phosphatidylcholine-specific lipid transfer protein essential for the
maintenance of mitochondrial membrane composition and dynamics (Corbett et
al. 2019). Unstable TTTTA/TTTCA expansions in MARCH6 have been associated
with FCMTE3; MARCH6 codes for membrane-associated ring-CH-type finger 6,
a member of a family of membrane-associated E3 ubiquitin ligases (Florian et
al. 2019). FCMTE4 was linked to chromosome 3q26.32-3g28 in a large FCMT
family from Thailand, and insertions of the intronic TTTCA repeats in YEATS2,
coding a protein involved in histone acetylation, were subsequently identified as
the causative mechanism (Yeetong et al. 2019). Pentanucleotide repeat expansions
have been also linked to FCMTEG6 and FCMTE?7, and particularly a TTTCA repeat
expansion in the upstream noncoding region of exon 1 of the TNRC6A gene on
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Table 3.2 Loci linked to familial cortical myoclonic tremor with epilepsy

Designation | Locus Gene Inheritance | Function or probable function

FCMTEI1 8q23.3-q24.11 | SAMDI2 AD Involved in transmembrane
receptor protein tyrosine kinase
signaling pathway

FCMTE2 2pll.1-q12.2 | STARD7 AD Phosphatidylcholine-specific lipid

transfer protein essential for the
maintenance of mitochondrial
membrane composition and

dynamics

FCMTE3 5p15.31-pl5 MARCH6 | AD Membrane-associated E3 ubiquitin
ligase

FCMTE4 3q26.32-3q28 | YEATS2 AD Member of a complex involved in
acetylation of histones H3 and H4

FCMTES 1g32.1 CNTN2 AR Proliferation, migration, and axon

guidance of neurons in the
developing cerebellum

FCMTE6 16p12.1 TNRC6A AD Plays a role in RNA-mediated gene
silencing by both micro-RNAs and
short interfering RNAs

FCMTE7 4q32.1 RAPGEF2 | AD Guanine nucleotide exchange

factor that links cell surface
receptors and Rap/Ras GTPases in
intracellular signaling cascades

chromosome 16p12.1 (FCMTES6), and a TTTCA repeat expansion in the RAPGEF?2
on chromosome 4q32.1 (FCMTE7) were observed in Japanese families, overall
suggesting that pentanucleotide repeat expansions are a common causal mechanism
for autosomal dominant cortical myoclonic tremor with epilepsy (Ishiura et al.
2018). One exception is FCMTES that was reported in a consanguineous Egyptian
family and characterized by onset of seizures in adolescence, followed by the
development of cortical myoclonic tremor later in life. The disease showed an
autosomal recessive inheritance pattern, patients in this family conformed to the
core criteria of FCMTE but some unusual features were also present, and the disease
was caused by a homozygous frameshift mutation in the CNTN2 gene (Stogmann
et al. 2013).

3.6 Dystonic Tremor

Dystonia is a hyperkinetic movement disorder characterized by sustained muscle
contractions, frequently causing twisting and repetitive movements or abnormal
postures. According to a consensus statement of the Movement Disorder Society
(MDS) expert members, dystonia is defined as “a movement disorder characterized
by sustained or intermittent muscle contractions causing abnormal and often repet-
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itive movements, postures, or both. Dystonic movements are typically patterned,
twisting, and may be tremulous. Dystonia is often initiated or worsened by voluntary
action and associated with overflow muscle activation” (Albanese et al. 2013). It
also further classifies dystonia into two main axes: axis 1, clinical characteristics,
and axis 2, etiology. Axis 1 takes into consideration age at onset, body distribution,
the temporal pattern of the hyperkinetic movement, and associated features, that
is, if the dystonia is isolated, combined, or complex. In isolated dystonia, dystonia
is the only motor feature except for tremor, in combined dystonia, the dystonia is
combined with other movement disorders such as myoclonus, parkinsonism, and
others, while complex dystonia is accompanied by neurologic or systemic manifes-
tations beyond movement disorders. Axis 2 defines whether dystonia is inherited,
acquired, or idiopathic (di Biase et al. 2022). Inherited dystonias show genetic
heterogeneity, including autosomal dominant, autosomal recessive, X-linked, and
mitochondrial forms (Miiller 2009; di Biase et al. 2022). According to the Human
Genome Organization (HUGO) nomenclature, genetic loci for dystonia are named
using a DYT prefix followed by a number representing the chronological order of
their discovery, that is, DYT1-DYTn. However, the MDS task force has recently
proposed a novel nomenclature plan in which pure dystonia is designated with a
DYT prefix followed by the gene name (e.g., DYT1 becomes DYT-TORIA), while
dystonia combined with parkinsonism or ataxia would be designated as DYT/PARK
or DYT/SCA, respectively, each followed by the gene name (e.g., DYT5a becomes
DYT/PARK-GCHI) (Mencacci and Jinnah, 2019). Tremor has been reported as
a general manifestation in dystonias. Dystonic tremor manifests as a rhythmic,
intermittent, patterned movement in body regions which are primarily affected or
not by dystonia (Magrinelli et al. 2020). Recently, Pandey et al. (2021) reviewed the
literature to assess the prevalence and clinical characteristics of tremor in different
types of primary monogenic dystonia, observing that tremor has been reported in
at least 15 different monogenic dystonias and ranges in prevalence according to
the different monogenic subtype (Pandey et al. 2021). Table 3.3 shows some of the
best-known genes associated with primary monogenic dystonias in which tremor is
a common feature.

3.6.1 Dominant Dystonias

Tremor has been observed in several autosomal dominant dystonias. For example,
tremor has been reported in 66% of patients with dystonia 24 (DYT24 or DYT-
ANO3) an autosomal dominant cranio-cervical dystonia resulting from mutations
in the ANO3 gene, coding for anoctamin-3, a transmembrane protein that belongs
to a family of calcium-activated chloride channels (Charlesworth et al. 2012;
Pandey et al. 2021). Dystonia 6 (DYT6 or DYT-THAPI) is caused by mutations
of the transcription factor THAP1, and tremors ranging from mild, asymmetrical,
rest, and postural bilateral upper limb to occasional head and lower limb tremors
have been reported 18% of the patients (Fuchs et al. 2009; Pandey et al. 2021).
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Table 3.3 Some examples of loci and genes associated with inherited dystonias

Designation | Locus Gene Inheritance | Function or probable function

DYT1 9q34 TORIA | AD ATPase with chaperone functions

DYT2 1p35.1 HPCA | AR Neuron-specific Ca (24)-binding
protein

DYT3 Xql3.1 TAF1 X-linked R | Tata binding protein associated factor

DYT5a 14922.1-q22.2 | GCHI | AD Dopamine synthesis

DYT5b 11p15.5 TH AR Dopamine synthesis

DYT6 8pll.21 THAPI |AD Transcription factor that regulates the
expression of TORIA

DYTI16 2q31.2 PRKRA | AR Protein kinase

DYT24 11pl4.3-p14.2 |ANO3 | AD Calcium-activated chloride channels

DYT25 18pl11.21 GNAL | AD Stimulatory alpha-subunit of G
proteins

Dystonia 25 (DYT 25 or DYT-GNAL) is an autosomal dominant neurologic disorder
characterized by adult onset of focal dystonia, usually involving the neck. Tremor
is reported to occur in the head and upper limbs and has been reported in 12% of
the patients. The disease is caused by mutations of the GNAL gene that encodes
a stimulatory alpha-subunit of G proteins with high expression in the basal ganglia
(Fuchs et al. 2013; Pandey et al. 2021). Tremor has been also observed in 11% of the
patients with dystonia 1 (DYT1 or DYT-TORIA), an early-onset primary dystonia
caused by mutations in the TORIA gene encoding the protein torsin A, a member of
a superfamily of ATPases with chaperone functions (Ozelius et al. 1997; Pandey et
al. 2021). Concerning dystonias combined with parkinsonism, postural tremor was
observed in 18% of the patients with dystonia Sa (DYT5a or DYT/PARK-GCH1),
a rare autosomal dominant dystonia-parkinsonism caused by mutations of GCHI, a
gene that codes for GTP-cyclohydrolase I, essential for the synthesis of dopamine
(Ichinose et al. 1994; Pandey et al. 2021).

3.6.2 Recessive Dystonias

Bilateral upper limb tremors and occasionally head tremor have been reported in
100% of patients with dystonia 2 (DYT2 or DYT-HPCA), an autosomal recessive
dystonia due to mutations in the HPCA gene on 1p35.1 coding for hippocalcin, a
member of a family of neuron-specific Ca (2+)-binding proteins found in the retina
and brain. However, the analysis included only three patients, so that the complete
presence of tremor should be taken with caution (Charlesworth et al. 2015; Pandey
et al. 2021). Among combined dystonias, tremor has been reported in 44% of the
patients with dystonia 5b (DYT5b or DYT/PARK-TH), caused by mutations of the
tyrosine hydroxylase (TH) gene on the short arm of chromosome 11, resulting in
lack of the tyrosine hydroxylase enzyme leading to impaired conversion of tyrosine
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into L-dopa (Verbeek et al. 2007). Tyrosine hydroxylase is a rate-limiting enzyme
in dopamine biosynthesis and missense mutations in both alleles of the TH gene
cause dopamine-related phenotypes, including dystonia and infantile Parkinsonism.
Dystonia 16 (DYT16 or DYT-PRKRA) was observed in seven Brazilian patients
and linked to mutations of the gene PRKRA, encoding a protein kinase, interferon-
inducible double-stranded RNA-dependent activator. Parkinsonism was observed in
four of the seven patients (Camargos et al. 2008), and tremor has been reported in
17% of DYT16 patients. X-linked recessive dystonia or dystonia 3 (DYT3 or DYT-
TAFI) is an adult-onset dystonia often accompanied by parkinsonism, resulting
from recessive mutations of TAFI on chromosome Xql13.1 (Makino et al. 2007).
Tremor has been reported in 4% of DYT3 patients (Pandey et al. 2021). In addition
to the examples described in this chapter, tremor has been observed in other pure
or combined dystonias, such as in 64% of the cases of dystonia-parkinsonism
resulting from mutations in the SLC6A3 gene, as well as in myoclonus-dystonia
resulting from mutations in KCTD17, and other dystonia-parkinsonisms resulting
from mutations in SPR and PTS genes, albeit in a limited number of patients (Pandey
etal. 2021).

3.7 Roussy-Lévy Syndrome

Charcot—-Marie-Tooth (CMT) disease encompasses a genetically heterogeneous
group of inherited neuropathies, also known as hereditary motor and sensory neu-
ropathies (HSMN). CMT results from mutations in more than 30 genes expressed
in Schwann cells and neurons causing overlapping phenotypes. The classic CMT
phenotype reflects length-dependent axonal degeneration characterized by distal
sensory loss and weakness, deep tendon reflex abnormalities, and skeletal defor-
mities (Patzké and Shy 2011). The first cases of CMT associated with ET have
been reported more than 30 years ago (Salisachs 1975, 1976). Subsequently, others
provided evidence that CMT disease with tremor coincides with the Roussy—Lévy
syndrome (Barbieri et al. 1984). The Roussy—Lévy syndrome was first described
in 1926 by Roussy and Lévy as a disorder beginning in infancy or childhood
and presenting with pes cavus and tendon areflexia, distal limb weakness, tremor
in the upper limbs, gait ataxia, and distal sensory loss. In 1998 Auer-Grumbach
et al. reported a family with affected members in four generations, showing the
clinical signs of Roussy-Lévy syndrome and a partial duplication at chromosome
17p11.2, a genetic defect commonly found in CMT1A patients (the duplication of
the PMP22 gene), suggesting a close relation with the CMT syndrome. The PMP22
gene encodes a 22-kDa protein that comprises 2—-5% of peripheral nervous system
myelin. It is produced primarily by Schwann cells and expressed in the compact
portion of essentially all myelinated fibers in the peripheral nervous system (Auer-
Grumbach et al. 1998). In members of the original family studied by Roussy and
Lévy, Plante-Bordeneuve et al. (1999) identified a heterozygous mutation in the
myelin protein zero (MPZ) gene, encoding the major structural protein of peripheral
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myelin; mutations in this gene are also associated with CMT1B (Plante-Bordeneuve
et al. 1999).

3.8 Wilson’s Disease

Wilson’s disease is an inherited autosomal recessive disorder of copper balance
leading to hepatic damage and neurological disturbance of variable degree. The
hepatic and the neurological form can be distinguished, but many patients present
with a mixture of both. An estimate for the disease frequency in most populations
is about 17 per million, suggesting a carrier frequency ranging from 1 in 90
to 1 in 122 (Huster 2010; Lorincz 2010). The disease is caused by mutations
of the ATP7B gene on chromosome 13ql4.3, encoding a copper transporting
P-type transmembrane ATPase. Mutations in ATP7B result in abnormal copper
metabolism and subsequent toxic accumulation of copper (Thomas et al. 1995).
Overall, over 700 ATP7B mutations have been so far identified with only a few
of them functionally characterized (Chanpong and Dhawan, 2022). The patient is
usually presymptomatic during early life, but the accumulation of copper causes
subclinical liver disease. Disease symptoms are highly variable and can manifest
between early childhood and the fifth or sixth decade of life, with a peak incidence
of around 17 years. Hepatic, neurological, and psychiatric manifestations are
observed. Neurological features include dysarthria, dystonia, tremor, parkinsonism,
choreoathetosis, ataxia, and subtle cognitive impairment. Tremor is reported in 22—
55% of the cases, occurring at rest, upon assumption of a posture, or with action.
Clinical signs include asymmetric distal accentuated tremor of the hands, “wing
beating” tremor, intention tremor, and sometimes tremor of the trunk and head.
Parkinsonism has been reported in 19-62% of the cases. Psychiatric symptoms,
including attention deficit, depression, and mood swings, are observed in up to one-
third of the patients (Huster 2010; Lorincz 2010; Chanpong and Dhawan, 2022).

3.9 Conclusions

Advances have been obtained in recent years in our understanding of the genetics
of PD, both in monogenic and idiopathic forms (Blauwendraat et al. 2020; Jia et
al. 2022). Studies in autosomal dominant and recessive forms of the disease, as
well as in monogenic atypical forms, have highlighted central roles for protein
aggregation and turnover, lysosomal pathways, mitochondrial damage and turnover,
endocytosis, and synaptic vesicle trafficking in the pathophysiology of the disease
(Jia et al. 2022). In parallel, genome sequencing approaches and large-scale GWASs
are increasingly helping to clarify the genetic landscape of the disease that is
continuously updated (Blauwendraat et al. 2020; Jia et al. 2022). Less is known
concerning the genetics of ET for which some putative gene variants identified
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in families are likely private ones, and only a recent GWAS provided significant
genome-wide signals associated with disease risk (Liao et al. 2022). Genetic
heterogeneity, incomplete penetrance, and the fact that some tremor disorders are
erroneously referred to as ET because they resemble it at both onset and for
many years thereafter are among the most probable reasons explaining why the
search of ET genes is still ongoing (Magrinelli et al. 2020). Tremor occurs in
several other neurological disorders, such as ataxias, dystonias, and peripheral
neuropathies. This chapter provides several examples of hereditary forms of these
disorders. Overall, the compromising of several pathways can result in neuronal
dysfunction and tremor, and the heterogeneity of the diseases characterized by
tremor as one of the possible symptoms is reflected by the heterogeneity of genes
and pathways causing such diseases. Mutations in the same gene can cause different
diseases, depending on the nature of the mutation itself, making the picture even
more complex. Some examples are the MAPT gene, that can cause frontotemporal
dementia with parkinsonism or increase the risk for idiopathic PD, or mutations
of FRM1 that can lead to either fragile X syndrome or fragile X-associated/tremor
ataxia syndrome, depending on the length of the repeated tract. Similarly, as in the
case of SNCA and LRRK genes, rare high-penetrant variants are observed in families
with monogenic PD, while more common variants confer a slight increase in the
risk for idiopathic forms. Overall, this chapter gives a broad overview of human
disorders characterized by tremor and of the genetics beyond them.
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