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  Pref ace   

 Recent years have seen fascinating developments in the fi eld of genetics. New 
technologies have, and continue to, enter the market; new genes have been and 
continue to be identifi ed. In 2012 and in the USA alone, the genetic testing market 
was estimated to be around US$6 billion and predicted to rapidly increase by a 
factor of 3–4 until the year 2021. Neurogenetics is a part of this rapidly evolving 
fi eld. Here, too, new methods and wider applications have led to the identifi cation 
of novel genes associated with both Mendelian and/or complex inheritance. 

 While this has provided valuable insights into neurological conditions, at the 
same time it poses new challenges for clinicians. As the list of differential molecular 
diagnoses has grown, so has the diffi culty in diagnosing patients with an obviously 
positive family history. In fact, this also holds true for patients with a negative fam-
ily history, since it has become clear that heritable factors underlie a much larger 
proportion of patients than previously anticipated. Thus, even in these “sporadic” 
cases, genetic mutations should be considered and molecular testing may, in some 
cases, enable confi rmation of a precise diagnosis. De novo mutations are an exam-
ple of a previously underappreciated type of mutation that we now know are respon-
sible for a signifi cant proportion of early-onset sporadic disease. This, of course, has 
led to an increasing number of genetic tests becoming commercially available (with 
gene panels being the current trend at a continuously decreasing cost) requiring 
knowledge of how to best select the right test. 

 In parallel, the molecular genetic revolution has also changed the daily work of 
many scientists whose job is to understand the complexity of heritable diseases. 
Pathways are disentangled; complex puzzles of gene and protein interactions are 
unravelled. Yet the broader pathophysiology of the disease entities remains poorly 
understood; and we have only just begun to get a grasp on the roles of genes, the 
environment, and their interplay on the brain. Currently, treatment of the majority of 
heritable neurological disorders remains symptomatic, and knowledge of a molecu-
lar diagnosis has no direct consequence on therapeutic strategies. However, 
improved scientifi c understanding will, in the future, hopefully allow for the devel-
opment of specifi c and perhaps even curative therapies. 



viii

 This special edition is dedicated to movement disorders genetics and ties together 
up-to-date clinico-genetic knowledge, reviews on latest technologies as well as 
critical treatises about adjacent aspects, including ethical and legal considerations 
of genetic testing and contractual obligations in the context of health and life insur-
ances. Indeed, with access to genetic testing becoming easier (because costs are 
dropping and because direct-to-consumer testing allows bypassing clinical ser-
vices), there is a call for clear guidelines for genetic counselling and genetic testing. 
Because of this, we chose to dedicate separate chapters for a thoughtful and sensible 
discussion of these topics. 

 Putting this volume together has been an exciting journey, and we are grateful to 
all those who have contributed with their expertise and knowledge, with their time 
and other input. We are grateful to our patients who teach us valuable lessons and 
we are grateful to our own families who support us in what we do – every day.  

    Kiel ,  Germany      Susanne     A.     Schneider   
    London ,  England, UK      José     M.     Tomás     Brás       
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    Chapter 1   
 Genetics of Mendelian Forms of Parkinson’s 
Disease 

             Suzanne     Lesage     

    Abstract     Over the past decade, genetic causes of parkinsonism have been elucidated 
but in less than 10 % of the cases. Since the discovery of the fi rst gene responsible for 
Parkinson’s disease (PD),  SCNA  encoding α-synuclein, linkage mapping, and posi-
tional cloning have identifi ed autosomal dominantly or recessively inherited 
PD-causing mutations in the genes encoding  Parkin , PTEN-induced kinase 1 ( PINK1 ), 
 DJ - 1 , leucine-rich repeat kinase 2 ( LRRK2 ), and  ATP13A2 , indicating that PD has a 
highly heterogeneous etiology. With the introduction of next-generation sequencing, 
rare mutations in  DNAJC6 ,  SYNJ1 ,  VPS35  ,  and  DNAJC13  were then discovered to 
cause inherited parkinsonism. In addition, polymorphic variants in  SNCA  and  LRRK2  
and heterozygous mutations in the genes encoding β-glucocerebrosidase ( GBA ) and 
guanosine triphosphate cyclohydrolase 1 ( GCH1 ) appear to contribute to sporadic PD 
in several populations. These mutations have been linked to mitochondrial dysfunc-
tion, accumulation of abnormal and misfolded proteins, impaired protein clearance, 
defective recycling of synaptic vesicles, and oxidative stress. Identifi cation of other 
Mendelian forms of PD will be the main challenge for the next decade.  

  Keywords     Parkinson’ disease   •   Parkinsonism   •   Mendelian forms   •   Autosomal 
dominant inheritance   •   Autosomal recessive inheritance   •   Next-generation 
sequencing  

        Introduction 

 Intense genetic research during the past 15 years, in particular the mapping and clon-
ing of genes, has led to the identifi cation of at least 18 loci (designated as PARK1 to 
PARK18) and 13 genes associated with inherited forms of parkinsonism (Fig.  1.1 ). 
Two of these genes [ SNCA  and leucine-rich repeat kinase 2 ( LRRK2 )] have been 
conclusively associated with autosomal dominant forms of PD and 4 genes [ parkin , 

        S.   Lesage ,  PhD      
  INSERM U M27 ,  Pitié-Salpêtrière Hospital, Brain and Spinal Cord Institute (ICM) ,   Paris  
 75013 ,  France   
 e-mail: suzanne.lesage@upmc.fr  

mailto:suzanne.lesage@upmc.fr
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PTEN-induced kinase 1 ( PINK1 ),  DJ - 1 ,  ATP13A2 ] with autosomal recessive forms 
of the disease. In addition, with the advent of promising next- generation sequencing 
(NGS) technologies, two new dominant, vacuolar protein sorting 35 homolog 
( VPS35 ) and  DNAJC13 , and two new recessive,  DNAJC6  and  SYNJ1 , PD-associated 
genes were recently identifi ed. Except for an early age at onset in most patients with 
monogenic PD, no other specifi c clinical signs or syndromes seem to distinguish 
familial from sporadic forms of the disease. Although alterations in the genes identi-
fi ed so far account for less than 10 % of familial forms, there is some evidence that 
these genes may play a role in the much more common sporadic forms of PD. A large 
amount of research has also focused on genetic variability that confers susceptibility 
to PD and will help to create a risk profi le for disease in the general population.  

 This review focuses on the genes which have been conclusively associated with 
Mendelian forms of the disease, highlighting the most recent advances in this fi eld 
of research.  

    Autosomal Dominant Forms of Mendelian PD 

 The two autosomal dominant genes,  SNCA  and  LRRK2 , which confer a gain of 
function that is neurotoxic for dopaminergic neurons, are now known to be of major 
importance in the pathogenesis of both familial and sporadic PD.  VPS35  and 

Monogenic forms

Linkage analysis and
positional cloning

Late-onset autosomal
dominant

Late-onset autosomal
dominant

Candidate gene approach

EO-PD autosomal recessive
EO-PD autosomal recessive
with atypical features

EO-PD autosomal recessive
with atypical features

PARK1/4/SNCA (4q21)
PARK8/LRRK2 (12p11-q13)
EIF4G1 (3q27)

VPS35 (16q11)
SNCA (Rep-1...) (4q21)

LRRK2 (G2385R, R1628P, 
A419V, M1646T) (12p11-q13)

MAPT (H1) (17q21)

GBA (HTZ) (1q21)

C9orf72 (9p21)

SCA2 (12q24), SCA3 (14q32)

GCH1 (14q22)

GWAS

DNAJC13 (3q22)

PARK2/4/Parkine (6q25)
PARK6/PINK1 (1p35-36)
PARK7/DJ1 (1p36)

DNAJC6 (1p31)

PARK20/SYNJ1 (21q22)

PARK16 (1q32)

BST1 (4p15)

PARK17/GAK (4p16)

PARK18/HLA-DRA (6p21)

PARK19? (12q24)

A total of 28 independent risk loci
for PD[118]

PARK9/ATP13A2 (1p36)
PARK14/PLA2G6 (22q13)
PARK15/FBX07 (22q12-q13)

Linkage and/or whole exome
analyses

Genome association
studies

<10 % 90 %

Sporadic forms

  Fig. 1.1    Schematic representation of defi ned loci and genes for PD, including Mendelian genes 
and loci identifi ed by association studies. The loci, gene symbols, and chromosomal position are 
indicated.  EO-PD  early-onset Parkinson’s disease,  GWAS  genome-wide association studies       
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 EIF4G1  were identifi ed only recently, and the role they play remains unknown. 
Other disease-causing genes, such as repeat expansions in ataxin-2 ( ATXN2 ) and 
ataxin-3 ( ATXN3 ), which cause spinocerebellar ataxias; guanosine triphosphate 
cyclohydrolase 1 ( GCH1 ), which causes dopa-responsive dystonia; hexanucleotide 
expansions in  C9orf72 , which cause frontotemporal dementia (FTD)/amyotrophic 
lateral sclerosis (ALS); and heterozygous mutations in the β-glucocerebrosidase 
( GBA ) gene, which are responsible for a recessive disorder, Gaucher’s disease, have 
been associated with typical parkinsonism. 

    LRRK2 

 Mutations in  LRRK2  are the most common cause of dominantly inherited PD and 
explain up to ~10 % of all familial forms of the disease with clearly dominant 
inheritance [ 1 ,  2 ]. The  LRRK2  gene, which spans a genomic region of 144 kb con-
taining 51 exons, encodes a large 2,527-amino-acid protein with two enzymatic 
domains (GTPase and kinase) and multiple protein-protein interaction domains [ 3 ]. 
About 80 different  LRRK2  variants have been reported worldwide. Only 7 of these 
 LRRK2  mutations (N1437H, R1441G/C/H, Y1699C, G2019S, and I2020T), which 
appear to be clustered in functionally important regions that are highly conserved 
through evolution, have been proven to be pathogenic on the basis of co-segregation 
with the disease and their absence or rarity in specifi c control populations [ 4 ]. Some 
of them are strikingly population specifi c. The most common G2019S mutation in 
the kinase domain of the protein is particularly enriched in Arab patients from North 
Africa (30–40 %) [ 5 ] and in Ashkenazi Jewish PD patients (10–30 %) [ 6 ] and prob-
ably arose from a common ancestor in the Middle East [ 7 ]. The R1441G substitu-
tion in the ROC GTPase domain appears to be geographically restricted to Northern 
Spain, particularly the Basque population, in which it is responsible for ~20 % of 
familial PD [ 1 ,  8 ,  9 ]; however, the same mutation was recently reported on a differ-
ent haplotype in a Japanese family [ 10 ]. I2020T was originally identifi ed in a 
Japanese kindred [ 11 ]. The most recently identifi ed mutation, N1437H, was origi-
nally described in two Norwegian families [ 12 ] and a Swedish PD patient [ 13 ]. 
Common polymorphisms in  LRRK2 , such as G2385R, R1628P [ 14 ], and, more 
recently, A419V [ 4 ], may be strong risk factors for sporadic PD in Asian popula-
tions. In contrast, the  LRRK2  M1646T mutation seems to be a common polymor-
phism that is specifi cally associated with PD in Caucasian populations [ 4 ]. In both 
Asian and Caucasian populations, genome-wide association studies (GWAS) iden-
tifi ed risk factors in the 5′ region of the  LRRK2  gene in sporadic PD [ 15 ,  16 ]. 

 Penetrance of the most common G2019S mutation, which is incomplete and age- 
dependent, ranges from ~25 to 70 % at age 80 years [ 17 – 19 ], explaining the fre-
quency of its occurrence in sporadic PD patients [ 20 ], in families with apparently 
autosomal recessive inheritance [ 21 ], and in healthy mutation carriers over 80 years 
of age [ 22 ]. Homozygous G2019S mutation carriers were also identifi ed among 
healthy elderly subjects [ 23 ]. 

 The clinical features of patients with the G2019S mutation are surprisingly uni-
form and resemble those of patients with typical late-onset PD. The mean age at 
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onset is close to 60 years, with unilateral tremor as the initial sign of disease, a good 
response to treatment, and slow progression [ 17 ]. Atypical features, such as amyot-
rophy, dystonia, supranuclear gaze palsy, primary progressive aphasia, or cortico-
basal syndrome, have also been reported [ 24 – 26 ]. Some homozygous mutation 
carriers, mostly among North African Arabs, are clinically similar to those with het-
erozygous mutations [ 23 ,  27 ], indicating an absence of gene dosage. In contrast to 
the clinical homogeneity of patients with  LRRK2  mutations, the associated pathol-
ogy is remarkably variable, even within a given family. Most patients with the 
G2019S mutation have neuronal loss in the  substantia nigra  and α-synuclein- positive 
Lewy bodies as in typical PD; in some cases, nigral degeneration without Lewy bod-
ies, diffuse Lewy body disease, and tau pathology have been observed [ 25 ,  28 – 31 ]. 

 LRRK2 is a ubiquitous protein of unknown function. Many studies have focused 
on its GTPase and kinase activities and have shown that mutations in the kinase 
domain (G2019S, I2020T) increase kinase activity, whereas those in the ROC 
GTPase domain decrease GTPase activity [ 32 ]. Because of the increase in kinase 
activity associated with  LRRK2  mutations, LRRK2 kinase inhibitors have been 
developed as a potential treatment for PD [ 33 ]. LRRK2 plays a role in multiple cell 
functions, including intracellular traffi cking, cytoskeletal dynamics, mitochondrial 
function, autophagy regulation, and, recently, a cellular pathway related to the 
immune system and regulation of neuroinfl ammation [ 34 ].  

    α-synuclein 

  SNCA  mutations are the second most common cause of dominantly inherited PD; 
genomic duplications have been detected in ~1–2 % of the PD families with autoso-
mal dominant inheritance [ 35 ,  36 ]. Other  SNCA  mutations are extremely rare and 
include whole-locus triplications [ 37 ] and point mutations; A53T was identifi ed in a 
few families of Greek ancestry and also in families and apparently sporadic cases of 
European and Asian origin [ 38 – 43 ]. A30P and E46K were each identifi ed in a single 
family of German and Spanish origin, respectively [ 44 ,  45 ]. Very recently, fi ve new 
rare missense variants (A18T, A29S, H50Q, G51D, and A53E) were identifi ed in PD 
patients. H50Q was found in one isolated case of English origin who had pathologi-
cally confi rmed PD [ 46 ] and one Canadian case of English/Welsh origin who had a 
family history of parkinsonism and dementia [ 47 ]; the mutation arose from a com-
mon ancestor. G51D cosegregated with the disease in two independent families of 
French and English origin [ 48 ,  49 ] and in an isolated case of Japanese origin with 
family history of parkinsonism and dementia [ 50 ]. A53E was found in a Finnish fam-
ily associated with atypical multiple system atrophy and PD [ 51 ]. A18T and A29S 
were detected in single patients of Polish origin presenting with a typical late-onset 
sporadic PD phenotype, but their pathogenicity has not been proven [ 52 ]. 

 Postmortem examination of brains from patients with  SNCA  mutations revealed 
consistent neuronal loss and an abundance of α-synuclein-positive Lewy bodies and 
neurites in the  substantia nigra  and  locus ceruleus , but limbic and glial abnormalities 

S. Lesage



7

are also observed; pathologies associated with both PD and multiple system atrophy 
(MSA) may overlap [ 48 ,  49 ,  51 ,  53 ]. In contrast, the associated clinical spectrum is 
broad, ranging from typical late-onset PD, generally observed in patients with genomic 
duplications as well as those with H50Q mutations, to atypical PD, characterized by 
more severe features, including an earlier age at onset (<40 years), myoclonus, more 
rapid progression, and a high prevalence of dementia and autonomic dysfunction, 
observed in patients with rare genomic triplications and A53T/E, E46K, or G51D mis-
sense mutations. In view of the overlapping clinical features, it has been proposed that 
PD, parkinsonism with dementia, dementia with Lewy bodies, and MSA are causally 
related and are collectively referred to as “synucleinopathy” disorders. 

 Common variants in  SNCA  that may infl uence the expression of the disease [ 54 , 
 55 ] have been found to be the most consistent and robust risk factors in large, 
population- based, multiethnic sporadic PD in all GWAS conducted so far, as well as 
in subsequent meta-analyses [ 56 – 60 ]. 

 α-Synuclein is a 140-residue natively unfolded protein that is abundantly 
expressed in presynaptic nerve terminals [ 61 ]. It consists of three domains: an 
amino-terminal lipid-binding α-helix characterized by seven imperfect repeats 
(KTKEGV), a non-amyloidogenic core (NAC) domain, and an unstructured 
carboxy- terminus. Interestingly, most of  SNCA  mutations are clustered in the 
amphipathic alpha helical domain, suggesting a mutational hotspot. Although its 
physiological function is not fully known, it appears to be particularly prone to rapid 
conformational changes and has been implicated in the regulation of synaptic trans-
mission and dopamine biosynthesis. The aggregation dynamics of mutant SNCA 
has been reported to be faster or slower than wild-type SNCA, suggesting that the 
process of aggregation is related to SNCA-induced neurotoxicity [ 62 ].   

    Recently Identifi ed Genes Causing Autosomal Dominant PD 

 Recently, three new genes were reported to cause autosomal dominant PD.  VPS35  
was the fi rst PD-causing gene identifi ed by exome sequencing. The same D620N 
mutation was originally reported, by two independent groups, to segregate in two 
large kindreds of Swiss and Austrian origin, respectively [ 63 ,  64 ]. Subsequent stud-
ies in multiple ethnic groups, including a large multicenter study [ 65 ,  66 ], indicated 
that the  VPS35  D620N mutation rarely causes autosomal dominant PD; the fre-
quency ranges from 0.1 to 1 %, with an overall frequency lower than 0.1 % 
(24/22,612). It was absent from >16,000 healthy controls [ 67 ]. Like  LRRK2  muta-
tions, the  VPS35  D620N mutation was found in rare sporadic cases [ 68 ] and unaf-
fected individuals over 80 years of age [ 63 ], indicating reduced penetrance. Haplotype 
analyses suggest that this mutation arose independently by recurrent mutational 
events [ 63 ]. Mutational screening of the entire coding regions has not revealed any 
other variants with unequivocal pathogenicity [ 64 ,  66 ,  69 ]. Patients with  VPS35  
mutations have typical levodopa-responsive PD but with a slightly earlier age at 
onset (on the average in the fi fth decade of life) [ 67 ]. The  VPS35  gene encodes a 

1 Genetics of Mendelian Forms of Parkinson’s Disease



8

subunit of the retromer complex involved in endosomal-lysosomal traffi cking and 
recycling of synaptic vesicles and proteins. Mutations in  VPS35  may result in 
impaired cargo recognition and binding and thus defective receptor recycling. 

 Exome sequencing was recently used to identify a new N855S mutation in 
receptor- mediated endocytosis 8/RME-8 ( DNAJC13 ); it segregated with the disease 
in a multi-generation Mennonite family of 118 family members in which 13 affected 
individuals were sampled [ 70 ]. This mutation was subsequently found in two small 
families and two isolated cases with a common ancestral haplotype but was not iden-
tifi ed in >2,600 controls. The phenotype was consistent with a late-onset asymmetric 
PD, although rare cases had dementia and neuropathology consistent with brainstem 
or transitional Lewy body disease. However, due to incomplete penetrance and the 
presence of phenocopies in the large family and the lack of further studies on 
 DNAJC13  mutations, proof that  DNAJC13  causes PD is still lacking. DNAJC13 
plays a role in endosomal traffi cking by regulating the dynamics of clathrin coats on 
early endosomes. Preliminary functional analyses showed that the  DNAJC13  N855S 
mutation confers a toxic gain of function that impairs endosomal transport. 

 A traditional linkage study in a large French family in which an R1502H muta-
tion in EIF4G1 segregated with the disease identifi ed eukaryotic translation initia-
tion factor 4 gamma 1 ( EIF4G1 ) to be another new cause of dominantly inherited 
PD [ 71 ]. The same R1502H mutation and another missense variation, A502V, were 
found in a few small families of European and North African descent with mutation 
frequencies of 0.2 and 0.02 %, respectively, as were additional single variants, 
G686C, S1164R, and R1197W. However, most subsequent studies failed to repli-
cate these fi ndings, and some found the two most common  EIF4G1  mutations in 
healthy controls [ 72 ,  73 ]. The associated phenotype was late-onset PD with a good 
response to levodopa and neuropathology consistent with brainstem Lewy body 
disease [ 71 ]. The encoded protein, EIF4G1, is a central component of the eIF4F 
complex that regulates mRNA translation and might be involved in the stress 
response. Functional analyses demonstrated that the two most frequent  EIF4G1  
variants, R1502H and A502V, impair formation of the multi-subunit complex, com-
patible with a dominant-negative mechanism of action [ 71 ]. 

     SCA / Ataxins ,  GBA ,  GCH1 ,  c9orf72 : Risk Factors 
or Dominant Causal Genes? 

 Trinucleotide expansions in  SCAs / ataxins  cause autosomal dominant spinocerebel-
lar ataxias with a broad phenotype that often includes parkinsonism; however, the 
parkinsonism may also be pure, particularly in  SCA2  or  SCA3  carriers. The fre-
quency of  SCA2  mutations in familial parkinsonism ranges from 1.5 to ~10 %, and 
seems to be particularly high in patients of Asian origin [ 74 – 77 ]. In these patients, 
parkinsonism may range from typical levodopa-responsive PD to Parkinson-plus 
phenotypes. The confi guration of the  SCA2  repeat expansion has recently been 
shown to play an important role in phenotypic variability. Whereas uninterrupted 
CAG repeat expansions are associated with ataxia, shorter expansions interrupted 
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by CAA triplets are associated with parkinsonism [ 75 ,  78 ]. More rarely, repeat 
expansions in  SCA3  have also been associated with a phenotype resembling pure 
parkinsonism without prominent ataxia [ 79 ]. 

 Candidate gene association studies identifi ed heterozygous mutations in  GBA  as 
solid risk factors for PD although, in the homozygous or compound heterozygous 
state, the same gene causes Gaucher’s disease (GD), a recessive lysosomal storage 
disorder. Historically, the occurrence of parkinsonism and Lewy body pathology in 
patients with GD and their relatives and the identifi cation of  GBA  mutations in 
patients with PD indicated that there was a link between GD and PD [ 80 ].  GBA  
mutations cause an ethnic group-dependent increase in the risk of developing PD, 
accounting for ~7 % of Caucasian PD patients and up to 8 % in patients with family 
history of PD [ 81 ]; they are found in only ~1 % of control subjects. The frequency 
is much higher in Ashkenazi Jews, reaching ~20 % in PD patients versus 4 % in 
controls [ 82 ]. The clinical phenotype resembles that of typical late-onset PD with 
widespread and abundant α-synuclein pathology and prominent diffuse neocortical 
Lewy body pathology [ 83 ]. However, the greater the family history of PD, the ear-
lier the disease begins and the more severe the non-motor symptoms, including 
more marked and rapid cognitive impairment [ 81 ,  82 ,  84 ] and a relatively high 
penetrance of PD among  GBA  mutation carriers [ 85 ]; this suggest that  GBA  could 
be a dominant causal gene with reduced penetrance rather than a risk factor. The 
mechanisms by which  GBA  mutations exert their pathogenic effects or act as risk 
factors for PD are not yet understood. Effects on lysosome function, ceramide 
metabolism, the ubiquitin-proteasome system, or lipid metabolism have been postu-
lated in relation with α-synuclein clearance [ 86 ]. 

 Mutations in the candidate gene, guanosine triphosphate cyclohydrolase 1 
( GCH1 ), are the most common cause of levodopa-responsive dystonia (DYT5) [ 87 ], 
a rare movement disorder starting in childhood with sustained response to small 
doses of levodopa, but also cause adult-onset parkinsonism in the absence of dysto-
nia [ 88 ]. A recent multicenter study identifi ed rare  GCH1  variants as risk factors for 
PD (odds ratio (OR) 7.5, confi dence intervals (CIs) 2.4–25.3) [ 89 ]. 

 Parkinsonism has been described in some individuals with hexanucleotide repeat 
expansions in  C9orf72  that are now recognized as the most frequent cause of fron-
totemporal lobar degeneration (FTLD)/amyotrophic lateral sclerosis (ALS) [ 90 , 
 91 ]. Parkinsonism related to this mutation may present as typical idiopathic PD 
without any signs of dementia [ 92 ].   

    Autosomal Recessive Forms of Mendelian PD 

 One of the most important fi ndings of these last years was the relatively high pro-
portion of patients with early-onset parkinsonism caused by recessively inherited 
mutations in numerous genes:  parkin /PARK2,  PINK1 /PARK6, and  DJ - 1 /PARK7. 
More recessive genes were recently identifi ed in a few patients with early-onset 
atypical parkinsonism:  ATP13A2 /PARK9,  PLA2G6 /PARK14,  FBXO7 /PARK15, 
 DNAJC6 , and  SYNJ1 /PARK20. 

1 Genetics of Mendelian Forms of Parkinson’s Disease



10

    Parkin 

 Homozygous exon deletions in the  parkin  gene at the PARK2 locus were fi rst 
described, in 1998, in consanguineous Japanese families with a syndrome previously 
known as autosomal recessive juvenile parkinsonism, which is characterized by 
young onset (<20 years) in most cases, a good response to levodopa, and the frequent 
occurrence of levodopa-induced dyskinesias [ 93 ]. Subsequent screening of this large 
gene, which spans 1.3 Mb of genomic DNA, for both point mutations and exonic 
rearrangements showed that homozygous and compound heterozygous mutations in 
the  parkin  gene are the most common cause of early-onset PD (<45 years) in popula-
tions of all ethnic origins; it accounts for ~50 % of recessive familial forms with 
onset before age 25 years and ~15 % of isolated cases in European populations. 
Interestingly, the frequency of  parkin  mutations decreases as the age at onset 
increases;  parkin  mutations are therefore uncommon in patients with late-onset 
PD. More than 100 different mutations have been identifi ed throughout the gene; 
they comprise large deletions or duplications and triplications of one or more exons 
in more than 50 % of the reported cases, but small deletions/insertions, nonsense, and 
missense mutations are also found. In addition, heterozygous  parkin  mutations have 
been reported in sporadic, late-onset PD and may constitute genetic risk factors. 

 Clinically, PD patients with  parkin  mutations have classical PD but, compared to 
patients without  parkin  mutations, earlier and more symmetrical onset, usually with 
dystonia, hyperrefl exia, slower disease progression, sleep benefi t, and a better 
response to low doses of levodopa, complicated by early motor fl uctuations, the 
development of dyskinesias, and, in rare cases, atypical features, such as psychiatric 
manifestations [ 94 ]. In contrast to patients with typical forms of PD, PD patients 
with  parkin  mutations have a severe loss of dopaminergic neurons in the  substantia 
nigra  and  locus ceruleus  and gliosis but, in general, no Lewy bodies. Thus, nigral 
cell loss in PD patients with  parkin  mutations appears to be caused by a loss of func-
tion of the protein. The  parkin  gene encodes a cytosolic 465-amino-acid protein 
containing an ubiquitin-like (UBL) N-terminal domain, followed by three RING 
(really interesting new gene) fi nger motifs separated by an IBR (In-Between-Ring) 
domain in the C terminus. Parkin is an E3 ubiquitin ligase responsible for the trans-
fer of activated ubiquitin molecules to a protein substrate [ 95 ], a signal for proteoso-
mal degradation of the protein. Mutations in  parkin  were reported to impair the E3 
ubiquitin ligase activity of Parkin, resulting in insuffi cient protein clearance and the 
subsequent formation of protein aggregates [ 95 ].   

    PTEN-Induced Kinase 1 ( PINK1 ) 

  PINK1  was fi rst mapped at the PARK6 locus, in 2004, in three consanguineous fami-
lies with autosomal recessive early-onset PD [ 96 ]. Following these fi ndings, more than 
50 homozygous and compound heterozygous mutations have been found in the  PINK1  
gene, ranging from frameshift, truncating, and splice site point mutations to deletion of 
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the entire  PINK1  gene.  PINK1  is, therefore, the second most frequent known cause of 
autosomal recessive early-onset parkinsonism after  parkin  (1–8 % mutation frequency). 
 PINK1  mutations are also a rare cause of sporadic early-onset PD [ 97 ]. 

 The clinical phenotype of  PINK1 -related disease appears broadly similar to that 
of  parkin -related disease but usually with a later age at onset; there may also be a 
higher prevalence of psychiatric disturbances [ 98 ]. The neuropathological manifes-
tations in a single patient with compound heterozygous mutations in  PINK1  resem-
ble Lewy body and Lewy neurite pathology [ 99 ]. The  PINK1  gene encodes a 
581-amino-acid protein, containing a 34-amino-acid mitochondrial targeting motif 
and a highly conserved protein kinase domain that has homologies with the cal-
cium/calmodulin family of serine/threonine kinases [ 96 ]. Most of the described 
mutations lie near or within the functional serine/threonine kinase domain of 
PINK1. These mutations reduce or impair kinase activity, accelerate degradation, or 
induce misfolding of the protein. 

    DJ-1 

 The third locus for autosomal recessive early-onset parkinsonism, PARK7, was 
mapped in a Dutch family [ 100 ]; the PD-causing gene was identifi ed, in 2003, as the 
oncogene DJ-1. A  DJ - 1  missense mutation (L166P) and large exonic deletions were 
fi rst identifi ed in two European families with early-onset PD [ 101 ]. A number of 
other pathogenic mutations causing familial PD were later identifi ed but are respon-
sible for the disease in less than 1 % of early-onset PD patients. Clinically, onset of 
PD in patients with  DJ - 1  mutations occurs in the third decade, with asymmetric 
symptoms, slow disease progression, and a sustained response to levodopa treat-
ment. No neuropathological studies of  DJ - 1  patients have as yet been reported. The 
 DJ - 1  gene encodes a highly conserved 189-amino-acid protein of the ThiJ/Pfp1 
family of molecular chaperones that are induced during oxidative stress.   

    Other Forms of Early-Onset Recessively Inherited 
Atypical Parkinsonism 

 Mutations in the neuronal lysosomal P-type ATPase ( ATP13A2 ) in the PARK9 
locus, calcium-independent phospholipase A2, group VI ( PLA2G6 ) in PARK14, 
and F-box only protein 7 ( FBXO7 ) in PARK15 cause recessively inherited forms of 
atypical parkinsonism characterized by juvenile to early-onset, poor response to 
levodopa and variable combinations of additional clinical signs: dystonia, cognitive 
impairment, neurobehavioural abnormalities, pyramidal disturbances, ophthalmo-
paresis, and autonomic dysfunction. Of note, mutations in  ATP13A2  are associated 
with Kufor-Rakeb syndrome (KRS), a form of recessively inherited, juvenile, mul-
tisystemic parkinsonism, characterized by rapid disease progression, pyramidal 
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signs, dementia, and supranuclear gaze palsy [ 102 ]. Recessive mutations in  PLA2G6  
are also associated with other childhood or young adult-onset syndromes, including 
infantile neuroaxonal dystrophy (INAD) [ 103 ], idiopathic neurodegeneration with 
brain iron accumulation (NBIA) [ 104 ], and adult-onset parkinsonism with dystonia 
and pyramidal involvement [ 105 ]. Mutations in  FBXO7  cause a complex combina-
tion of pyramidal and extrapyramidal syndromes, predominantly characterized by 
childhood-onset dystonia [ 106 ]. The  ATP13A2  gene encodes a large transmembrane 
protein with putative ATPase activity located in lysosomes, further linking abnor-
mal function of these organelles to neurodegeneration.  PLA2G6  encoding a group 
VI calcium-independent A2 phospholipase, which catalyzes fatty acid release from 
phospholipids, may be implicated in infl ammatory responses and apoptosis [ 107 ]. 
The  FBXO7  gene encodes a member of the F-box family of proteins, which play a 
role in the ubiquitin-proteasome protein degradation pathway. Very recently, reces-
sive mutations in  DNAJC6  and  SYNJ1  were shown, by homozygosity mapping and 
exome sequencing, then subsequent replication in other studies, to cause autosomal 
recessive juvenile parkinsonism in rare families [ 108 – 112 ].  DNAJC6  encodes auxi-
lin, a clathrin-associated protein and  SYNJ1  encodes synaptojanin 1, both of which 
may be implicated in the recycling of synaptic vesicles.  

    Conclusion 

 The discovery of mutations [ 38 ] and, later, gene multiplications in  SWCA  [ 37 ], 
which cause dominant forms of PD, triggered 15 years of gene discoveries and new 
efforts to model parkinsonian neurodegeneration. Although, Mendelian forms of 
PD account for only a small proportion of PD cases, it is now clear that the genetic 
component of PD plays a much more important role in the pathogenesis of PD than 
previously thought. Notably, studies of PD-linked genes in some heritable forms of 
PD have brought to light several molecular abnormalities in the  substantia nigra  
that are associated with neuronal death: protein aggregation, defects in the ubiquitin- 
proteasome pathway, impaired defenses against oxidative stress, abnormal protein 
phosphorylation, mitochondrial and lysosomal dysfunction, apoptosis, and now 
defective post-endocytic recycling of synaptic vesicles, thus improving our under-
standing of the more common sporadic form of the disease. An illustration is offered 
by  LRRK2  and  SNCA  that contain both rare, highly penetrant variants and common, 
weakly penetrant variants, suggesting that Mendelian forms of PD might also 
explain common non-Mendelian forms of PD, and vice versa. 

 Genetic studies are now moving forward with the discovery that most of the 
products of PD-causing genes function in shared or overlapping networks or path-
ways involved in the pathogenesis of the disease. An illustration is provided by the 
role of recessive gene products such as Parkin, PINK1, FBXO7, and DJ-1 centered 
on mitochondrial functions, such as mitogenesis, mitophagy, mitochondrial homeo-
stasis, and transport. Studies in Drosophila models of  PINK1 -associated PD have 
suggested that PINK1 acts upstream of Parkin in a common biochemical pathway 
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centered on maintenance of mitochondrial function and regulation of mitochondrial 
remodeling (fusion and fi ssion) [ 113 ]. Notably, the kinase activity of PINK1 is nec-
essary for recruitment of Parkin to the mitochondrial membrane [ 114 ], leading to 
the ubiquitination of several targets including mitofusins, which are mitochondrial 
fusion proteins [ 115 ]. In the same pathway, FBXO7, which acts downstream of 
PINK, participates in the recruitment of Parkin to depolarized mitochondria. DJ-1, 
which is a potent antioxidant, is known to translocate to the mitochondrial mem-
brane where it is thought to play a role in neuroprotection [ 116 ]. Furthermore, it 
associates with Parkin during oxidative stress, suggesting that these proteins might 
work together in a neuroprotective mechanism. 

 Many more genetic factors, those responsible for monogenic disease as well as 
susceptibility loci, will most likely be uncovered in the near future with the develop-
ment of new technologies, such as whole exome or whole genome sequencing, 
meta-analysis of genome-wide association studies associated with analyses of gene- 
gene or gene-environment interactions, and molecular pathways. As an example, a 
recent analysis of GWAS data associated with a pathway-based approach impli-
cated the immune response in the development of PD [ 117 ].     
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    Chapter 2   
 Genetics of Parkinson’s Disease 

             Dena     G.     Hernandez      and     Andrew     B.     Singleton     

    Abstract     Tremendous progress has been made over the last 10 years in the identi-
fi cation of genetic risk factors for Parkinson’s disease (PD). This work began with 
candidate gene-based assessments, where variability in the genes encoding alpha- 
synuclein, glucocerebrosidase, and leucine-rich repeat kinase 2 was assessed and 
shown to be linked to risk for disease. This work has been considerably extended 
upon using genome-wide association studies, which have thus far identifi ed a large 
number of risk loci. Here we discuss these advances, the current picture of genetic 
risk factors in PD, and the path forward.  

  Keywords     Genetic risk loci   •   Candidate gene association   •   Genome-wide associa-
tion   •   Risk profi ling   •   Complex genetics  

        Introduction 

 Our understanding of the entity that is Parkinson’s disease (PD) has evolved a tre-
mendous amount over the last 20 years. Genetics has been particularly infl uential in 
guiding this evolution, and in this regard, the identifi cation of rare mutations that 
cause disease has been the primary driving force. The discovery of mutations in the 
gene that encodes alpha-synuclein marked the fi rst of these discoveries and perhaps 
still the most infl uential, but the identifi cation of mutations in genes such as  PARK2 , 
 PINK1 ,  PARK7 , and perhaps most notably  LRRK2  also changed the fi elds perspec-
tive on PD [ 4 ,  27 ,  40 ,  44 ,  53 ,  65 ,  71 ]. Most immediately these discoveries showed 
that there were genetic causes of rare familial forms of disease and that these fi nd-
ings lead to insight that was more generalizable to the general PD population – the 
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discovery of alpha-synuclein as a major protein component of Lewy bodies was 
driven by the discovery of mutations in this gene [ 56 ], and the discovery of  LRRK2  
mutations revealed the genetic cause of disease in a very large number of apparently 
sporadic typical PD patients [ 7 ,  16 ,  39 ]. 

 A primary aim of this type of genetic work was, and remains, the use of these 
fi ndings to understand the disease process and to identify viable points of therapeu-
tic intervention based on etiology not symptomatology. The beginnings of this lon-
ger term aim are just now beginning to manifest, with a greater understanding of the 
molecular processes that represent disease using genetic models. Our progress thus 
far in understanding the disease process has been highly reliant on these genetic 
discoveries made in rare families, and we have developed methods and tools specifi -
cally to investigate the mechanisms linked to these mutations. 

 We believe that the research driven by our identifi cation of the causes of mono-
genic forms of disease will continue to be exceedingly valuable in the effort to 
understand and treat PD; however, we also believe that the identifi cation of genetic 
risk factors will both stimulate new areas of research and take previous etiologic 
investigations in a new exciting direction. Over this chapter, we will discuss the 
progress that has been made in identifying risk loci in PD and describe our current 
understanding of the genetic architecture of this disease. We will also discuss the 
next steps in identifying additional risk genes for this disease and how best to 
move forward.  

    Early Attempts at Finding Risk Loci 

 In the broad research community, a great deal of time was spent searching for 
genetic risk factors for apparently sporadic diseases from the mid-1990s on. A very 
high percentage of this work was unfruitful, and there are two primary reasons for 
this lack of success. First, our ability to identify the correct gene to test, and the cor-
rect variants within that gene, based purely on a perceived understanding of the 
disease process, was rather poor. For many of the early studies, only one or two 
variants were assessed, and given that there are millions of known single-nucleotide 
variants and that most do not measurably affect disease, the odds of choosing the 
correct variant were vanishingly small. Second, the vast majority of studies were 
performed in rather small sample sizes and thus were only powered to detect major 
risk effects; we know that such risk alleles, particularly in the context of common 
variation, are the exception not the rule. The result of these two limitations, and the 
relative ease with which these studies could be executed and published, was a large 
body of literature that reported positive genetic association fi ndings that failed to 
stand the test of time. During this period, however, there were some rare but notable 
successes, coming from the assessment of genes already known to be linked to PD 
(through disease causing mutations) or as a result of keen clinical observation. 

 Shortly after the identifi cation of rare alpha-synuclein mutations as the fi rst 
known genetic cause of PD, Kruger and colleagues examined common variability at 
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this gene to determine whether this may be linked to risk for typical idiopathic PD 
[ 28 ,  44 ]. This initial report suggested an interaction between  APOE  genotype and 
the genotype of a variable dinucleotide repeat, called REP1, ~10 kb 5′ to the tran-
scription start site of  SNCA  in modulating risk for PD. While the interaction between 
 APOE  and  SNCA  genotypes seems to have been spurious, the association of genetic 
variability at the  SNCA  locus with risk for PD is now unequivocal. The fi rst truly 
compelling evidence of this arose from a meta-analysis of existing REP1 genotype 
data, which showed a consistent association across diseases, with an odds ratio of 
~1.4 ( p  < 0.001) [ 34 ]. Association at this locus was eventually shown to be over-
whelmingly positive in genome-wide association studies, and these have revealed 
more about the architecture of genetic risk at this locus (this will be discussed later). 

 Following the identifi cation of  LRRK2  mutations as a cause of PD [ 40 ,  71 ], this 
gene was sequenced extensively across many populations. In one of these studies, 
the p.G2385R variant was identifi ed as a possible cause of PD in a parent child pair 
of patients from Taiwan [ 36 ]. Subsequent analyses of this variant showed that this 
was too common in the general population to be causative of disease; however, they 
supported a role for this variant in increasing risk for PD within Asian populations 
[ 8 ]. Di Fonzo and colleagues efforts suggested that carrying this variant, normally 
present in about 5 % of the general population, doubled an individual’s risk of 
PD. This fi nding has been extensively replicated in varied Asian populations includ-
ing those from Singapore, Taiwan, Hong Kong (Chinese), Korea, Japan, and main-
land China (Han) and is considered a robust association [ 5 ,  6 ,  11 – 13 ,  26 ,  30 ,  57 – 59 , 
 66 ,  70 ]. Also in Asian populations, the variant p.R1628P in  LRRK2  has been associ-
ated with increased risk for PD. This variant, originally described in 2008, appears 
to also increase risk for PD ~2 fold, being present in ~6 % of PD cases and ~3 % of 
controls [ 47 ]. This fi nding has also been replicated, although not as widely as 
p.G2385R, in various Asian populations including Thai, Taiwanese, and Chinese 
[ 12 ,  45 ,  67 ,  68 ]. Notably, meta-analysis of all existing studies as of 2012 revealed a 
consistent risk effect of ~2.5 in typical PD [ 67 ]. In addition, several other exonic 
variants have been assessed for association with risk for disease, including p.A419V, 
p.P755L, p.M1646T, and a three-SNP haplotype (p.N551K-p.R1398H-p.K1423K) 
[ 46 ,  67 ]. These each have varying levels of support, and to date none have been 
unequivocally linked to risk of PD. 

 While common variability at  SNCA  and at  LRRK2  was initially implicated in risk 
for PD because of the known link between rare mutations in these genes and famil-
ial forms of PD, another gene was associated with risk for PD because of astute 
clinical observation. Mutations in the gene encoding glucocerebrosidase ( GBA ) 
have long been linked to the autosomal recessive lysosomal storage disorder 
Gaucher’s disease [ 63 ]. Phenotypic characterization of Gaucher’s patients revealed 
that some would manifest with parkinsonism [ 60 ], and it appeared that this feature 
was more common than one would expect by chance. This led to the early  hypothesis 
that glucocerebrosidase defi ciency may lead to a vulnerability to parkinsonism [ 61 ]. 
In the following year, Aharon-Peretz and colleagues provided compelling evidence 
that extended this idea and showed that carrying a single  GBA  mutation increased 
the risk for PD [ 2 ]. This work was initially viewed with some skepticism, as the 
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effect size was surprisingly high, and the clinical and pathologic link between PD 
and Gaucher’s disease was not immediately obvious. This association however has 
been borne out. Again, the application of meta-analysis of existing data has pro-
vided the most compelling results thus far, with an analysis of  GBA  mutations in 
~6,000 PD patients and ~5,000 controls [ 51 ]. This work showed that in Ashkenazi 
Jewish populations, the frequency of the common p.L444P and p.N370S mutations 
was 15 % in PD patients and 3 % in controls, and in non-Ashkenazi Jewish popula-
tions, the frequency of these variants was 3 % in cases and <1 % in controls. 
Collectively, these data suggest that carrying a single  GBA  mutation, while insuffi -
cient to cause Gaucher’s disease, increases the risk for PD ~5 fold. It is notable that 
the same risk variants have also been linked to risk for dementia with Lewy bodies 
and PD with dementia [ 37 ].  

    Genome-Wide Association 

 If the criticism of candidate-based association analyses was that they were not broad 
enough, then a viable solution to fi nding risk should, at least in part, be the application 
of genome-wide association (GWA) studies. GWA studies leverage a massively paral-
lel genotyping technology that allows the accurate and effi cient typing of hundreds of 
thousands to millions of variants in a large series of subjects. The understanding of 
population genetic structure, garnered from such studies as the International Haplotype 
Map Project, and 1,000 genomes, allows this data to be taken even further, as it facili-
tates the prediction of genotypes in an individual at untyped variants based on the 
genotype at neighboring SNPs [ 1 ,  62 ]. This method, broadly called imputation, allows 
investigators to predict an individual’s genotype at tens of millions of positions using 
actual genotypes at only a few hundred thousand variants. While this method has been 
responsible for a fundamental shift in our understanding of many diseases and traits, 
including PD, there are some inherent limitations to GWA that bear consideration. 
First and foremost, this method aims to identify common variability associated with 
disease; typically, variants with an allele frequency less than ~2 % are prone to impu-
tation and genotype errors, and are excluded. Thus a traditional GWA design will not 
detect rare mutations or risk variants. Second, the coverage of GWA studies is not 
complete; there are variants/regions that are diffi cult to type and/or impute, and thus 
not all common variants can be assessed effectively. While diffi cult to type variants 
may include SNPs, this also extends to copy number variants and repeats. Despite 
these limitations, GWA continues to be a valuable tool and has certainly been success-
fully employed in PD genetics. 

 One of the fi rst, albeit small, genome-wide association studies performed for any 
disease or trait was done in PD, but in the context of identifying replicable risk, this 
was unsuccessful [ 35 ]. A second study, performed less than a year later, and still of 
small size, also failed to identify risk variants at the genome-wide level of signifi -
cance [ 14 ]; however, the deposition of these data into the public domain formed the 
basis of many GWA studies to come in PD. 
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 Since this time, there have been a number of well-powered GWA in PD, and 
these have iteratively improved our resolution of the genetic architecture of this 
complex disease. In 2009 Pankratz and colleagues published a GWA study that 
showed suggestive evidence for association between alleles at 3 loci,  GAK ,  SNCA , 
and  MAPT , and risk for disease in a series of 850 familial PD cases and a similar 
number of controls [ 42 ]. Shortly after this, two collaborative studies published 
back-to-back reported several genome-wide signifi cant association results [ 49 ,  52 ]. 
Satake and colleagues identifi ed signifi cant associations at  SNCA  and  LRRK2 , at the 
time both linked to risk for PD, and at two novel loci,  BST1  and  PARK16 , in a 
Japanese population [ 49 ] .  The work by Simon-Sanchez, which examined Caucasian 
patients and controls, also showed signifi cant association at  SNCA  and  PARK16 , 
supportive evidence for the association of common variants at  LRRK2 , and identi-
fi ed a strong association between risk for disease and variants at the  MAPT  locus 
[ 52 ]. Notably, while there was much in common between these studies, there was, 
and appears to remain, a complete lack of association between PD and  MAPT  vari-
ants in Asian populations, illustrating genetic heterogeneity of common risk 
between disparate populations. 

 In the following year, Hamza and colleagues used GWA in a series of 2,000 PD 
patients and a similar number of controls. This effort replicated the previous asso-
ciations in  GAK ,  SNCA , and  MAPT  but perhaps surprisingly also implicated vari-
ability at the  HLA  locus in risk for PD, genetically implicating the immune system 
in the pathogenesis of PD [ 18 ]. 

 Over the next 4 years, several GWA studies were performed, many of which 
replicated previous loci and implicated additional risk loci [ 9 ,  10 ,  20 ,  22 ,  23 ,  31 ,  32 , 
 41 ,  43 ,  48 ,  50 ,  64 ], Much of this work incorporated a meta-analysis of existing pub-
lic data, and it has certainly been of great benefi t to the fi eld that PD investigators 
have deposited their data in public repositories such as the database of Genotypes 
and Phenotypes (  www.ncbi.nlm.nih.gov/gap    ). 

 Most recently much of these GWA data have been combined in a large interna-
tional meta-analysis [ 38 ]. This work combined genome-wide SNP data on more 
than 13,000 PD cases and 80,000 controls. Approximately eight million variants 
were tested for association across these series, and those SNPs that reached genome- 
wide signifi cant association were tested for association in an independent series of 
~7,000 cases and ~7,000 controls. The net result of this work was the identifi cation 
of 28 independent risk loci for PD (Table  2.1 ). The nature of GWA is that these 
identify loci, not genes, and therefore, while each locus is usually given a gene 
name as an identifi er, these are often just the most proximal gene or nominated 
based on known function or expression profi le. In some instances, one can be rela-
tively sure of the gene that is being affected by the risk variants, for example, the 
loci proximal to  SNCA  and  LRRK2  are most likely mediating their effect through 
these genes; for others, there is far less certainty. Likewise, it is worth noting that the 
identity of the actual variant that mediates the biological risk is usually not immedi-
ately apparent. GWA signals are haplotype-tagging signals and therefore delimit a 
region of association within which the biologically relevant risk allele resides. This 
raises the question of how to identify the effector variant and the gene it modulates 
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at these loci and how to use these results to understand disease; we will discuss this  
later.

   As with most GWA, the effect sizes identifi ed in this recent GWA are in the range 
of an odds ratio of ~1.3 per allele (the odds ratio at a locus may change considerably 
once the effect allele is determined). A common question that is levied is “what is 
the use of identifying low-risk alleles.” There are two aspects of this criticism, and 
these are both worth consideration: what is the value of these alleles in the context 
of understanding risk for disease, and what can these loci tell us about the etiology 
of disease? As noted above, the individual risk conferred by these alleles is rela-
tively modest; however, on a population level, because the alleles are so common, 
they contribute far more to the risk of PD than, for example, synuclein, parkin, 
pink1, and dj1 mutations combined. Also, the risk attributed to these alleles is 

   Table 2.1    Loci identifi ed by a large international collaborative study   

 SNP ID  Locus name  Chromosome (bp)  Odds ratio 

 rs35749011  GBA/SYT11  1 (155,135,036)  1.824 
 rs114138760 a   GBA/SYT12  1 (154,898,185)  1.519 
 rs823118  RAB7L1/NUCKS1  1 (205,723,572)  1.122 
 rs10797576  SIPA1L2  1 (232,664,611)  1.131 
 rs6430538  ACMSD/TMEM163  2 (135,539,967)  0.875 
 rs1474055  STK39  2 (169,110,394)  1.214 
 rs12637471  MCCC1  3 (182,762,437)  0.842 
 rs34311866  TMEM175/GAK/DGKQ  4 (951,947)  0.786 
 rs34884217 a   TMEM175/GAK/DGKQ  4 (944,210)  1.232 
 rs11724635  BST1  4 (15,737,101)  1.126 
 rs6812193  FAM47E/SCARB2  4 (77,198,986)  0.907 
 rs356182  SNCA  4 (90,626,111)  0.760 
 rs7681154 a   SNCA  4 (90,763,703)  0.854 
 rs9275326  HLA-DQB1  6 (32,666,660)  0.826 
 rs13201101 a   HLA-DQB1  6 (32,343,604)  1.185 
 rs199347  GPNMB  7 (23,293,746)  1.110 
 rs591323  FGF20  8 (16,697,091)  0.916 
 rs117896735  INPP5F  10 (121,536,327)  1.624 
 rs329648  MIR4697  11 (133,765,367)  1.105 
 rs76904798  LRRK2  12 (40,614,434)  1.155 
 rs11060180  CCDC62  12 (123,303,586)  1.105 
 rs11158026  GCH1  14 (55,348,869)  0.904 
 rs2414739  VPS13C  15 (61,994,134)  1.113 
 rs14235  BCKDK/ STX1B  16 (31,121,793)  1.103 
 rs11868035  SREBF/RAI1  17 (17,715,101)  0.939 
 rs17649553  MAPT  17 (43,994,648)  0.769 
 rs12456492  RIT2  18 (40,673,380)  0.904 
 rs8118008 a   DDRGK1  20 (3,168,166)  1.111 

   a Denotes a second risk allele at a described locus  
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cumulative; thus, they can be combined, and for any individual, it is possible to 
generate a risk score based on their possession of multiple risk alleles. When this 
type of risk profi le is performed, we can then rank individuals in a population based 
on the amount of total known genetic risk they possess. If we then look at those 
individuals with the highest 20 % of genetic risk, and compare them to the group 
with the lowest 20 % of risk, the former group are about 4 times as likely to get 
PD. This, by any measure, is a substantive amount of risk. The second aspect of this 
criticism, that low risk signifi es low etiologic importance, is a logical fallacy. The 
odds ratio tells us about the risk conferred by an allele, and when we have confi -
dence in this signal, we can be sure that this allele is altering the regulation of a gene 
and that this gene is involved in the disease process. The effect size tells us nothing 
about the importance of this gene in the disease process. Again, we will provide an 
illustrative example of this point later, in the description of work that represents a 
major step forward in PD research and which leveraged GWA results. 

 So in the context of GWA, is there an appetite for further studies? It is likely that 
a substantive increase in sample size will continue to identify additional risk loci, 
and this is certainly an approach that has been successfully applied to diseases such 
as type II diabetes and schizophrenia, where risk loci number in the hundreds. There 
are two primary challenges to taking such a route in PD; fi rst signifi cant advances 
are likely to require substantive increases in sample size, certainly more than double 
the size of current studies. Collecting these samples, both for discovery and replica-
tion stages, represents a signifi cant challenge. Unlike (e.g., type II diabetes), hun-
dreds of thousands of DNA samples from PD patients are not currently available. 
Second, because the sample size increase will need to be so large, the fi nancial cost 
associated with sample collection and genotyping is extremely large. It is unlikely 
that any single funding body will support such an endeavor outside of a large phil-
anthropic donation. 

 Outside of expanding current genotyping, there are several approaches that may 
be used to garner more information from the current datasets. In perhaps the most 
simple, the current GWA data can be mined more deeply, taking forward alleles that 
did not meet the stringent level of genome-wide signifi cance but that were sugges-
tive in nature. Additional typing of these in replication series is warranted and is 
certainly ongoing. This represents a fairly cost-effi cient approach to wringing more 
from the current data; however, this approach alone will not identify all of the com-
mon risk alleles associated with disease.  

    Beyond Simple Association for Common Variants 

 There are many things outside of simple association that can be accomplished with 
dense genotype data of the type produced by GWA studies. One approach that has 
become increasingly popular over the last 2 or 3 years is the use of GWA data to 
estimate the heritable component of disease [ 29 ,  69 ]. The method GCTA (genome- 
wide complex trait analysis) estimates the proportion of phenotypic variance 
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explained by common SNPs for complex traits, including disease. This is essen-
tially achieved by estimating the degree of genetic relationship between individuals 
at a very fi ne genetic scale and comparing this metric between cases and controls, 
effectively determining how much more cases are related to each other than con-
trols. This method has been applied to PD and the results are revealing. First, this 
work establishes an autosome-wide heritable component of PD of 0.3 [ 25 ]. While 
this is a substantial number, it is worth noting that this is likely an underestimate of 
the total heritable component of PD and certainly an underestimate of the total 
genetic component of this disease. The underestimate of the heritable component is 
because this method does not effectively capture the impact of very rare variants; a 
large number of individually rare mutations could account for a substantive propor-
tion of the heritability of PD, but would not be refl ected by this method. The genetic 
component of this disease would also not be completely refl ected by this method, as 
it fails to capture the contribution of  de novo  mutations to disease. Thus the true 
heritable component is likely to be higher than 0.3 and the genetic component cer-
tainly so. Another notable aspect of this GCTA work in PD was a calculation of the 
proportion of the identifi ed heritable component where the gene or locus is already 
known. The authors showed that when they repeated the analysis including only the 
genetic regions already associated with disease, including those identifi ed by GWA 
and those identifi ed by linkage and positional cloning, the heritable component was 
~0.03 [ 25 ]. This data suggests that although a large number of loci and genes have 
been identifi ed, only ~10 % of the heritable component of the disease has thus far 
been explained; there is much more to fi nd. 

 In addition to a straightforward approach of association testing, there have been 
a number of other attempts to garner more etiologic understanding from GWA data. 
A fairly popular approach centers on pathway-based analysis. In this general 
scheme, investigators take signifi cant SNPs (and here, signifi cance may be defi ned 
quite loosely) and look for a pattern in the associated genes. This can be performed 
using data from existing pathway-based databases, for example, the Kyoto 
Encyclopedia of Genes and Genomes (KEGG;   http://www.genome.jp/kegg/    ), and 
looking for an enrichment of genes associated with the GWA signals in a particular 
functional group of genes. Broadly, this is the type of approach that was used by 
Holmans and colleagues, which suggested an enrichment of immune-related genes 
within the PD identifi ed loci [ 21 ]. While this type of pathway-based approach is not 
ideally suited to identifying individual risk alleles/genes with confi dence, it does 
have the benefi t of implicating functional networks/pathways in the disease process 
and thus may broadly indicate therapeutic opportunities. 

 As discussed above, the net effect of risk allele burden for each individual can 
be calculated using genetic risk profi ling to give an estimate of an individuals 
cumulative known genetic risk. It is unlikely that this genetic risk profi le alone will 
be suffi cient to predict disease likelihood, onset, or course. It is, however, likely 
that this risk profi le will be a critical component of a multifactorial disease predic-
tion model that may include other easily accessible phenotypic and biological 
markers. Thus, the development of programs such as the Parkinson’s Progression 
Markers Initiative (  http://www.ppmi-info.org    ) and the Parkinson’s Disease 
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Biomarkers Project (  https://pdbp.ninds.nih.gov    ) has included a substantive genetic 
component. It is also worth considering that, as we move from risk loci, to identify-
ing the actual biologically relevant risk allele, the effect size at these loci will 
increase, in some instances substantially; this advance will have a signifi cant 
impact on risk prediction models.  

    Next Approaches 

 A much-lauded tool in our efforts to understand the genetic risk underlying com-
plex disease is second-generation sequencing (also called next-generation 
sequencing or massively parallel sequencing). This method allows the production 
of extremely large-scale nucleotide sequence data, of suffi cient size to sequence 
whole genomes or whole exomes. Whole-exome sequencing is a method that cen-
ters on taking a genomic DNA sample and enriching that sample for the protein-
coding regions of the genome, which represent about 1 % of the total genome or 
~30 million base pairs of sequence. This exon-enriched “exome” sample can then 
be readily sequenced revealing both common and rare variants within an individ-
ual’s genetic makeup. Thus, this method has been suggested as an answer to fi nd 
the missing heritability of complex disorders, which is believed in part to exist in 
the space of rare protein-coding variants. One would expect that, given the vari-
ants are individually rare, sample sizes for simple association would need to be 
extremely large, likely in the tens of thousands. This high bar can perhaps be 
lowered somewhat by assessing the gene as the unit of association, rather than the 
variant, for example, by assessing the cumulative number of rare variants in a 
gene in cases compared to controls. There are several proposed approaches for 
this type of gene burden test, but no consensus as to the best approach has been 
established to date. While large unbiased “exome-wide” sequencing efforts have 
not yet borne fruit in the search for rare risk variants in PD, some success has been 
had in Alzheimer’s disease, for example, with the identifi cation of  TREM2  muta-
tions as moderate-risk alleles [ 17 ,  24 ]. 

 Exome sequence offers speed, reduced cost per individual, and to a certain extent 
reduced data storage and analytical burden, when compared to whole-genome 
sequencing. It is inevitable that the fi eld will turn toward whole-genome sequencing 
as the discovery engine for genetics in complex disease and traits. In many ways, 
the sample preparation is more simple, and of course more can be gleaned from the 
data, not only because the whole-genome sequence is generated rather than just the 
protein-coding exons but also because it is less challenging to analyze structural 
genomic variants in whole-genome data. While the current cost remains high, 
at ~ $1,200 for a mid-coverage genome sequence, this is a somewhat accessible 
price point, and it is to be expected that for many diseases and cohorts, population 
level genome sequence data will be produced. There are currently no public genome 
sequencing projects of a large scale in PD at the time of writing, but this will likely 
change over the next few years.  

2 Genetics of Parkinson’s Disease

https://pdbp.ninds.nih.gov/


28

    The Challenge of Understanding Risk 

 As outlined above, GWA has been very successful in identifying risk loci, with 28 
independent risk loci identifi ed to date for PD [ 38 ]. It is important to note though that 
GWA identifi es loci, not genes. There are two immediate challenges that follow from 
the identifi cation of a risk locus: determining the variant at that locus that is mediat-
ing the biological effect and establishing which gene is being altered by that locus 
and how it is being infl uenced. As with most disease, this effort in PD is still in fairly 
early days. There are some loci where the likely gene is immediately apparent, for 
example, it is highly likely (though not 100 % proven) that the risk variants at the 
 SNCA  and  LRRK2  loci exert their effects through  SNCA  and  LRRK2  rather than some 
other proximal gene. For the majority of loci such a candidate is not immediately 
apparent. A common approach to identify the likely effector gene is the use of expres-
sion quantitative trait locus mapping (eQTL) [ 19 ]. For the most part, GWA signals 
are not linked to protein-coding variants, and thus it is clear that these risk alleles 
must be exerting their effect through transcript expression (here expression is defi ned 
quite broadly to include transcript splicing, half-life of the transcript, basal amount 
of the transcript, or induced transcript levels). Several reference sets have been 
devised that compile genetic data and gene expression data and correlate individual 
variants with levels of proximally encoded transcripts. Within our own laboratory, 
we have generated such a set in human brain tissue, and this resource allows us to 
interrogate risk variants from PD GWA for their association with gene expression 
levels [ 15 ,  19 ]. Within PD GWA loci, several expression QTLs have been identifi ed, 
and some of these make biologic sense, for example, the demonstration that PD risk 
alleles at  SNCA  appear to increase  SNCA  expression fi ts entirely with our notion of 
increasing  SNCA  and increasing risk [ 52 ,  53 ]. For the majority of loci, however, an 
eQTL is not apparent, and even for those where an eQTL exists, association does not 
imply causation; the transcript could be correlated with genotype by chance, or it 
could be biologically related to the genotype but irrelevant to the disease process. 
Clearly, careful functional characterization of proteins encoded by genes within 
GWA loci is an essential next step in our understanding of the disease process. 

 One such study was recently performed which sheds some light on the pathologi-
cally relevant proteins at two GWA loci. Beilina and colleagues performed a screen 
that looked for protein interactors of Lrrk2 [ 3 ] .  The initial screening phase of this 
effort identifi ed a large number of potential protein interactors with Lrrk2 from a 
screened pool of ~10,000. The large number of positive hits was too great to take 
forward through the essential steps of reductionist validation; however, a compari-
son of these interactor data with GWA data from PD revealed that two of the key 
proteins were under GWA peaks. This group went on to show that the proteins 
Rab7L1 and Gak form a complex with Lrrk2, the former of which had been inde-
pendently shown previously [ 33 ]. We predict that the application of unbiased high- 
content screening methods integrated with the results from broad-scale genetics 
efforts such as GWA will be the initial key to the identifi cation of proteins critical to 
the pathogenesis of PD; this work, in our opinion, should be a priority for the fi eld. 

D.G. Hernandez and A.B. Singleton



29

 Identifying the biologically relevant variants within GWA is challenging. 
Because genomic regions are inherited in chunks even within a population, exten-
sive linkage disequilibrium exists in the human genome. Thus, it is extremely dif-
fi cult to separate the true disease-related variant from those variants that are benign 
and coinherited with the causal variant because they are physically close. Again, 
we believe that success in this regard will rely on a combination of dense genetic 
data and functional efforts. One key observation that has been made within PD is 
that of the pleomorphic risk locus (PRL); this posits that for some genes, many 
types of disease-related genetic variants will exist, including mutations that cause 
disease, common noncoding variants that impart risk for disease, and coding vari-
ants that impart risk for disease [ 54 ]. Within PD thus far the phenomenon of PRL 
seems to be true for  SNCA ,  LRRK2 , and perhaps also  GBA . It is reasonable to sug-
gest therefore that some of the GWA-identifi ed loci will contain genes that not only 
harbor common risk variants but that will also contain rare disease causing muta-
tions or rare risk variants. In this regard resequencing of GWA-identifi ed loci in 
many thousands of samples would be predicted to provide data for fi ne mapping of 
the risk signal and may also identify rare causal mutations, which in effect would 
both nominate the disease-related gene within the locus and expand the known risk 
architecture. While this approach is likely being pursued by many laboratories, no 
systematic investigation of GWA loci through extensive resequencing has been 
published to date. 

 Another important step in understanding the causal variant and its effect involves 
overlaying functional mapping data. The EnCODE project (Encyclopedia Of DNA 
Elements) is a decade long effort that aims to identify all functional elements in the 
human genome sequence (  http://www.genome.gov/encode/    ). These functional ele-
ments are mapped using a variety of approaches including the mapping of histone 
modifi cations, transcription start points, and transcription factor binding sites, each 
performed in a variety of cell types (for more information, see   http://www.genome.
gov/26524238    ). Thus, the data identifying key functional elements can be overlaid 
on risk SNPs with GWA loci in an attempt to identifying the key DNA element and 
the critical nucleotide. This approach has been used successfully to both identify the 
critical variant and the gene effected, although not yet in PD [ 55 ]. Again, we believe 
using this type of data, and indeed creating a catalog of functional elements in 
PD-related cell types, is a critical need for the fi eld.  

    Conclusion 

 The past 10 years has been an incredible period of discovery for Parkinson’s disease 
genetics, particularly in the context of understanding the architecture of genetic risk in 
this complex disease. Many challenges remain, the most apparent of which is the 
application of methods to identify the remaining risk loci and determining the effector 
allele responsible for mediating this risk. The successful translation of this knowledge 
into an understanding of the etiology and pathogenesis of PD presents new challenges 
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to both our paradigm of disease etiology and to the traditional framework of disease 
gene investigation. With these challenges lie substantial opportunity however, and this 
opportunity lies not only in understanding etiology but also in the investigation of 
genetics in other areas such as prognosis, onset, subtyping, and response to treatment. 
We predict that genetics will continue to serve as the foundation of our investigation 
into PD but that progress will rely on extensive collaboration and the integration of 
disparate data types.     
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    Chapter 3   
 Genetics of Atypical Parkinsonism 

                Maria     Stamelou       and     Kailash     P.     Bhatia    

    Abstract     In this chapter, we discuss the genetics of sporadic atypical parkinson-
ism, namely, progressive supranuclear palsy (PSP), corticobasal degeneration 
(CBD), and multiple system atrophy (MSA). Major new knowledge include new 
susceptibility loci apart from the H1 haplotype in microtubuli-associated protein tau 
( MAPT ) gene for PSP, as well as the discovery of mutations in  COQ2  gene causing 
familial MSA. Furthermore, we discuss atypical features of new and known PARK-
related genes, such as  DNAJC6  and  SYNJ1 . Lastly, we discuss the features of atypi-
cal parkinsonism in genetic conditions presenting predominantly with other 
phenotypes such as dementia ( MAPT, PGRN, C9ORF72, DCTN1 ), ataxia (SCAs, 
FXTAS), dystonia (DRD, DYT12, dopamine transporter defi ciency syndrome), and 
others such as mitochondrial and metabolic disorders.  

  Keywords     Progressive supranuclear palsy   •   Corticobasal degeneration   •   Multiple 
system atrophy   •   Atypical parkinsonism   •   PARK   •   Dystonia–parkinsonism   • 
  Dementia   •   Ataxia   •   Spasticity  

        Introduction 

 Atypical parkinsonian syndromes (APs) are defi ned as syndromes that present with 
parkinsonism and features atypical for Parkinson’s disease. Classically, the term is 
used to describe sporadic neurodegenerative conditions of unknown etiology that 
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constitute the major differential diagnoses from sporadic Parkinson’s disease, 
namely, progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and 
multiple system atrophy (MSA), which are pathological entities distinct from PD. 

 However, also a number of genetic conditions may cause parkinsonism with 
clinical features atypical for PD and diverse or yet unknown pathologies, and the 
term atypical parkinsonism has been used for these disorders as well. Of those, 
some are identifi ed as causing predominantly parkinsonism and some as causing 
predominantly other phenotypes that may also include parkinsonism and in rare 
cases only parkinsonism. Here, we will discuss fi rstly the genetics of sporadic APs, 
secondly genes that cause predominantly APs, and thirdly genes that are linked 
predominantly to other phenotypes that may include atypical parkinsonism.  

    Genetics of Sporadic Atypical Parkinsonism: 
PSP, CBD, and MSA 

 The most common sporadic atypical parkinsonian conditions include progressive 
supranuclear palsy (PSP), corticobasal degeneration (CBD), and multiple system 
atrophy (MSA). These are distinct pathological entities. 

    Genetics of PSP 

 PSP is a neurodegenerative disease characterized by symmetric parkinsonism, 
supranuclear palsy of vertical gaze, early postural instability with falls backwards, 
and subcortical dementia [ 111 ]. This typical PSP phenotype is termed Richardson’s 
syndrome (RS), while further phenotypes have been described [ 161 ]. The preva-
lence of PSP is approximately 5 per 100,000, average age at onset is 63, and mean 
time from symptom onset to death is 7–9 years. PSP is a 4-repeat tauopathy charac-
terized by degeneration of several subcortical structures including the substantia 
nigra, the subthalamic nucleus, and the midbrain. Neurofi brillary tangles are present 
in these areas. Tufted astrocytes (Gallyas positive) are the hallmark feature of PSP 
that differentiates it in pathology from other 4R tauopathies such as CBD [ 46 ]. No 
effective treatments are available [ 77 ,  187 ,  202 ]. 

 PSP is almost always sporadic. A genome-wide association study has confi rmed 
that the most common risk allele for PSP is the H1 haplotype of the 
 microtubuli- associated tau ( MAPT ) gene, and further risk loci have been identifi ed 
[ 78 ]. The H1 haplotype of the  MAPT  gene (encoding for tau) is found in over 90 % 
of the patients. It is suggested that the presence of the H1  MAPT  haplotype affects 
alternative splicing of exon 10 of the  MAPT  gene, which may result in an increased 
ratio of the 4R isoform of the tau protein (4R-tau) compared with the 3R isoform 
(3R-tau). However, the H1  MAPT  haplotype did not correlate with age of onset, 
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disease severity, or survival in a study on 63 PSP patients, implying the presence of 
other modifying factors [ 110 ]. Interestingly, Li et al. using genome-wide methyla-
tion analysis showed that differential methylation at 17q21.31 correlates with the 
H1 haplotype in a dose-dependent manner in patients with frontotemporal dementia 
(FTD) and PSP, pointing for the fi rst time to an epigenetic mediator of neurodegen-
eration that increases risk for PSP [ 105 ]. 

 Apart from confi rming two independent variants in  MAPT  affecting risk for PSP, 
this study identifi ed three signifi cant novel signals associated with PSP risk, which 
may give some insight in the pathophysiology of the disease: EIF2AK3 (eukaryotic 
translation initiation factor 2-α kinase 3; rs7571971, OR of major allele = 0.75, 
 p  = 3.2 × 10 −13 ), STX6 (syntaxin 6; rs1411478, odds ratio [OR] of major allele = 0.79, 
 p  = 2.3 × 10 −10 ), and MOBP (myelin-associated oligodendrocyte basic protein; 
rs1768208, OR of major allele = 0.72,  p  = 1.0 × 10 −16 ) [ 78 ]. EIF2AK3 is a gene that 
encodes PERK, a component of the endoplasmic reticulum (ER) unfolded protein 
response (UPR). When excess unfolded proteins accumulate in the ER, PERK is 
activated and protein synthesis is inhibited allowing the ER to clear mis-folded 
proteins. However, tau, which is the primary mis-folded protein in PSP, is not 
expected to traffi c through the ER. The second PSP susceptibility gene STX6 
encodes syntaxin 6 (Stx6), and genetic variation at STX6 could infl uence move-
ment of mis-folded proteins from the ER to lysosomes via the endosomal system. 
Lastly, MOBP encodes a protein (MOBP) that is produced by oligodendrocytes and 
is present in the major dense line of CNS myelin. MOBP is highly expressed in the 
white matter of the medulla, pons, cerebellum, and midbrain, regions affected in 
PSP, suggesting that myelin dysfunction oligodendrocyte misfunction contributes 
to PSP pathogenesis [ 78 ]. Ferrari et al. subsequently identifi ed point mutations in 
each of these genes in a subset of the PSP cases used in the original GWAS [ 57 ]. 
Although implication of EIF2AK3 and MOBP could not be fully assessed, they 
showed that the single nucleotide polymorphism rs1411478 (STX6) is a strong 
expression quantitative trait locus with signifi cantly lower expression of STX6 in 
white matter in carriers of the risk allele [ 57 ]. Further research is needed to identify 
the functional links between these risk loci and disease pathophysiology.  

    Genetics of CBD 

 Corticobasal degeneration (CBD) is a rare neurodegenerative disorder typically 
characterized by progressive asymmetric levodopa-resistant parkinsonism, dysto-
nia, myoclonus, and further cortical signs (e.g., apraxia, alien limb phenomena, 
cortical sensory loss) [ 10 ,  186 ]. This typical CBD phenotype is now called cortico-
basal syndrome (CBS), while further phenotypes have been described [ 94 ]. CBD is 
a 4R tauopathy characterized by widespread deposition of hyperphosphorylated tau 
protein (specifi cally 4-repeat tau) in the brain. There is marked neuronal degenera-
tion in the substantia nigra and the frontoparietal cortex. The hallmark feature of 
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CBD pathology is the characteristic astrocytic plaques that differentiate CBD from 
other 4R tauopathies such as PSP (tufted astrocytes) [ 109 ]. 

 Since CBD is also a tauopathy, several studies have investigated the possible 
role of  MAPT  variants in the pathogenesis of the disorder. Indeed, the H1 haplotype 
was also found to be associated with the development of CBD [ 78 ,  79 ]. In a recent 
study, a systematic sequence analysis of  MAPT  coding and 3′ untranslated region 
(3′UTR) in a large cohort of autopsy-confi rmed CBD patients ( N  = 109) was per-
formed. This identifi ed a novel  MAPT  mutation in exon 13 (p.N410H) in a case that 
was neuropathologically indistinguishable from sporadic CBD and represents the 
fi rst case meeting neuropathologic diagnostic criteria for CBD harboring a  MAPT  
mutation. On immunoblot, the p.N410H mutation carrier had the same insoluble 
tau profi le as seen in CBD. Sequence analysis of the complete  MAPT  3′UTR in 
autopsy- confi rmed CBD cases further identifi ed two rare variants with nominally 
signifi cant association with CBD. An ATC nucleotide insertion (“MAPTv8”) 
was found in 4.6 % of CBD patients compared to 1.2 % of controls ( p     = 0.031, 
OR = 3.71) and rs186977284 in 4.6 % CBD patients, but only 0.9 % of controls 
( p  = 0.04, OR = 3.58). Rs186977284 was also present in 2.7 % of a large cohort of 
autopsy-confi rmed PSP patients ( N  = 566) and only 0.9 % of an additional control 
series ( p  = 0.034, OR = 3.08), extending the association to PSP [ 93 ].  

    Genetics of MSA 

 Multiple system atrophy (MSA) is a neurodegenerative disorder characterized by 
autonomic failure and parkinsonism and/or cerebellar signs. MSA-parkinsonism 
(MSA-P) is characterized predominantly by parkinsonism and autonomic failure at 
presentation, whereas in MSA-cerebellar type (MSA-C), cerebellar signs occur 
with autonomic failure [ 13 ,  213 ]. The prevalence is about 4 per 100,000, typical age 
at onset is 53–55 [ 214 ], and mean survival time is 9 years [ 214 ]. MSA is an 
a- synucleinopathy characterized by abnormal a-synuclein-positive cytoplasmic 
inclusions in oligodendrocytes, termed glial cytoplasmic inclusions, mainly found 
in the basal ganglia, cerebellar structures, and motor cortex. Neuropathological 
examination often reveals gross abnormalities of the striatonigral and/or olivopon-
tocerebellar systems, which upon microscopic examination are associated with 
severe neuronal loss, gliosis, myelin pallor, and axonal degeneration [ 4 ,  47 ]. 

  SNCA  (α-synuclein) gene is encoding for the a-synuclein protein.  SNCA  variants 
have been studied as risk factors to develop MSA. 10 single nucleotide variants of 
 SNCA  most associated with risk of developing PD were tested in 413 MSA cases, 
and 2/10  SNCA  variants were signifi cantly associated with a risk of developing MSA 
[ 176 ]. These results were confi rmed in an independent cohort of 108 MSA patients 
(rs11931074, OR = 6.2,  p  = 5.5 × 10 −12 ; rs3857059, OR = 5.9,  p  = 2 × 10 −10 ) [ 5 ,  176 ]. 
Al-Chalabi et al. examined 32  SNCA  variants in 239 MSA cases and found that two 
of the variants were associated specifi cally with the MSA-C subtype (rs3822086; 
rs3775444) [ 5 ]. A GWAS in MSA is not available as of now, but is under way. 
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 Recently, a combination of linkage analysis and next-generation genome 
sequencing identifi ed homozygous and compound heterozygous variants of the 
gene  COQ2  (coenzyme Q2 4-hydroxybenzoate polyprenyltransferase) as a cause of 
MSA in familial cases from Japan and as a risk factor to develop sporadic MSA 
[ 127 ].  COQ2  is important for the biosynthesis of coenzyme Q10, which in turn is an 
important factor for mitochondrial respiratory chain function. The most common of 
these mutations, p.V343A, was suggested to increase the risk of MSA through func-
tional impairment of coenzyme Q10, which leads to increased oligodendrocyte 
apoptosis due to oxidative stress [ 127 ,  138 ]. 

 A heterozygous deletion in  SHC2  (src homology 2 domain containing- 
transforming protein 2) in monozygotic twins discordant for MSA has also been 
reported [ 173 ]. The authors further observed copy number variation in  SHC2  in 
32 % (10 of 31 patients) of MSA patients and in no controls of Japanese descent. 
However, a more recent study did not fi nd copy number variation of the  SHC2  gene 
to be a signifi cant genetic factor for non-Japanese MSA patients implying that this 
may only play a role in MSA pathogenesis in Japanese cohorts [ 56 ].   

    Atypical Parkinsonism in PARK-Related Genes 

 Mutations in the recessive  ATP13A2/ PARK9 gene that encodes a predominantly 
neuronal lysosomal type 5 P-type ATPase have been detected in patients with the 
recessively inherited Kufor–Rakeb syndrome. Kufor–Rakeb syndrome is typically 
characterized by juvenile-onset (12–29 years), levodopa-responsive parkinsonism 
(with fl uctuations and dyskinesias), vertical supranuclear gaze palsy, cognitive dys-
function (dementia and visual hallucinations), and pyramidal signs [ 128 ,  218 ]. 
Further characteristic features include oculogyric dystonic spasms and facial– 
faucial–fi nger mini-myoclonus [ 15 ,  48 ,  115 ,  160 ]. T2*-weighted MRI imaging may 
show evidence of brain iron accumulation in some patients, which can be a helpful 
clue to suspect this disorder [ 139 ,  140 ,  160 ,  174 ]. There is no pathology from a 
patient with Kufor–Rakeb syndrome reported, but recently exome sequencing in a 
family with pathologically confi rmed neuronal ceroid-lipofuscinosis has identifi ed 
 ATP13A2  mutations that segregated with the affected family members [ 29 ]. 

 Mutations in  PLA2G6 /PARK14 are identifi ed as one cause of adult-onset parkin-
sonism with additional dystonia and complicated by pyramidal involvement.  PLA2G6  
gene mutations were previously known to cause infantile neuroaxonal dystrophy and 
are also one cause of neurodegeneration with brain iron accumulation. In adult-onset 
cases, parkinsonism is characterized by the presence of tremor including a pill- 
rolling rest component, rigidity, and severe bradykinesia with a good response to 
levodopa. However, there was early development of dyskinesias [ 139 ,  184 ]. 

 Mutations in the F-box only protein 7 gene ( FBXO7 ) cause PARK15, a recessive 
form of juvenile parkinsonism with pyramidal signs. It was identifi ed in one Iranian 
kindred with predominant pyramidal signs and later demonstrated by different 
mutations found in further ethnicities with prominent juvenile parkinsonism with 
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varying degrees of levodopa response [ 106 ,  114 ,  139 ,  184 ,  222 ]. The brain pathol-
ogy in patients with PARK15 remains unknown. However, FBXO7 immunoreactiv-
ity in the Lewy bodies of typical PD, and in glial cytoplasmic inclusions of multiple 
system atrophy, is reported, suggesting an involvement of this protein in the patho-
genesis of the common forms of synucleinopathies [ 86 ,  223 ]. 

  DNAJC6  and  SYNJ1  (PARK20) have been recently identifi ed as the cause of auto-
somal recessive, juvenile parkinsonism, using exome sequencing combined with 
genome-wide homozygosity mapping [ 39 ,  53 ,  82 ,  92 ,  97 ,  136 ,  147 ,  153 ,  172 ,  194 , 
 211 ]. The phenotype of  DNAJC6  mutations ranges from juvenile parkinsonism with-
out further signs or with mental retardation, pyramidal signs, and epilepsy, while a case 
with obesity, epilepsy, and mental retardation but no signs of parkinsonism has been 
reported [ 53 ,  82 ,  92 ].  DNAJC6  encodes the neuronal co-chaperone auxilin. In the case 
of  SYNJ1 , the same homozygous mutation, p.Arg258Gln, was identifi ed independently 
in two consanguineous families of Iranian and Italian origins, with parkinsonism, dys-
tonia, and cognitive deterioration. Response to levodopa was poor and limited by side 
effects [ 97 ,  153 ]. Neuroimaging revealed brain atrophy, nigrostriatal dopaminergic 
defects, and cerebral hypometabolism [ 97 ,  153 ].  SYNJ1  encodes synaptojanin 1, which 
plays a role in the post-endocytic recycling of synaptic vesicles (Table  3.1 ).

       Atypical Parkinsonism in Genetic Disorders Predominantly 
Presenting with Other Neurologic Features 

 Traditionally a gene is tied to the recognition of a characteristic phenotype, but once 
the genetic defect is identifi ed, the phenotypic characterization broadens. Indeed, 
genes identifi ed in cohorts of patients presenting with diverse predominant features 
such as dementia, ataxia, chorea, or dystonia are now well recognized to also cause 
atypical parkinsonism, and in fact, in some cases atypical parkinsonism may be the 
predominant phenotype. In some cases, the atypical parkinsonism may resemble the 
classical PSP, CBD, or MSA phenotypes, leading to diagnostic confusion [ 190 ]. 
These genetic conditions are described below and are given in Table  3.1 . 

    Atypical parkinsonism in Genes Predominantly Causing 
Dementia 

 Microtubule-associated protein tau ( MAPT ) and progranulin ( PGRN ) gene mutations 
both inherited in a dominant pattern and mainly causing frontotemporal dementias 
(FTDs) (with 3R/4R and TDP-43 pathology, respectively) can present with atypical 
parkinsonism and PSP as well as CBS phenotypes [ 31 ,  32 ,  34 – 36 ,  64 ,  125 ,  142 ,  149 , 
 164 ,  165 ,  167 ,  168 ,  192 ,  208 ]. Clues to test for  MAPT  mutations would be the earlier 
age at onset (between the third to fi fth decade) [ 6 ,  142 ,  149 ,  166 ,  168 ,  192 ], a positive 
family history of parkinsonism or dementia [ 64 ,  125 ,  165 ], and early and prominent 
behavioral problems that usually precede the classical PSP or CBS signs. 
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 In contrast, the mean age at onset in  PGRN  mutation carriers is 60 years (range: 
35–83 years) [ 14 ,  64 ,  177 ,  221 ], and the penetrance reaches that of 90 % at age 70 
[ 26 ], so a positive family history is not always present. Clinical clues to suspect  PGRN  
in a patient with RS or CBS would be a long preceding history of frontal dysfunction 
[ 203 ,  221 ]; signs of parietal lobe involvement (e.g., dyscalculia, limb apraxia, etc.), 
which are unusual for sporadic PSP (but usual in CBD); and hallucinations that rarely 
occur in sporadic PSP and CBD. Different studies report CBS as one of the three most 
common phenotypes seen in  PGRN  mutation carriers (the other two being bvFTD and 
PNFA) [ 14 ,  17 ,  18 ,  24 ,  35 ,  36 ,  49 ,  66 ,  87 ,  141 ,  157 ,  164 ,  185 ,  209 ]. A careful language 
evaluation may help to predict  PGRN  mutations in these patients; PNFA is occasion-
ally the initial manifestation, before the CBS phenotype emerges. MRI imaging shows 
asymmetric fronto-temporo-parietal atrophy [ 6 ], rarely the case in PSP, but similar to 
fi ndings in CBD [ 91 ,  188 ]. Sequential testing for  MAPT  and  PRGN  in patients with a 
positive family history is recommended and available [ 64 ]. Measurement of progranu-
lin plasma levels may also be helpful if genetic testing is not available [ 58 ]. 

 Hexanucleotide expansions in the newly described gene, chromosome 9 open read-
ing frame 72 ( C9ORF72)  (TDP-43 pathology), cause FTD–amyotrophic lateral sclero-
sis (ALS) overlap syndromes [ 117 ,  118 ,  156 ], and in 35 % of these patients, atypical 
parkinsonism may be present [ 25 ,  37 ,  38 ,  76 ,  108 ,  117 ,  118 ,  134 ,  156 ]. A positive 
family history, signs of upper or lower motor neuron disease, and the presence of hal-
lucinations are important clues to suspect these mutations [ 25 ,  37 ,  38 ,  108 ,  134 ,  156 ]. 

 Lastly, Perry syndrome, a rare autosomal dominant disorder due to mutations in the 
dynactin  (DCTN1)  gene (TDP-43 pathology) may present with atypical parkinsonism 
and an RS, CBS, as well as MSA phenotype [ 212 ,  215 ]. Clinical clues to suspect these 
mutations include central hypoventilation, weight loss, and psychiatric symptoms (e.g., 
apathy, hallucinations) [ 100 ,  129 ,  135 ,  145 ,  146 ,  151 ,  204 ]. Response to levodopa var-
ies from no response to signifi cant improvement and development of motor fl uctua-
tions and dyskinesias [ 22 ,  55 ,  129 ,  135 ,  145 ,  146 ,  151 ,  204 ,  212 ,  215 ,  216 ]. 

 CBS has been described commonly with Alzheimer’s disease (AD) pathology in 
sporadic AD patients [ 7 ,  23 ,  50 ,  61 ,  73 ,  83 ,  104 ], and earlier age at onset and 
 myoclonus are thought to be more suggestive of AD rather than CBD pathology 
[ 50 ,  83 ,  99 ]. Increased saccadic latency has been described in AD and CBD, and 
thus this feature may not be helpful in the differential diagnosis [ 27 ]. Some muta-
tions in presenilin 1 ( PSEN1 ) have been described to cause parkinsonism with 
myoclonus, dystonia, apraxia, and frontal dementia mimicking CBD, although 
there is usually no striking asymmetry and there may be seizures, which rarely 
occur in CBD [ 99 ]. Mutations in  APP  and  PSEN2  may also present with parkinson-
ism but mostly mimicking dementia with Lewy bodies (DLB) [ 155 ].  

    Atypical parkinsonism in Genes Predominantly Causing Ataxia 

 Spinocerebellar ataxias (SCA) represent a clinically and genetically heterogeneous 
group of neurodegenerative disorders in which progressive degeneration of the cer-
ebellum and spinocerebellar tracts of the spinal cord are associated with a variable 
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combination of signs of central and peripheral nervous system involvement (see 
also Chap.   11    ). Extrapyramidal features, including parkinsonism, have been 
described in several of these such as SCA2 and SCA3. 

 SCA2 (due to expansion of a glutamine tract in the ataxin-2 gene) typically presents 
with ataxia, slowed horizontal saccades, and peripheral neuropathy; however, pheno-
types with a parkinsonism-predominant profi le or purely parkinsonism, early postural 
instability, and vertical supranuclear gaze palsy (SGP) have been described [ 59 ,  69 , 
 144 ,  167 ,  180 ,  181 ,  198 ], mostly in patients of Asian origin, with later age at onset and 
shorter repeat expansion [ 59 ,  69 ,  112 ,  144 ,  198 ]. SCA3 (Machado–Joseph disease) is 
the most frequent cause of autosomal dominantly inherited cerebellar ataxia in Europe, 
Japan, and the United States and is caused by an expanded polyglutamine CAG repeat 
size of >44 [ 162 ]. Age at onset varies from 5 to 75 years and inversely correlates with 
CAG repeat length. The parkinsonian variant of SCA3 is associated with lower range 
repeat expansions and a later age at onset, similar to SCA2 [ 42 ,  162 ,  175 ]. Cerebellar 
ataxia, parkinsonism, and only mild cognitive dysfunction [ 89 ,  107 ,  207 ] in addition to 
cardiovascular and sympathetic sweating dysautonomia (in up to 45 %) can clinically 
be mistaken for MSA, particularly when family history is negative [ 96 ,  197 ]. Further 
SCAs, such as SCA8, SCA17, and SCA6, more rarely present with parkinsonism [ 2 ]. 

 Fragile X tremor-ataxia syndrome (FXTAS) is a late-onset (>50 years) neurodegen-
erative disorder, occurring in carriers of a premutation CGG repeat expansion (55–200 
repeats) in the fragile X mental retardation 1 ( FMR1 ) gene. The penetrance of FXTAS 
in male carriers over 50 years is ~40 %, and recently it has been postulated that female 
carriers develop FXTAS more often than previously suggested [ 199 ]. Autopsy reveals 
intranuclear inclusions in neurons and astrocytes and dystrophic white matter [ 12 ,  19 , 
 65 ,  199 ]. The typical phenotype consists of the combination of intention tremor and 
ataxia, but parkinsonism, autonomic dysfunction, cognitive decline, psychiatric fea-
tures, and neuropathy have been described, and tremor is not always present [ 12 ]. 
A family history of mental retardation or  premature ovarian failure provides important 
clues [ 19 ]. However, in a recent series 43 % of the FXTAS patients had no family his-
tory of fragile X syndrome [ 9 ]. Additional features include autonomic dysfunction 
presenting, as in MSA, with impotence, orthostatic hypotension, urinary frequency, 
and urinary incontinence [ 9 ,  70 ]. However, MSA is rarely misdiagnosed as FXTAS – 
among 426 clinically diagnosed MSA cases, only four were found to have FXTAS in a 
study [ 84 ]. Dopamine transporter imaging (DaTSCAN) in few cases may be normal, 
and in which case, it is helpful in the differential diagnosis with MSA [ 116 ].  

    Atypical parkinsonism in Genes Predominantly Causing 
Dystonia or Dystonia–Parkinsonism 

    X-Linked Recessive Dystonia–Parkinsonism (DYT3; XDP; “Lubag”) 

 DYT3 dystonia, which clusters in Filipinos, is an X-linked recessive disorder. Although 
this disorder typically affects males, rarely, females may also be affected, possibly due 
to severe X-inactivation or based on homozygosity for the mutation [ 103 ]. DYT3 
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reaches complete penetrance by the end of the fi fth decade in males and later in females 
(up to 75 years) and is associated with specifi c sequence changes in the TAF1 gene [ 126 , 
 183 ]. Usually symptoms start in adulthood as focal dystonia, tend to progress, and gen-
eralize. Parkinsonism is often present (up to 36 %) and in some cases may precede the 
onset of dystonia or can be the predominant or sole feature throughout the disease course 
[ 54 ,  75 ,  103 ]. Parkinsonism may improve with levodopa in the early stages but becomes 
less responsive or unresponsive over the course of the disease. Investigations in XPD 
patients show an abnormal DaTSCAN and a clearly abnormal IBZM SPECT, implying 
decreased dopamine D2 receptor expression. On positron emission tomography (PET), 
striatal glucose metabolism is selectively reduced. Fluorodopa uptake is normal, sug-
gesting that the origin of the extrapyramidal symptoms is localized rather postsynapti-
cally to the nigrostriatal pathway (see also Chap.   7    ) [ 196 ].  

    Dopa-Responsive Dystonias (DYT5; Segawa’s Disease) 

 DYT5 was initially described by Segawa et al. in 1976 [ 178 ] and later by Nygaard and 
colleagues as dopa-responsive dystonia (DRD) because of the dramatic and sustained 
response to low dose of levodopa [ 132 ]. The disease is inherited as an autosomal domi-
nant trait with reduced penetrance that appears to be gender dependent with females 
more frequently expressing symptoms. It is caused by mutations in the  GTPCH1  (GTP 
cyclohydrolase 1) gene [ 80 ].  GTPCH1  is the rate-limiting enzyme in the synthesis of 
tetrahydrobiopterin, an essential cofactor for tyrosine hydroxylase (TH) which in turn 
is needed to synthesize dopamine, explaining the remarkable therapeutic effect of 
levodopa substitution. The typical phenotype includes childhood (average 6 years) 
limb-onset dystonia with diurnal variation (e.g., worsening of the symptoms as the day 
progresses), improvement after sleep, and dramatic response to levodopa [ 60 ,  193 ]. 
Later in the course of the disease, parkinsonian features occur frequently, and patients 
may also show typical, late- onset isolated parkinsonism, which responds well to 
levodopa therapy, but, unlike in idiopathic PD, patients usually do not develop motor 
fl uctuations and dyskinesias [ 133 ], although this is not exclusive [ 41 ,  102 ]. Early-onset 
parkinsonism due to mutations in one of the recessive PARK genes (mostly Parkin) has 
to be considered in the differential diagnosis of a young patient presenting with promi-
nent leg dystonia that is responsive to levodopa therapy. Early-onset DRD patients 
show normal DaTSCAN in contrast to patients with young-onset Parkinson’s disease 
[ 28 ]. The latter concept has been recently challenged, by demonstrating that later-onset 
DRD cases presenting with PD may have abnormal DaTSCANs; thus,  GTPCH1  muta-
tions may be risk factors to develop classic PD (see also Chap.   7    ) [ 123 ]. 

 In a minority of cases, DRDs can also be inherited as an autosomal recessive 
disorder with mutations in the genes coding for other enzymes involved in dopa-
mine synthesis including tyrosine hydroxylase (TH) [ 60 ,  113 ], sepiapterin reductase 
(SR), and aromatic  l -amino acid decarboxylase (AADC) defi ciency [ 3 ]. The clini-
cal manifestations are often more severe and can include mental retardation, oculo-
gyria, hypotonia, severe bradykinesia, drooling, ptosis, and seizures [ 189 ]. Recently 
it has been shown that TH patients may develop dyskinesias [ 148 ].  
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    Hereditary Dopamine Transporter Defi ciency Syndrome (DTDS) 

 Hereditary dopamine transporter defi ciency syndrome (DTDS) is the fi rst biogenic 
amine “transportopathy” to be described. It is an autosomal recessive condition leading 
to infantile parkinsonism– dystonia caused by pathogenic mutations in the  SLC6A3  
gene encoding the dopamine transporter (DAT) [ 98 ], which mediates the active reup-
take of dopamine and regulates the amplitude and duration of dopamine neurotrans-
mission [ 98 ]. All children present with irritability, axial hypotonia, and feeding 
diffi culties in infancy, with a hyperkinetic movement disorder that evolves into hypoki-
netic parkinsonism–dystonia. Ocular abnormalities included eye fl utter, saccade initia-
tion failure, slow saccadic eye movements, eyelid myoclonus, and oculogyric crises 
[ 98 ,  130 ,  131 ]. However, the phenotypic spectrum of this condition is expanding, with 
the fi rst adults diagnosed with DTDS now recognized, and the condition is now consid-
ered as a differential for juvenile and early-onset parkinsonism [ 131 ]. Diagnosis can be 
based on CSF studies that show a raised ratio of HVA:5-HIAA >5 (normal range 1.3–
4.0), a key fi nding in DTDS diagnosis [ 98 ]. The majority of patients are unresponsive 
to nearly all available therapeutic agents, including levodopa, anticholinergics, benzo-
diazepines, and deep brain stimulation [ 98 ,  120 ,  130 ].  

    Rapid-Onset Dystonia–Parkinsonism (DYT12) 

 Rapid-onset dystonia–parkinsonism is inherited as an autosomal dominant trait 
with reduced penetrance. Six heterozygous missense mutations have been identifi ed 
in the Na + , K + -ATPase  ATP1A3  (alpha 3 subunit) gene, and all are shown to impair 
cell viability in cell culture experiments [ 30 ,  40 ,  101 ]. The disease phenotype des-
ignated rapid-onset dystonia–parkinsonism because of key clinical features includ-
ing abrupt onset, within hours to weeks, of dystonia with signs of parkinsonism 
usually triggered by physical or emotional stress (fever, childbirth, running, alcohol 
binging). The age of onset varies from 4 to 58 years but typically presents in the 
teens or early twenties, and the distribution follows a rostrocaudal (face > arm > 
leg) gradient with prominent bulbar involvement. A presentation that could be more 
easily confused with PD has been recently described in a genetically proven patient 
with gradual onset at age 38 years of unilateral bradykinesia and rigidity, however, 
without improvement on levodopa therapy. This was followed by overnight onset of 
oromandibular dystonia 3.5 years after his fi rst clinical presentation with parkinson-
ism (see also Chap.   7    ) [ 85 ].  

    Wilson’s Disease 

 Wilson’s disease (WD) is an autosomal recessive disorder with reduced biliary 
excretion of copper and impaired formation of ceruloplasmin, leading to copper 
accumulation in the liver, brain, kidney, and cornea. WD is caused by mutations in 
the  ATP7B  gene and usually manifests in the fi rst decade of life, although late 

3 Genetics of Atypical Parkinsonism

http://dx.doi.org/10.1007/978-3-319-17223-1_7


48

presentations have also been described [ 72 ,  74 ,  119 ]. Clinical manifestations include 
liver damage, psychiatric symptoms, and neurologic features. Juvenile and adult- 
onset parkinsonism are common features, which do not respond to levodopa, but 
respond well to specifi c WD treatment [ 33 ]. Evaluation should include serum and 
24-h urine copper, serum ceruloplasmin, slit lamp examination looking for Kayser- 
Fleischer rings, free copper estimation, and if necessary, a liver biopsy [ 119 ]. 
Mutational analysis is labor intensive and is thus not used for screening purposes 
but confi rms the exact mutation in patients with suspected Wilson’s disease (see 
also Chap.   14    ).  

    Inborn Error of Manganese Metabolism 

 A recessive inborn error of manganese metabolism [ 205 ] due to mutations in the 
 SLC30A10  (solute carrier family 30, member 10) gene, encoding a manganese 
transporter, results in manganese accumulation mainly in the basal ganglia and cer-
ebellum, and the liver, and causes a syndrome of early-onset generalized dystonia, 
cirrhosis, polycythemia, and hypermanganesemia [ 152 ,  205 ,  206 ]. Patients with 
parkinsonism–dystonia have also been described [ 44 ,  45 ,  152 ]. The metabolic sig-
nature of this disorder is the extreme hypermanganesemia with polycythemia and 
depleted iron stores (e.g., low ferritin, increased total iron-binding capacity), while 
laboratory fi ndings refl ecting hepatic dysfunction vary even between members of 
the same family [ 152 ,  205 ]. Manganese induces erythropoietin gene expression, and 
this could be the mechanism leading to polycythemia [ 52 ]. T1-weighted MRI 
images show hyperintensities in the basal ganglia and cerebellum [ 152 ,  191 ,  205 ]. 
As in Wilson’s disease, manganese chelation treatment is helpful for both neuro-
logic and systemic features (see also Chap.   14    ) [ 191 ].  

    Neurodegeneration with Brain Iron Accumulation (NBIA) Disorders 

 NBIA disorders cause complex dystonia–parkinsonism phenotypes and are dis-
cussed further in Chap.   13    .   

    Atypical parkinsonism in Genes Predominantly Causing Chorea 

    Huntington’s Disease 

 Huntington’s disease (HD), an autosomal dominant disorder due to a trinucleotide 
CAG repeat expansion in the huntingtin gene (normal: 15–30 repeats; disease asso-
ciated: >40 repeats), usually begins in adulthood and is characterized by cognitive 
decline and psychiatric, oculomotor, and motor abnormalities, usually with chorea 
as the most prominent feature [ 51 ,  88 ,  154 ]. The Westphal variant of HD is a distinct 
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presentation characterized by a rigid-hypokinetic syndrome and is usually associ-
ated with young-onset age (<20 years) and accounts for 5–10 % of all HD cases. 
Juvenile HD is predominantly paternally inherited and associated with larger tri-
nucleotide expansions in the range of 60–100 repeats, but may be as long as 250 
trinucleotides [ 51 ,  170 ]. Clinically, juvenile HD often presents as an akinetic rigid 
disorder and may occur without concomitant choreic movements, and there may be 
supranuclear gaze palsy. Caudate volume loss on neuroimaging can be seen in both 
adult-onset and juvenile HD [ 154 ].  

   Neuroacanthocytosis 

 Neuroacanthocytosis may also present with parkinsonism (Table  3.1 ) (see also 
Chap.   8    ).   

    Other Genetic Disorders Causing Atypical Parkinsonism 

   Mitochondrial Disorders 

 Mitochondrial disorders may present with atypical parkinsonism and can be associ-
ated with specifi c point mutations, microdeletions, and also multiple mtDNA dele-
tions due to, for example, polymerase gamma ( POLG ) mutations, which can be 
inherited in dominant or recessive mode [ 137 ]. PSP-like patients who presented in 
their sixties with parkinsonism, vertical SGP, and early cognitive dysfunction have 
been reported [ 68 ,  71 ]; associated features in these patients were deafness, ataxia, 
and lower motor neuron signs, which are absent in PSP [ 68 ,  71 ]. Of note,  POLG - 
related  parkinsonism can show an excellent response to levodopa, in contrast to 
sporadic PSP (see also Chap   .   20    ) [ 137 ,  217 ].  

   Neurometabolic Disorders 

 In particular the adult-onset Niemann–Pick C (NPC1 and NPC2 gene mutations), an 
autosomal recessive lysosomal lipid storage disorder [ 81 ,  179 ], presents with vertical 
SGP, cerebellar ataxia, dysarthria, dysphagia, cognitive dysfunction, and psychiatric 
symptoms and should be thought in the differential of patients with a PSP-like  phenotype 
   [ 179 ]. Biochemical diagnosis of Niemann–Pick C is made by fi lipin staining of cultured 
skin fi broblasts, with subsequent confi rmation of the diagnosis made by mutation analy-
sis of the  NPC1  (the majority) and  NPC2  genes [ 1 ,  219 ]. Miglustat is the only approved 
treatment for the neurologic manifestations of the disease, and patients who begin treat-
ment early respond better, highlighting the need for early diagnosis [ 1 ,  143 ,  219 ,  220 ]. 

 In the adult-onset form of Gaucher’s disease, patients usually have slow  horizon-
tal  saccades and increased latency launching horizontal saccades [ 16 ], which is 
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usual in CBD [ 162 ], but not in PSP [ 11 ], in which the saccadic latency is normal and 
vertical saccades are more and earlier affected than horizontal, particularly down-
wards. However, some Gaucher’s disease patients with prominent slowness of ver-
tical saccades and cognitive dysfunction, mimicking PSP, have been reported [ 62 , 
 63 ,  122 ,  200 ,  201 ,  210 ]. Other neurologic features such as head thrusting (55 %), 
ataxia (20 %), seizures (16 %), and spasticity (15 %), which are not seen in PSP, 
provide important clues [ 8 ,  43 ,  67 ,  200 ,  201 ,  210 ]. Systemic associated features 
such as splenomegaly, hepatomegaly, bone crisis, bone pain, anemia, and thrombo-
cytopenia are helpful diagnostic clues [ 200 ,  201 ,  210 ].  

   Prion Disease 

 Genetic Creutzfeldt–Jakob disease (gCJD) has been linked to a variety of mutations 
within the prion protein gene ( PRNP ). Patients with disease onset between their 
fi fth and seventh decade, vertical SGP, “worried facial appearance,” postural insta-
bility, axial rigidity, and frontal dementia mimicking PSP have been described in 
gCJD, mostly with the E200K but rarely also with further mutations and in sporadic 
CJD [ 20 ,  21 ,  95 ,  121 ,  171 ,  182 ]. These patients often have cerebellar and pyramidal 
signs as well as myoclonus, and the rapidity of evolution is helpful to suspect the 
disorder.  

   Atypical Parkinsonism with White Matter Changes 

 The combination of parkinsonism with leukoencephalopathy should prompt to test 
for colony-stimulating factor 1 ( CSF1R ) mutations, causing leukoencephalopathy 
with axonal spheroids [ 90 ,  124 ,  150 ,  158 ,  195 ]. Also in CADASIL due to  NOTCH3  
mutations, atypical parkinsonism has been described [ 159 ]. Mitochondrial disor-
ders may also present with white matter changes in MRI.    

    Conclusion 

 The advent in genetics has changed the fi eld of atypical parkinsonism. With regard 
to the sporadic conditions, PSP, CBD, and MSA, genetic susceptibility loci and rare 
mutations in relevant genes causing familial forms may provide important clues for 
the pathophysiology of these disorders. On the other hand, the list of genetic disor-
ders causing young-onset atypical parkinsonism with various features is growing, 
and syndromic associations are important to suspect these. In some cases, this is 
quite important due to treatment implications.    
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    Chapter 4   
 Genetics of Dementia with Lewy Bodies 

             José     M.     Tomás Brás     

    Abstract     Dementia with Lewy bodies (DLB) is one of the most underserved com-
mon diseases. From clinical to pathological aspects, DLB is often a diffi cult disease 
to diagnose. This and other factors that I will discuss in this chapter have added to 
the complexity in determining the full genetic landscape of DLB. 

 Over the last few years, advances in technology have allowed us to test the 
genome in an unprecedented manner. These novel technologies have been applied 
to many diseases with great success but are only now starting to be used in large 
enough cohorts of DLB cases. Here, I will discuss and review the most recent data 
arising from this fi eld that are, slowly, starting to allow us to have a better picture of 
the genetic architecture of this disorder. Lastly, I discuss what the next few years 
should bring in terms of molecular studies in DLB.  

  Keywords     Dementia with Lewy bodies   •   Genetic risk factor   •   Genetic mutation   • 
  Genetic architecture of disease   •   Association study   •   Lysosomal function  

        Lewy Bodies and Alpha-Synuclein 

 Lewy bodies (LBs) are commonly known as the neuropathological hallmark of 
Parkinson’s disease (PD). They are protein inclusions, formed of insoluble poly-
mers of alpha-synuclein that are present in the neuronal body, forming round lamel-
lated eosinophilic cytoplasmic inclusions [ 1 ]. In addition to LBs, alpha-synuclein 
can also be deposited in neuronal processes (Lewy neurites) and in astrocytes and 
oligodendroglial cells. It is thought that LBs cause neuronal degeneration and even-
tually lead to cell death [ 2 ]. 

 Using standard histological methods, “classic” or “brainstem” LBs are seen as 
spherical, intraneuronal, cytoplasmic, eosinophilic inclusions in the neuromelanin- 
containing dopaminergic neurons of the substantia nigra and in the locus coeruleus. 
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These structures are characterized by a hyaline core and a pale halo. Compared with 
these “classical” LBs, cortical LBs are less well defi ned and may occur in the limbic 
and neocortical regions. Because of their small size, they are not always easy to iden-
tify with classical histological stainings and frequently require the use of immunohis-
tochemical techniques for their identifi cation, namely, with anti-alpha- synuclein and 
anti-ubiquitin antibodies [ 3 ]. However, some LBs are immunoreactive for alpha-
synuclein but not for ubiquitin, so alpha-synuclein positivity may outnumber that of 
ubiquitin. As a consequence, alpha-synuclein immunohistochemistry is currently the 
most sensitive and specifi c technique for detecting and quantifying LBs [ 4 ]. 

 The exact function of alpha-synuclein is not known, but it is assumed to help in 
the regulation of synaptic-vesicle release and to provide a stabilizing effect on com-
plexes of SNARE family proteins [ 5 ]. Genetic mutation of alpha-synuclein typi-
cally leads to autosomal dominant PD, and copy number changes of the wild-type 
gene have been associated with aggressive forms of Parkinson’s disease with 
dementia [ 6 ,  7 ]. The latter suggests that the simple increase in normal protein quan-
tity may be suffi cient to induce the phenotype, which is remarkable for diseases of 
protein accumulation. Although, whether total alpha-synuclein concentrations are 
increased in the brains of patients with PD remains unclear. 

 Alpha-synuclein is degraded by the lysosome [ 8 ], hinting at a role for lysosomal 
waste-clearing mechanism in diseases of alpha-synuclein accumulation. However, 
lysosomal function also seems to be affected by alpha-synuclein in a way that leads 
to neurotoxic effects. The PD-associated Ala53Thr and Ala30Pro mutations inhibit 
chaperone-mediated autophagy and, therefore, prevent the degradation not only of 
alpha-synuclein but of related substrates as well [ 9 ]. 

 LBs are the pathological common denominator for a number of neurodegenera-
tive diseases. Although the exact mechanism through which they are formed is not 
entirely clear, they are present in cases where the only known pathogenic defect is 
an increased amount of normal alpha-synuclein [ 6 ,  10 ]. This suggests that the 
mechanism through which alpha-synuclein should be removed from the cell is 
impaired, further suggesting an important role for the lysosome in the pathobiologi-
cal processes of these diseases.  

    General Aspects in the Diagnosis of Dementia 
with Lewy Bodies (DLB) 

 Despite the fact that LBs within the cerebral cortex of demented patients were rec-
ognized as early as 1961, it was only by the mid-1990s that dementia with Lewy 
bodies (DLB) was recognized as a relatively common form of dementia [ 11 ]. This, 
of course, means that over the years there was much less research efforts devoted to 
DLB than, for example, PD or AD (Fig.  4.1 ). Ultimately this leads to the fact that 
DLB is probably one of the most underserved common diseases.  

 The most recent consensus for diagnosis was devised in 2005 and was divided 
in clinical and neuropathological criteria [ 12 ]. There is currently no molecular 
diagnosis for DLB. 
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 From a clinical perspective the consensus recognizes central, core, suggestive, 
and supportive features for the diagnosis of dementia with Lewy bodies. Additionally, 
other confounding clinical conditions and the temporal sequence of appearance of 
cognitive and motor symptoms are also taken into account. 

 The central clinical feature of DLB is dementia; although unlike in AD, demen-
tia does not need to be a very prominent early feature and can instead occur with 
disease progression. 

 There are three core features for diagnosis: fl uctuating cognition with pronounced 
variation in attention and alertness, recurrent visual hallucinations, and spontaneous fea-
tures of parkinsonism. Two of these features should be present for a diagnosis of prob-
able DLB, while one core feature should be present for a diagnosis of possible DLB. 

 There are also three suggestive features for diagnosis: REM sleep behavior dis-
order, severe neuroleptic sensitivity, and low dopamine transporter uptake in the 
basal ganglia demonstrated by SPECT or PET imaging. In the presence of one core 
feature, the additional fi nding of a suggestive feature justifi es a diagnosis of proba-
ble DLB. In the absence of any core features, the presence of a suggestive feature 
justifi es a diagnosis of possible DLB [ 12 ]. 

 The clinical distinction between DLB and PD with dementia is made solely on 
the basis of the temporal sequence of onset of cognitive and motor symptoms [ 13 ]. 

 From a pathological perspective, the diagnosis of DLB is made by determining the 
frequency of LBs in several brain regions. Taking the tissue distribution and the fre-
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  Fig. 4.1    To exemplify how much underserved DLB has been, this fi gure shows the number of 
publications in PubMed with each of the search terms in their title. Even in recent years, it is clear 
that there has not been as much research devoted to DLB when compared with Parkinson’s or 
Alzheimer’s disease       
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quency of LBs, the patient is assigned to one of three types of Lewy body disease: 
brainstem-predominant (typical of classic Parkinson’s disease), limbic or transitional, 
and diffuse neocortical. Concomitant Alzheimer pathology is a common feature in LB 
disease. This data is taken into account when making a postmortem diagnosis of DLB: 
in the presence of little or no AD-type pathology, a diagnosis of DLB becomes “more 
likely,” decreasing in likelihood with an increase in AD-type changes [ 14 ]. 

 Because of the similarities and overlaps between DLB and PD/AD, a diagnosis 
of DLB is generally a diffi cult one and thus misdiagnosis rate is almost certainly 
high (this is true even for pathological diagnosis) [ 15 ]. Despite this fact, the vast 
majority of publications have focused on clinically diagnosed samples, which 
increases the chances of misdiagnosis even more.  

    Evidence of Genetic Infl uence in DLB 

 There is still very limited information with regard to genetic infl uence in DLB. As 
with other neurodegenerative diseases, the fact that disease onset generally occurs 
late in life means that, in many cases, there are no longer living relatives from previ-
ous generations, which can lead to cases being potentially mislabeled as sporadic. 
Additionally, there are also reports of discordant twin pairs for DLB, in this case 
neuropathologically confi rmed cases [ 16 ]. However, the same was true for PD [ 17 , 
 18 ] before causative genes were found, and today we have more than 30 genes that 
we know play a role in some form of that disease. 

 The fact that both AD and PD have multiple disease-causing genes strongly sug-
gests that the same also occurs in DLB. This is particularly true when so much of 
clinical and pathological characteristics are shared between these diseases. 

 However, the unequivocal identifi cation of disease-causing genes in families gener-
ally requires large and informative pedigrees, and there have not been many of these 
identifi ed for DLB. To date, there has been a single genome-wide linkage study for 
DLB. Looking at an autosomal dominant family with autopsy-confi rmed DLB, the 
authors identifi ed a region on chromosome two that segregated with the disease [ 19 ]. 
Despite very promising, these data did not yield the expected results. After detailed 
genetic screening of all genes in the linkage region, the authors failed to identify any 
genetic variant (sequence or copy number variant) that could account for the phenotype 
in that family [ 20 ]. These results suggest one of two possibilities: either the original 
linkage data was incorrect or the causal defect is a more complex one than what we 
commonly see in Mendelian forms of disease. A good example of such a case is the 
 C9ORF72  gene in ALS and FTD [ 21 ]. Here, the causal mutation is an intronic hexa-
nucleotide repeat, which, to this day, is diffi cult to identify and characterize. 

 Mutation of the alpha-synuclein gene ( SNCA ) is a rare cause of familial 
PD. However, many patients carrying  SNCA  missense mutations or gene multiplica-
tions show neurological features beyond typical idiopathic PD, such as cognitive 
decline, dementia, hallucinations, or autonomic dysfunction. For example,  SNCA  trip-
lications and the missense mutations p.E46K and p.A53T are associated with clinical 
and pathological phenotypes ranging from PD to PD with dementia to DLB [ 22 ]. 
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 In addition to  SNCA , previously reported pathogenic mutations in other PD and 
AD genes have been shown to occur in probable and defi nite DLB cases [ 23 ]. This 
is not entirely surprising given the overlap in characteristics between these diseases; 
however, it should be noted that in all cases reported by Meeus and colleagues, 
segregation of the mutation was not possible to ascertain. 

 The fact that no bona fi de pathogenic gene defects have been identifi ed does not 
mean however that there are no genetic factors at play in DLB. 

 Over the last years, two genes have been shown to be a factor in DLB: the apoli-
poprotein E gene ( APOE ) and β-glucocerebrosidase ( GBA ). 

 The epsilon-4 allele of  APOE  is the strongest genetic risk factor for AD, although 
the exact mechanism of how this allele causes such a dramatic effect remains to be 
fully determined. 

 The fi rst report suggesting the involvement of  APOE  in LB disease dates from 
1994 [ 24 ]. Here, the authors showed that the frequency of the APOE epsilon-4 hap-
lotype has an intermediate frequency in DLB when compared with PD and AD. This 
result has been widely replicated [ 25 – 27 ] and recently it was shown that it is true 
even when looking at pure DLB cases (those without neuropathological changes 
typical of AD) [ 28 ]. 

 This data suggests that, in some cases, APOE might contribute to neurodegenera-
tion through mechanisms unrelated to amyloid processing. It is possible that this 
occurs in cases somehow predisposed to LB disease instead of amyloid disease. 

 The second gene shown to be involved is the gene encoding the glucocerebrosi-
dase protein.  GBA  is a lysosomal enzyme responsible for breaking down the chemi-
cal glucocerebroside, an intermediate in glycolipid metabolism. When homozygous 
mutations occur in  GBA , these lead to a recessive lysosomal storage disorder called 
Gaucher disease. GBA was also linked with Parkinson’s disease, where it was 
shown that the same mutations, but when heterozygous, increase an individual’s 
risk for PD by about fi vefold [ 29 ]. Subsequently it was shown to also be involved in 
DLB, with a similar effect [ 30 ]. Although the function of GBA is much better 
understood than that of APOE, it is still not clear how heterozygous mutations 
increase risk for LB disease. A clear hypothesis is that a single variant impairs lyso-
some function to a point that leads to alpha-synuclein accumulation, but not suffi -
ciently as to cause overt lysosomal storage disease, though this has not been 
conclusively shown. Interestingly, it has been shown that GBA-linked PD patients 
are more prone to develop dementia [ 31 ], a result that clearly fi ts with an association 
of DLB with GBA. 

 Taken together, the data from  GBA ,  APOE,  and the few families where DLB 
segregates clearly point towards a role for genetics in the etiology of this disease.  

    Genetic Susceptibility Factors for DLB 

 Over the last decade we have started to be able to test genes for association with 
phenotypes in a truly unbiased manner. This has proven to be immensely successful 
for a variety of diseases, where novel genetic risk factors have been identifi ed. 
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 The two aforementioned genes ( APOE  and  GBA ) were identifi ed as risk genes 
for DLB using candidate gene association studies. There are few  examples of 
 successful candidate gene association studies in the literature, mainly because 
selecting candidate genes requires some prior knowledge of the disease pathobiol-
ogy. Otherwise, the prior odds of selecting the correct gene to test from a pool of 
~20,000 genes in the human genome were very small. In the case of DLB, how-
ever, what was used was prior genetic knowledge from related diseases. 

 The fi rst study to look at a large number of genetic variants in DLB cases was 
published in 2014 [ 32 ]. Here, the authors selected all of the known genetic risk fac-
tors for both PD and AD from previously published genome-wide association stud-
ies (GWAS) and genotyped them in a large cohort of DLB cases and controls. This 
study tested approximately 700 DLB cases and 2,600 controls for 6,078 loci. A 
majority of the cases were neuropathologically diagnosed, reducing the potential 
misdiagnosis rate. 

 The most signifi cantly associated region was found on chromosome 19 overlap-
ping the  APOE  locus. Although this can be seen as a replication of previous studies, 
the association of  APOE  had never been shown in such a large cohort of neuro-
pathologically proven DLB cases. Also, despite the fact that the authors did not test 
the epsilon4 haplotype specifi cally, the most associated marker is known to be in 
very high linkage disequilibrium with that allele and thus the association is, in all 
likelihood, identical to that seen in AD. 

 Only two other genomic regions showed levels of association in that study. The 
fi rst was at the alpha-synuclein locus and the second was at the  SCARB2  locus. Both 
of these regions were previously associated with PD. 

 The association at  SNCA  is not entirely surprising given the protein’s involve-
ment in LBs, although unlike  APOE , there are no previous reports in the literature 
associating  SNCA  genetic variants with DLB. 

 The association at the  SCARB2  locus is entirely novel.  SCARB2  encodes a 
lysosomal protein, and homozygous or compound heterozygous mutations in 
this gene are reported to cause an autosomal recessive progressive myoclonic 
epilepsy-4 (EPM4) [ 33 – 35 ]. However, its precise function has, thus far, not been 
described. 

 One interesting result from this report is the fact that, although the associations 
are at the same loci previously described in PD, the profi le of the association is actu-
ally quite different. For example, the association at  SNCA  in PD occurs 3′ to the 
gene and in DLB it occurs just 5′. One possible explanation is that the different 
association profi les are related to differential gene expression regulation in each 
disease, which could potentially lead to differential tissue localization of the patho-
logical features. 

 In summary, of the known risk genes for DLB, one is likely amyloid-related and 
is a known dementia risk factor ( APOE ), one is the gene encoding the major com-
ponent of LBs ( SNCA ), and two are known to have lysosomal functions ( SCARB2  
and  GBA ). These data strongly support a role for the lysosomal pathway in the etiol-
ogy of DLB, similarly to what we now know occurs in PD.  
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    Lessons from Other Diseases 

 Over the last decade our understanding of the molecular basis of several neurode-
generative diseases has been greatly improved. At the basis of these improvements 
was the development of methods that allow us to study the genome in an unbiased 
manner. This meant that we would not have to rely on prior knowledge to create 
study hypotheses; in fact study hypotheses started to not really be applicable, since 
we could simply test the entire genome of large numbers of individuals. This 
apparently simplistic approach has been tremendously successful and has led to the 
identifi cation of over 30 genes involved in the most common neurodegenerative 
diseases [ 36 – 39 ]. 

 Unfortunately, we have not yet seen these approaches applied to DLB; so far, 
molecular studies in DLB have focused on relatively small families or cohorts of 
patients, tested for a small number of genetic markers. 

 Another lesson from other diseases is sample size. Clearly, for common diseases, 
large sample sizes are a requirement for any genetic study. More often than not, this 
means that properly powered studies can only be accomplished when groups enter 
into collaboration and share samples or data. As an example, the latest GWAS in PD 
included 15,000 cases and about 95,000 control subjects [ 37 ], numbers that are only 
possible with collaborative approaches. Estimates point to a need for over 25,000 
cases when designing a study that aims at identifying variants that are not very com-
mon in the general population [ 40 ]. For a disease like DLB, where diagnosis is not 
always an easy task, these numbers may need to be even higher to account for a 
proportion of misdiagnosed cases. 

 One interesting result from the fi eld of AD relates to the fi nding of the gene 
 TREM2  as a strong risk factor for that disease.  TREM2  had been described as the 
causal gene for a rare neurological condition with bone involvement named Nasu- 
Hakola disease [ 41 ,  42 ]. The fi nding that the same gene and perhaps even the same 
variants, when heterozygous, confer risk for the most common form of Alzheimer’s 
disease was far from expected [ 43 ,  44 ]. There are several examples of this type of 
unpredicted results in recent literature (for a review see [ 45 ]). In the case of AD, 
 TREM2  brought to center stage the role of infl ammation in the disease pathobiol-
ogy, something that had for long been alluded to, but for which molecular evidence 
was still lacking. These unexpected results are sometimes the easiest to interpret 
and it is expected that in DLB we will come to see some of them in the future.  

    Future Perspectives on the Research of DLB 

 DLB has been a tremendously underserved disease. There are several factors con-
tributing to this, such as the diffi culty in diagnosis, the availability of a small num-
ber of cases to study, or even the fact that DLB was only recently recognized as a 
disease entity. 
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 Current data strongly implies that DLB has a genetic component that, in many 
aspects, is not very different from the ones we know are involved in other common 
neurological diseases. Familial aggregation suggests Mendelian forms of disease, 
while positive association studies suggest the contribution of genetic risk factors. 

 In 2009 Manolio and colleagues published a manuscript that aimed at identifying 
the reasons why we had not yet found all of the missing heritability for many 
 diseases [ 46 ]. As part of that article, they proposed a paradigm that looked at the 
feasibility of identifying disease-associated genetic variants by their frequency in 
the general population. Figure  4.2  shows the application of the same paradigm to 
DLB, where it is clear how much is left to do. Currently, no Mendelian genes have 
been identifi ed and only four genes are known to modulate the risk for disease.  

 The next stage in DLB’s genetic research clearly needs to bring it up to speed 
with other diseases. Large-scale genetic studies need to be performed to identify 
genes involved in modulating risk; sequencing studies are needed to identify rare 
disease-specifi c variants; multinational teams need to come together to share and/or 
meta-analyze their data. All of these approaches are currently starting and it is 
hoped that results from them will greatly improve our understanding of DLB’s etiol-
ogy, eventually leading to the creation of effective therapeutic approaches.     
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    Chapter 5   
 Genetics of Frontotemporal Dementia 

             Sasja     Heetveld     ,     Patrizia     Rizzu     , and     Peter     Heutink     

    Abstract     Frontotemporal dementia (FTD) is a progressive brain disease character-
ized by atrophy of the frontal and anterior temporal lobes. The prevalence has been 
estimated between 10 and 30 per 100,000, and patients have severe changes in per-
sonality and behavior. The disease has a strong genetic component, and in up to 
40 % of cases, a positive family history has been observed. To date, seven disease 
genes have been identifi ed, of which  MAPT ,  GRN , and  C9orf72  are most frequently 
mutated. In contrast to familial FTD, far less is known about sporadic FTD. GWAS 
reported  TMEM106B  as an important risk factor for FTD, and recently, new loci 
have been associated with the disease. In this chapter, we summarize the current 
insights into the genetics of FTD based on neuropathological and functional data.  

  Keywords      C9orf72    •   Frontotemporal dementia   •   Frontotemporal lobar degenera-
tion   •    GRN    •    MAPT    •   Neurodegeneration  
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  FTLD    Frontotemporal lobar degeneration   
   FUS     Fused in sarcoma   
   GRN     Granulin   
   MAPT     Microtubule-associated protein tau   
  MSTD    Multiple system tauopathy with dementia   
  NFT-dementia    Neurofi brillary tangle predominant dementia   
  ni    No inclusions   
  NIFID    Neuronal intermediate fi lament inclusion disease   
  PiD    Pick’s disease   
  PSP    Progressive supranuclear palsy   
   TARDBP     TAR DNA-binding protein   
  TDP    TDP-43   
  UPS    Ubiquitin proteasome system   
   VCP     Valosin-containing protein   
  WMT-GGI    White matter tauopathy with globular glial inclusions   

          Introduction 

 Frontotemporal dementia (FTD) is a devastating presenile dementia characterized 
by atrophy of the frontal and anterior temporal lobes, and the prevalence, in the age 
group between 45 and 65 years, has been estimated between 10 and 30 per 100,000 
[ 1 ]. It is a heterogeneous group of disorders and associated with genes that typically 
cause a clinical picture of amyotrophic lateral sclerosis (ALS), the most common 
type of motor neuron disease (MND) [ 2 ]. 

 Clinically, there is progressive deterioration of either behavior or language, 
which translates into two FTD subtypes: the behavioral variant of frontotemporal 
dementia (bvFTD) and primary progressive aphasia (PPA). In bvFTD, patients have 
severe changes in behavior and personality, as indicated by early disinhibition, apa-
thy, loss of sympathy, perseverative and stereotypic behavior, and hyperorality [ 3 ]. 
PPA can be further subdivided into semantic variant PPA (svPPA) and nonfl uent 
variant PPA (nfvPPA), based on specifi c speech and language features. A third rec-
ognized subtype for patients not fi tting either category is logopenic variant primary 
progressive aphasia (lvPPA) [ 4 ,  5 ]. The bvFTD accounts for more than 50 % of the 
FTD patients, and PNFA is the second most prevalent presentation of FTD, account-
ing for 25 %. The svPPA presents in 20–25 % of the FTD patients, and lvPPA is not 
considered part of the FTD group of disorders [ 6 ,  7 ]. Other conditions closely 
related to FTD are MND, progressive supranuclear palsy (PSP) syndromes, cortico-
basal syndrome (CBS), FTD with parkinsonism (FTDP), and argyrophilic grain 
disease (AGD) [ 8 ]. 

 At the neuropathological level, the different subtypes of FTD present with diverse 
patterns of frontal and anterior temporal lobe atrophy. The term “frontotemporal 
lobar degeneration” (FTLD) is often used for these pathological conditions that pres-
ent with FTD. FTLD is a proteinopathy characterized by abnormal, ubiquitinated 
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protein inclusions in the cytoplasm or nuclei of neuronal and glial cells. Neuronal 
loss and astrocytosis are seen in cortices of atrophied frontal and temporal lobes, and 
neuropathological subcategories are based on the major constituent of inclusions [ 9 ]. 
Initially, two pathological categories were described: FTLD-tau including Pick’s 
disease, in which neurons and glial cells contained inclusions of hyperphosphory-
lated tau protein, and FTLD-Ubiquitin or FTLD-U with unknown inclusions. In 
80–95 % of the FTLD-U group, inclusions were later found to be mainly composed 
of TDP-43 (FTLD-TDP), and a considerable number of TDP-43- negative FTLD-U 
cases had inclusion of FUS (FTLD-FUS) [ 10 ,  11 ]. In a small number of FTLD-U 
patients, the inclusion protein remains unknown (FTLD-UPS) [ 12 ]. 

 In up to 40 % of FTD cases, a positive family history is observed and inheritance 
varies among the different clinical subtypes [ 13 – 15 ]. Family history is most promi-
nent in bvFTD, especially when MND is present. Research on these families has led 
to the discovery of multiple disease-causing genes. Mutations in microtubule- 
associated protein tau ( MAPT ) [ 16 – 18 ], granulin ( GRN ) [ 19 ,  20 ], and chromosome 
9 open reading frame 72 ( C9orf72 ) [ 21 ,  22 ] together explain the majority of familial 
FTD cases [ 1 ,  23 ]. Mutations in valosin-containing protein ( VCP ) and charged mul-
tivesicular body protein 2B ( CHMP2B ) are rare, each explaining less than 1 % of 
the familial FTD [ 1 ]. Mutations in common ALS genes TAR DNA-binding protein 
( TARDBP ) and fused in sarcoma ( FUS ) are a very rare cause of familial FTD [ 24 –
 27 ]. Association between affected gene and associated neuropathology is observed, 
and the association between disease gene and clinical phenotype is limited 
(Table  5.1 ) [ 1 ]. In contrast to familial forms of FTD, far less is known about the 
genetics of sporadic forms of the disease. To date, two genome-wide association 
studies (GWAS) have been published in which  TMEM106B  at chromosome 7p21 

   Table 5.1    Molecular classifi cation of FTLD with pathological subtypes and associated genes [ 9 ,  12 ]   

 Molecular class  Major pathological subtypes  Associated genes 

 FTLD-tau  PiD 
 CBD 
 PSP 
 AGD 
 MSTD 
 NFT-dementia 
 WMT-GGI 
 Unclassifi able 

  MAPT  

 FTLD-TDP  Types 1–4 
 Unclassifi able 

  GRN  
  VCP  
  C9orf72  
 ( TARDBP ) 

 FTLD-FUS  aFTLD-U 
 NIFID 
 BIBD 

 ( FUS ) 

 FTLD-UPS  FTD-3   CHMP2B  
 FTLD-ni 
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has been reported as a risk factor for FTLD-TDP [ 28 ] and novel genetic risk loci 
and pathways have been associated with FTD [ 29 ].

        MAPT  

 In the late 1990s, linkage at chromosome 17q21 was found for multiple families in 
FTD and parkinsonism linked to chromosome 17 (FTDP-17). Three research groups 
found mutations in and around  MAPT  exon 10 and proved that dysfunction of the 
protein tau is suffi cient to cause neurodegeneration and dementia [ 16 – 18 ]. 
Accumulation of tau occurs primarily as insoluble fi brils in neuronal cell bodies 
(neurofi brillary tangles (NFTs)) and processes (neuropil threads or dystrophic neu-
rites), but can also accumulate in astrocytes and microglia. Tau deposits are charac-
teristic for a large number of neurodegenerative diseases known as the “tauopathies,” 
which include Alzheimer’s disease (AD), Pick’s disease (PiD), PSP, corticobasal 
degeneration (CBD), and AGD [ 30 ]. In AD, all six brain isoforms of tau are found 
in inclusions [ 31 ], and in FTDP-17, inclusions are heterogeneous, with different 
mutations associated with a different isoform composition. For PSP, CBD, and 
AGD, inclusions consist mainly of 4-repeat tau [ 32 – 34 ], and PiD has predominantly 
3-repeat tau deposits [ 35 ]. In populations of European descent,  MAPT  is character-
ized by two haplotypes, H1 and H2, which result from a 900-kb inversion polymor-
phism. Inheritance of the H1 haplotype is a risk factor for PSP, CBD, and idiopathic 
Parkinson’s disease. The H2 haplotype is associated with increased expression of 
exon 3, suggesting that inclusion of this exon might be protective [ 36 – 39 ]. 

 Tau proteins are microtubule-associated proteins that are abundant in the central 
nervous system (CNS) and mainly concentrated in axons [ 40 ]. The  MAPT  gene is 
located on chromosome 17q21 and consists of 16 exons, as depicted in Fig.  5.1 . In 
adult human brain, alternative mRNA splicing of exons 2, 3, and 10 produces six tau 
isoforms ranging from 352 to 441 amino acids. Three of these isoforms contain 4 
microtubule-binding repeats (4R), whereas the other three contain only 3 
microtubule- binding repeats (3R). The extra repeat domain is encoded by exon 10. 
The presence or absence of a 29 amino acid (exon 2) or a 58 amino acid (exons 2 
and 3) insert in the N-terminal half of the protein divides the isoforms further in 0N, 
1N, and 2N (Fig.  5.1 ). The ratio of 4R and 3R tau isoforms in the cerebral cortex of 
healthy adults is equal, while in fetal brain, only 3R0N is expressed. Most adult 
rodents express isoforms with four repeats [ 41 ]. Tau is enriched in neurons and has 
an important function in promoting microtubule assembly and stability [ 42 – 44 ]. 
The C-terminal repeat domains bind microtubules directly, and 4R tau promotes 
microtubule assembly 3-fold stronger than 3R tau [ 45 ,  46 ]. The N-terminal inserts 
are part of the projection domain, establishing the interaction of tau and microtu-
bules with the plasma membrane [ 47 ,  48 ]. In addition to its role in microtubule 
assembly, tau mediates transport of vesicles and organelles along the microtubules 
by regulating attachment and detachment of motor proteins [ 49 ,  50 ]. The motility of 
motor proteins dynein and kinesin is differentially regulated and dependent on tau 
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concentration and isoform, pointing to a balanced spatiotemporal regulation of axo-
nal transport [ 51 ]. Literature also suggests a physiological role for tau in dendrites, 
which might be an important function mediating synaptic impairment early in the 
disease process [ 52 ,  53 ].  

 Phosphorylation is the major posttranslational modifi cation of tau protein, and in 
diseased brain, tau is abnormally hyperphosphorylated, generating paired helical 
fi laments (PHFs) and neurofi brillary tangles [ 54 – 56 ]. The degree of tau phosphory-
lation infl uences its interaction with microtubules. Abnormal hyperphosphorylated 
tau sequesters normal tau, leading to misfolding, co-aggregation, and inhibition of 
microtubule assembly [ 57 ]. Microtubule-associated proteins 1 and 2 are also 
sequestered from pre-assembled microtubules, leading to their disruption [ 58 – 61 ]. 
There are 80 serine/threonine and 5 tyrosine potential phosphorylation sites, and 
normal brain tau contains 2–3 mol of phosphate per mole of tau protein. Mass spec-
trometry and antibody staining have identifi ed more than 40 serine/threonine hyper-
phosphorylation sites of tau in AD [ 62 ,  63 ]. The phosphorylation of tau itself is 
developmentally regulated, and fetal tau is more phosphorylated than adult brain 
tau [ 64 ]. Several protein kinases are known to phosphorylate tau, and hyperphos-
phorylation probably involves coordinated action of several of them [ 65 ,  66 ]. When 

  Fig. 5.1    Human brain MAPT isoforms. MAPT and the six isoforms found in adult human brain. 
Exons 1, 4, 5, 7, 9, and 11–13 are constitutively spliced ( blue ), and exons 0, which is part of the 
promoter, and 14 are noncoding ( white ). Exons 6 and 8 are not transcribed in human brain ( orange ), 
and the unusually long exon 4a ( gray ) is expressed only in the peripheral nervous system in higher-
molecular- weight proteins termed “big tau.” Alternative splicing of exons 2 ( green ), 3 ( purple ), 
and 10 ( red ) gives rise to the six isoforms (352–441 amino acids), and the repeats of tau (R1–R4) 
are indicated       
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tau hyperphosphorylation induces dissociation from microtubules, it is redistrib-
uted from axonal to somatodendritic compartments. The increased pool of hyper-
phosphorylated tau is thought to promote assembly into fi brillar aggregates. In 
addition to phosphorylation, tau undergoes other posttranslation modifi cations, 
such as acetylation, glycation, glycosylation with O-linked N-acetylglucosamine, 
nitration, ubiquitination, sumoylation, prolyl isomerization, and truncation, all of 
which affect tau phosphorylation and/or aggregation [ 30 ]. 

    Pathological  MAPT  Mutations 

 Up to 44 different clinical  MAPT  mutations in 134 FTD families have been reported 
in exons 1, 9, 10, 11, 12, and 13, intron 9, and the fi rst 19 nucleotides of intron 10 
(detailed information on each  MAPT  mutation is available at   www.molgen.ua.ac.be/
ftdmutations    ) [ 67 ,  68 ]. Except for mutations P301L in exon 10 and E10 + 16 in 
intron 10, identifi ed in 32 families and 27 families, respectively,  MAPT  mutations 
are rare and seen in single families. Mutations are mainly clustered in exons 9–12, 
encoding the four microtubule-binding domains of tau, and can be divided into two 
functional groups. The fi rst group has a primary effect at the protein level and 
includes missense and deletion mutations in the coding region of the gene. These 
mutations reduce the ability of tau to interact with microtubules, and some muta-
tions promote fi lament assembly [ 68 ,  69 ]. The second group affects alternative 
splicing of tau pre-mRNA. This includes intronic and exonic mutations that alter 
alternative mRNA splicing of  MAPT  exon 10. The intronic mutations are clustered 
at the exon 10/intron 10 junction that is predicted to form a stem-loop structure pro-
tecting the 5′-splice site [ 70 ,  71 ]. Most of these mutations increase exon 10 inclusion 
and raise the normal 4R/3R isoform ratio from 1 to 2–3 [ 16 ]. However, a few muta-
tions such as Δ(delta)K280 enhance exon 10 exclusion and result in increased 
expression of 3R tau [ 72 ]. In FTDP-17, the early clinical symptoms vary with the 
type of mutation found, and there is considerable phenotypic variability [ 73 ].  

    Tau Animal Models 

 After the identifi cation of pathogenic mutations in  MAPT  in FTDP-17, several 
groups reported on the formation of NFTs and neuronal death in mouse models 
expressing human mutant tau, reviewed by Götz et al. [ 74 ]. To study the link between 
NFTs and brain dysfunction, transgenic mice were created expressing human P301L 
mutant tau that could be suppressed by doxycycline. This model (rTg4510) devel-
ops progressive age-related NFTs, neuronal loss, and behavioral impairment [ 75 ]. 
After switching off transgenic tau expression, memory function recovers and the 
number of neurons stabilizes, while NFTs continue to accumulate. Additional stud-
ies in rTg4510 showed that neuron loss can occur independently of NFT pathology 
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and not all regions with NFT pathology undergo neuron loss, together implying that 
NFTs alone are not suffi cient to cause cognitive decline or neuronal death [ 76 ,  77 ]. 
In vivo imaging shows that tangle-bearing neurons are long-lived and soluble tau 
species may be the critical components underlying neurodegeneration [ 78 ]. In trans-
genic mice expressing mutant repeat domains of human tau, similar observations 
were made [ 79 ]. After turning off expression of pro- aggregant Δ(delta)K280 mutant 
repeat domains of tau, memory and long-term potentiation recovers, while neuronal 
loss and aggregates persist. When anti- aggregant mutations were added, neuronal 
death was prevented, but tau aggregates are still formed [ 80 ]. 

 There is accumulating evidence for intercellular transfer of tau aggregates [ 81 –
 83 ]. In one of the fi rst studies, brain homogenates from mice expressing human 
mutant P301S tau protein (with silver-positive tau inclusions) were injected into 
mice expressing human wild-type tau. This induced fi lament formation of wild-type 
human tau and spreading of pathology over time to anatomically connected brain 
regions [ 81 ]. Additional work showed that synthetic tau fi brils assembled from 
human mutant tau protein promoted the formation of tau inclusions in presymptom-
atic mice transgenic for human mutant P301S tau protein. In these mice, spreading 
of tau pathology was also initiated [ 84 ]. This has been further supported by experi-
ments in a mouse model expressing human tau P301L restricted to layer II of the 
entorhinal cortex, recreating an early stage of NFT pathology [ 85 ]. Recently, similar 
results were obtained after injection of brain homogenates from cases of human 
tauopathies (including AD, PiD, AGD, PSP, and CBD) [ 86 ]. One other study dem-
onstrated the induction and propagation of pathology when tau oligomers from AD 
brain were injected into wild-type mice, suggesting that they might play a critical 
role in initiation and spreading of tau pathology [ 87 ]. In vitro studies also showed 
induction and propagation of tau misfolding, and involvement of the endocytic 
pathway has been suggested [ 83 ,  88 – 91 ]. These studies show that tau fi brils spread 
from cell to cell by converting soluble tau into aggregates, and this mechanism 
might be responsible for disease propagation. 

 Besides the mouse, other organisms have been used to study FTD, such as the fruit 
fl y  Drosophila melanogaster , the nematode  Caenorhabditis elegans , and the zebraf-
ish  Danio rerio . When wild-type and FTDP-17 mutant forms of human tau (R406W) 
were expressed in  Drosophila , fl ies exhibited adult-onset progressive neurodegenera-
tion, early death, enhanced toxicity of mutant tau, and abnormal tau accumulation 
without NFT formation [ 92 ]. Expression of wild-type and mutant human tau (P301L 
and V337M) in the  C. elegans  led to progressive uncoordinated locomotion, accumu-
lation of insoluble tau species, neurodegeneration, and loss of neurons [ 93 ]. Expression 
of mutant tau caused an earlier and more severe phenotype compared to wild-type 
tau. Stable expression of human tau with the P301L mutation in the zebrafi sh also 
recapitulates key pathological features of tauopathies, including tau hyperphosphory-
lation, tangle formation, behavioral disturbances, and neuronal cell death [ 94 ].   
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     GRN  

 In a large number of families linked to chromosome 17q21, mutations in  MAPT  
could not be identifi ed. In 2006, systematic analyses of the 17q21 region led to the 
discovery of mutations in  GRN  as a cause of FTLD-U [ 19 ,  20 ]. All  GRN -associated 
FTLD patients present with TDP-43-positive inclusions in the affected cortical 
regions and basal ganglia (FTLD-TDP), often accompanied by irregular and short 
dystrophic neurites [ 95 ,  96 ]. The inclusions are found in neurons and glial cells and 
can be cytoplasmic as well as intranuclear. NFTs, neuritic plaques, and Lewy bodies 
have occasionally been observed in  GRN  brains [ 97 – 100 ]. 

 In humans, the  GRN  gene is located upstream to the  MAPT  gene and comprises 
12 coding exons (Fig.  5.2 ) [ 101 ]. The gene encodes progranulin, a 593-amino-acid- 
long protein containing a secretory signal sequence and seven and a half repeats of 
a unique 10–12 cysteine-containing motif. This motif is highly conserved in evolu-
tion and a reminiscent of the epithelial growth factor [ 102 – 105 ]. Progranulin is 
expressed in several tissues of the periphery as well as in neurons and microglia in 
the central nervous system, and little or no expression has been detected in adult 
astrocytes and oligodendrocytes [ 102 ,  106 – 108 ]. A GWAS implicated sortilin 
( SORT1 ) as an important regulator of GRN levels in human plasma, and cellular 
studies showed that SORT1 is a major neuronal receptor for GRN [ 109 ,  110 ]. 
SORT1 facilitates extracellular GRN clearance via endocytosis and delivery to the 

  Fig. 5.2    GRN gene and protein structure. Schematic representation of human GRN gene structure 
( top ) and progranulin protein structure ( bottom ). The GRN gene spans approximately 8 kb genomic 
sequence on chromosome 17q21. The gene structure indicates noncoding exon 1 ( white ) and the 
coding exons 2–13 ( blue ). The full-length progranulin protein presents a signal peptide ( SP ) and 
seven and a half tandem repeats of a conserved 10–12 cysteine-containing motif (granulins A to G 
and paragranulin P). Once the signal peptide is cleaved off, the mature protein gets secreted; it can 
be further processed by cleavage in the linker regions between the granulin domains. The lettered 
boxes in progranulin refer to individual granulin domains (~6 kDa)       
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lysosomes. When GRN interaction with SORT1 is impaired, it is possible to restore 
extracellular GRN levels in FTD patient-derived lymphocytes and induced pluripo-
tent stem cells (iPSC) differentiated to neurons [ 111 ].  

 GRN plays a key role in several biological processes including cell growth, 
wound repair, infl ammation, and neuron development [ 112 ]. Studies in different 
cellular models show that GRN expression enhances neuronal survival and pro-
motes neurite outgrowth and branching, while siRNA-mediated  GRN  knockdown 
results in reduced neurite arborization and dendritic protrusions [ 113 – 117 ]. The 
exact mechanism through which GRN exerts its neurotrophic function is not com-
pletely understood; however, compelling evidence suggests the involvement of the 
phosphatidylinositol 3-kinase/Akt signaling pathway and glycogen synthase 
kinase-3 beta regulation [ 118 – 120 ].  GRN -defi cient cells show increased caspase 
activation, decrease in cellular survival, and vulnerability to a number of cellular 
stressors, including oxygen and glucose deprivation, oxidative stress, and sublethal 
doses of N-methyl-D-aspartic acid, kinase inhibitors, and proteasomal inhibitors 
[ 118 ,  121 – 123 ]. 

 It has been hypothesized that GRN performs a neuroprotective role in the CNS 
by stimulating production of anti-infl ammatory Th2 cytokines and supporting neu-
roprotective infl ammation by binding to TNF receptors [ 124 ,  125 ]. The anti- 
infl ammatory effects of GRN are evident in  Grn −/− mice that show an exacerbated 
infl ammatory reaction [ 123 ]. Moreover, increased GRN expression has been 
observed in microglia following a variety of acute and chronic insults in several 
neurodegenerative disorders including Creutzfeldt-Jakob disease [ 126 ], ALS [ 127 , 
 128 ] and FTLD [ 99 ]. It also attracts and activates microglia, enhancing endocytosis 
of extracellular peptides such as amyloid β (beta) 1–42 [ 129 ]. Interestingly, microg-
lia of patients with  GRN  mutations are able to upregulate GRN despite reduced 
levels in blood, cerebrospinal fl uid, and neurons in unaffected brain regions [ 99 ] 
suggesting GRN plays a central role in the infl ammatory response. 

    Pathological  GRN  Mutations 

 Confi rmed pathogenic mutations in  GRN  cases have been so far identifi ed only in 
FTLD-TDP, and  GRN  mutation screening in patients with ALS [ 130 ,  131 ], 
Parkinson’s disease [ 132 ], and non-FTD cases with TDP-43 pathology [ 133 ] yields 
no positive results. To date, 69 pathogenic mutations have been observed in patients 
with FTLD-TDP, mostly being loss-of-function mutations suggesting that  GRN  
haploinsuffi ciency is the major pathogenic mechanism (detailed information on 
each  GRN  mutation is available at   www.molgen.ua.ac.be/ftdmutations    ) [ 67 ].  GRN  
defi ciency occurs through frame-shift, splice site, and nonsense mutations, intro-
ducing a premature termination codon with activation of nonsense-mediated mRNA 
decay and reduction of progranulin protein levels [ 19 ,  20 ,  134 ]. Loss of mRNA 
translation and consequent protein haploinsuffi ciency is also observed when 
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mutations are present in the Kozak sequence of the  GRN  gene preventing translation 
[ 19 ,  20 ,  135 ,  136 ] or result in genomic deletion of one copy of the gene [ 137 ,  138 ]. 

 The  GRN  R493X and T272fs mutations are among the most frequent mutations 
found in  GRN  patients [ 139 ,  140 ]. Patients carrying these mutations do not show 
signifi cant phenotypic differences with other  GRN  mutation carriers. Interestingly, 
the occurrence of a founder effect has been suggested for both mutations [ 139 ,  141 ]. 
In addition, missense and silent mutations have been observed scattered along the 
 GRN  gene. For a large number of them, it is still debated if they play an active role 
in the disease pathogenesis. Some mutations are predicted to affect protein function 
in silico, they have been found in patients only, or experimental studies demon-
strated a potential pathogenic effect causing reduced protein expression by cellular 
mechanisms other than  GRN  mRNA reduction [ 142 ,  143 ]. Mutations A9D, P248L, 
and R432C have been reported to affect protein secretion and stability thereby 
reducing the amount of available GRN. The A9D mutation [ 144 ] occurs within the 
hydrophobic core of the signal peptide sequence of  GRN  impairing its secretion. 
The mutated protein fails to undergo N-glycosylation, suggesting its missorting into 
the cytosol [ 135 ,  143 ]. The P248L and R432C mutations might contribute to disease 
phenotype by adversely affecting the neurotrophic properties of GRN [ 114 ]. 

  GRN  mutations pathologically confi rmed in FTD with TDP-43 pathology are so 
far all heterozygote. The only exception is a single report of two siblings clinically 
diagnosed with adult-onset neuronal ceroid lipofuscinosis (NCL), a lysosomal stor-
age disorder with severe accumulation of lipofuscin, and progressive neurodegen-
eration [ 145 ]. Interestingly,  Grn −/− mice also show an increase of the aging pigment 
lipofuscin accompanied by tissue vacuolization in the hippocampus. Although we 
are still awaiting for the neuropathological assessment, the inclusion of  GRN  as 
genetic cause of NCL [ 146 ] has important consequences for the role of  GRN  in 
lysosome biology.  

     GRN  Animal Models 

 To date, fi ve independent  Grn −/− mouse models have been established and exten-
sively characterized (reviewed in [ 112 ,  147 ]). Although in humans  GRN  loss alone 
is suffi cient to cause neurodegeneration, none of the mouse models fully recapitulate 
the human disease. Their most consistent behavioral phenotype is reduction in social 
interactions already observed at young age. Neuropathologically,  Grn −/− mice all 
display pronounced progressive microgliosis and astrocytosis as well as ubiquitin 
accumulation in the cortex, hippocampus, thalamus, and brain stem. Accumulation 
of ubiquitinated proteins suggests disturbance of the proteasomal and/or autophagy-
lysosomal pathways, which is supported by accumulation of the autophagy-related 
receptor p62 and increased expression of lysosomal protease cathepsin D [ 148 ]. 
Neuronal loss is in general not remarkable, and it is present only in selected areas; 
however,  Grn −/− mice show impaired neuronal function with reduced synaptic con-
nectivity and impaired synaptic plasticity. These fi ndings support in part the results 
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from  GRN  knockdown or knockout studies in primary hippocampal neuronal and 
slice cultures [ 149 ,  150 ]. Interestingly, altered synaptic vesicle numbers are also 
found in FTD patients carrying  GRN  mutations [ 149 ].  Grn −/− mice do not show 
TDP-43 fragmentation, cytoplasmic mislocalization, abnormal phosphorylation, and 
accumulation in aggregates typical of FTLD-TDP associated with  GRN  mutations 
[ 148 ,  151 ]. In the insoluble fraction of  Grn −/− mice brain lysates, only full-length 
TDP-43 has been detected with a signifi cant increase from 12 months forward. One 
study did show the appearance of phosphorylated TDP-43 in the cytosol of neurons 
in the hippocampal and thalamic areas [ 123 ,  152 ], and studies in mouse cortical 
neurons and  GRN  patient iPSC differentiated to neurons demonstrated increased 
translocation of TDP-43 from the nucleus to the cytoplasm [ 118 ,  121 ].   

     C9orf72  

 In 2011, two independent consortia identifi ed the pathological expansion of a non-
coding GGGGCC hexanucleotide repeat in  C9orf72  as a cause of familial FTD and 
ALS, explaining several linkages and GWAS performed since 2006 linking chro-
mosome 9p to these disorders [ 21 ,  22 ,  153 ,  154 ]. The fi ndings where confi rmed by 
other studies in a wide series of populations [ 155 ,  156 ], and repeat expansions for 
 C9orf72  have since then also been confi rmed in families affected with AD, CBS, 
and ataxia syndromes [ 157 ,  158 ]. 

 The  C9orf72  gene is transcribed in three major transcripts and located on the 
short arm of chromosome 9. The location of the repeat is between noncoding exons 
1a and 1b, which is the fi rst intron following noncoding exon 1 of transcript variants 
1 and 3 and the upstream regulatory region of transcript variant 2 (Fig.  5.3 ). In the 
general population, the median length of the hexanucleotide repeat sequence is two 
repeats (range 0 to ±20). The  C9orf72  transcript variants 1 and 3 encode for a 481 
amino acid protein, whereas transcript variant 2 encodes for a shorter 222 amino acid 
protein. These protein isoforms share the fi rst 221 N-terminal amino acids but differ 
in their C-terminal region.  C9orf72  is detected throughout the CNS, with the highest 
expression level observed within the cerebellum [ 21 ,  22 ,  154 ,  159 ,  160 ]. Currently, 
there are no specifi c antibodies for C9orf72, and therefore, the exact subcellular 
localization is not very well established. In neuronal cell lines transfected with 
C9orf72, the protein is detected both in the nucleus and cytoplasm and in the medium 
[ 161 ], and additional studies have suggested C9orf72 is also present in the mem-
brane fraction of cells after subcellular fractionation experiments [ 162 ,  163 ]. Further 
experiments are needed to conclusively determine where the protein is localized.  

  C9orf72  is highly conserved in evolution, and bioinformatics approaches showed 
that the protein is a novel homologue of differentially expressed in normal and neo-
plastic (DENN) proteins [ 164 ,  165 ]. DENN proteins are guanine exchange factors 
(GEF) that activate Rab GTPases, and these fi ndings suggest a role for C9orf72 in 
Rab GTPase-dependent membrane traffi cking. Support comes from a study in 
which several Rab proteins involved in endocytosis and autophagy were found to 
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co-localize or co-immunoprecipitate with C9orf72 [ 161 ]. Knockdown of  C9orf72  
in neuronal cell lines also led to defects in autophagic processing as well as endocy-
tosis. Furthermore, human neurons differentiated from iPSC with the  C9orf72  
repeat expansion were more sensitive to autophagy-inhibiting drugs [ 166 ]. 
Functional studies are required in order to conclusively demonstrate that  C9orf72  
encodes a GEF and Rab proteins might be activated. 

    Effect of the Pathogenic  C9orf72  Mutation 

 The frequency of C9orf72 repeat expansions ranges from 12 to 25 % in familial and 
6–7 % in sporadic FTD patients and 10–50 % in familial and 5–7 % in sporadic 
ALS cases. This makes  C9orf72  repeat expansions the most common cause of the 
FTD/ALS complex of diseases [ 155 ,  167 ,  168 ]. The causal effect of the  C9orf72  
mutation is not yet completely understood, and currently, three mechanisms have 
been implicated for the disease. 

 There is accumulating evidence that the expanded repeat is associated with 
reduced expression of  C9orf72  transcripts, and studies in human postmortem brain 
tissue, patient-derived iPSC, and lymphoblasts suggest that a loss of function might 
be relevant for the disease pathogenesis [ 21 ,  154 ,  159 ,  160 ,  162 ,  166 ,  169 ,  170 ]. 

  Fig. 5.3    Human C9orf72 gene structure. The structure of the C9orf72 gene and its major tran-
scripts. Transcript variant 1 (NM_145005.5) in  green , transcript variant 2 (NM_018325.3) in 
 orange , and transcript variant 3 (NM_001256054.1) in  purple  according to the NCBI RefSeq 
Database. The  arrow  ( red ) marks the hexanucleotide repeat location. (GGGGCC)n indicates rep-
etition of this sequence n times, with a median length of two repeats in the general population 
(range 0 to ±20).  Colored blocks  indicate coding exons and  white blocks  indicate noncoding exons       
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Epigenetic changes could be responsible for the decrease in C9orf72 expression 
levels observed in patients, and this mechanism has been described previously for 
Friedreich’s ataxia and fragile X syndrome [ 171 ,  172 ]. This hypothesis is supported 
by two studies describing hypermethylation of CpG islands and abnormal histone 
binding associated with the repeat expansion [ 159 ,  173 ]. 

 A second mechanism associated with repeat expansion diseases is RNA toxicity, 
caused by sequestration of normal transcripts and RNA-binding proteins by RNA 
molecules including the expanded repeat [ 174 ]. The presence of the expanded repeat 
in pre-mRNA transcripts could prevent normal splicing toward a mature mRNA, and 
the resulting repeat-containing RNA species could then aggregate into RNA foci and 
have a toxic effect. In support of this hypothesis, repeat-containing RNA aggregates 
have been reported in brains of patients and in patient-derived iPSC [ 21 ,  162 ,  163 , 
 175 ,  176 ]. In vitro experiments using GGGGCC-repeat RNA oligonucleotides 
showed that they fold into stable RNA G-quadruplex structures, which suggests that 
the inclusion of the expanded repeat into the  C9orf72  transcripts in vivo could inter-
fere with the normal processing of the pre-mRNA for transcripts 1 and 3 [ 177 ,  178 ]. 
This is supported by in vitro transcription assays that show the presence of abortive 
transcripts caused by G-quadruplex assembly, and these fi ndings were confi rmed in 
patient-derived B lymphocytes [ 179 ]. There is also evidence for the sequestration of 
RNA-binding proteins (RBPs) by RNA molecules including the transcribed repeat 
expansion, which could cause a depletion of RBPs available for normal RNA metab-
olism. RNA-binding assays, using r(GGGGCC) 10  repeat sequences, identifi ed Pur α 
as a repeat binding protein. Loss of Pur α reduced cell viability of Neuro-2a cells 
and overexpression of Pur α in  Drosophila , and Neuro-2a cells mitigated the repeat-
mediated neurotoxicity [ 180 ]. The interaction of Pur α is supported by co-localiza-
tion studies, and also binding of several heterogeneous nuclear ribonucleoprotein 
(hnRNP) family members to the hexanucleotide repeat has been reported [ 163 ,  181 ]. 

 A third hypothesis is that repeat-associated non-ATG-initiated (RAN) translation 
takes place within the expanded repeat sequence, resulting in the production and 
aggregation of dipeptide repeat proteins. In support of this hypothesis, aggregates 
positively stained with antibodies raised against putative hexanucleotide repeat 
RAN-translated peptides have been detected in human postmortem brain and cul-
tured patient-derived iPSC [ 162 ,  170 ,  182 ]. The presence of stable RNA G-quadruplex 
structures could induce RAN translation similar to what has been reported for 
expanded CAG repeats in spinocerebellar ataxia 8 and myotonic dystrophy type 1 
[ 183 ]. Sequencing results of DNAse 1-treated pre-mRNA from postmortem tissue 
matched the  C9orf72  genomic sequence and therefore support this hypothesis [ 182 ]. 
Interestingly, a  C9orf72  antisense transcript containing intron 1 sequences including 
repeat sequences was detected raising the possibility that the dipeptide repeat pro-
teins might be translated from this transcript [ 184 ]. Foci containing this antisense 
RNA transcript are observed in the same brain regions as sense foci, but they are 
present in fewer cells and the average number of foci per cell appears higher [ 175 ]. 
Recently, a study in U2OS cancer cells and human astrocytes showed that synthetic 
dipeptides containing 20 repeats of sense glycine-proline (GR) or antisense proline-
arginine (PR) associate with nucleoli and affect cell morphology and viability. 
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Exposure of cultured cells to these GR and PR translation products also led to altered 
pre-mRNA splicing and changes in ribosomal RNA biogenesis [ 185 ].  

    Animal Models for  C9orf72  

 One of the fi rst animal models created for  C9orf72  was a zebrafi sh model in which the 
translation of the z C9orf72  orthologue was blocked using antisense morpholino oli-
gonucleotides (AMO). This model system provided evidence that a decrease in 
 C9orf72  expression level could be important for the disease process [ 169 ]. The 
knockdown resulted in disrupted branching and shortening of motor neuron axons 
when compared to noninjected or mismatch AMO-injected fi sh; this phenotype could 
be rescued by injecting the mRNA for the human  C9orf72  long transcript. In addition, 
knockdown of  C9orf72  in zebrafi sh resulted in motor defi cits associated with axo-
nopathy, such as defi cits in touch-evoked escape response and reduced mobility. 
Partial knockdown of endogenous  C9orf72  to 30–40 % of normal levels in a mouse 
model by antisense oligonucleotide administration was well tolerated for 18 weeks, 
which does not support that a loss of function is the main mechanism of the mutation 
[ 176 ]. Studies in patient fi broblasts and motor neurons derived from patient iPSC also 
did not confi rm this hypothesis [ 163 ,  176 ]. A  Drosophila  model expressing the 
expanded hexanucleotide repeat (rGGGGCC) provides evidence that RNA foci or 
aberrantly processed pre-mRNAs are toxic. Neuronal toxicity in  Drosophila  and 
Neuro-2a cells was observed, and the expression of rGGGGCC repeats caused pro-
gressive neurodegeneration in  Drosophila  eye and a reduction in locomotor activity 
[ 180 ]. A more recent study differentiated between repeat RNA and DPR protein tox-
icity and showed that the major toxic species in their  Drosophila  model system are the 
DPR proteins; however, additional contribution of RNA toxicity is not ruled out [ 186 ].   

     VCP  and  CHMP2B  

 Mutations in two other genes,  VCP  and  CHMP2B , lead to FTLD-TDP and account 
for a minority of familial cases [ 1 ]. Mutations in  VCP  were identifi ed in 2004 by 
linkage analysis studies in families with inclusion body myopathy associated with 
Paget disease of bone and frontotemporal dementia (IBMPFD) [ 187 ].  VCP  muta-
tions are also a cause of familial ALS [ 188 ]. The protein is ubiquitously expressed 
and a highly conserved member of the AAA(+)-ATPase superfamily. The protein is 
associated with a wide variety of cellular activities, including cell cycle control and 
membrane fusion. It is also a multi-ubiquitin chain-targeting factor and is required 
in the degradation of many ubiquitin-proteasome pathway substrates [ 189 ]. 
IBMPFD mutations cluster in the N-terminal CDC48 domain, mediating substrate 
recognition and cofactor binding. Studies in patient tissue, transgenic mice, and cell 
models suggest that  VCP  is a key regulator at the intersection of autophagy and the 
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ubiquitin-proteasome system [ 190 ,  191 ]. Mouse models expressing mutant  VCP  
recapitulate aspects of the disease, including age-dependent degeneration in mus-
cle, brain, and bone, and progressive widespread TDP-43 pathology [ 192 ,  193 ]. 

 Mutations in  CHMP2B  were found in 2005 via linkage analysis in a large Danish 
FTD family [ 194 ], and mutations are also a cause of familial ALS [ 195 ]. The ubiq-
uitinated neuronal cytoplasmic inclusions do not stain for tau, TDP-43, or FUS, and 
the classifi cation is FTLD-UPS. CHMP2B is a component of the endosomal sorting 
complex required for transport III (ESCRT-III) and expressed in neurons of all 
major brain regions. The ESCRT-III complex is required for function of the multi-
vesicular body (MVB), an endosomal structure that fuses with the lysosome to 
degrade endocytosed proteins. Mutations affect the C-terminal region of the protein 
due to aberrant splicing, and mutant  CHMP2B  disrupts the fusion of endosomes 
with lysosomes in cell culture models [ 196 ]. Mice expressing C-terminally trun-
cated and mutant  CHMP2B  develop axonal swellings and have reduced survival. 
The mice also develop ubiquitinated protein inclusions negative for TDP-43 and 
FUS, mimicking the inclusions found in patients with  CHMP2B  mutations [ 197 ].  

     TARDBP  and  FUS  

 Mutations in  TARDBP  and  FUS  are found, although these are very rare in FTD and 
more common in ALS [ 24 – 27 ]. FTD associated with mutations in  GRN ,  VCP , or 
 C9orf72  is consistently characterized by the presence of TDP-43 pathology, and a 
considerable number of tau-/TDP-negative FTLD cases have inclusion of FUS, sug-
gesting that dysregulation of both proteins might be important in the pathogenesis 
of FTD [ 10 ,  95 ]. 

 TDP-43 is a 414 amino acid protein with two RNA recognition motifs and a 
carboxy-terminal glycine-rich domain, encoded by the  TARDBP  gene on chromo-
some 1. TDP-43 is a member of the hnRNP family of proteins and regulates RNA 
processing in a variety of ways. It is involved in mRNA transport, stability and 
turnover, splicing, and translation. The protein is highly conserved, is predomi-
nantly nuclear, and can shuttle between the nucleus and the cytoplasm [ 198 – 200 ]. 
Essentially, all ALS- and FTD-associated mutations are missense changes in the 
C-terminal glycine-rich region, involved in protein-protein interactions. In FTLD- 
TDP brains, TDP-43 is redistributed to the cytoplasm, hyperphosphorylated, 
ubiquitinated, and cleaved into the C-terminal fragments (CTFs) [ 95 ]. 
Experimental studies do not conclusively demonstrate whether TDP-43-mediated 
neurodegeneration results from a gain or loss of function of the protein. There is 
evidence for both: gains of functions mediated by aggregation and abnormal cyto-
plasmic function or loss of functions mediated by nuclear depletion, CTFs, and 
RNA dysregulation [ 201 ,  202 ]. 

  FUS  was fi rst reported in 2009 to be the cause of ~3 % familial ALS cases and 
subsequently found to be the marker for the pathology of many remaining tau-/
TDP-negative FTLD cases [ 10 ,  203 ,  204 ]. The  FUS  gene encodes a 526 amino acid 
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protein and forms a gene family together with  EWSR1  and  TAF15  ( FET ). Increased 
insolubility of all FET proteins has been found in FTLD-FUS, but not in ALS-FUS 
[ 205 ]. It is highly conserved, ubiquitously expressed, and mainly localized to the 
nucleus. The protein has a high degree of functional homology with TDP-43 and is 
involved in multiple steps of RNA processing [ 206 ]. Most mutations are missense 
mutations affecting the C-terminus, disrupting the binding of FUS to Transportin. 
This nuclear import receptor shuttles proteins from the cytoplasm to the nucleus 
leading to an accumulation of mutant FUS in the cytoplasm [ 207 ]. Also for FUS, it 
is still unclear whether the cytosolic deposition causes loss of essential nuclear 
functions, a gain of toxic functions in the cytosol, or both.  

    Susceptibility Genes and Risk Loci 

 Compared to Mendelian FTD genes, little is known about susceptibility genes con-
tributing to the risk of developing the disease. In 2010, Van Deerlin and colleagues 
identifi ed  TMEM106B  in a genome-wide association study as a risk factor for 
FTLD-TDP [ 28 ]. Three SNPs encompassing the  TMEM106B  gene were found sig-
nifi cant in a series of 515 FTLD-TDP patients, and variants specifi cally increased 
the risk in  GRN  mutation carriers. The initial GWAS fi nding has been successfully 
replicated in several FTD cohorts, strongly supporting a key role for  TMEM106B  in 
FTLD-TDP pathogenesis [ 208 – 210 ].  TMEMB106B  is a 274 amino acid transmem-
brane type 2 protein with a highly glycosylated luminal domain [ 211 ]. It is cytoplas-
mically expressed in neurons, glia, and endothelial cells/pericytes of human brain 
samples from normal individuals, while in neurons of FTLD-TDP cases, 
TMEM106B appears to extend beyond the cell body into neuronal processes. In 
multiple immortalized cell lines and primary cortical neurons, TMEM106B is local-
ized to late endosomes or lysosomes, and increased levels affect endolysosomal and 
progranulin pathways [ 212 – 214 ]. A recent GWAS points to novel associations, and 
the immune system processes, lysosomal, and autophagy pathways are potentially 
involved in FTD. The new loci need to be replicated in future studies to determine 
their possible association with the disease [ 29 ]. 

 In 2011,  UBQLN2  was added to the list of ALS-FTD genes [ 215 ]. The gene 
encodes the ubiquitin-like protein ubiquilin 2, a member of the ubiquitin family, 
which regulates the degradation of ubiquitinated proteins. In ~20 % of  UBQLN2  
mutation carriers, progressive dementia similar to FTD was identifi ed, but all 
patients eventually developed motor symptoms. P62, encoded for by the 
 SQSTM1  gene, is another protein at the intersection of ALS and FTD. It was 
found following the observation of involvement of P62 in ALS and has been 
subsequently reported in ALS and in FTD [ 216 – 218 ]. Inclusion positive for p62 
can be found in  C9orf72  expansion mutation patients, both with and without 
TDP-43 pathology [ 219 ]. 

 Another risk factor for FTLD-TDP comes from a variant located in the 3′UTR 
of  GRN  in a binding site for the microRNA mir-659 [ 220 ]. In a series of patho-
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logically confi rmed FTLD-TDP patients without  GRN  mutations, Rademakers 
and colleagues observed that homozygous T-allele carriers had a 3.2-fold increase 
risk to develop FTLD-TDP as compared to homozygote C-allele carriers. They 
hypothesized that this variant reduces GRN protein expression through mir-
659-dependent translational inhibition. It is still unclear whether GRN levels play 
a direct role in general FTLD population as two other studies failed to replicate 
the original fi ndings [ 221 ,  222 ]. However, the risk allele is overrepresented in 
cases with hippocampal sclerosis [ 223 ,  224 ] and was found associated with a 
lower GRN serum level in two independent studies [ 225 ,  226 ], suggesting that 
decreased  GRN  expression may be a risk factor for FTLD-TDP and other 
dementias.  

    Conclusion 

 In recent years, remarkable progress has been made regarding the understanding of 
the genetic causes and neuropathological features of FTD. The recent discovery of 
the  C9orf72  repeat expansions as the most common cause of the FTD/ALS complex 
of diseases showed that there is still a lot to be discovered. We know, for example, 
very little about susceptibility genes contributing to the risk of developing FTD and 
not all proteinopathies are fully characterized. The biological signifi cance of the 
identifi ed FTD genes has been studied extensively in cellular and animal models, as 
described in this chapter. However, diagnosis of FTD remains challenging, and no 
cure is available yet. Interestingly, many of the FTD genes seem to be connected at 
the molecular level.  TMEM106B  has originally been found as a risk factor for  GRN  
mutation carriers, and several studies now describe  TMEM106B  as a genetic modi-
fi er for FTD with the  C9orf72  repeat expansions [ 227 ,  228 ]. Patients with mutations 
in  C9orf72  in combination with mutations in other genes involved in FTD/ALS 
have also been reported [ 229 ,  230 ]. Furthermore, FTD cases associated with  GRN  
and  C9orf72  mutations both present with TDP-43 pathology, and several studies 
showed that TDP-43 binds the 3′-UTR of  GRN  and regulates its expression [ 199 , 
 231 ]. Understanding the full biology and connecting all identifi ed FTD genes and 
risk factors with clinical phenotypes are of high importance for developing thera-
peutic approaches and offering reliable genetic advice to patients.     

  Disclosure   Peter Heutink is a co-applicant on a patent application related to  MAPT  (PCT/
US1999/009529) and  C9orf72  (PCT/GB2012/052140) and is co-owner of Synaptologics BV.  
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    Chapter 6   
 Genetics of Primary Tremor Disorders 

             Gregor     Kuhlenbäumer     

    Abstract     Tremor, defi ned as rhythmical, involuntary oscillatory movement of a 
body part, is a symptom of numerous disorders of the central and peripheral nervous 
system. This chapter will deal with primary tremor disorders with a recognizable 
genetic component not discussed elsewhere in this book. These are essential tremor 
(ET), orthostatic tremor (OT), and cortical myoclonic “tremor.” ET has a high 
genetic component and has been the subject of intense genetic investigation. Despite 
these efforts genes causing monogenic ET or genetic risk factors for genetically 
complex ET have not been reliably and reproducibly identifi ed to date. OT is mostly 
a sporadic disease but has been described in sib pairs and identical twins. Cortical 
myoclonic “tremor” is characterized by irregular, rapid myoclonic jerks mimicking 
a tremor. Geniospasm (chin tremor) is also briefl y discussed. Three loci and two 
putative candidate genes have been identifi ed. In summary, the genetic investigation 
of tremor has been diffi cult and not overly successful up to now.  

  Keywords     Tremor   •   Genetics   •   Essential tremor   •   Cortical tremor   •   Orthostatic 
tremor   •   Myoclonic epilepsy   •   Chin tremor   •   Geniospasm   •   ETM locus   •   FUS gene   
•   Benign adult familial myoclonic epilepsy (BAFME)   •   Familial cortical myoclonic 
tremor with epilepsy (FCMTE)   •   Familial adult myoclonic epilepsy (FAME)  

        Introduction 

 Tremor, defi ned as rhythmical, involuntary oscillatory movement of a body part, is 
a symptom of numerous disorders of the central and peripheral nervous system. 
Tremor may either be the main symptom of a primary tremor disorder or one of the 
symptoms of other neurological diseases – many of them being movement disor-
ders – defi ned by different main symptoms. The scope of this chapter will encom-
pass only primary tremor disorders with a recognizable genetic component, i.e., 
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essential tremor (ET), orthostatic tremor (OT), cortical myoclonic tremor, and 
hereditary geniospasm. The genetics of dystonic tremor (in particular DYT1, 
DYT24, and DYT18 and others; see Chap.   7    ), the tremor of Parkinson disease 
(Chaps.   2     and   3    ), tremor associated with cerebellar ataxias (including fragile 
x- associated tremor/ataxia syndrome (FXTAS), see Chaps.   11     and   12    ), and other 
tremors associated with movement disorders (such as Wilson’s disease (Chap.   14    ), 
hereditary spastic paraplegias (Chap.   16    ), mitochondrial disease (Chap.   18    ), etc.) 
will be dealt with in the respective chapters of this book. Table  6.1  presents a non-
exhaustive list of the most common monogenic disorders associated with tremor.

       Essential Tremor 

    Defi nition 

 ET, often referred to as “classic ET,” is an idiopathic tremor syndrome, defi ned by a 
mainly postural and often also kinetic tremor of the hands, arms, and sometimes the 
head which is more accurately defi ned by a set of diagnostic criteria detailed in the 
section “ Clinical phenotype and diagnostic criteria ” [ 1 ].  

    Epidemiology 

 The term “essential tremor” has been coined in 1874 by the Italian physician Pietro 
Burresi, but the basic clinical phenotype has been described much earlier [ 2 ]. ET 
occurs worldwide. ET is a very common disorder, possibly the second most common 
movement disorder after restless legs syndrome (RLS), and the prevalence is increas-
ing due to an aging population [ 3 ]. Estimates vary considerably, but a prevalence of 

  Table 6.1    Monogenic 
neurologic disorders 
commonly associated with 
tremor  

 Ataxia telangiectasia 
 Dystonia, monogenic forms 
 Hereditary peripheral neuropathies, monogenic forms 
 Hereditary spastic paraplegias, monogenic forms 
 Huntington disease 
 Neurodegeneration with brain iron accumulation (NBIA), 
monogenic forms 
 Parkinson disease, monogenic forms 
 Paroxysmal dystonic choreoathetosis 
 Spinal muscular atrophies 
 Spinobulbar muscular atrophy (Kennedy syndrome) 
 Spinocerebellar ataxias, monogenic forms 
 Wilson’s disease 
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~1 % in the general population and ~5 in the population older than 65 years is a 
reasonable estimate [ 4 ]. ET might be slightly more common in men compared to 
women (~1.1 times) [ 4 ]. The age of onset of ET varies widely from childhood to 
senescence. It is not entirely clear whether the age of onset of ET shows a unimodal 
distribution with an age-dependent increase of the incidence or a bimodal distribu-
tion with a young-onset peak around 20 years of age and another peak centered 
around 60 years of age [ 5 – 7 ]. The young-onset peak has been attributed to the fact 
that many studies were done in tertial referral centers [ 6 ]. However, our own unpub-
lished data in a sample of 913 ET patients mostly recruited via newspaper articles 
supports the notion of a young-onset peak mostly attributable to patients with a posi-
tive family history. It is unknown whether ET has an impact on life expectancy [ 8 , 
 9 ]. One Spanish/US study addressed this issue and found a small but statistically 
signifi cant reduction of life expectancy in ET patients [ 9 ]. However, this study exam-
ined an aged population with a mean age at inclusion of 74 years. After stratifi cation 
for tremor duration in long (>5 years) and short (<5 years), a reduction in life expec-
tancy was observed only in the short tremor duration group. These patients had a 
senile onset of tremor, and it is currently unknown if this form of tremor is etiologi-
cally comparable to ET or represents a separate “senile tremor” entity.  

     Clinical Phenotype and Diagnostic Criteria 

 ET is probably best defi ned looking at a four slightly different but widely overlap-
ping sets of diagnostic criteria proposed in the last 20 years. The fi rst set of criteria 
was published by a specialist subgroup of the Movement Disorders Society (MDS), 
the Tremor Investigation Group (TRIG) in 1995 [ 10 ]. The core feature is a “bilateral 
postural tremor with or without kinetic tremor, involving hands and forearms, that 
is visible and persistent.” Exclusion criteria for “defi nite” and “probable” ET are 
other causes of tremor and additional neurological signs except “increased resis-
tance to passive movements of a limb about a joint upon voluntary activity of 
another body part” (Froment’s sign). In addition a tremor duration of >5 years for 
“defi nite” and >3 years for “probable” ET is required. “Possible” Et allows for a 
number of other neurologic signs or a concomitant neurologic disorder, e.g., parkin-
sonism or dystonia. The second set of criteria proposed in 1998 by the MDS dis-
cards the duration criterion and differentiates between “classic” ET, encompassing 
“defi nite” and “probable” ET according to the TRIG criteria and – unchanged – 
“possible” ET [ 1 ]. The third set of criteria by essentially the same authors proposes 
“core” and “secondary” criteria [ 11 ]. In addition to the tremor of the hands, an iso-
lated tremor of the head is listed among the core criteria, and a cogwheel phenom-
enon is generally permitted. A fourth set of diagnostic criteria, the Washington 
Heights-Inwood Genetic Study of Essential Tremor (WHIGET) criteria, were pub-
lished in 1997 [ 12 ]. These criteria are similar to the previously described ones but 
include tremor amplitude criteria while lacking some of the criteria of the afore-
mentioned diagnostic criteria. 
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 Table  6.2  summarizes the key features of the three sets of criteria created by task 
forces of the MDS.

   The tremor amplitude in ET patients usually increases, while the tremor fre-
quency decreases with advancing age. Patients with mild ET rarely show a signifi -
cant rest tremor, while ~10–15 % of patients with advanced ET show a mild rest 
tremor. The tremor in ET patients with rest tremor is – in contrast to PD – not sup-
pressed but enhanced upon voluntary movement [ 13 ]. While older studies empha-
size the preponderance of a postural tremor in ET, more recent studies often report 
an increase of the tremor upon (goal-directed) movement [ 14 ]. The kinetic tremor is 
a gait disturbance in advanced ET, and kinematic analyses demonstrate cerebellar 
dysfunction in ET [ 15 ]. Ethanol ameliorates the tremor in many ET patients [ 16 ]. 
Up to now ethanol sensitivity has not been suffi ciently studied to determine whether 
it might serve as a useful diagnostic marker. The full differential diagnosis of ET 
comprises a large number of diseases, but only few of these are commonly encoun-
tered. The tremor frequency in ET is mostly in the 4–8 Hertz (Hz) range but might 
be up to 12 Hz. Physiologic tremor and enhanced physiologic tremor present with a 
frequency in the 8–12 Hz range and might be diffi cult to distinguish from mild ET 
in the upper frequency range [ 17 ]. A common condition exacerbating physiologic 
tremor is hyperthyroidism. The relationship between dystonia and ET is a 
 longstanding matter of debate [ 18 ]. While dystonia is an exclusion criterion in the 
different sets of diagnostic criteria, many clinicians would regard mild, subclinical 
signs of dystonia, mostly not recognized by the patients who complain of tremor as 
being compatible with ET. This problem is most pronounced in studies of familial 
ET because a closer examination of all family members often reveals mild dystonic 
signs in conjunction with obvious tremor in a subset of family members [ 19 ,  20 ]. It 
is unclear whether these individuals suffer from dystonic tremor or from ET with a 
dystonic component. Tremor-dominant PD is in most cases differentiated by a pre-
ponderant rest tremor and additional neurologic signs in PD patients. Drug-induced 

   Table 6.2    Summary of diagnostic criteria for ET   

  Core criteria  
 1. Bilateral postural and kinetic tremor of the hands and forearms (but not rest tremor) (T, MD, B) 
 2.  Absence of other neurologic signs (T, MD, B), with the exception of the cogwheel 

phenomenon (T, B) 
 3. May have isolated head tremor with no signs of dystonia (MD, B) 
  Duration and level of certainty  
 1.  “Defi nite ET”: duration >5 years + comprehensive exclusion of other causes + no stepwise 

deterioration (T) 
 2. “Probable ET”: duration >3 years + same criteria as “defi nite ET” (T) 
 3.  “Possible ET”: no duration criterion + type I, some other neurologic symptoms allowed; type 

II, monosymptomatic or isolated tremors of uncertain relation to essential tremor (T) 
  Secondary criteria  
 1. Positive family history (present in 30–60 % of patients) (B) 
 2. Benefi cial alcohol response (present in 50–75 % of patients) (B) 

  According to TRIG (T, [ 10 ]), Movement Disorders Society (MD, [ 1 ]) and Bain et al. (B, [ 11 ])  
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tremor should be ruled out by an appropriate drug history. Psychogenic tremor can 
be diffi cult to differentiate from ET [ 21 ]. 

 A number of additional clinical features have been reported in ET patients 
(Table  6.3 ). Most of these features are relatively mild and therefore subclinical. 
Keeping in mind that ET might be an etiologically heterogeneous group of biologi-
cally different diseases, it is not clear whether the reported features affect only cer-
tain subgroups or all ET patients. Some of the studies reporting additional features 
studied only ET with an age of onset >65 years, e.g., [ 22 ,  23 ]. Whether these patients 
represent a distinct subform of “senile (essential) tremor” is unknown. Therefore, 
these results might not be completely applicable to young-onset ET patients. 
Clarifying these issues would require an extremely large and very long-term pro-
spective study. An association between ET and Parkinson disease (PD) has been 
analyzed by numerous studies which show inconsistent results.

       Etiology and Pathogenesis 

 Genetic and environmental factors play a role in the etiology of ET. Environmental 
risk factors might be harmane and lead. Both substances have been found in higher 
concentrations in the serum of ET patients compared to controls [ 24 ,  25 ]. Harmala 
alkaloids are potent tremor inducers in rodents. Two hypotheses regarding the patho-
genesis of ET exist. One hypothesis, mainly based on neurophysiological data states 
that ET is a neurofunctional disorder caused by abnormal oscillations in the cortico-
bulbo-cerebello-thalamo-cortical loop which is also involved in the generation of 
other tremor forms [ 26 ]. The other hypothesis, based on autopsy fi ndings, states that 
ET is a neurodegenerative disorder, mainly involving the cerebellum [ 27 ]. However, 
in the published autopsy studies, all ET patients were very old at the time of autopsy 
and the pathological changes were mild compared to other neurodegenerative disor-
ders. In addition, these fi ndings have not been replicated by other groups [ 28 ].  

    Heritability 

 ET patients can tentatively be separated into at least two subgroups. Predominantly 
young-onset patients (onset <~40–50 years) with a strongly positive family history 
suggesting monogenic, mostly autosomal dominant inheritance form one subgroup, 

  Table 6.3    Additional clinical 
features possibly associated 
with ET  

 Cognitive defi cits (frontal executive and memory) 
 Dementia 
 Personality changes 
 Depression 
 Mild olfactory dysfunction 
 Hearing impairment 
 Increased mortality 
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while sporadic patients, often with a higher age of onset, form the other subgroup 
[ 22 ,  29 ,  30 ]. It is currently not clear whether patients with a very high age at onset 
(>~65–75 years) form a third subgroup which could be termed “senile tremor” [ 31 , 
 32 ]. Heritability of sporadic ET has been assessed using family history and twin 
studies. A number of studies have shown that family history studies in ET are unre-
liable and tend to underestimate the genetic component. Twin studies are a better 
way to estimate heritability [ 33 – 35 ]. Two twin studies of ET have been conducted – 
one in a US population and the other one employing the Danish twin registry [ 36 , 
 37 ]. The US study found a pairwise concordance rate of 0.60 (United States, defi nite 
ET), whereas the Danish/German study one of 0.93 (Denmark/Germany, defi nite 
and probable ET) for monozygotic twins versus 0.27 (United States) and 0.29 
(Denmark/Germany) for dizygotic twins which translate into rough heritability esti-
mates between 45 and 90 %.  

    Molecular Genetics 

    Presumably Monogenic ET 

  Linkage Studies . Three chromosomal loci have been identifi ed for presumably 
monogenic ET using genome-wide linkage analysis. The results of genome-wide 
linkage scans are usually expressed as logarithm of odds (LOD) scores. In mono-
genic disorders an LOD score > 3.3 in a single family is regarded as conclusive, 
while an LOD score > 2 is usually regarded as suggestive for a novel locus and as 
confi rmatory for a known locus. 

  ETM1  was mapped to chromosome 13q13 in 16 small Icelandic families [ 38 ]. 
The maximum LOD score in a single family was 1.42, the maximum LOD score 
across all families was 3.71. Eight follow-up studies were not able to confi rm the 
locus [ 39 – 46 ]. Co-segregation of the Gly allele of the dopamine receptor 3 gene 
( DRD3 ) Ser9Gly (rs6280) polymorphism located in the ETM1 locus was observed 
in 23 out of 30 French families with 1–5 affected individuals and showed a weak 
association of the same polymorphism with ET in sporadic US ET patients [ 47 ]. 
Three follow-up studies found co-segregation of the Gly allele in 8/46 families of 
varying size which is not surprising considering an allele frequency of the Gly allele 
of rs6280 ranging from 0.3 (dpSNP database, Asian) to 0.5 (Exome Sequencing 
Project database) [ 44 ,  48 ,  49 ]. Out of six association studies attempting replication 
between rs6280 and ET, only one yielded a signifi cant  p -value [ 44 ,  48 – 52 ]. 
Therefore, it is questionable whether ETM1 harbors a gene causing monogenic 
ET. It also seems unlikely that the  DRD3  polymorphism rs6280 is a major risk fac-
tor for sporadic ET. 

 The  ETM2  locus has been convincingly mapped to chromosome 2p24 in a very 
large Czech/American family with a conclusive LOD score of 5.92 [ 53 ]. Eight fol-
low- up analyses of 34 additional families with 3–19 affected individuals did not 
confi rm these results [ 40 ,  42 – 46 ,  54 ]. The group that mapped the locus described a 
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genetic variant (Ala265Gly) in the hematopoietic lineage cell-specifi c protein bind-
ing protein 3 ( HS1BP3 ) that segregated with ET in two families, one of them con-
taining 10 affected family members [ 55 ]. It is not reported if this variant has been 
analyzed in the original family which allowed mapping of the locus. Out of two 
association studies, one found association between the  HS1BP3  variant and ET and 
one did not [ 56 ,  57 ]. The ETM2 locus is based on a convincing linkage result in one 
large family and could well harbor a gene for monogenic ET, but it is unlikely that 
the Ala265Gly variant in the  HS1BP3  gene is causative. 

 The  ETM3  locus has been mapped to chromosome 6p23 in one large American 
family with a nonconclusive maximum LOD score of 2.93 [ 20 ]. The LOD score was 
obtained in an “affected-only” analysis. The published pedigree shows that – if this 
locus harbors a gene for monogenic ET – a very low penetrance and extremely high 
phenocopy rate of ~20 % has to be postulated. In a second family, co-segregation of 
markers in the ETM3 region was shown but LOD scores were below 2 [ 20 ]. Four 
independent follow-up studies examining 21 additional families with 3–15 affected 
individuals were not able to demonstrate linkage to this locus in any of the families 
[ 39 ,  40 ,  43 ,  44 ]. 

  Exome sequencing , the DNA sequencing of all protein coding exons in the 
genome, is a novel method made possible by the rapid advances in DNA sequencing 
technology, collectively called “next-generation sequencing” (NGS). A Canadian 
group identifi ed a stop mutation in the fused in sarcoma ( FUS ) gene in a large 
Franco-Canadian family [ 58 ]. The mutation segregated well with the ET phenotype 
in the family. Follow-up studies identifi ed a number of additional mutations in  FUS  
in sporadic and familial ET patients [ 59 – 63 ]. However, it is not clear whether the 
frequency of these mutations exceeds the mutation frequency of  FUS  in controls. In 
order to confi rm the causative role of  FUS  further, large ET families showing co- 
segregation of  FUS  mutations with ET are needed.  

    Genetically Complex ET 

 Currently the method of choice for the analysis of genetically complex disorders is 
the genetic association study. Genetic association studies are usually conducted 
either as candidate gene studies or as genome-wide association studies (GWAS). 

  Candidate gene association studies  in ET were not successful, and none of the 
associations found in these studies have been consistently replicated [ 64 ]. They will 
therefore not be discussed in detail. Candidate gene selection followed different 
approaches: (1) assuming a pathogenetic overlap between ET and PD (genes stud-
ied:  SNCA ,  LRRK2 ,  MAPT ,  GBA , Parkin); (2) a number of short-tandem-repeat 
(STR) expansions analyzed because anticipation has been observed in some fami-
lies with ET (genes/repeats studied:  FMR1 ,  PP2APR55beta ,  C9orf72 ,  ATX2 ,  MJD1  
repeat expansions were analyzed and the “repeat-expansion-detection” (RED) 
method was used for the detection CAG expansions); and (3) genes acting in the 
gamma-amino-butyric-acid (GABA) neurotransmitter system. GABA is the most 
important inhibitory neurotransmitter in the central nervous system and most likely 
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involved in the pathogenesis of ET. GABA receptor alpha 1 subunit-defi cient mice 
exhibit a spontaneous tremor; a GABAergic defi cit has been demonstrated in ET 
patients by positron emission tomography (PET), and autopsy fi ndings in ET 
patients suggest that the GABA receptor density is reduced in the dentate nucleus of 
the cerebellum [ 65 – 67 ]. Unfortunately, four studies investigating numerous genes 
in the GABA system were negative, and GWAS studies did not highlight GABA- 
related genes either [ 68 – 70 ]. It needs to be mentioned that most candidate gene 
association studies suffered from relatively small sample sizes and were therefore 
not able to reliably exclude weak to moderate associations. 

  Genome-wide association studies  ( GWAS ) examine a large number of genetic 
markers which are distributed over the whole genome. GWA studies are usually 
regarded as conclusive if they fulfi ll the following requirements: (I) a two-stage 
design with a discovery stage and a replication stage, (II) achieving “genome-wide 
signifi cance” in the discovery stage, (III) obtaining  p -values in the replication stage 
which remain signifi cant after Bonferroni correction, and (IV) replication in differ-
ent patients samples in independent laboratories. 

 Two GWAS of ET have been performed to date. The fi rst GWAS study by the 
Icelandic deCODE consortium found an association between ET and a single nucle-
otide polymorphism in the leucine-rich repeat and Ig domain containing 1 gene 
( LINGO1 ) which did not reach genome-wide signifi cance in the discovery stage 
(SNP, rs9652490,  p  = 3.0 × 10 −7 ) but was signifi cant in the replication stage 
( p  = 0.0010) [ 71 ]. Subsequent independent replication studies showed mixed results. 
The result of a meta-analysis of all available studies for SNP rs9652490 excluding 
the discovery cohort is shown in Fig.  6.1  (pooled odds ratio, 95 % confi dence inter-
val, 1.09 (1.02–1.17)) [ 71 – 81 ]. One study reported association with the opposite 
allele of the one found to be associated in the initial Icelandic study, leading to 
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substantial interstudy heterogeneity [ 78 ]. A second SNP in the same gene 
(rs11856808) found in the Icelandic study did not reach signifi cance in most repli-
cation studies [ 71 ].  LINGO1  is a signaling molecule in the NOGO receptor pathway 
and regulates neuroregeneration and neuronal survival in a negative way [ 82 ]. 
Recently two studies reported increased  LINGO1  expression in the cerebellum of 
ET patients [ 83 – 85 ].  

 The second GWAS conducted in a German/Austrian/Danish ET sample identi-
fi ed an SNP (rs3794087) in the solute carrier family 1 member 2 gene ( SLC1A2 ) 
which did not reach genome-wide signifi cance in the discovery stage ( p  = 6.95 × 10 −5 ) 
but was signifi cant in the replication stage ( p  = 1.25 × 10 −3 ) [ 86 ]. This study included 
only patients with “probable” and “defi nite” ET according to the TRIG criteria. 
 SLC1A2  encodes the excitatory amino acid transporter 2 (EAAT2), the major trans-
porter limiting the action of the excitatory transmitter glutamate in the brain [ 87 – 90 ]. 
Up to date, four studies attempting replication with mixed results have been pub-
lished. A meta-analysis of all studies shown in Fig.  6.2 , again without the  discovery 
sample, does not support an association between the rs3794087 and ET (pooled 
odds ratio, 95 % confi dence interval, 1.09 (0.97–1.15)) [ 86 ,  91 – 94 ].  

 In summary it has not been possible to identify beyond doubt any genetic cause 
or risk factor of ET despite a high heritability shown in multiple studies.    

    Primary Orthostatic Tremor 

 Primary orthostatic tremor is a very rare disorder of unknown etiology and patho-
genesis characterized by a high-frequency (13–18 Hz) tremor of the legs when 
standing, ameliorated or disappearing when walking and not present when sitting or 
lying [ 95 ]. The condition has also been described in conjunction with Parkinson 
disease. Although primary orthostatic tremor has been described mainly in sporadic 
patients, three reports of affected sibs exist, one of them in a brother/sister pair [ 96 ], 
one in male monozygotic twins [ 97 ], and one in three brothers [ 98 ]. The parents of 
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the patients – except for anecdotal evidence concerning the mother in one study – 
were not affected by primary orthostatic tremor suggesting either autosomal reces-
sive inheritance or, in the families with male patients only, X-linked inheritance. The 
molecular genetic basis of primary orthostatic tremor has not been investigated.  

    Cortical Myoclonic Tremor 

 Cortical myoclonic tremor designates a group of rare, mostly autosomal dominant, 
genetically heterogeneous disorders characterized by similar clinical features, com-
prising an irregular, high-frequency myoclonus of cortical origin mimicking an 
irregular tremor and in most patients epileptic fi ts of different semiology and inter-
ictual EEG abnormalities [ 99 ]. A large number of synonymous acronyms have been 
coined for these disorders including autosomal dominant cortical myoclonus and 
epilepsy (ADCME), benign adult familial myoclonic epilepsy (BAFME ), familial 
cortical myoclonic tremor with epilepsy (FCMTE), and familial adult myoclonic 
epilepsy (FAME). The fi rst symptom of the disease is in most cases an “irregular 
action tremor” of the upper limbs [ 99 ]. Polymyography shows arrhythmic high- 
frequency burst-like discharges of very short duration (50 ms), typical for cortical 
myoclonus [ 100 ,  101 ]. The cortical origin of the myoclonus was confi rmed with 
EEG-EMG coherence and EMG functional MRI studies [ 100 ,  101 ]. In addition 
features of cortical refl ex myoclonus, e.g., giant somatosensory-evoked potentials 
(g-SEP) and abnormalities of the long loop refl exes (LLR) suggesting cortical 
hyperexcitability, are found [ 100 – 102 ]. A number of additional clinical features 
suggesting involvement of the cerebellum (e.g., eye movement abnormalities, gait 
ataxia) and slowly progressive cognitive decline in some families have been 
described. Neuropathologic data are very scarce. Published autopsy data suggest 
cerebellar degeneration with Purkinje cell loss [ 100 ]. Three loci for cortical myo-
clonic tremor have been mapped.  FAME / BAFME 1  was mapped to chromosome 
8q23.3-q24.11 in Japanese families with conclusive LOD scores [ 103 ,  104 ]. This 
entity seems to have a later age of onset and milder course than the other loci which 
were mapped in European families.  FAME / BAFME 2  was mapped with conclusive 
LOD scores to chromosome 2p11.1-q12.2 in a number of Italian families [ 102 ,  105 , 
 106 ].  FAME / BAFME 3  was mapped to chromosome 5p15.31-p15.1 in a large 
French family with a conclusive maximum LOD score of 6.3 [ 107 ]. A fourth locus 
( FAME / BAFME 4 ) has been mapped with a maximum LOD score of 5.4 to chromo-
some 3q26.32-q28 in a Thai family [ 108 ]. Recently a similar phenotype involving 
myoclonic tremor and epilepsy with autosomal recessive inheritance has been 
described in a consanguineous Egyptian family [ 109 ]. The clinical features showed 
clear differences compared to the previously described families with autosomal 
dominant inheritance. All patients experienced focal temporal lobe seizures as man-
ifesting symptom, and the SEP were normal. MRI revealed temporal mesial sclero-
sis in one patient. The underlying genetic defect was mapped using homozygosity 
mapping to chromosome 1q31-q32.2 with a conclusive LOD score of 3.6 and three 
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possibly deleterious rare variants in the genes  DDX59  probably encoding an RNA 
helicase with very low expression in the brain;  TNNI1 , a gene implied in slow- 
twitch skeletal muscle contraction, and  CNTN2  ( Contactin 2 ), a neuronal membrane 
protein, were found in the homozygous state in all 5 patients and in the heterozy-
gous state in the parents [ 109 ], and  CNTN2  was highlighted as the most likely causal 
gene. Another putatively causal gene was identifi ed in a Spanish family with pre-
sumably autosomal dominant cortical myoclonic tremor using whole-exome 
sequencing [ 110 ]. Two possibly deleterious rare variants showing full co- segregation 
with the disease in the available family members were identifi ed, one in the tumor 
suppressor gene  MYBBP1A  and the other one in the  ACMSD  gene encoding an 
enzyme involved in the kynurenine pathway of tryptophan degradation [ 110 ]. Based 
on the fact that the kynurenine pathway has been shown to be involved in the patho-
genesis of neurological disorders including epilepsies, the  ACMSD  gene was high-
lighted as the most likely causal gene.  ACMSD  maps to chromosome 2q21.3 outside 
the FAME/BAFME 2 locus. 

 In summary fi ve chromosomal loci (4 AD, 1 AR) for cortical myoclonic tremor 
have been mapped with conclusive LOD scores in at least one family. Two candi-
date genes –  CNTN2  and  ACMSD  – have been identifi ed, but none of the gene fi nd-
ings have so far been replicated.  

    Hereditary Geniospasm 

 Hereditary geniospasm is a rare, autosomal dominant, early onset, often stress- 
induced involuntary tremulous movement of the skin overlying the chin (“trembling 
of the chin”) already observed at the end of the nineteenth century [ 111 ]. The dis-
ease is usually not associated with other neurologic abnormalities and is not pro-
gressive. Around 25 families have been described in total. Botulinum toxin is the 
therapy of choice. Hereditary geniospasm has been mapped to chromosome 9q13- 
q21 with a conclusive maximum LOD score of 5.24 in a large British family [ 112 ]. 
The underlying genetic defect is unknown. The 9q13-q21 locus was excluded in 
another family from Canada suggesting genetic heterogeneity of the disease [ 113 ].     
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    Chapter 7   
 Genetics of Dystonia 

             Susanne     A.     Schneider       and     Kailash     P.     Bhatia    

    Abstract     Great advances have been made in the fi eld of dystonia in the last decade. 
This includes the identifi cation of several new genes, and it is likely the number of 
known genetic causes will continue to grow. Currently 25 DYT loci have been allo-
cated, most of them referring to autosomal dominantly inherited conditions or pure 
or complex dystonia. In this chapter we discuss genetic causes of dystonia with 
focus on those variants which have been assigned a DYT locus. We summarize main 
clinical fi ndings and genetic underpinnings and give a brief discussion of a clinical 
approach.  

  Keywords     Dystonia   •   Genetic   •   DYT locus   •   Phenotype   •   THAP1   •   TUBB4A   • 
  Dopa-responsive dystonia   •   Myoclonus-dystonia   •   CIZ1   •   GNAL   •   ATP1A3   •   SGCE  

        Introduction: Defi nition and the New Classifi cation 

 Dystonia is a hyperkinetic disorder defi ned by involuntary twisting and repetitive 
movements resulting in abnormal postures due to sustained muscle co-contractions 
of agonist and antagonist muscles [ 1 ]. As a fi rst note, the term “dystonia” embraces 
three different meanings: fi rst, dystonia can be a physical sign, second, dystonia can 
be a syndrome of sustained muscle contractions, and third, dystonia may refer to a 
disease such as “idiopathic (or primary) dystonia” [ 2 ]. 

 Dystonias can be classifi ed in various ways. Recently, a new classifi cation [ 3 ] 
was proposed, organized along two axes, according to clinical characteristics and to 
etiology. Briefl y, the clinical categorization (axis I) includes classifi cation based on 
age at onset (i.e., early vs. late), site of onset (i.e., focal, segmental, generalized, etc.), 
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temporal pattern (i.e., action specifi c, paroxysmal, presence of diurnal fl uctuations, 
etc.), and presence of associated features (such as myoclonus, etc.). The classifi ca-
tion according to axis II (etiology) includes the separation of inherited and acquired 
forms (see Table  7.1 ).

   Combining the two axes, in general, in patients with a late-onset and a non- 
progressive focal form of dystonia, a primary cause is most likely. This form usually 
involves the neck or cranial muscles but spares the lower extremities. This late- onset 
variant affects more women than men and appears to be sporadic in most cases (for 
review see [ 4 ]), although some 15–30 % of patients do have a positive family his-
tory and genetic susceptibility has been proposed (see below). 

 In contrast, early-onset dystonia typically starts in the lower limbs, tends to gen-
eralize, and commonly has a genetic origin. Young-onset cases should thus be inves-
tigated further for genetic causes or treatable metabolic diseases. Altogether, the 
prevalence of primary dystonia has been estimated at 152 per million in a European 
prevalence study [ 5 ]. 

 In recent years, a growing number of genetic causes associated with dystonia 
have been recognized which are reviewed in this chapter.  

    Genetic Forms of Dystonia 

 The monogenic forms of dystonia have been “classifi ed” according to the gene locus. 
However, this list of differential diagnoses for dystonia is by far complete, as not all 
genes associated with dystonia have been assigned to a DYT locus (e.g., mutations in 
 SPR  associated with complicated dopa-responsive dystonia or  SLC6A3  [ 6 ] associ-
ated with dopamine transporter defi ciency syndrome, mutations in  TIMM8A  and 
other genes associated with dystonia deafness syndromes [ 7 ], or mutations in one of 
the several genes associated with dystonia parkinsonism [ 8 ], etc.). These often 

   Table 7.1    Current defi nition [ 3 ]   

  Dystonia is a movement disorder characterized by sustained or intermittent muscle 
contractions causing abnormal, often repetitive, 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 overfl ow muscle activation  
  Axis I. Clinical characteristics  
 Age at onset 
 Body distribution 
 Temporal pattern 
 Associated features 
  Axis II. Etiology  
 Nervous system pathology 
 Inherited or acquired 
 Idiopathic 
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complicated syndromes where dystonia may be one (prominent) feature are beyond 
the scope of this chapter. 

 Currently, 25 DYT loci have been assigned referring to 23 genes (two loci have 
been abandoned because of redundancy or initial incorrect assignation due to erro-
neous linkage, e.g., DYT9 or DYT14; see below and Table  7.2  and Fig.  7.1 ). For 
most but not all loci, the correlating gene has been identifi ed. With the exception of 
the fi ve rare forms (DYT2, 3, 5b, 16, and 17), the DYT genes follow an autosomal- 
dominant pattern of transmission with reduced penetrance. In at least one form 
(DYT11), maternal imprinting also plays a role [ 9 ]. Notably, the designation of 
some loci has never been replicated and is of questionable signifi cance (e.g., DYT7 
or DYT13).

    Some have criticized the DYT classifi cation because it is an assortment of clini-
cally and genetically heterogeneous disorders [ 10 ]. However, this owes to the his-
torical evolution when loci were assigned chronologically according to appearance 
in the literature. 

 Targeted genetic testing for many dystonia genes is commercially available 
including using gene panels. However, it is important to realize that a negative gene 
test result does not fully exclude a mutation in the gene tested or an inheritable 
cause for that matter because introns and promoter regions are usually not sequenced 
and variations in these areas remain diffi cult to interpret. Furthermore, routine 
methods may only involve mutational analysis, while for some genes mutational 
screening per se may not be suffi cient as entire or parts of genes may be deleted or 
multiplied (whole gene deletion, exon deletion, duplications, etc.), also referred to 
as gene dosage alterations, e.g., in the context of dystonia in  GTP cyclohydrolase  
[ 11 ] or  SGCE  [ 12 ]. These are only detected if gene dosage analysis is performed. 

 Genetic testing can confi rm the diagnosis in a patient. It can also be used to iden-
tify at-risk individuals based on their mutational status. For both symptomatic and 
non-symptomatic gene mutation carriers, knowledge about the genetic status may 
have implications for the prognosis and therapeutic management decisions and with 
respect to family planning. A special role plays prenatal testing which is beyond the 
focus of this chapter. For DYT1 dystonia testing guidelines have been proposed 
[ 13 ]. For the other forms, genetic testing guidelines are still being formulated. 

    Autosomal-Dominant Forms of Primary Dystonia with Known 
Genetic Defect 

    DYT1 Dystonia (Early-Onset Generalized Dystonia) Associated 
with TOR1A Gene Mutations 

 In the 1990s the fi rst gene responsible for some cases of generalized torsion dysto-
nia was identifi ed, termed DYT1 [ 14 ]. DYT1 dystonia is the most common cause of 
monogenic dystonia. The mutation occurs particularly frequent in the Ashkenazi 
Jewish population (1/9,000), where it is 5–10-fold more common compared to 
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   Table 7.2    Monogenic forms of dystonia (DYT1 – 20)   

 Designation  Dystonia phenotype 
 Mode of 
inheritance  Gene locus  Gene product 

 DYT1  Early-onset generalized 
torsion dystonia (TD) 

 Autosomal 
dominant 

 9q34  Deletion in 
torsinA 

 DYT2  Autosomal-recessive TD  Autosomal 
recessive 

 1p35  HPCA 

 DYT3  X-linked dystonia 
parkinsonism, “lubag” 

 X-chromosomal 
recessive 

 Xq  Disease-specifi c 
changes 3 in 
DYT3 region 

 DYT4  Whispering dysphonia, 
focal or generalized 
dystonia, hobby horse gait 

 Autosomal 
dominant 

 19p13  TUBB4A 
(seems to be a 
private 
mutation) 

 DYT5  Dopa-responsive dystonia, 
Segawa syndrome 

 Autosomal 
dominant 

 14q22  GCH1 

 Autosomal 
recessive 

 11p15  TH 

 DYT6  Adolescent-onset TD of 
mixed type 

 Autosomal 
dominant 

 8p11  THAP1 

 DYT7  Adult-onset focal TD  Autosomal 
dominant 

 18p  Unknown, locus 
questionable 

 DYT8  Paroxysmal 
nonkinesigenic dyskinesia 

 Autosomal 
dominant 

 2q35  MR1 

 DYT9  Paroxysmal 
choreoathetosis with 
episodic ataxia and 
spasticity 

 DYT9 recently omitted and reclassifi ed as DYT18 

 DYT10  Paroxysmal kinesigenic 
choreoathetosis (PKD) 

 Autosomal 
dominant 

 16p11  PRRT2 

 DYT11  Myoclonus-dystonia  Autosomal 
dominant 

 7q21  SGCE 

 DYT12  Rapid-onset dystonia 
parkinsonism (allelic to 
alternating hemiplegia of 
childhood) 

 Autosomal 
dominant a  

 19q13  ATP1A3 

 DYT13  Multifocal/segmental 
dystonia 

 Autosomal 
dominant 

 1p36.32-p36.13  Unknown 

 DYT14  DYT14 was recently omitted and reclassifi ed as DYT5 
 DYT15  Myoclonus-dystonia  Autosomal 

dominant 
 18p11  Unknown 

 DYT16  Generalized dystonia 
parkinsonism 

 Autosomal 
recessive 

 2q31  PRKRA 

 DYT17  Young-onset generalized 
dystonia 

 Autosomal 
recessive 

 20p11.2-q13.12  Unknown 

 DYT18  Paroxysmal exercise- 
induced dyskinesia 

 Autosomal 
dominant 

 1p35  SLC2A1 
(glucose 
transporter 1) 

(continued)
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non- Jewish populations [ 15 ]. DYT1 dystonia typically presents as early onset, gen-
eralized dystonia, starting in the legs. The clinical course varies, even within the 
same family (intrafamilial heterogeneity) ranging from severe generalized dystonia 
to mild focal dystonia (like writer’s dystonia) [ 16 ,  17 ]. Unusual phenotypes in gene- 
proven cases have been described [ 18 ,  19 ]. In addition to solely motor involvement, 
subclinical changes of the sensory system have been described [ 20 ,  21 ]. Notably, 
penetrance is markedly reduced: 60–70 % of mutation carriers remain unaffected in 
that they do not exhibit any dystonia at all. The natural course among the 30–40 % 
of symptomatic cases is infl uenced by clinical factors such as age of onset, site of 
onset, and distribution of symptoms which have prognostic signifi cance, as well as 
genetic (see below) and extragenetic (such as complications of vaginal delivery) 

Table 7.2 (continued)

 Designation  Dystonia phenotype 
 Mode of 
inheritance  Gene locus  Gene product 

 DYT19  Paroxysmal kinesigenic 
dyskinesia 2 (episodic 
kinesigenic dyskinesia 2) 

 Autosomal 
dominant 

 16q13- q22.1  Unknown 

 DYT20  Paroxysmal non- 
kinesigenic dyskinesia 2 

 Autosomal 
dominant 

 2q31  Unknown 

 DYT21  Adult-onset mixed 
dystonia with 
generalization in one 
Swedish family 

 Autosomal 
dominant 

 2q14.3-q21.3  Unknown 

 DYT22  Reserved, not published  ?  ?  ? 
 DYT23 b   Adult-onset (tremulous) 

craniocervical dystonia 
+/− upper limb tremor 

 Autosomal 
dominant 

 9q34  CIZ1 (not 
confi rmed by 
others) 

 DYT24 b   (Tremulous) craniocervical 
dystonia +/− upper limb 
tremor 

 Autosomal 
dominant 

 11p14  ANO3 

 DYT25  Segmental, mainly cervical 
dystonia, often facial 
involvement 

 Autosomal 
dominant 

 18p11  GNAL 

  Some gene tests may (only) be available on a research basis. To choose the appropriate gene test, it is 
helpful clinically and genetically to think of autosomal-recessive syndromes, autosomal- dominant syn-
dromes, and X-linked syndromes. Furthermore, genetic testing in general has implications not only for 
the diagnosis and therapy but also, of course, for family planning and counseling of family members 
  ANO3  anoctamin 3,  ATP1A3  Na + /K +  ATPase alpha 3,  CIZ1  CDKN1A-interacting zinc fi nger pro-
tein 1,  GCH1  GTP-cyclohydrolase 1,  GNAL  guanidine nucleotide-binding protein, alpha- activating 
activity polypeptide of the olfactory type,  HPCA  hippocalcin,  MR1  myofi brillogenesis regulator 1, 
 PRKRA  protein kinase interferon-inducible double-stranded RNA-dependent activator,  PRRT2  
proline-rich transmembrane protein 2,  SGCE  epsilon sarcoglycan,  TH  tyrosine hydroxylase, 
 THAP1  thanatos- associated [THAP] domain containing apoptosis-associated protein 1,  TUBB4A  
tubulin beta-4A 
  a Often de novo 
  b Please note that there is some confusion in the literature with regard to assignment of these two 
loci (see main text for more details)  
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factors [ 22 ]. Clinical experience has shown that mutation carriers usually remain 
unaffected if symptoms have not developed before 28 years of age. In affected cases 
there is a tendency for stabilization of the clinical course after the age of 25 years 
without direct relationship to therapeutic modalities [ 23 ]. However, others [ 21 ] sug-
gested that earlier treatment may slow disease progression. 

 Inheritance of DYT1 dystonia is autosomal dominant. It is caused by a mutation 
(typically a 3 base pair deletion (GAG)) in the  TOR1A  gene located on chromosome 
9. Penetrance may be infl uenced by a “trans” allele. Precisely, the D216H polymor-
phism in trans (inherited from the non-affected parent) may be protective [ 24 ]. 

 The encoded protein, torsinA, is a member of the superfamily of ATPases. Functions 
include protein processing and degradation, organelle biogenesis, intracellular traffi ck-
ing, and vesicle recycling [ 25 ]. A functional link to DYT6 dystonia has been suggested 
with repression of DYT1 by the transcription factor THAP1 [ 26 ]. Brain pathology is 
generally normal in DYT1 dystonia except perinuclear inclusion bodies in the midbrain 
reticular formation and periaqueductal gray [ 27 ]. However, this could not be replicated 
in another case series [ 28 ]. The inclusions were located within cholinergic and other 
neurons in the pedunculopontine nucleus, cuneiform nucleus, and griseum centrale 
mesencephali and stained positively for ubiquitin, torsinA, and the nuclear envelope 
protein lamin A/C. Additional tau/ubiquitin-immunoreactive aggregates in pigmented 
neurons of the substantia nigra pars compacta and locus coeruleus were observed [ 27 ].  

Monogenic forms Sporadic forms

Combined
dystonia

Assigned
a DYT locus

Not assigned
a DYT locus 

Isolated
dystonia ±

tremor

Aut.dom.:
DYT 1, 6, 7,
13,  21, 23,

24, 25 No specific
syndromes

Wilson‘ s
disease,some
of the PARK1

forms, NBIAs2,
dopamine
receptor

mutations, etc.
Aut.rec.:

DYT 2, 17

Aut.dom.:
DYT 4, 5a,
11, 12, 15

Aut.rec.:
DYT 5b, 16

X-linked:
DYT 3

Association:
- cervical
dystonia

with NALCN
- musician’s

dystonia
with ARSG   

  Fig. 7.1    An approach to different genetic forms of dystonia. Paroxysmal dyskinesia is not included 
in this fi gure. (1) Parkin-, PINK1-, and DJ-1-associated parkinsonism. (2) Including PANK2- and 
PLA2G6-associated neurodegeneration, neuroferritinopathy, and others       
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    DYT4 (Whispering Dysphonia) Associated with TUBB4A Gene Mutations 

 DYT4 dystonia is characterized by whispering dysphonia, craniocervical or, more 
frequently, generalized dystonia, and a unique ataxic (hobby horse) gait with  normal 
MRI. In 2013 the condition was fi rst described in a large Australian family with 
more than 30 affected individuals [ 29 ]. In 2013, the underlying gene was then 
 identifi ed by two independent research groups [ 30 ,  31 ]. A single missense 
(p.Arg2Gly)  TUBB4A  mutation in exon 1 located within the autoregulatory 
methionine– arginine–glutamic acid–isoleucine (MREI) domain was identifi ed as 
the underlying cause in the original family. So far, no further patients with  TUBB4A  
mutations have been identifi ed. It was concluded that the mutation may be private, 
and the classifi cation as primary dystonia was criticized [ 32 ]. 

 Notably, there is allelic association with the distinct syndrome of hypomyelination 
with atrophy of the basal ganglia and cerebellum (H-ABC). This is a rare sporadic 
leukodystrophy characterized by developmental delay, a variety of extrapyramidal 
movement disorders, ataxia, progressive spastic tetraplegia, and seizures with a vari-
able age of onset. Indeed, it has been suggested that H-ABC and DYT4 belong to a 
continuous phenotypic spectrum associated with  TUBB4A  mutations [ 33 ,  34 ,  35 ]. 

 The encoded protein, tubulin, beta 4A class IVa of the β-tubulin protein family 
forms heterodimers with α-tubulins, which ultimately assemble into microtubules, 
a major cytoskeletal component. TUBB4A is primarily expressed in the nervous 
system. Functional studies suggested reduced levels (rather than functional changes) 
of TUBB4 which play a key role in the pathophysiology [ 31 ].  

    DYT5 Dystonia (Dopa-Responsive Dystonia or Segawa Syndrome) 

 Dopa-responsive dystonia (DRD) is characterized by the triad of childhood-onset dys-
tonia (in the fi rst decade of life) with or without parkinsonism, diurnal fl uctuation of 
symptoms, and a dramatic and sustained response to levodopa [ 36 ]. Atypical pheno-
types including late-onset parkinsonism have been reported [ 36 ]. Some motor features 
(e.g., writer’s cramp, dysphonia, truncal dystonia) may remain levodopa resistant, but 
overall dopamine treatment is very effective and safe for long-term use including dur-
ing pregnancy without suggestion that it may cause fetal abnormalities [ 36 ]. 

 Cerebrospinal fl uid analysis may demonstrate decreased catecholamine metabo-
lites. The most common form of DRD (DYT5a) is dominantly inherited and associated 
with mutations in the  GTP cyclohydrolase 1  ( GCH1 ) gene, a gene which encodes the 
enzyme GTPCH that catalyzes the fi rst step in the dopamine synthesis. Mutations in 
 GCH1  can be identifi ed in 40–60 % of clinically typical DRD patients [ 37 ]. In addition, 
exon deletions have been demonstrated [ 11 ] that are not detectable by conventional 
screening methods and may account for at least another 10 % of the “mutation-nega-
tive” cases. Notably, heterozygous variants in  GCH1  [ 38 ] are associated with an 
increased risk for Parkinson’s disease (even in the absence of a family history for DRD). 

 Recessive forms of DRD also occur, but their clinical presentation is usually strik-
ingly more complex, characterized by mental retardation, oculogyric crises, and par-
kinsonism (dopa-responsive dystonia-plus syndromes). Mutations in various genes 
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involved in metabolic pathways of biopterin and dopamine synthesis may be the 
cause, such as  tyrosine hydroxylase  ( TH ) (DYT5b) but also  6 -pyruvoyl - tetrahydropterin   
synthase  ( 6 - PTPS ),  sepiapterin reductase  ( SPR ),  dihydropteridine reductase  ( DHPR ), 
and  aromatic L - amino acid decarboxylase  ( AADC ) (for review see [ 39 ]). Notably, 
mutations in genes involved in distinct (non-dopamine synthesis) metabolic pathways 
may sometimes also clinically present as DRD phenocopies, e.g., recently, biallelic 
mutations in the  ATM  gene (traditionally associated with ataxia telangiectasia) were 
described as one cause of a (recessive) DRD presentation [ 40 ].  

    DYT6 Associated with THAP1 Gene Mutations 

 Another locus associated with generalized dystonia is DYT6 dystonia, originally 
described in Mennonite families [ 41 ]. The underlying gene,  THAP1 , was identifi ed 
in 2009 [ 42 ,  43 ]. Since then more than 100 patients have been described in the lit-
erature (for review see [ 44 ]). Clinically, it presents as focal or generalized dystonia 
with a mean age at onset of 24 years. Limbs are the most common site at onset (in 
about 45 % of patients), followed by the cervical region [ 44 ]. However, in contrast 
to DYT1 dystonia, there seems to be a rostrocaudal gradient, and bulbar fi ndings 
(present in 60 % of patients) may be prominent (which are typically absent in DYT 
dystonia). Similar to DYT1 dystonia, changes beyond the motor system (i.e., affect-
ing spatial discrimination) have been reported [ 45 ]. 

 Inheritance of DYT6 dystonia is autosomal dominant. Notably though, homozy-
gous mutations have also rarely been reported [ 46 ]. The penetrance is reduced to 
about 40 % [ 10 ]. 

  THAP1  is a small gene containing 3 exons. Variants mostly affect the THAP1 
domain (exon 1 and 2). More than 60  THAP1  mutations have been reported, mostly 
missense (>65 %) [ 44 ], but small insertions/deletions, nonsense mutations, and splice-
site mutations have also been described. No defi nite obvious genotype–phenotype cor-
relations have yet emerged. However, in a recent review of the literature, Xiromerisiou 
et al. [ 44 ] re-analyzed the pathogenicity of mutations computationally. Interestingly, in 
the generalized dystonia, 84 % of patients harbored likely damaging mutations versus 
4 % that presented with benign variants. On the other hand, in focal dystonia, 65 % 
harbored benign variants versus 14 % with likely damaging mutations. 

 The  THAP1 -encoded THAP1 protein belongs to the family of sequence-specifi c 
DNA-binding factors. THAP1 regulates endothelial cell proliferation and is a tran-
scription factor [ 47 ,  48 ]. A functional link between THAP1 and torsinA has been 
suggested: THAP1 binds to the core promoter of TOR1A, and wild-type THAP1 
represses the expression of TOR1A [ 26 ,  49 ].  

    DYT11 (Myoclonus-Dystonia) Associated with SGCE Gene Mutations 

 As the name suggests, myoclonus-dystonia is characterized by the combination of 
dystonia and myoclonic jerks, thus rapid, brief lightning-like muscle contractions 
[ 50 ,  51 ]. Dystonia usually remains focal or segmental as cervical or arm dystonia [ 50 ]. 
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Legs are less prominently affected, in contrast to DYT1 dystonia. Myoclonus also 
most often affects the neck, trunk, and upper limbs. Myoclonus is often dramati-
cally responsive to alcohol, however, with rebound effect. 

 Again there may also be non-motor features, particularly psychiatric features 
(including obsessive–compulsive disorder, anxiety, and addiction but also depres-
sion, panic attacks, and personality disorders) [ 52 ,  53 ]. In fact, a recent study 
reported psychiatric symptoms in almost 80 % of cases [ 53 ]. 

 Mutations in the underlying  epsilon – sarcoglycan  ( SGCE ) gene [ 52 ] are inherited 
in an autosomal-dominant manner with reduced penetrance due to maternal genomic 
imprinting [ 54 ]. However, family history is positive in more than 80 % of cases with 
genetically confi rmed DYT11 dystonia [ 12 ]. Gene function remains unknown. All 
sorts of mutations have been reported in the  SGCE  gene including nonsense and 
missense, as well as deletions and insertions leading to frame shifts and splicing 
errors, but also larger deletions of entire exons and de novo mutations without obvi-
ous genotype–phenotype correlations [ 12 ,  50 ,  52 ,  54 ]. Notably, such larger dele-
tions may affect areas beyond the  SGCE  gene and involve neighboring genes 
(“genomic deletions”). This may impinge on the clinical phenotype. For example, if 
the adjacent  COL1A2  gene is also affected, patients may be affected by additional 
osteoarthritis, osteoporosis, or delayed skeletal development [ 12 ,  55 ]. Other clinical 
manifestations associated with neighboring genes include split-hand/split-foot mal-
formations, sensorineural hearing loss, and cavernous cerebral malformations [ 55 ]. 
Such fi ndings emphasize the importance of a careful clinical examination which 
also includes other (non-motor) features [ 12 ]. 

 Finally, there is evidence of genetic heterogeneity after mutations in the 
 SGCE  gene were excluded in a large Canadian family with a clinical presenta-
tion compatible with typical myoclonus-dystonia. This family was linked to 
chromosome 18p, and this was designated the DYT15 locus, but the gene is yet 
unknown [ 56 ,  57 ].  

    DYT12 Dystonia (Rapid-Onset Dystonia Parkinsonism, Allelic 
to Alternating Hemiplegia of Childhood) Associated with ATP1A3 
Gene Mutations 

 Rapid-onset dystonia parkinsonism is characterized by sudden onset (within hours to 
weeks) with a rostral–caudal (face > arm > leg) gradient in response to physical or men-
tal stress without evidence of neurodegeneration on brain pathology [ 58 ,  59 ]. The phe-
notypic spectrum includes dystonic spasms predominantly in the upper limbs, orofacial 
dystonia, dysarthria, dysphagia, slowness of movement, rigidity and postural instabil-
ity, and non-responsiveness to levodopa [ 60 ]. Notably, intermittent hemidystonia, par-
oxysmal dystonia, and seizures have been described (see below) [ 58 ,  60 ,  61 ]. Onset is 
usually early in life (in adolescence or young adulthood but may be as late as 55 years), 
and symptoms persist throughout life. Fever, prolonged exercise, childbirth, and even 
giving oral presentations have been described as triggering factors [ 58 ,  59 ]. 

 Inheritance follows an autosomal-dominant manner with reduced penetrance. 
The causative gene,  ATP1A3 , located on chromosome 19q13 (23 exons), encodes 
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Na + /K + ATPase alpha 3 [ 62 ], a subunit of a sodium pump responsible for mainte-
nance of ionic gradients across cell membranes. Interestingly, there is phenotypic 
variability as mutations in this gene are also the major cause of alternating hemiple-
gia of childhood (AHC) [ 63 – 65 ], a rare, usually sporadic syndrome (due to frequent 
de novo mutations) with early onset characterized by episodes of hemiplegia on 
alternating body sides, dystonia or ataxia, seizures, and developmental delay. See 
also Fig.  7.2  and Chap.   10     for more detailed discussion of this syndrome.   

    DYT23 1 : Dystonia Associated with Mutations in the CIZ1 Gene 

 Recently, mutations in  CIZ1  located at the long arm of chromosome 9 were described 
in several cases of autosomal dominant adult-onset cervical dystonia as identifi ed 
by exome sequencing [ 66 ]. However, this fi nding has not yet been confi rmed by 
others [ 67 ].  

1   Please note that there is some confusion in the literature with regard to the assignment of these 
two loci. Online Mendelian Inheritance in Man (OMIM) lists  CIZ  as DYT23 (OMIM entry 614860) 
and  ANO3  as DYT24 (OMIM entry 615034). The HUGO Gene Nomenclature Committee lists 
 ANO3  as DYT23 but has no entry for DYT24. The latter is in line with a paper entitled “The phe-
notypic spectrum of DYT24 due to ANO3 mutations” by Stamelou et al. [ 69 ]. 

Paroxysmal movement disorders
-triggeredby:

Presentation with
other phenotypes /
allelic disorders

PRRT2

Coffee, tea, alcohol, stress
(paroxysmal non-kinesigenic dyskinesia) MR1

Sudden movement
(paroxysmal kinesigenic choreoathetosis)

Prolonged physical exhaustion
(paroxysmal exercise-induced dyskinesia)

SLC2A1 /
GLUT 1  

Intermittent hemidystonia/ paroxysmal dystonia
as part of rapid onset dystonia parkinsonism

ATP1A3
Alternating hemiplegia
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Glucose transporter 1
(GLUT-1) deficiency
syndrome

Epilepsy syndromes incl.
ICCA , episodic ataxia,
hemiplegic migraine

  Fig. 7.2    The main phenotypic variability of genes associated with paroxysmal movement 
disorders       
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   DYT23 1 /24: Dystonia with Dystonic Tremor (ANO3-Related Dystonia) 

 Recently, the combination of linkage analysis with whole-exome sequencing led to 
identifi cation of  ANO3  as a new cause of autosomal-dominant dystonia [ 68 ]. The 
age at onset ranged from early childhood to the forties [ 69 ]. The clinical picture 
consisted of focal dystonia affecting the neck, laryngeal muscles, and upper limbs 
accompanied by 6-Hz dystonic tremor with or without superimposed myoclonus in 
some. The duration of the myoclonic bursts was most consistent with a subcortical 
type. Tremor was the sole initial manifestation in some individuals with  ANO3  
mutations, leading to misdiagnosis as essential tremor [ 69 ]; however, genetic stud-
ies in an independent cohort of essential tremor patients (with a positive autosomal- 
dominant family history) did not identify further  ANO3  mutations [ 70 ]. 

 The  ANO3  gene, located at chromosome 11p14, encodes a protein called anocta-
min 3, a predicted Ca2 + -gated chloride channel with high expression in the striatum. 
Notably, related genes from the ANO family have also been linked to neurological 
disease ( ANO5  to several forms of muscular dystrophy and  ANO10  to autosomal- 
recessive spinocerebellar ataxia) [ 68 ].  

   DYT25: Dystonia Associated with Mutations in the GNAL Gene 

 Recently, using exome sequencing, mutations in  GNAL  were identifi ed in two fami-
lies with primary torsion dystonia [ 71 ]. A handful of other patients from different 
ethnic backgrounds were since reported [ 72 – 75 ], while other researchers did not 
detect any changes in their cohort [ 76 ]. The clinical phenotype consists of focal or 
segmental, mainly cervical dystonia, with a relatively broad range in the age of 
onset and spreading to other muscles, especially the facial muscles [ 71 ]. 

  GNAL  has 12 exons and encodes guanine nucleotide-binding protein G(olf), sub-
unit alpha [Gα(olf)]. Gα(olf) plays a role in olfaction, coupling D1 and A2a recep-
tors to adenylyl cyclase, and histone H3 phosphorylation.  

   The Paroxysmal Dyskinesia (DYT8, DYT9, and DYT10 as well as DYT19 
and DYT20) 

 The group of paroxysmal dyskinesia is defi ned as abnormal involuntary movements 
of intermittent or episodic nature. The phenotype varies but tends to be dystonic 
and/or choreic and may be complex. Episodes are sudden in onset and without 
change in consciousness. Subtypes include the nonkinesigenic variant (PNKD), the 
kinesigenic variant (PKD), and the exercise-induced variant (PED) according to the 
triggering factors (for review see [ 77 ,  78 ]). While secondary causes should be 
excluded, genetic forms, usually with autosomal-dominant inheritance, are recog-
nized. They are discussed in detail in Chap.   10    . 

 Briefl y, of these, PNKD is frequently precipitated by alcohol, caffeine, stress, or 
fatigue in line with the fi nding of the underlying gene,  myofi brillogenesis regulator 
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1  ( MR1 ), which encodes an enzyme in a stress response pathway. PNKD attacks last 
about minutes to hours and typically improve with benzodiazepine treatment [ 79 ]. 
Genetic heterogeneity has been suggested [ 80 ], termed PNKD2 located at chromo-
some 2q31. The gene underlying PNKD2 remains to be identifi ed. 

 In contrast, PKD is typically triggered by sudden movements, as the name sug-
gests, and attacks are of very brief duration, lasting only seconds [ 81 ]. Onset age is 
usually in late childhood or early teens. Mutations in the associated gene,  PRRT2 , 
located at chromosome 16p11.2 may also produce epilepsy syndromes, episodic 
ataxia, or hemiplegic migraine as well as overlapping phenotypes including ( i nfan-
tile  c onvulsions and paroxysmal  c horeo a thetosis, “ICCA”) [ 82 ]. PKD attacks usu-
ally respond well to carbamazepine. 

 Finally, PED attacks are triggered by prolonged physical exertion and usually 
cease in 10–15 min after stopping the exercise. The disorder is due to mutations in 
the  SLC2A1  gene, which occur often de novo (resulting in PED appearing sporadi-
cally) or follows autosomal-dominant transmission [ 83 ,  84 ]. Mutations in the same 
gene may also cause the much more severe glucose transporter 1 (GLUT-1) defi -
ciency syndrome characterized by infantile-onset drug refractory epilepsy, devel-
opmental delay, acquired microcephaly, and complex motor abnormalities [ 85 ]. 
The gene encodes the glucose transporter GLUT1 which impairs transfer of glu-
cose into the brain.   

    Autosomal-Dominant Forms of Primary Dystonia 
with Unknown Genetic Defect 

   DYT7: A Questionable Locus 

 In 1997, the DYT7 locus was assigned to chromosome 18p based on a single large 
German family with autosomal-dominant cervical dystonia [ 86 ]. However, this fi nd-
ing has not been replicated in other families, and more recent clinical and genetic 
reanalysis of this family demonstrated that there were no disease-causing mutations 
or copy-number variants in 18p so the locus was redefi ned as questionable [ 87 ].  

   DYT13 

 This locus on chromosome 1p36 was assigned based on a single large Italian family 
fi rst examined in 1994 [ 88 ,  89 ]. The phenotype consisted of early-onset (age of onset 
range, 5–43 years) torsion dystonia with the craniocervical region or upper limbs as 
the typical fi rst affected region. However, even those with generalized dystonia were 
not severely disabled and progression was mild. Penetrance was incomplete (about 
60 %). The gene is unknown, and the locus has not been replicated in other cases.  
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   DYT15 (Also See DYT11) 

 In 2001, a large Canadian kindred with alcohol-responsive myoclonic dystonia 
characterized mainly by jerky movements of the upper limbs, hands, and axial mus-
cles was described [ 90 ]. Mutations in the SGCE gene (as common cause of myo-
clonic dystonia/DYT11) were excluded, and subsequently linkage to a 17-cM region 
on chromosome 18p11 was suggested [ 56 ]. The gene is unknown, and the locus has 
not been replicated in other cases.  

   DYT21 

 This locus refers to a single Swedish family reported in 1988 with highly penetrant 
autosomal-dominant late-onset multifocal or generalized dystonia [ 91 ]. The mean 
age at onset was 25–30 years. Upper body involvement was characteristic affecting 
the face, neck, and upper limbs or with spasmodic dysphonia. Linkage studies sug-
gested a locus at chromosome 2q14, but the gene remains to be determined [ 92 ]. 
This locus has not been replicated in other cases.   

    Autosomal-Recessive Forms of Primary Dystonia 
with Known Genetic Defect 

   DYT2 

 Gimenez-Roldan et al. [ 93 ,  94 ] reported autosomal-recessive torsion dystonia in 
several Spanish gypsy families, some of them with consanguineous background. 
Mean onset was in the teens. Most recently, using a combination of homozygosity 
mapping and whole-exome sequencing a homozygous mutations in  hippocalcin  
( HPCA ), a gene encoding a neuronal calcium sensor protein was identifi ed. The 
protein is almost exclusively expressed in the brain and at particularly high levels in 
the striatum [ 95 ]. The gene plays a role in long-term depression in the hippocampus 
and neuropsychological testing of one member of the index family showed evidence 
of cognitive underfunctioning characterized by particular diffi culties in encoding 
verbal and visual information [ 95 ]. DYT2-like families have been reported [ 96 ,  97 ], 
in how far  HPCA  mutations account for these needs to be determined.  

   DYT5b 

 This locus refers to mutations in  tyrosine hydroxylase  (TH), one cause of complex 
dopa-responsive dystonia. See above under DYT5.  
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   DYT16: Dystonia Associated with Mutations in  PRKRA  

 In 2008, Camargos et al. reported homozygous missense mutations (c.665C > T;p.
P222L in exon 7) in  PRKRA  at chromosome 2q31 identifi ed as the new cause of 
young-onset generalized dystonia or dystonia parkinsonism by high-density 
genome-wide SNP genotyping [ 98 ]. Dystonia affected the axial muscle and the oro-
mandibular region (sardonic smile). There was intrafamilial phenotypic heterogene-
ity. Symptoms were refractory to pharmacological therapy [ 99 ]. A further case with 
compound heterozygous mutations (likely to be pathogenic) with imaging abnor-
malities in the form of T2 hyperintensity and progressive volume loss of the bilat-
eral basal ganglia has more recently been reported [ 100 ]. The signifi cance of another 
case with a heterozygous frameshift mutation in exon 3 remains to be determined 
[ 101 ].   

    Autosomal-Recessive Forms of Primary Dystonia 
with Unknown Genetic Defect 

   DYT17 

 DYT17 dystonia refers to a single consanguineous Lebanese family with three sis-
ters affected by pure segmental or generalized dystonia and dysphonia/dysarthria 
beginning in the neck with onset during teenage years. Imaging was normal. Genetic 
testing revealed a suspicious 20.5-Mb interval on chromosome 20p11-q13.12. The 
underlying gene remains to be identifi ed [ 102 ].   

    X-Linked Forms of Dystonia 

   DYT3: Lubag Disease 

  DYT3  dystonia is associated with specifi c sequence changes in the  TAF1  gene 
[ 103 ] and inherited in an X-linked recessive fashion with complete penetrance by 
the end of the fi fth decade. Due to a founder effect, a cluster is found on the 
Philippine Island of Panay (the prevalence rate is highest in the province of 
Capiz, where 1:4,000 men suffer from the disorder) [ 104 ]. Dystonic symptoms 
usually start in adulthood as focal dystonia [ 105 ] and then become generalized. 
Concurrent parkinsonism is frequent [ 105 ,  106 ] and may also precede the onset 
of dystonia, including presentation with classical (initially) levodopa-responsive 
parkinsonism [ 107 ,  108 ].   
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    Reserved, Not-Published DYT Locus: DYT22 

 One locus, DYT22, has been reserved, but no further details have been published 
yet.  

    Further Evidence of Inheritability of Dystonia 

 In addition to the monogenic forms described above, there is evidence of a strong 
genetic basis in the late-onset dystonias. While these are often perceived as idio-
pathic sporadic form, clinical studies found that fi rst-degree relatives of patients 
with focal dystonia have a 23–36 % risk of developing the same or another form of 
dystonia [ 109 ,  110 ]. Epidemiological studies suggest that they may be inherited in 
an autosomal-dominant manner, albeit with a markedly penetrance of 12–15 % 
[ 109 ,  111 ,  112 ]. 

 A recent genome-wide association study suggested a possible association of cer-
vical dystonia with the sodium leak channel,  NALCN . In a genome-wide association 
study in musician’s dystonia, an intronic variant in the  arylsulfatase G  ( ARSG ) gene 
was observed [ 113 ]. However, large-scale genome-wide association studies are 
needed to confi rm this and to further dissect the genetic contribution in these cases. 
Altogether, the genetic architecture of late-onset dystonia remains largely unknown. 

 The use of endophenotypes (imaging or neurophysiological testing) may be a 
helpful approach in order to identify non-penetrant mutation carriers by facilitating 
segregation and linkage analysis in larger kindreds [ 114 – 116 ].   

    The Clinical Approach 

 Certain features may be suggestive of a genetic cause. Besides a positive family his-
tory, these include an early age of onset, a specifi c clinical picture (e.g., diurnal varia-
tion of the dystonia with worsening throughout the day suggesting dopa- responsive 
dystonia or syndromic associations), and certain ethnic backgrounds (e.g.,  DYT1  dys-
tonia is more common among Ashkenazi Jews; DYT3 is typically seen in Filipinos 
[ 22 ], DYT6 is more common in Mennonites). However, a genetic etiology should also 
be considered in those patients with a negative family history, possibly resulting from 
too small a family size, reduced penetrance, variable expressivity, or de novo muta-
tions. Nonpaternity and adoption may appear as “pseudo”-negative family history. 

 On practical grounds in young-onset cases, Wilson’s disease and DRD (by a trial 
of levodopa) should be excluded fi rst, as accurate identifi cation of these diseases at 
an early stage will permit the introduction of potentially life-changing treatments 
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   Table 7.3    Recommended investigations in a patient with dystonia   

 Investigation 
 Primary 
dystonia 

 In patients 
with features 
suggestive 
of secondary 
dystonia 

 Diagnosis to be excluded 
(incomplete list) 

 Early 
onset 

 Late 
onset 

 Independent 
of onset age 

 CCT, MRT  +  +  +  Vascular disease, 
malformations, 
neoplasms, calcifi cations, 
iron accumulation 

 EEG  +  + 
 Slit lamp exam  +  +  +  Wilson’s disease 
 Funduscopy  +  NBIA syndromes 
 Hearing assessment  +  Dystonia deafness 

syndromes 
 CSF  +  + 
 Muscle biopsy  +  Mitochondrial disease 

(Leigh’s disease) 
 Gene test ( DYT1 )  +  (+)   DYT1  dystonia 
  Blood test  
 Full blood count, liver/kidney 
function test, coagulation 
parameters 

 +  +  + 

 Ceruloplasmin, copper  +  +  +  Wilson’s disease 
 Serology: syphilis, etc.  +  +  +  Infections (syphilis, Tbc, 

AIDS, SSPE) 
 Antinuclear/thyroid antibodies  +  +  Immune disease (SLE) 
 Immunoelectrophoresis  +  Ataxia telangiectasia 
 Amino acids  +  Metabolic disease 

affecting the amino acid 
metabolism (e.g., 
homocystinuria) 

 Lysosomal enzymes, long-chain 
fatty acids 

 +  Metabolic disease 
affecting the fat 
metabolism (e.g., 
gangliosidosis, 
metachromatic 
leukodystrophy) 

 Acanthocytes in peripheral blood 
smear 

 +  Neuroacanthocytosis and 
McLeod syndrome 

 Alpha-fetoprotein  +  Ataxia telangiectasia 
  Urine  
 Copper  +  +  +  Wilson’s disease 
 Amino acids  +  Metabolic disease 

affecting the amino acid 
metabolism 

 Oligosaccharides/
mucopolysaccharides 

 + 

  Reprinted from Schneider and Klein [ 117 ]  
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(see Table  7.3 ). In practice, an MRI and genetic testing for  TOR1A  and  THAP1  
mutations are often also performed. In late-onset patients, genetic testing usually 
does not reveal the molecular diagnosis; this includes the recently discovered genes 
 ANO3 ,  GNAL , and  CIZ1 which also appear not to be a common cause of adult-onset 
cervical dystonia. Of course, the differential diagnosis includes disorders associated 
with non-DYT genes which are beyond the scope of this chapter.

   In summary, great advances have been made in the fi eld of dystonia in the last 
decade. Several new genes have been identifi ed, and it is likely the number of known 
genetic causes will continue to grow.     
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    Chapter 8   
 Genetic Choreas 

             Ruth     H.     Walker     ,     Dobrila     D.     Rudnicki     , and     Russell     L.     Margolis     

    Abstract     The “genetic choreas” consist of a heterogeneous group of disorders, 
similar in that chorea is typically the most prominent or presenting clinical feature 
and that degeneration of the striatum is the most characteristic neuropathological 
feature. Here we discuss the prototypical hereditary choreiform disorder, 
Huntington’s disease (HD), and a series of other familial disorders in which chorea 
is more or less part of the clinical syndrome and that may resemble HD, including 
Huntington’s disease-like 2 (HDL2), the neuroacanthocytoses, benign hereditary 
chorea, the iron accumulation diseases, and paroxysmal movement disorders. We 
conclude by providing comprehensive tables of the dominant and nondominant 
genetic choreas.  

  Keywords     Chorea   •   Huntington’s disease   •   Neuroacanthocytosis   •   Dyskinesia   • 
  Basal ganglia   •   Hereditary  

        The Prototypic Hereditary Chorea: Huntington’s Disease 

 Since the fi rst description by George Huntington in 1872 [ 1 ], HD has held a promi-
nent place as an archetypical neurological and genetic disorder. Here we will review 
only key details relevant to other forms of chorea; more complete reviews are avail-
able elsewhere [ 2 ,  3 ]. As Huntington recognized, it is a tripartite condition of move-
ment, emotion, and cognition, with autosomal dominant inheritance, typically a 
midlife onset, and inevitable progression to death. Chorea is often the fi rst 
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manifestation noted by family members of the affected individual [ 4 ] and its promi-
nence is such that the disease was known until recently as Huntington’s chorea. HD 
prevalence, at about 1/10,000 in much of the Western world, makes it the most com-
mon of the genetic choreas in these regions [ 5 ], with considerably lower prevalence in 
other regions, including Japan [ 6 – 8 ] and Africa [ 5 ]. For this reason, and for multiple 
historical factors, HD is by far the best studied of the genetic choreas and is often the 
fi rst consideration in the differential diagnosis of an individual with chorea. 

 The formal diagnosis of HD is based on motor signs and symptoms in the pres-
ence of a family history of HD, although cognitive and psychiatric manifestations 
may precede motor abnormalities in some individuals. Early chorea may manifest 
as nonspecifi c fi dgeting, as patients disguise involuntary movements (parakine-
sias). Chorea typically becomes increasingly prominent, accompanied by other 
motor symptoms, including ataxia and other disruptions of voluntary movement, 
dystonia, tics, and myoclonus. Weight loss is common and may stem from direct 
disruption by the disease mutation of central and peripheral metabolic regulation 
[ 9 – 12 ]. As disease progresses, affected individuals tend to become more bradyki-
netic and rigid, with a parkinsonian appearance and further disruption of voluntary 
motor function, but often a decrease in chorea. In advanced disease, patients are 
often quite parkinsonian. Young people who develop HD before the age of 20 typi-
cally have the “Westphal variant,” characterized by parkinsonism and sometimes 
seizures [ 13 ]. Occasionally, adults may present with  l -dopa-responsive parkinson-
ism [ 14 ]. Impairment of postural refl exes can be a major cause of falls and morbid-
ity throughout the illness. On eye movement evaluation, square-wave jerks can be 
seen, with intrusion of involuntary saccades when the patient holds a fi xed gaze. 
Patients may fi nd it necessary to blink or use a head thrust in order to generate a 
saccadic eye movement. 

 Imaging data demonstrate that both structural [ 15 ,  16 ] and functional [ 17 ] abnor-
malities are detectable in individuals with the HD mutation more than a decade 
before clinical diagnosis. Correspondingly, rigorous examination using approaches 
not routinely employed at the bedside can detect subtle motor and cognitive mani-
festations of the disease, including abnormalities of fi ne motor function [ 18 ,  19 ] eye 
movements [ 20 ], cognitive processing [ 17 ,  21 ], and sleep [ 22 ]. 

 While motor dysfunction is often considered the defi ning feature of HD, psychi-
atric disorders and impaired cognition often cause more diffi culty for patients and 
their families [ 23 ]. The most common psychiatric abnormalities include depression, 
irritability, and apathy. Obsessive-compulsive phenomena are not uncommon [ 24 ], 
while hallucinations and delusions are less frequent [ 3 ]. Depression, often mistak-
enly attributed to the demoralization of suffering from an incurable illness, can have 
devastating consequences, including suicide. However, this symptom responds rea-
sonably well to antidepressants and, if particularly severe, electroconvulsive ther-
apy. Irritability can often be managed medically with antidepressants, mood 
stabilizers, or low doses of antipsychotics and psychologically by teaching family 
members and care providers how to interact with the affected individual. Apathy is 
much more diffi cult to treat and often requires family and care providers to lower 
their expectations of the affected individual. The cognitive changes in HD can be 
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conceptualized, at least at a superfi cial level, as subcortical. As opposed to cortical 
dementias, most prominently Alzheimer’s disease, language and memory are rela-
tively preserved early in the course of disease, while processing speed and executive 
function, among other functions, are relatively impaired [ 25 ]. The consequence is 
that individuals may be more functionally disabled than is apparent on superfi cial 
interaction, which in turn can lead to frustration on the part of employers or family 
members. Rosenblatt and others have defi ned an executive function syndrome, 
characterized by a combination of apathy, disinhibition, and specifi c cognitive defi -
cits, which can be particularly troublesome [ 23 ,  26 ]. While the hereditary choreas 
differ from each other, and from HD, in etiology, pathology, and associated symp-
toms, the prominence of psychiatric and cognitive dysfunction in HD, at least in 
part a refl ection of disruption of striatal-cortical pathways, clearly points out the 
need for vigilance about the cognitive and psychiatric manifestations of other dis-
eases characterized by chorea. 

 HD neuropathology is marked by early prominent striatal atrophy and particularly 
of loss of striatal neurons that project to the external segment of the globus pallidus 
(marked by the presence of encephalin) and the substantia nigra (marked by sub-
stance P), while striatal neurons projecting to the internal segment of the globus palli-
dus are relatively spared [ 27 – 29 ]. Loss of cortical neurons is also prominent, 
including pyramidal neurons that project to the striatum [ 30 ], and neuronal loss ulti-
mately becomes widespread as the disease progresses. The spatial and temporal pat-
tern of neuropathology correlates well with the clinical course of the illness: early 
chorea followed by parkinsonism, with eventual global deterioration of function. 

 HD is caused by a CAG repeat expansion in exon 1 of the  huntingtin  ( HTT ) gene 
on chromosome 4p16.3 (Huntington Study Group, 1993). Extensive exploration of 
HD genetics has substantially contributed to understanding this form of mutation, 
fi rst described in 1991 for spinal bulbar muscular atrophy (SBMA) [ 31 ]. In HD, 
alleles with <27 consecutive CAG triplets are considered normal. Alleles with 
27–35 triplets, termed intermediate alleles, are not typically associated with disease, 
with a few controversial exceptions [ 32 – 34 ], but can on occasion expand during 
vertical transmission into the disease-causing range. Alleles with repeats of 36–39 
triplets are of variable penetrance [ 35 ], while alleles with >39 repeats will cause 
disease in any individual by about age 65. Somatic mosaicism of repeat expansion 
can occur, with particularly large expansions found in striatal neurons [ 36 ,  37 ]. 

 Repeat length of normal alleles rarely changes during vertical transmission, but, 
in the expanded range, as repeat length increases, instability becomes increasingly 
common. Transmissions from a mother with a repeat expansion in the disease range 
changes by only a few repeats, with about an equal number of expansions and con-
tractions. Transmissions from an affected father lead, on average, to longer repeats 
in their offspring, and large increases in repeat length are not uncommon. 
Contractions from a mutation length allele (>39 triplets) to an allele in the  incomplete 
inheritance range (36–39 triplets) may rarely occur [ 38 ]. Anticipation (earlier dis-
ease onset in subsequent generations of an affected family) arises from the tendency 
of allele length to increase, on average, during vertical transmission, combined with 
the inverse correlation of repeat length and onset age [ 39 ]. 
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 While an autosomal dominant pattern of inheritance is present in most families 
with HD, odd patterns of inheritance or de novo cases occasionally come to clinical 
attention. Possible explanations include (1) lack of suffi cient information about 
family history of HD, (2) adoption or “false” paternity, (3) extreme anticipation (see 
below) in which a child develops the disease before his or her affected parent (usu-
ally a father), (4) expansion of repeat from the intermediate range to disease range 
in transmission from parent to child [ 40 ], and (5) misdiagnosis of either the indi-
vidual with HD or of family members (e.g., HD misdiagnosed as Parkinson’s dis-
ease or psychiatric disorder). 

 Approximately 70 % of the variance of age of onset can be explained by 
repeat length [ 41 ]. The relationship between repeat length and age of onset and 
to a lesser extent disease progression [ 40 ,  42 ,  43 ] and older age of onset [ 44 ] is 
of major significance in guiding HD genetic counseling, clinical research, and 
the search for mechanisms of disease pathogenesis. For instance, formulas 
have been developed to estimate age of disease onset for individuals with a 
given repeat length, facilitating investigations into brain changes that develop 
prior to the onset of clinical symptoms in clinically asymptomatic individuals 
who have the HD mutation. The capacity to control for the effect of repeat 
length on age of onset has facilitated the search for other genetic factors and 
for environmental factors that modify age of disease onset [ 45 ]. However, nei-
ther individual sequence differences at the  HTT  locus nor sequence differences 
elsewhere in the genome (e.g., in  GRIK2 ) seem to play a major role [ 45 ]. Thus, 
while not yet successful, these efforts will now benefit from increasingly pow-
erful genetic and neurobiological tools and could lead to novel therapeutic 
strategies. 

 The  HTT  gene is large, consisting of 67 exons and spanning 180 kb. Exon 1 con-
tains the CAG repeat. The expansion does not have a major effect on gene expres-
sion, so that the presumption has been that pathogenesis occurs through a 
gain-of-function mechanism. Most investigations have focused on the role of the 
mutant protein, which contains a string of glutamine residues encoded by the exon 
1 CAG repeat and has neurotoxic properties. Recent studies have explored the 
potential toxicity of the CAG repeat in the RNA transcript [ 46 – 48 ], and other lines 
of investigation have examined the effect of the mutation on normal huntingtin 
function [ 49 ,  50 ]. So far, nonspecifi c neuroprotective agents such as coenzyme Q 
and remacemide have proven ineffective in clinical trials. Many groups are attempt-
ing to identify therapeutic targets based on specifi c pathways implicated in patho-
genesis (e.g., misfolding of mutant protein, loss of BDNF function, impaired 
autophagy) [ 51 – 54 ]. As an alternative to therapeutic approaches that target indi-
vidual mechanisms, suppression of expression of the mutant  HTT  allele has the 
considerable theoretical advantage of simultaneously preventing activation of most 
of these pathways. It is clearly possible to design siRNA or oligonucleotides that 
knock down  HTT  expression [ 55 – 60 ]. However, these approaches face numerous 
hurdles [ 61 ]: − off-target inhibition of other genes, immunostimulation, lack of 
specifi city for the mutant allele, the need to target large regions of the brain, and 
clinically feasible delivery mechanisms.  
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    Genetic Choreas Most Similar to HD 

    Huntington’s Disease-Like 2 (HDL2): The Disease 
Most Similar to HD 

 HDL2, discovered and genetically defi ned in 2001 based on an index family in the south-
eastern United States, is a rare, autosomal dominant neurodegenerative disorder, clini-
cally nearly indistinguishable from HD [ 62 ,  63 ], and characterized, like HD, by midlife 
onset; marked motor, emotional, and cognitive disturbances; and a relentless progression 
to death. While there have been too few reported cases to establish details of the pheno-
type with certainty, there appears to be one form of the disorder characterized by promi-
nent chorea, as in prototypical HD. A second form is characterized by a more parkinsonian 
presentation, with prominent bradykinesia and dystonia but little chorea, similar to the 
Westphal variation of HD. Whether this distinction is related to repeat length remains 
uncertain. Acanthocytes have been found in some, but not all, HDL2 patients [ 64 ]. 

 Both disorders are characterized by marked cortical and striatal neurodegenera-
tion, with indistinguishable images on routine neuroimaging. Pathologically, neuro-
nal protein aggregates are readily detectable in both diseases. The ultrastructure of 
HD and HDL2 aggregates appear similar, and both types stain with anti-ubiquitin 
antibodies and with antibodies thought to be specifi c for expanded polyglutamine 
tracts [ 65 ]. The pattern of aggregate distribution in HD and HDL2 also overlaps, 
with a higher density in the cortex and amygdala than in the striatum and a very low 
density in the cerebellum and midbrain [ 65 ,  66 ]. Aggregates in HDL2 are more 
frequent in the upper cortical layers II/III than in HD, while aggregates have been 
detected in the pons and medulla in HD but not in HDL2 [ 65 ,  66 ]. 

 While relatively uncommon, cases of HDL2 have been detected in multiple 
countries among individuals of likely African descent, including most recently 
Brazil and Venezuela [ 67 ,  68 ]. In South Africa, HDL2 is as common among indi-
viduals of African descent as HD [ 69 ]. 

 HDL2 is caused by a CTG/CAG expansion on chromosome 16q24.3. Normal 
alleles contain 6–28 triplets, while pathogenic repeats range from 40 to 59 triplets 
[ 69 ]. The clinical, neuropathological, and genetic similarities of HDL2 to HD sug-
gested that the HDL2 mutation would be translated into an expanded polyglutamine 
repeat. Paradoxically, however, the only well-documented gene at the HDL2 locus 
is  junctophilin - 3  ( JPH3 ), in which the repeat is in the CTG orientation and falls 
within the alternatively spliced exon 2. This exon is not included in the primary 
transcript that encodes the  JPH3  protein product, though at least four JPH3 splice 
variants contain exon 2A. On the sense strand, in  JPH3 , the repeat alternatively 
encodes polyalanine and polyleucine or falls within 3′ UTR. On the antisense 
strand, a small open reading frame (ORF) contains the repeat in the CAG orienta-
tion. HDL2 pathogenesis remains enigmatic. Three non-mutually exclusive mecha-
nisms have been implicated: (1) loss of expression of  JPH3  protein, potentially 
related to RNA sequestration [ 70 ]; (2) toxic expression of a  JPH3  transcript with an 
expanded CUG repeat [ 71 ]; and (3) toxic expression, from the strand antisense to 
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 JPH3 , of a cryptic transcript containing a CAG repeat and encoding polyglutamine, 
a hypothesis supported by evidence in mouse models [ 72 ], but not in human post-
mortem HDL2 brains [ 70 ]. 

 The only reliable method for distinguishing HDL2 from HD is by genetic test-
ing. The disease should be suspected in any individual of African ancestry with a 
family history of an HD-like disorder that has not been genetically identifi ed. 
Whether HDL2 will eventually be detected in individuals with no African ancestry 
remains an open question.  

    Other Autosomal Dominant Disorders That May 
Be Mistaken for Huntington’s Disease 

 SCA17, caused by a CAG repeat expansion in TATA box-binding protein ( TBP ) 
[ 73 ], is characterized by a heterogeneous phenotype, with chorea or choreoathetosis 
present in 36 % of cases [ 74 ], sometimes as the key presenting symptoms. However, 
unlike HD, cerebellar ataxia (and corresponding pathological changes in the cere-
bellum) is the most frequent presenting sign and is an almost universal feature of the 
disease. Dementia and psychiatric symptoms are also common, and patients may 
frequently exhibit parkinsonism, pyramidal signs, and epilepsy. Overall, it has been 
estimated that 1 % of HD-like cases can be accounted for by SCA17. Disease onset 
has been detected from age 3 to 75, with a reported mean age of onset of 34.6 years. 
Normal alleles are thought to range from 25 to 40 triplets (a combination of CAA 
and CAG codons, encoding one of the longest stretches of polyglutamine in the 
human proteome); alleles from 41 to 48 have reduced penetrance [ 75 ,  76 ], with full 
penetrance in alleles greater than 48 repeats [ 77 ]. The longest published repeat is 66 
triplets [ 78 ]. Other types of spinocerebellar ataxias (e.g., SCAs 1, 2, and 3, see 
below) may also present with chorea as the main presentation. 

 Dentatorubropallidoluysian atrophy (DRPLA) is a similar autosomal dominant 
disorder caused by a CAG repeat expansion (in this case in the gene atrophin-1) [ 79 ]. 
Typical clinical features in adults include ataxia, chorea and choreoathetosis, demen-
tia, and psychiatric disorders; chorea may be a suffi ciently dominant presenting symp-
tom that HD is on the list of differential diagnoses [ 80 ]. Mean age of onset is about 30 
years of age. Repeat range is ~6–35 triplets in normal subjects, with 48–93 triplets 
causing disease. DRPLA is predominantly a disease affecting  individuals of Japanese 
ancestry [ 81 ], but a few cases have been reported in non- Japanese pedigrees [ 82 ].  

    Benign Hereditary Chorea (BHC) 

 The classic presenting feature of BHC, an autosomal dominant disorder typically 
beginning in childhood, is nonprogressive chorea in relative isolation. However, the 
chorea can be severe, and at times the phenotype can include, sometimes variably 
within the same family, dystonia, ataxia, myoclonus, cognitive impairment, and 
short stature [ 83 ,  84 ]. The primary known cause of BHC is mutation of thyroid 
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transcription factor 1 ( TITF - 1 ) [ 85 – 87 ], also known as  NKX2.1 . However, individu-
als and pedigrees with similar presentations do not have mutations in this gene, 
indicating genetic heterogeneity [ 88 ]. The chorea, paradoxically, has been reported 
to respond to both down-tuning of dopaminergic transmission or to  l -dopa [ 89 ], 
presumably refl ecting pathological heterogeneity.   

    Nondominant Disorders That Phenotypically 
Closely Resemble HD 

    Chorea-Acanthocytosis 

 Chorea-acanthocytosis (ChAc), originally referred to as Levine-Critchley syndrome, 
is another disorder prominently affecting the basal ganglia and with prominent cho-
rea, often presenting in young adults along with orolingual dystonia, and not infre-
quently with psychiatric disturbances, tics, and parkinsonism [ 90 ]. The disease 
progresses over 10–20 years, with occasional unexplained sudden deaths. The distin-
guishing features, which if present readily distinguish ChAc from HD, are an autoso-
mal recessive pattern of inheritance, temporal lobe seizures (developing during the 
course of the disease in almost half of patients, but responsive to treatment), and a 
sensorimotor neuropathy which can be quite severe and even dominate the clinical 
presentation [ 91 ]. Other characteristic features include elevated creatine kinase and 
liver enzymes. Acanthocytes, which gave the disease its name, are not an inevitable 
fi nding [ 92 ]. Postmortem examination has revealed neuronal loss, accompanied by 
gliosis, most prominently in the head of the caudate, but also in other basal ganglia 
structures including the putamen, globus pallidus, and substantia nigra. 

 ChAc is caused by mutations in splice variant 1A of  VPSA13 , a large gene of 73 
exons found on chromosome 9q21 [ 93 ]. Mutations have been detected throughout 
VPSA13, so that genetic testing typically requires sequencing and is not widely 
available. The pathogenesis of ChAc remains poorly understood. The protein 
 product of  VPSA131A , chorein, participates in actin polymerization, suggesting that 
the mutant protein may destabilize cell structure, explaining the formation of acan-
thocytic erythrocytes [ 94 ]. Chorein levels in erythrocytes provide an alternative 
method of disease diagnosis [ 95 ], though this measurement remains a research tool.  

    McLeod Syndrome 

 McLeod neuroacanthocytosis is readily distinguishable from HD and other cho-
reas in families of suffi cient size due to X-linked inheritance and multisystem 
manifestations. McLeod syndrome prototypically presents in men of middle age 
with parkinsonism, dystonia, and chorea. The cognitive and psychiatric features 
present in most basal ganglia disorders may occur, but are not a universal fi nding 
[ 96 ]. Some patients may have orolingual dystonia suggestive of ChAc [ 97 ]. Also 
as in ChAc, peripheral sensorimotor neuropathy with absent deep tendon refl exes 
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is common, as are seizures. A key feature of the disease, present in a majority of 
patients and requiring close clinical attention, is cardiomyopathy [ 98 ]. Generalized 
muscle weakness and atrophy is a variable fi nding [ 99 ]. Serum creatine phospho-
kinase is almost always elevated, and other markers associated with myopathy 
may also be abnormal. The hematologic manifestations involve acanthocytosis (as 
in ChAc this is not invariable) and hemolysis [ 100 ], stemming from loss of expres-
sion of the Kx erythrocyte antigen and Kell blood group antigens [ 101 ]. 

 McLeod syndrome is caused by mutations of  XK  on Xp21.1, leading to loss of 
expression or dysfunctional Xk protein. This protein probably functions as part of 
the membrane transport system [ 102 ], with systemic manifestations correlated to its 
widespread expression [ 102 – 104 ]. While most affected individuals are men, 
affected women have been reported, probably a result of X-inactivation [ 105 ,  106 ]. 
Variability of clinical presentation exists within families [ 107 ], and some families 
have a mild phenotype, probably from point mutations that do not lead to complete 
absence of protein [ 108 ,  109 ].   

    Hereditary Iron Accumulation Diseases Featuring Chorea 

 The group of disorders, referred to as neurodegeneration with brain iron accumula-
tion (NBIA), are typifi ed, and readily identifi ed, by MRI fi ndings of basal ganglia 
iron deposits. Neuroferritinopathy, the only known autosomal dominant form of 
NBIA, is caused by mutations in  FTL , encoding the ferritin light chain, located on 
9q13.3 [ 110 ]. Movement abnormalities, typically beginning in mid-adulthood, 
include chorea, dystonia, and parkinsonism; cognitive impairment is occasionally 
present [ 111 – 113 ]. Aceruloplasminemia is an autosomal recessive NBIA disorder 
presenting in adulthood caused by mutation of  CP , resulting in the instability or 
dysfunction of its protein product, ceruloplasmin. The effect is impaired iron trans-
port. Phenotypically, the disease is characterized by the systemic effects of iron 
deposition, notably retinal degeneration and diabetes mellitus [ 114 ,  115 ], and later 
by ataxia, dystonia, chorea, and parkinsonism. Cognitive impairment is often an 
early feature [ 116 ] and may progress to marked dementia. In addition to MRI and 
genetic testing, the disease is also indicated by decreased levels of ceruloplasmin. 
Important neuropathological features include neurons and astrocytes carrying excess 
iron found in the cerebellum, basal ganglia, and cortex [ 114 ,  115 ]. At least seven 
other very rare autosomal recessive and one X-linked dominant NBIAs have been 
described, usually characterized by childhood-onset dystonia and parkinsonism (for 
further discussion of NBIA disorders, see Chap.   13     Wiethoff & Houlden)  

    Hereditary Paroxysmal Disorders Characterized 
by Chorea and Other Dyskinesias 

 Chorea may occur in an episodic manner as a manifestation of any of the group 
of disorders referred to as the paroxysmal dyskinesias, which are characterized 
by attacks lasting seconds to hours of abnormal movements of various types. In 
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some disorders abnormal movements are precipitated by sudden movements 
(e.g., exercise, yawning, talking, or hyperventilation). Because chorea in almost 
any context may wax and wane, either spontaneously or in response to internal 
or external stress, paroxysmal chorea may not be readily distinguishable from 
typical chorea, and differential diagnosis will likely require attention to other 
clinical factors and, for defi nitive diagnosis, genetic testing. In some autosomal 
dominant cases, the disease is caused by mutations in  proline - rich transmem-
brane protein 2  ( PRRT2 ), which may have a role in neurotransmitter release 
[ 117 ,  118 ]. Other clinical features include hemiplegic migraine, infantile con-
vulsions, and episodic ataxia [ 119 – 121 ]. Paroxysmal non-kinesigenic dyskine-
sia is similarly characterized by attacks of abnormal movements, spontaneous 
or brought on by a somewhat different set of stressors (caffeine, alcohol, stress, 
fatigue, etc.). The autosomal dominant familial form is caused by mutations in 
 MR - 1 , encoding myofi brillogenesis regulator 1, on chromosome 2q33 [ 122 –
 124 ]. Chorea and other abnormal movements following prolonged exertion, 
referred to as paroxysmal exertional dyskinesia, may form part of a variable 
multisystem autosomal dominant syndrome caused by mutations in  SLC2A1  
(formerly  GLUT1 ), a gene encoding glucose transporter 1 [ 125 – 128 ]. The dis-
ease may be quite severe, with marked developmental delays and seizures, in 
addition to dystonia and chorea. Of interest, a ketogenic diet is at times helpful. 
The pathogenesis of the disease was originally thought to stem from glucose-
mediated energy defi cits, but recent investigations have suggested a more com-
plex pathobiology [ 129 ]. For further discussion of the paroxysmal disorders, see 
Chap.   10     Brockmann et al).  

    Disorders in Which Chorea Is Likely to Accompany 
Other Distinguishing Phenotypic Features 

 In addition to SCA17, in which chorea is common and at times a predominant 
symptom, chorea can be observed in other dominant SCAs, particularly SCAs 1, 
2, and 3. In these disorders chorea is typically a secondary symptom; thus, these 
diseases are rarely confused with HD or other disorders in which chorea is pri-
mary [ 130 ]. Huntington’s disease-like 3, a recessive condition defi ned on the 
basis of one consanguineous family [ 131 ], presents with chorea, dystonia, dysar-
thria, cognitive impairment, and seizures, and cortical and caudate atrophy by 
imaging. Huntington’s disease-like 1 (HDL1) is a familial prion disease, with 
mutations of  PRNP  found in one Swedish family [ 132 ,  133 ] characterized by 
mid-adult onset, with psychiatric manifestations, cognitive decline, dysarthria, 
myoclonus, ataxia, chorea, and occasionally seizures, with progression over 1–2 
decades. The mutation is an octapeptide repeat insertion, which has been reported 
in 3 other families with different phenotypes. Furthermore, various metabolic 
disorders (including Wilson’s disease) may present with chorea, but other distin-
guishing phenotypic features are typically present. Tables  8.1  and  8.2  include 
several other potentially relevant disorders.

8 Genetic Choreas

http://dx.doi.org/10.1007/978-3-319-17223-1_10


156

   Ta
bl

e 
8.

1  
  M

ol
ec

ul
ar

 f
ea

tu
re

s 
of

 a
ut

os
om

al
 d

om
in

an
t c

ho
re

if
or

m
 d

is
or

de
rs

   

 D
ia

gn
os

is
 

 G
en

e 
 L

oc
at

io
n 

 Pr
ot

ei
n 

pr
od

uc
t 

 M
ut

at
io

n 
 U

se
fu

l t
es

ts
 

 M
ov

em
en

t 
di

so
rd

er
 

 O
th

er
 

ne
ur

ol
og

ic
al

 
fe

at
ur

es
 

 U
su

al
 a

ge
 

of
 o

ns
et

 

 H
D

 
  H

D
 / I

T
15

  
 4p

15
 

 H
un

tin
gt

in
 

 E
xp

an
de

d 
C

A
G

 
re

pe
at

s 
 – 

 C
ho

re
a,

 
dy

st
on

ia
, 

pa
rk

in
so

ni
sm

 

 A
ta

xi
a,

 
se

iz
ur

es
 

(j
uv

en
ile

 o
ns

et
) 

 In
v.

 r
el

at
ed

 
to

 r
ep

ea
ts

 

 H
D

L
1 

  P
R

N
P

  
 20

p1
2 

 Pr
io

n 
pr

ot
ei

n 
 19

2 
nu

cl
eo

tid
e 

in
se

rt
io

n 
 – 

 C
ho

re
a,

 
ri

gi
di

ty
 

 Se
iz

ur
es

 
(v

ar
ia

bl
e)

 
 20

–4
0 

ye
ar

s 

 H
D

L
2 

  JP
H

  
 16

q2
4.

3 
 Ju

nc
to

ph
ili

n-
3 

 E
xp

an
de

d 
C

A
G

/
C

T
G

 r
ep

ea
ts

 
 A

ca
nt

ho
cy

to
si

s +
 /−

 
 C

ho
re

a,
 

dy
st

on
ia

 
pa

rk
in

so
ni

sm
 

 H
yp

er
re

fl e
xi

a 
 In

v.
 r

el
at

ed
 

to
 r

ep
ea

ts
 

 Sp
in

oc
er

eb
el

la
r 

at
ax

ia
 1

 
  SC

1  
 6p

23
 

 A
ta

xi
n-

1 
 E

xp
an

de
d 

C
A

G
 

re
pe

at
s 

 – 
 C

ho
re

a,
 

dy
st

on
ia

 
 A

ta
xi

a,
 e

ye
 

m
ov

em
en

t 
ab

no
rm

al
iti

es
, 

pe
ri

ph
er

al
 

ne
ur

op
at

hy
 

 In
v.

 r
el

at
ed

 
to

 r
ep

ea
ts

 

 Sp
in

oc
er

eb
el

la
r 

at
ax

ia
 2

 
  SC

A
2  

 12
q2

4 
 A

ta
xi

n-
2 

 E
xp

an
de

d 
C

A
G

 
re

pe
at

s 
 – 

 C
ho

re
a,

 
dy

st
on

ia
, 

pa
rk

in
so

ni
sm

, 
tr

em
or

 

 A
ta

xi
a,

 e
ye

 
m

ov
em

en
t 

ab
no

rm
al

iti
es

, 
pe

ri
ph

er
al

 
ne

ur
op

at
hy

 

 In
v.

 r
el

at
ed

 
to

 r
ep

ea
ts

 

 Sp
in

oc
er

eb
el

la
r 

at
ax

ia
 3

 
  M

JD
1  

 14
q3

2.
1 

 A
ta

xi
n-

3 
 E

xp
an

de
d 

C
A

G
 

re
pe

at
s 

 – 
 C

ho
re

a,
 

dy
st

on
ia

 
pa

rk
in

so
ni

sm
 

 A
ta

xi
a,

 e
ye

 
m

ov
em

en
t 

ab
no

rm
al

iti
es

, 
pe

ri
ph

er
al

 
ne

ur
op

at
hy

 

 In
v.

 r
el

at
ed

 
to

 r
ep

ea
ts

 

 Sp
in

oc
er

eb
el

la
r a

ta
xi

a 
17

 
  TB

P
  

 6q
.2

7 
 TA

TA
 

bo
x-

bi
nd

in
g 

pr
ot

ei
n 

 E
xp

an
de

d 
C

A
A

/
C

A
G

 r
ep

ea
ts

 
 – 

 C
ho

re
a,

 
dy

st
on

ia
 

pa
rk

in
so

ni
sm

 

 A
ta

xi
a,

 
hy

pe
rr

efl
 e

xi
a 

 In
v.

 r
el

at
ed

 
to

 r
ep

ea
ts

 

R.H. Walker et al.



157

 D
R

PL
A

 
  D

R
P

L
A

  
 12

p1
3.

31
 

 A
tr

op
hi

n-
1 

 E
xp

an
de

d 
C

A
G

 
re

pe
at

s 
 – 

 C
ho

re
a,

 
m

yo
cl

on
us

 
 A

ta
xi

a,
 

se
iz

ur
es

 
 In

v.
 r

el
at

ed
 

to
 r

ep
ea

ts
 

 B
en

ig
n 

he
re

di
ta

ry
 

ch
or

ea
 

  TI
T

F
 - 1

  
( N

K
X

2.
1 )

 
  ot

he
r  

 14
q1

3.
1 

 T
hy

ro
id

 
tr

an
sc

ri
pt

io
n 

fa
ct

or
 1

; o
th

er
 

 T
ra

ns
ve

rs
io

ns
, 

de
le

tio
ns

, 
su

bs
tit

ut
io

ns
 

 – 
 C

ho
re

a 
 M

ild
 a

ta
xi

a 
 C

hi
ld

ho
od

 

 N
eu

ro
fe

rr
iti

no
pa

th
y 

  F
T

L
  

 19
q1

3.
3 

 Fe
rr

iti
n 

lig
ht

 
ch

ai
n 

 A
de

ni
ne

 
in

se
rt

io
n 

 Se
ru

m
 f

er
ri

tin
 

 C
ho

re
a,

 
dy

st
on

ia
, 

pa
rk

in
so

ni
sm

 

 Sp
as

tic
ity

, 
ri

gi
di

ty
 

 40
–5

5 
ye

ar
s 

 Pa
ro

xy
sm

al
 e

xe
rt

io
na

l 
dy

sk
in

es
ia

 
  SL

C
2A

1  
 1p

34
.2

 
 G

lu
co

se
 

tr
an

sp
or

te
r 

G
L

U
T

1 

 D
el

et
io

n,
 

m
is

se
ns

e 
 L

ow
 C

SF
/s

er
um

 
gl

uc
os

e 
ra

tio
 

 C
ho

re
a,

 
dy

st
on

ia
 

 Se
iz

ur
es

 
 C

hi
ld

ho
od

 

  R
ep

ro
du

ce
d 

w
ith

 p
er

m
is

si
on

 f
ro

m
 W

al
ke

r 
R

H
, “

C
ho

re
a:

 D
if

fe
re

nt
ia

l d
ia

gn
os

is
 a

nd
 tr

ea
tm

en
t”

 in
  C

on
ti

nu
um

 :  M
ov

em
en

t D
is

or
de

rs
 , e

d.
 E

sp
ay

 A
, ©

 A
m

er
ic

an
 

A
ca

de
m

y 
of

 N
eu

ro
lo

gy
 

  A
bb

re
vi

at
io

ns
 :  D

P
R

L
A

  d
en

ta
to

ru
br

op
al

lid
ol

uy
si

an
 a

tr
op

hy
,  H

D
  H

un
tin

gt
on

’s
 d

is
ea

se
,  H

D
L

2  
H

un
tin

gt
on

’s
 d

is
ea

se
-l

ik
e 

2,
  in

v  
in

ve
rs

el
y  

8 Genetic Choreas



158

   Ta
bl

e 
8.

2  
  M

ol
ec

ul
ar

 f
ea

tu
re

s 
of

 a
ut

os
om

al
 r

ec
es

si
ve

, X
-l

in
ke

d,
 a

nd
 m

ito
ch

on
dr

ia
l c

ho
re

if
or

m
 d

is
or

de
rs

   

 D
ia

gn
os

is
 

 In
he

ri
ta

nc
e 

 G
en

e 
 L

oc
at

io
n 

 Pr
ot

ei
n 

pr
od

uc
t 

 M
ut

at
io

n 
 U

se
fu

l t
es

ts
 

 M
ov

em
en

t 
di

so
rd

er
 

 O
th

er
 

ne
ur

ol
og

ic
al

 
fe

at
ur

es
 

 U
su

al
 a

ge
 

of
 o

ns
et

 

 C
ho

re
a-

 
ac

an
th

oc
yt

os
is

  
 A

R
 

  V
P

S1
3  

 9q
21

 
 C

ho
re

in
 

 M
an

y 
 A

ca
nt

h;
 C

K
, L

FT
s;

 
ch

or
ei

n 
W

es
te

rn
 

bl
ot

 

 C
ho

re
a,

 
dy

st
on

ia
, 

pa
rk

in
so

ni
sm

, o
d 

 Se
iz

ur
es

, p
n 

se
lf

- m
ut

ila
tio

n  
 20

–5
0 

ye
ar

s 

 PL
A

N
 

 A
R

 
  P

LA
2G

6  
 22

q1
2-

 q1
3  

 Ph
os

ph
ol

ip
as

e 
A

 
 M

an
y 

 – 
 C

ho
re

a,
 

dy
st

on
ia

 
 A

ta
xi

a 
 C

hi
ld

ho
od

 

 A
ce

ru
lo

pl
as

m
in

em
ia

 
 A

R
 

  C
P

  
 3q

23
 

 C
er

ul
op

la
sm

in
 

 N
on

se
ns

e 
 C

er
ul

op
la

sm
in

, 
gl

uc
os

e 
 C

ho
re

a,
 

dy
st

on
ia

 
 A

ta
xi

a,
 r

et
in

al
 

de
ge

ne
ra

tio
n 

 30
–5

0 
ye

ar
s 

 W
ils

on
’s

 d
is

ea
se

 
 A

R
 

  A
T

P
7B

  
 13

q1
4.

3 
 C

op
pe

r-
tr

an
sp

or
tin

g 
A

T
Pa

se
 2

 

 M
an

y 
 C

er
ul

op
la

sm
in

 
 C

oa
rs

e 
tr

em
or

, 
dy

st
on

ia
, 

pa
rk

in
so

ni
sm

 

 Ps
yc

hi
at

ri
c 

di
se

as
e 

 6–
55

 y
ea

rs
 

 H
D

L
3 

 A
R

 
  N

K
  

 4p
15

.3
 

 N
K

 
 N

K
 

 – 
 C

ho
re

a,
 

dy
st

on
ia

 
 Se

iz
ur

es
, 

sp
as

tic
ity

, 
at

ax
ia

 

 C
hi

ld
ho

od
 

 In
fa

nt
ile

 b
ila

te
ra

l 
st

ri
at

al
 n

ec
ro

si
s 

 A
R

, 
m

ito
ch

on
dr

ia
l 

  N
K

  
 19

q1
3.

32
-

13
.4

1,
 

m
ito

ch
on

dr
ia

l 

 – 
 – 

 – 
 C

ho
re

a 
 D

ys
ar

th
ri

a,
 

pe
nd

ul
ar

 
ny

st
ag

m
us

, o
a 

 In
fa

nc
y 

 A
ta

xi
a-

 te
la

ng
ie

ct
as

ia
  

 A
R

 
  A

T
M

  
 11

q2
2.

3 
 Se

ri
ne

-p
ro

te
in

 
ki

na
se

 A
T

M
 

 M
an

y 
 A

lp
ha

- f
et

op
ro

te
in

  
 C

ho
re

a 
 A

ta
xi

a,
 

oc
ul

om
ot

or
 

ap
ra

xi
a,

 
dy

sa
rt

hr
ia

 

 E
ar

ly
 

ch
ild

ho
od

 

 A
ta

xi
a 

w
ith

 
oc

ul
om

ot
or

 
ap

ra
xi

a 
I 

 A
R

 
  A

P
T

X
  

 9p
13

.3
 

 A
pr

at
ax

in
 

 M
an

y 
 H

yp
oa

lb
um

in
em

ia
, 

hi
gh

 c
ho

le
st

er
ol

 
 C

ho
re

a,
 

dy
st

on
ia

 
 A

ta
xi

a,
 

oc
ul

om
ot

or
 

ap
ra

xi
a,

 p
n 

 C
hi

ld
ho

od
 

R.H. Walker et al.



159

(c
on

tin
ue

d)

 A
ta

xi
a 

w
ith

 
oc

ul
om

ot
or

 a
pr

ax
ia

 2
 

 A
R

 
  SE

T
X

  
 9q

34
 

 Se
na

ta
xi

n 
 T

ru
nc

at
io

n 
 A

lp
ha

- f
et

op
ro

te
in

, 
hi

gh
 c

ho
le

st
er

ol
 

 C
ho

re
a,

 
dy

st
on

ia
 

 A
ta

xi
a,

 
oc

ul
om

ot
or

 
ap

ra
xi

a,
 p

n 

 C
hi

ld
ho

od
 

 Fr
ie

dr
ei

ch
’s

 a
ta

xi
a 

 A
R

 
  Fr

at
ax

in
  

 9p
13

 
 Fr

at
ax

in
 

 Tr
in

uc
le

ot
id

e 
ex

pa
ns

io
ns

, 
de

le
tio

n 

 – 
 D

ys
to

ni
a,

 
ch

or
ea

 
 A

ta
xi

a,
 

sp
as

tic
ity

, 
m

yo
cl

on
us

 

 C
hi

ld
ho

od
 

 N
on

-k
et

ot
ic

 
hy

pe
rg

ly
ci

ne
m

ia
 

 A
R

 
 Se

ve
ra

l 
 Se

ve
ra

l 
 G

ly
ci

ne
 

cl
ea

va
ge

 
en

zy
m

es
 

 M
an

y 
 G

ly
ci

ne
 

 E
nc

ep
ha

lo
pa

th
y,

 
ch

or
ea

 
 A

ta
xi

a,
 

op
ht

ha
lm

op
le

gi
a 

 C
hi

ld
/a

du
lt 

 R
ec

es
si

ve
 h

er
ed

ita
ry

 
m

et
he

m
og

lo
bi

ne
m

ia
 

ty
pe

 I
I 

 A
R

 
  D

IA
1  

 22
q1

3-
 qt

er
  

 N
A

D
PH

-
cy

to
ch

ro
m

e 
 b   5

   
re

du
ct

as
e 

 M
an

y 
 M

et
he

m
og

lo
bi

n 
 C

ho
re

a,
 

dy
st

on
ia

 
 E

nc
ep

ha
lo

pa
th

y 
 C

hi
ld

/a
du

lt 

 B
et

a-
ke

to
th

io
la

se
 

de
fi c

ie
nc

y 
 A

R
 

  AC
AT

1 /
 T2

  
 11

q2
2.

3 
 M

ito
ch

on
dr

ia
l 

ac
et

oa
ce

ty
l-

C
oA

 th
io

la
se

 

 V
ar

io
us

 
 U

ri
na

ry
 o

rg
an

ic
 

ac
id

s 
 C

ho
re

a,
 

m
yo

cl
on

us
 

 A
ta

xi
a,

 
de

ve
lo

pm
en

ta
l 

de
la

y 

 C
hi

ld
ho

od
 

 Py
ru

va
te

 
de

hy
dr

og
en

as
e 

de
fi c

ie
nc

y 

 A
R

/X
- l

in
ke

d  
 Se

ve
ra

l 
 Se

ve
ra

l 
 PD

H
; v

ar
io

us
 

su
bu

ni
ts

 
 V

ar
io

us
 

 L
ac

ta
te

, p
yr

uv
at

e 
 C

ho
re

a,
 

dy
st

on
ia

, 
pa

rk
in

so
ni

sm
 

 E
nc

ep
ha

lo
pa

th
y,

 
se

iz
ur

es
, p

n,
 

at
ax

ia
 

 C
hi

ld
/a

du
lt 

 M
cL

eo
d 

sy
nd

ro
m

e 
 X

-l
in

ke
d 

re
ce

ss
iv

e 
  X

K
  

 X
p2

1 
 X

K
 

 D
el

et
io

ns
, 

m
is

se
ns

e,
 

in
se

rt
io

ns
 

 A
ca

nt
h;

 K
x,

 K
el

l 
ag

s;
 C

K
, L

FT
s 

 C
ho

re
a,

 
dy

st
on

ia
, 

pa
rk

in
so

ni
sm

, 
od

 

 Se
iz

ur
es

, p
n,

 
m

yo
pa

th
y 

 40
–7

0 
ye

ar
s 

 L
ub

ag
 

 X
-l

in
ke

d 
re

ce
ss

iv
e 

  D
Y

T
3  

 X
q1

3.
1 

 M
ul

tip
le

 
tr

an
sc

ri
pt

 
sy

st
em

 

 M
is

se
ns

e,
 

de
le

tio
ns

 
 – 

 D
ys

to
ni

a,
 

ch
or

ea
 

pa
rk

in
so

ni
sm

, 
tr

em
or

, 
m

yo
cl

on
us

 

 – 
 10

–4
0 

ye
ar

s 

8 Genetic Choreas



160

 L
es

ch
-N

yh
an

 
sy

nd
ro

m
e 

 X
-l

in
ke

d 
re

ce
ss

iv
e 

  H
P

R
T

  
 X

q2
6-

27
 

 H
yp

ox
an

th
in

e 
ph

os
ph

or
ib

os
yl

-
tr

an
sf

er
as

e 

 M
an

y 
 H

yp
er

ur
ic

em
ia

 
 C

ho
re

a,
 

dy
st

on
ia

 
 Sp

as
tic

ity
, 

se
lf

- 
m

ut
ila

tio
n  

 In
fa

nc
y 

 L
ei

gh
 s

yn
dr

om
e 

 M
ito

ch
on

dr
ia

l 
 M

an
y 

 M
an

y 
 M

an
y 

 M
an

y 
 E

le
va

te
d 

la
ct

at
e/

py
ru

va
te

 
 C

ho
re

a,
 

dy
st

on
ia

 
 H

yp
ot

on
ia

, 
cn

, a
ta

xi
a,

 
se

iz
ur

es
 

 In
fa

nc
y 

  R
ep

ro
du

ce
d 

w
ith

 p
er

m
is

si
on

 f
ro

m
 W

al
ke

r 
R

H
, “

C
ho

re
a:

 D
if

fe
re

nt
ia

l d
ia

gn
os

is
 a

nd
 tr

ea
tm

en
t”

 in
  C

on
ti

nu
um

 :  M
ov

em
en

t D
is

or
de

rs
 , e

d.
 E

sp
ay

 A
, ©

 A
m

er
ic

an
 

A
ca

de
m

y 
of

 N
eu

ro
lo

gy
 

  A
bb

re
vi

at
io

ns
 :  a

ca
nt

h  
ac

an
th

oc
yt

os
is

,  A
R

  a
ut

os
om

al
 r

ec
es

si
ve

,  c
n  

cr
an

ia
l n

eu
ro

pa
th

y,
  H

D
L

3  
H

un
tin

gt
on

’s
 d

is
ea

se
-l

ik
e 

3,
  N

K
  n

ot
 k

no
w

n,
  o

a  
op

tic
 a

tr
op

hy
,  o

d  
or

of
ac

ia
l d

ys
ki

ne
si

as
,  P

K
A

N
  p

an
to

th
en

at
e 

ki
na

se
-a

ss
oc

ia
te

d 
ne

ur
od

eg
en

er
at

io
n,

  p
n  

pe
ri

ph
er

al
 n

eu
ro

pa
th

y  

D
ia

gn
os

is
In

he
ri

ta
nc

e
G

en
e

L
oc

at
io

n
Pr

ot
ei

n 
pr

od
uc

t
M

ut
at

io
n

U
se

fu
l t

es
ts

M
ov

em
en

t 
di

so
rd

er

O
th

er
 

ne
ur

ol
og

ic
al

 
fe

at
ur

es
U

su
al

 a
ge

 
of

 o
ns

et

Ta
bl

e 
8.

2 
(c

on
tin

ue
d)

R.H. Walker et al.



161

        Conclusion 

 Chorea is a feature of many familial conditions. While HD remains the most likely 
diagnosis in those cases with a clear autosomal dominant inheritance, other diagno-
ses need to be considered. The availability of genetic testing now greatly aids the 
diagnostic process, though as always, a careful history and examination will greatly 
narrow the likely possibilities.     
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    Chapter 9   
 Genetics of Tourette Syndrome 

             Jessica     B.     Lennington     ,     Gianfi lippo     Coppola     , and     Thomas     V.     Fernandez     

    Abstract     Tourette syndrome (TS) is a developmental neuropsychiatric disorder 
that is characterized by vocal and motor tics and is estimated to affect 0.2–1 % of 
the population. Despite evidence for a substantial genetic contribution toward dis-
ease risk, identifi cation and replication of associations between genetic variants and 
TS have been challenging. Rare mutations in several genes have been identifi ed, yet 
it is unclear whether these genes or their biological pathways play a role in the 
majority of TS cases. Similar to other complex neuropsychiatric disorders, it is 
likely that multiple variations in multiple genes, both within the individual and the 
population, may act together with environmental factors to confer risk. Centralized 
consortia are collecting larger patient cohorts required to identify candidate genes 
and biological pathways for TS. Recent profi ling of gene expression in the striatum, 
a brain region highly implicated in TS, indicates downregulation of GABAergic and 
cholinergic interneurons and shows overlap with gene networks implicated by rare 
structural genetic variants. Together, integrated analyses of common and rare 
sequence and structural variation, transcriptomic variation, and bioinformatic 
 analyses of convergent gene networks and pathways may elucidate the genetic 
 etiology of TS.  
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        Introduction 

 Tic disorders are estimated to affect 4–20 % of the general population and in some 
cases are accompanied by debilitating physical and social stress [ 1 ]. Gilles de la 
Tourette syndrome, or Tourette syndrome (TS), was fi rst described in the late 1800s 
and is currently diagnosed in approximately 0.2–1 % of the population, following 
childhood onset of chronic motor and vocal tics [ 2 ,  3 ]. While there is great variation 
in the presentation of discrete tics, symptoms generally wax and wane, are exacer-
bated by stress and illness, and are greatly reduced or eliminated by adulthood in the 
majority of patients [ 4 – 6 ]. 

 Twin studies indicate a signifi cant genetic contribution to TS, with co-diagnosis 
of TS, or concordance, occurring in 8 % of dizygotic twins (who share about 50 % 
of their DNA) versus 53 % of monozygotic twins (who share all of their DNA) 
[ 7 – 9 ]. Furthermore, family aggregation studies are consistent with this idea that 
genes play a major role. Overall, there is a tenfold increase in the risk for recurrence 
of TS in fi rst-degree relatives compared to the general population [ 3 ,  10 – 12 ]. 

 Given this rationale for a genetic contribution to TS etiology, various study 
designs and methodologies have been employed over the last few decades to exam-
ine the broad spectrum of genetic variation. Approaches include segregation and 
linkage analyses, candidate gene association studies, genome-wide association 
studies (GWAS), rare variant studies (including chromosomal alteration mapping, 
parametric linkage, and copy number variation [CNV] analysis), and transcriptome 
analyses. Ultimately, larger patient cohorts and more deliberate efforts to conduct 
integrated analyses across multiple methods may assist in the discovery of conver-
gent molecular pathways responsible for the production of tics, opening our aware-
ness to novel treatment targets.  

    Segregation and Linkage Analyses 

 Early pedigree analyses to clarify how genes might be contributing to TS proposed 
that most or all of TS could be explained by the inheritance of mutations in one 
gene; that is, these studies proposed a single-gene autosomal dominant inheritance 
pattern with partial penetrance [ 13 – 16 ]. Based on this hypothesis, early parametric 
linkage focused on studying large multigenerational pedigrees. However, despite 
intensive discovery efforts, no single TS gene locus was identifi ed and confi rmed 
based on this simple inheritance hypothesis [ 9 ,  17 – 23 ]. In retrospect, an underesti-
mation of the population prevalence of TS and an under appreciation for the high 
rate of bilineal inheritance (both parents with tics or TS having an affected child) 
[ 24 – 26 ] contributed to this mischaracterization. 

 With this failure came a realization that the transmission of TS is likely to be 
complex, wherein the interplay of multiple gene variants along with environmental 
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factors may act together to confer risk [ 9 ,  27 ,  28 ]. Subsequently, different linkage 
strategies were employed that allowed for genetic heterogeneity within and among 
families. Nonparametric linkage studies have suggested multiple potential gene 
loci, including those on chromosome 2p [ 29 ], 4q [ 30 ,  31 ], 5q [ 31 ], 7q [ 32 ], 8p [ 30 ], 
11q24 [ 33 ], 17q [ 31 ,  34 ], and at several other genetic markers (D5S1981, D5S2050, 
D10S591, D10S189, D13S217, and D14S288) [ 18 ,  29 ]. However, none of these 
studies converged on a single region or led to the identifi cation of an altered tran-
script, further highlighting the genetic heterogeneity and complexity of TS. More 
recent studies in psychiatry and other areas of medicine have emphasized the need 
for alternate genetic discovery approaches in addition to much larger sample 
cohorts, especially in the face of such heterogeneity, in order to identify risk alleles 
that are common in the population [ 35 ,  36 ].  

    Candidate Gene Association Studies 

 A large number of studies following early linkage analyses in TS tested hypothe-
ses of differential allele frequencies in TS versus the general population. These 
studies typically used a case-control design, assessing single nucleotide polymor-
phisms (SNPs) in candidate genes that were selected based on known gene func-
tions and the theoretical plausibility of their relationship to TS pathology. For 
example, SNP frequencies in the dopamine receptor (e.g.,  DRD2 ,  DRD3 ,  DRD4 ), 
dopamine transporter ( DAT ,  SLC6A3 ), and dopamine catabolizing ( COMT ) genes 
have been examined based on the long-standing recognition that TS symptoms are 
sometimes alleviated with medications that block dopamine neurotransmission 
[ 37 – 45 ]. Other candidate genes investigated for association include noradrenergic 
transcripts ( ADRA1C ,  ADRA2A ,  ADRA2C ) [ 46 ,  47 ], tyrosine hydroxylase [ 48 ], 
several serotonergic genes ( TPH2 ,  5HT3 ,  5HTTLR ) [ 44 ,  49 ,  50 ], and monoamine 
oxidase A ( MAO - A ) [ 38 ]. Most recently, a study investigating two common SNPs 
and one rare coding variant in the serotonin transporter ( SLC6A4 ) found evidence 
for association of both the common and rare gain-of-function single nucleotide 
allele variants in TS versus controls, a fi nding which requires replication in other 
cohorts [ 51 ]. 

 Similar to other areas of medicine, candidate gene association studies in TS have 
generally not yielded signifi cant reproducible fi ndings [ 35 ]. Reasons for this short-
coming include (1) a low a priori probability that a selected candidate allele will be 
associated, given millions of SNPs and a limited understanding of the underlying 
biology of TS; (2) a combination of small effect sizes for common SNPs and rela-
tively small sample sizes in candidate gene association studies; and (3) failure to 
adequately control for occult population stratifi cation effects, whereby any differ-
ences in ancestry between cases and controls can yield a false-positive result that is 
unlikely to be reproduced [ 35 ,  52 ].  
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    Genome-Wide Association Studies 

 The aforementioned diffi culties with candidate gene association studies as well as 
timely advancements in microarray genotyping technologies facilitated a shift to 
focusing on genome-wide association studies (GWAS) as another approach for 
studying complex disorders. GWAS permits simultaneous testing of common SNPs 
for association across the genome. While this method detects SNPs with small indi-
vidual effect sizes, the genome-wide scope can theoretically detect many associated 
variants which, in aggregate, can explain a large proportion of disease susceptibility 
[ 53 ]. GWAS have been widely used to identify potential genetic risk factors in many 
complex disorders, with varying degrees of success [ 54 ,  55 ]. 

 In the fi rst TS GWAS of 1,285 cases and 4,964 ancestry-matched controls, no 
individual locus reached the accepted statistical threshold for signifi cance of 
 p  < 5 × 10 −8  [ 56 ]. However, the top signals were collectively enriched for functional 
gene variants associated with brain gene expression levels. Further study suggested 
that the large majority of TS heritability could be captured by GWAS [ 57 ], suggest-
ing that larger cohorts may lead to the discovery of defi nitive TS risk genes. 
Additional, larger-scale sample collection and a second GWAS analysis in TS is 
currently underway. Meanwhile, a subsequent analysis in 609 independent TS cases 
and 610 ancestry-matched controls genotyped 42 SNPs from the TS GWAS (using 
an inclusion criteria of  p  < 10 −3 ). One of these SNPs (rs2060546), closest to  NTN4  
( netrin - 4 precursor ) on chromosome 12q22, achieved statistical signifi cance for 
association and signifi cantly predicted case-control status, suggesting that many of 
the variants underlying the top GWAS peaks may represent true TS risk alleles [ 58 ].  

    Rare Variation Studies 

 In TS and other complex disorders, the various approaches reviewed above have so 
far yielded only suggestive evidence for common variants conferring small incre-
ments of risk. As a result, there has been a steadily increasing focus on examining the 
contribution of rare variation to complex disease. Like modern common variant stud-
ies, these rare variant studies conceptualize TS as a highly complex and heteroge-
neous disorder. While any discovered association carrying large effects may represent 
only a small fraction of the total population risk, it has the potential to reveal impor-
tant biological functions that may be more generally relevant to TS pathogenesis. 

    Cytogenetic Abnormalities 

 Analyses of de novo and rare segregating chromosomal alterations in TS families 
have revealed a number of potential candidate regions, including in 2p21-p23, 
3p21.3, 6q16, 7q22-q31, 7q35-36, 8q21.4, 9pter, 13q31, 17p11, and 18q22 [ 36 , 
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 59 – 66 ]. Several of these loci have pointed to potential candidate genes, including 
 IMMP2L  ( mitochondrial inner membrane protease subunit 2 ) on chromosome 
7q31.1 [ 62 ,  67 ,  68 ],  CNTNAP2  ( contactin - associated protein - like 2 ) on chromo-
some 7q35-36.1 [ 36 ],  NLGN4X  ( neuroligin 4 ,  X - linked ) on Xp22.3 [ 69 ], and  DPP6  
( dipeptidyl aminopeptidase - like   protein 6 ) on chromosome 7p36.2 [ 66 ]. 

 A few notable points of convergence have emerged from reports of cytogenetic 
rearrangements in TS. First, three patients have been described with rearrangements 
involving chromosome 7q31 and  IMMP2L  [ 32 ,  60 ,  62 ,  67 ]; recently, an excess of 
intragenic deletions in this gene was reported in 188 Danish TS patients versus 
controls [ 70 ]. Second, three separate studies reported rearrangements in chromo-
some 18q22, with break points mapping within 5 Mb of one another [ 60 ,  61 ,  63 ]. 
Third, a chromosomal rearrangement described by Verkerk et al. [ 36 ] involved an 
insertion of chromosome 2p21-p23 at chromosome 7q35-36 that disrupted 
 CNTNAP2 ; the inserted region of chromosome 2p overlaps a region underlying a 
subsequent genome-wide signifi cant linkage peak [ 29 ]. 

 Furthermore, three studies of cytogenetic abnormalities are notable because they 
implicate regions identifi ed in other neurodevelopmental disorders. First, Verkerk 
et al. [ 36 ] reported a complex rearrangement shared by a father with TS and his 
affected children, disrupting  CNTNAP2 , a gene implicated in autism spectrum dis-
orders (ASD), intellectual disability, and schizophrenia [ 71 – 77 ]. Second, Lawson- 
Yuen et al. [ 69 ] report a deletion in  NLGN4X , shared by a mother and two affected 
sons; neuroligin 4 genes have previously been associated with ASD [ 78 – 80 ]. 
Finally, Prontera et al. [ 66 ] report a deletion in the fi rst exon of  DPP6 , a gene impli-
cated in the pathogenesis of ASD, in a boy and his father with TS.  

     SLITRK1  

 In 2005, Abelson et al. reported a de novo inversion of chromosome 13 in a TS 
proband [ 59 ]. The gene  SLITRK1  ( Slit and Trk - like ,  Family Member 1 ) mapped 
within 350 kb of one of the inversion breakpoints on 13q31. Sequence analysis of 
this gene in 174 unrelated European TS probands identifi ed a single nucleotide 
deletion that occurred in one TS subject and another with a diagnosis of trichotil-
lomania (TTM). In addition, two independent occurrences of a very rare single base 
change (var321) were identifi ed in a highly conserved region of the  SLITRK1  
3’UTR that corresponds to the binding site for the microRNA hsa-miR-189. 
Screening for this variant in more than 4,000 controls yielded a signifi cant associa-
tion with TS ( p  = 0.0056). 

 While in vitro [ 81 ] and mouse knockout [ 82 ] studies of  SLITRK1  are consistent 
with what is known about the neuropathology and phenotype of TS, genetic studies 
attempting to confi rm the initial  SLITRK1  association have yielded both positive 
[ 83 ,  84 ] and negative [ 56 ,  85 – 90 ] association fi ndings. It is clear that further studies 
involving much larger TS cohorts and employing the latest genomic technologies 
will be needed to clarify the contribution of variation in and around  SLITRK1  toward 
TS disease risk.  
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     HDC  

 As described above, initial linkage studies of large pedigrees failed to identify a 
single gene mutation that explained most TS risk. Subsequent parametric linkage 
analyses concentrated on studying smaller families to identify rare gene alleles of 
large effect. Rather than identifying a gene variant which would explain the etiology 
of most TS cases, this approach looks at “outlier families” to identify rare variants 
that can help to shed light on some aspect of the underlying biology of TS. 

 The fi rst study of this type to identify a rare mutation within a linkage interval 
that accounted for the statistical results was one by Ercan-Sencicek et al. [ 91 ]. In a 
two-generation family with 9 members affected with TS, a region on chromosome 
15 was identifi ed that reached the maximum theoretical statistical (LOD) score. A 
heterozygous loss-of-function point mutation was identifi ed in the gene  HDC  ( his-
tidine decarboxylase ) in all affected family members, resulting in a truncated pro-
tein lacking key segments of the active domain. HDC is the rate-limiting enzyme in 
histamine biosynthesis, suggesting that histaminergic neurotransmission may 
underlie the pathophysiology of TS in this family. 

 Normally, histamine receptors in the central nervous system regulate the release 
of histamine as well as other neurotransmitters including dopamine [ 92 ,  93 ]. 
Histamine H2 and H3 receptors are enriched in the striatum and cortex, brain 
regions previously implicated in TS [ 94 ]. Furthermore, histamine modulates func-
tional connectivity in the striatum, increasing feed-forward inhibition and suppress-
ing excitatory drive [ 95 ]. More recent work has established that mice lacking one or 
both  Hdc  genes functionally recapitulate the TS-associated mutation in humans, 
showing increased stereotypies when administered dopamine agonists, general 
behavioral phenotypes similar to TS patients, and disrupted dopamine neurotrans-
mission and dopamine receptors in the basal ganglia [ 96 ,  97 ]. A study of copy 
number variation [ 98 ] and a European family-based association study [ 99 ] lend 
further support to a “histamine hypothesis” of TS. Encouraged by all of these fi nd-
ings, a clinical trial of a histamine receptor (H3)- modulating compound is currently 
underway in TS patients (ClinicalTrials.gov ID: NCT01904773).   

    Copy Number Variation 

 Over the past decade, the development and widespread adoption of high-resolution 
microarray technologies that can detect submicroscopic structural variation have 
led to the realization that extensive copy number variation (CNV) is present through-
out the genome of all individuals [ 100 – 103 ]. Studies in ASD and schizophrenia 
have demonstrated an increased burden of rare CNVs, particularly those that are de 
novo and overlap with genes [ 104 – 107 ]. 

 In the fi rst study to report on the contribution of CNVs in TS, there was no sig-
nifi cant difference in CNV burden between 111 cases and 73 controls. The authors 
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hypothesized potential overlap of risk among TS, ASD, and schizophrenia based on 
their fi ndings of rare recurrent CNVs in  NRXN1  ( neurexin 1 ) and  CTNNA3  ( catenin , 
 alpha 3 ) [ 108 ]. 

 A subsequent study of rare CNVs in 460 TS and 1,131 control subjects found 
that genes mapping within rare CNV regions overlap with those previously identi-
fi ed in ASD, but not schizophrenia or intellectual disability [ 98 ]. Furthermore, path-
way analyses revealed an enrichment of genes involved in histamine 
neurotransmission, and a large, likely pathogenic, de novo CNV was identifi ed that 
disrupted multiple gamma-aminobutyric (GABA) receptor genes, providing addi-
tional support of recent fi ndings regarding the involvement of histaminergic and 
GABAergic neurotransmission in the etiology of TS [ 91 ,  97 ,  109 – 111 ]. While rare 
CNV burden differences between TS and controls were not statistically signifi cant 
in this study, there was a trend toward an increased burden of de novo rare exonic 
CNVs in 148 TS and 436 control parent-child trios ( p  = 0.07) [ 98 ], providing impe-
tus for studies currently underway to examine de novo CNV burden differences in 
larger TS cohorts. 

 Two recent CNV studies have also supported the idea that some TS risk loci 
overlap with ASD and other neurodevelopmental disorders. The fi rst examined 210 
TS cases and 285 controls from Latin American populations and identifi ed two 
additional CNVs overlapping  NRXN1  [ 112 ]. This study also reported an excess of 
large (>500 kb) CNVs in cases, a fi nding previously unreported in TS. Most recently, 
a cross-disorder CNV study of 1,086 TS, 1,613 OCD, and 1,789 control subjects 
reported a 3.3-fold higher burden of large deletions within regions previously known 
to harbor recurrent, pathogenic CNVs in subjects with other neurodevelopmental 
disorders. While no global CNV burden was detected for either disorder and no 
individual locus was signifi cant on its own, fi ve subjects harbored large deletions 
within 16p13.11, including three with OCD, one with OCD and CT, and one with 
TS in the absence of OCD [ 113 ].  

    Genome-Wide Sequencing 

 Genome-wide “next-generation” sequencing (exome and whole-genome) is provid-
ing an unprecedented opportunity to investigate genetic variation that is both com-
mon and rare, sequence and structural, in large numbers of individuals. Application 
of this methodology to TS individuals and parent-child trios is underway by TS 
genetic consortia and will likely increase in scope as technology costs continue to 
fall. To date, two studies utilizing next-generation sequencing in TS have been pub-
lished. In one, exome sequencing in ten members of a three-generation pedigree 
with 7 affected by TS or chronic tics found three novel, nonsynonymous single 
nucleotide variants in three genes ( MRPL3 ,  DNAJC13 ,  OFCC1 ) that segregated 
with the chronic tic phenotype and fell within linkage peaks approaching the maxi-
mum LOD score [ 114 ]. The other study used whole-genome sequencing and array 
CGH to map the breakpoints of an apparently balanced translocation involving 

9 Genetics of Tourette Syndrome



176

chromosomes 6q16 and 22p13 that was previously identifi ed by cytogenetics and 
FISH in a male patient with TS and OCD. This study found a 400 kb deletion on 
chromosome 6q16 affecting three genes ( GPR63 ,  NDUFA4 ,  KLHL32 ) and overlap-
ping a region previously implicated in an ASD case report [ 64 ].  

    Transcriptome Analysis 

 Whole transcriptome analysis compares gene expression patterns between cases 
and controls, providing another route for researchers to gain insight into the molec-
ular mechanisms underlying TS. Several groups attempted to analyze the transcrip-
tome of TS patients by microarray technology, three investigating blood [ 115 – 117 ] 
and two studying  postmortem  putamen brain tissue [ 118 ]. In the fi rst brain tissue 
study [ 118 ], ten genes were nominally differentially expressed in TS versus con-
trols, implicating proteins in the protein tyrosine phosphatase (PTP) family. Natural 
killer cell cytotoxicity and antigen presentation were implicated by 13 genes, found 
nominally differentially expressed by exon microarray in TS blood samples [ 115 ]. 
In another study of blood samples from TS patients, GABA- and acetylcholine- 
related genes were found to be correlated with tic severity and/or were alternatively 
spliced [ 116 ]. Finally, communication between innate and adaptive immune cell 
pathways was implicated by a pathway analysis of the 376 exons found nominally 
differentially expressed in a third study of TS blood samples [ 119 ]. 

 In a more recent study using RNA sequencing technology (RNAseq), the puta-
men and caudate regions of nine postmortem TS brains and nine matched normal 
control brains were investigated [ 111 ]. The authors demonstrated a convergence of 
results from differential gene expression, gene co-expression network analyses, and 
CNVs previously implicated in TS [ 98 ], strongly implicating disrupted basal gan-
glia interneuron function in the pathophysiology of severe, persistent 
TS. Interestingly, they also found a signifi cant increase in immune and  infl ammatory 
transcripts that appear to be endogenous to the central nervous system. Specifi cally, 
this study reported signifi cantly altered expression levels in 1,131 genes. The upreg-
ulated transcripts strongly implicated infl ammatory response and immune cell 
development and traffi cking signatures, including TNFa, IL6, and IL-12, found 
altered in a previous blood study [ 120 ]. The downregulated transcripts implicated 
broad dysfunction in several subpopulations of interneurons, including cholinergic 
interneurons (implicated by genes involved in acetylcholine neurotransmitter syn-
thesis and transport, cholinergic receptors, and homeodomain genes critical for the 
development of forebrain cholinergic neurons [ 121 – 123 ]) and striatal GABAergic 
interneurons. The transcriptome results were consistent with immunocytochemical 
fi ndings [ 111 ]. These interneuron classes are widely implicated in other neuropsy-
chiatric disorders [ 124 ]. 

 In this study, the authors also exploited weighted gene co-expression network 
analysis (WGCNA) [ 125 ], identifying ten modules of co-expressed genes with 
altered expression pattern in TS versus controls. Two of the modules ( turquoise  and 
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 blue ; see Fig.  9.1 ) contain multiple genes involved in the function of striatal inter-
neurons, providing the fi rst confi rmation that cholinergic and GABAergic interneu-
rons may be functionally immature or missing in TS, consistent with 
immunohistochemical fi ndings [ 109 – 111 ]. The  magenta  module suggested 
increased expression of genes related to microglia cell-type categories and immune- 
related pathways (see Fig.  9.1 ). Interestingly, peripheral immunological changes in 
TS patients have been reported previously [ 120 ,  126 – 129 ]. Additional modules con-
tained genes related to cell adhesion, astrocyte-related metabolic pathways, and 
protocadherin-gamma molecules (light cyan; see Fig.  9.1 ) [ 111 ].  

 Analysis of the distribution of the differentially expressed genes within the mod-
ules revealed a bias toward more central, highly interconnected genes for the 
 magenta  (microglia/immune) module and in the opposite direction for the other 
relevant modules, toward more peripheral, less interconnected genes (Fig.  9.1 ). 

 Finally, the authors integrated their network analysis with a list of genes inter-
secting rare CNVs from one of the studies described above [ 98 ], to identify genetic 

  Fig. 9.1    Graphical representation of the WGCNA network. The center of the fi gure shows the 
overall network where the nodes ( green circles ) are modules and the edges are signifi cant correla-
tions (correlation  p -value <0.05 and correlation coeffi cient >0.5) between the fi rst principal com-
ponent of the gene expression values.  Top left : blue module.  Top right : magenta module.  Bottom 
right : lightcyan module.  Bottom left : turquoise module.  Circles : network genes.  Large circles : top 
fi ve genes with highest intra-modular connectivity (hubs).  Squares : network genes overlapping 
with CNV genes.  Red : upregulated genes.  Blue : downregulated genes. Concentric circle arrange-
ment in the case of the turquoise ( bottom left ) and magenta ( top right ) modules refl ects intra- 
modular connectivity: genes closer to the center have higher intra-modular connectivity than genes 
further away from the center (Reproduced with permission from Lennington et al. [ 111 ])       
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alterations as potential causative factors of the changes observed at transcriptome 
level. Interestingly, they found signifi cant overlap between the subset of TS-specifi c 
genes and the  turquoise  and  light cyan  modules, respectively, with more peripheral 
(i.e., low-connectivity) and more central (i.e., high-connectivity) genes (Fig.  9.1 ). 
The lack of overlap between the  magenta  module (microglia/immune) and the 
CNV genes was somewhat surprising, given the widespread perturbation in gene 
expression levels, which also included many hub genes. Taken together with the 
reported lack of correlation between the  magenta  and the  turquoise  and/or  light 
cyan  modules, these fi ndings may suggest that the immunological alterations are 
either not pathophysiologically dependent on the other alterations or that a previous 
relationship might have existed developmentally, but was lost as a consequence of 
disease [ 111 ].  

    Summary and Future Directions 

 As can be said for all genetically complex disorders, the process of gene discovery 
in TS to date has been challenging. Despite strong evidence that genes contribute to 
the disorder, there have been a considerable number of gene discovery efforts that 
have yet to account for a signifi cant proportion of disease etiology. Nevertheless, 
there is reason for optimism given emerging evidence for the contribution of spe-
cifi c genes and biological pathways from rare variation and gene expression studies 
in TS (see Table  9.1 ) and given signifi cant progress being made in other neuropsy-
chiatric and neurodevelopmental disorders, particularly ASD and schizophrenia. 
Large-scale studies in both of these disorders have resulted in dramatic advances in 
the understanding of their respective genomic architectures, signaling a good prog-
nosis for the future of TS genetics research.

   Whether the fi eld focuses on the identifi cation of rare mutations, common poly-
morphisms, gene expression changes, or all three, it is abundantly clear that large 
patient cohorts will be an essential requirement to identify relevant genes and to 
minimize the risk for false-positive fi ndings. Over the last decade, the Tourette 
Syndrome Association International Consortium for Genetics (TSAICG), consist-
ing of 14 different collaborative sites, has been working to collect larger samples of 
TS subjects. Using this collection and additional samples from other collaborating 
investigators, the TSAICG completed the fi rst GWAS of TS [ 56 ], described above, 
and has recently undertaken a second TS GWAS in 3,000 cases and 5,000 ancestry- 
matched controls (  http://www.fi ndtsgenes.org/    ). The analyses of these data are 
nearing completion and should help identify common and rare genetic variants that 
increase the risk for TS. Once these genes are characterized, there is optimism that 
subsequent research will elucidate the biological processes that are important for 
the development of TS. 

 In 2011, a second consortium, the Tourette International Collaborative Genetics 
(TIC Genetics;   http://tic-genetics.org/    ) study, was established, with the aims of col-
lecting clinical data and biomaterials (DNA, transformed cell lines, RNA) from TS 
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patients and their family members. Recruitment is from more than twenty sites in the 
USA, Europe, and South Korea, and these materials are part of a sharing  repository 
of the National Institute for Mental Health (NIMH) Center for Collaborative Genetic 
Studies on Mental Disorders. Data and biomaterials will be made available to the 
widest possible research community to hasten the identifi cation of causal genetic 
factors and facilitate better understanding and treatment of TS [ 130 ]. Both consortia, 
TSAICG and TIC Genetics, are currently working closely to plan complementary 
analyses and to combine existing data for analyses of larger TS data sets. 

 Finally, a large consortium of TS investigators in the European Union is conduct-
ing a parallel, longitudinal study of 1,000 TS subjects, with a plan to complete a 
third GWAS in the near future (  http://www.emtics.eu/    ). 

 There is great hope that the efforts of these groups and their research will eluci-
date novel cellular and molecular mechanisms that may not have been previously 
hypothesized to be important for the etiology of TS. Recent discovery of rare muta-
tions in the histamine neurotransmission pathway led to a current clinical trial of an 
H3-modulating compound, serving as one example of how such a process might 
proceed from gene discovery to the development of new intervention strategies. In 
the end, the continued generosity of patients and their families participating in 
research, the sharing of biomaterials across the scientifi c community, and the effec-
tive collaboration among scientists, patients, families, and research- funding institu-
tions will all be critical to success. There is reason for great optimism that the pace 
of genetic discovery in TS will accelerate and inform intervention strategies that 
will alleviate suffering endured by those with TS and related disorders.     
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    Chapter 10   
 Genetics of Paroxysmal Dyskinesia 

             Knut     Brockmann       and     Hendrik     Rosewich    

    Abstract     Paroxysmal dyskinesias (PxDs) constitute a clinically and genetically 
heterogeneous group of rare conditions characterized by recurrent brief episodes of 
abnormal involuntary movements. PxDs may present with episodic choreic, ballis-
tic, athetoid features or any mixture of dystonic symptoms. Current classifi cation of 
PxDs based on different precipitating factors recognizes three subtypes including 
paroxysmal kinesigenic (PKD), nonkinesigenic (PNKD), and exercise-induced 
(PED) dyskinesia. Neurological examination between the attacks is usually normal 
in these subtypes. However, PxDs occur as a distinct feature of complex chronic 
neurological disorders, comprising Glut1 defi ciency syndrome, MCT8 defi ciency 
(Allen-Herndon-Dudley syndrome), and ATP1A3-related conditions (alternating 
hemiplegia of childhood; rapid-onset dystonia-parkinsonism). Alliance of meticu-
lous phenotyping with state-of-the-art methods of molecular genetics resulted in 
new insights concerning the genetic causes of PxDs.  

  Keywords     Paroxysmal kinesigenic dyskinesia   •   Paroxysmal nonkinesigenic dyski-
nesia   •   Paroxysmal exercise-induced dyskinesia   •    PRRT2    •   Glut1 defi ciency syn-
drome   •    ATP1A3   
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        Introduction 

 Paroxysmal dyskinesias (PxDs) constitute a clinically and genetically heteroge-
neous group of rare conditions characterized by recurrent brief episodes of abnor-
mal involuntary movements. PxDs present with episodic choreic, ballistic, athetoid 
features or any mixture of dystonic symptoms. Neurological examination between 
the attacks is usually normal. On the other hand, PxDs are seen in more complex 
chronic neurological disorders comprising glucose transport protein type 1 defi -
ciency syndrome (Glut1-DS), Allan-Herndon-Dudley syndrome (monocarboxylate 
transporter 8 defi ciency), alternating hemiplegia of childhood (AHC), and various 
other conditions.  

    Classifi cation of Paroxysmal Dyskinesias (PxDs) 

 Based on the European Federation of Neurological Societies current scheme, dysto-
nia in general may be classifi ed by etiology, by age at onset, or by distribution of 
affected body parts [ 1 ]. In this scheme, paroxysmal dystonia/dyskinesias (PxDs) 
constitute a subtype of primary dystonia. Similar to classifi cation of dystonia at 
large, systematization of PxDs is “complex and not entirely satisfactory” [ 2 ]. 

 While early denominations focused largely on the duration of attacks [ 3 ], the cur-
rent classifi cation of PxDs is based on the difference of precipitating factors. Three 
subtypes are recognized including paroxysmal nonkinesigenic (PNKD), kinesigenic 
(PKD), and exercise-induced (PED) dyskinesia [ 4 – 6 ]. Idiopathic (genetic, primary) 
PxDs are discriminated from symptomatic (acquired, secondary) PxDs, depending on 
the etiology [ 7 ]. In idiopathic PxDs, familial as well as sporadic cases are observed. 
According to the current conventional defi nition, there are no abnormal fi ndings on 
neurological examination between the attacks in idiopathic (genetic, primary) PxDs. 
The clinical diagnosis is based upon history and occasionally upon personal observa-
tion or videotaping of an attack. The presence of baseline neurological defects has 
been thought to be a distinguishing feature between primary and symptomatic 
(acquired, secondary) PxDs [ 7 ]. Symptomatic PxDs are typically accompanied by 
neurological symptoms discernable between the paroxysms. These interictal features 
may comprise intellectual disability, epilepsy, and persistent movement disorders. 

 However, during the last decade evidence has evolved indicating that several 
genetic conditions with prominent persistent neurological defects are accompanied 
by PxDs as well. PxDs were recognized to be part of multifaceted genetic disorders 
with marked baseline neurological defects [ 8 ]. Thus, we propose a classifi cation of 
PxDs which separates “pure” from “complicated” PxDs, similar to the widely 
accepted classifi cation of hereditary spastic paraplegia. In pure PxDs, the neurologi-
cal examination between the attacks is normal. In complicated PxDs, the episodic 
dyskinesias are embedded in persisting neurological abnormalities evident on 
 physical examination between the attacks. Pure PxDs are of genetic origin in general, 
while complicated PxDs may arise in genetic as well as in acquired conditions. 
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 Furthermore, based on recent discoveries of genetic causes of different subtypes 
of pure PxDs, it has been recognized that there is no consistent genotype-phenotype 
correlation in these conditions. Each subtype of pure PxDs (PNKD, PKD, and PED) 
displays genetic heterogeneity, as many affected patients do not carry a mutation in 
one of the presently discovered genes. On the other hand, the phenotypic spectra of 
mutations in  PRRT2 ,  SLC2A1 , and  MR1  keep expanding, thus indicating marked 
pleiotropy of these molecular alterations [ 9 ]. 

 Table  10.1  summarizes clinical and genetic features of pure and complicated 
genetic PxDs.

   Paroxysmal hypnogenic dyskinesia (PHD), delineated as a further subtype in 
former classifi cations [ 5 ] and characterized by attacks of dyskinesia occurring pri-
marily during sleep, is now generally recognized as autosomal dominant nocturnal 
frontal lobe epilepsy.  

    Paroxysmal Dyskinesia with Normal Interepisodic 
Findings (Pure PxDs) 

    Paroxysmal Nonkinesigenic Dyskinesia (PNKD) 

 Familial paroxysmal nonkinesigenic dyskinesia (PNKD), fi rst described in 1940 by 
Mount and Reback, was originally designated familial paroxysmal choreoathetosis 
[ 10 ]. In PNKD, involuntary movements comprising any combination of chorea, atheto-
sis, and ballism occur spontaneously in recurrent episodes without a trigger such as 
sudden movement or physical exertion. The dyskinetic paroxysms involve the limbs, 
face, and trunk. Consciousness is preserved. Some patients report premonitory sensa-
tions, mainly focal limb paresthesia. Caffeine, alcohol, sleep deprivation, and emo-
tional stress may reduce the threshold of these paroxysms. Duration of attacks is longer 
than in PKD and ranges from minutes to hours. Interepisodic neurological examination 
does not reveal any abnormalities. Most cases are familial following an autosomal 
dominant pattern of inheritance. While all types of PNKD share these characteristics in 
common, they display clinical variety with respect to age of onset, precipitating factors, 
paroxysmal symptoms, and response to medication as well as genetic heterogeneity. 

    Genetics of PNKD 

    MR1  

 As early as 1996, a fi rst PNKD gene had been mapped to the long arm of chromo-
some 2. Almost 20 years later, the gene was identifi ed, when in 2004 two indepen-
dent research groups discovered heterozygous mutations in the myofi brillogenesis 
regulator gene ( MR1 ) in several families with PNKD [ 11 ,  12 ]. Penetrance is reduced, 
as single family members carried a mutation but were free of PNKD. 

10 Genetics of Paroxysmal Dyskinesia
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 The  MR1  (alternatively designated  PNKD ) gene on chromosome 2q35 contains 
12 exons and encodes for a protein with three isoforms (MR1L, MR1M, and MR1S) 
with different cellular distribution and presumably distinct biological functions. 
The CNS-specifi c isoform MR1L consists of 385 amino acids and is localized 
mainly on the cell membrane. However, details of its function are not yet known 
[ 11 ,  12 ]. Studies of the subcellular localization of both wild-type and mutant MR1 
isoforms pointed to a novel disease mechanism involving the mitochondrial target-
ing sequence [ 13 ]. Investigations of the stability, cellular localization, and enzy-
matic activity of the PNKD protein in cultured cells and transgenic animals indicated 
that  MR1  mutations disrupt protein processing in vivo resulting in an impairment of 
cellular redox status due to reduced glutathione levels [ 14 ]. 

 Subsequently  MR1  mutations were confi rmed in further kindreds with PNKD. A 
large study included 49 patients with PNKD from eight families carrying  MR1  
mutations and compared them with 22 patients from six kindreds with clinical diag-
nosis of PKND but without  MR1  mutations [ 15 ]. In kindreds with  MR1  mutations, 
penetrance was calculated as 98 %. In patients with  MR1  mutations, onset of attacks 
was in infancy or early childhood, attacks were precipitated by consumption of 
either alcohol or caffeine, and PNKD showed positive response to benzodiazepines 
or sleep. In contrast, patients with PNKD who did not carry an  MR1  mutation 
showed a broader variation in their age of onset, triggering factors, paroxysmal 
features, and response to medication [ 15 ]. 

 To date, a total of 73 patients from 13 families with MR1 mutations have been 
reported (reviewed in [ 9 ]). In a small number of patients, PxDs were triggered by 
prolonged exercise, thus linking  MR1  mutations with PED.  

    KCNMA1  

 In a large kindred with 16 individuals (10 males, 6 females) who were affected by 
PNKD ( n  = 7), generalized epileptic seizures (absence, generalized tonic-clonic) 
( n  = 4), or both ( n  = 5), the locus was mapped to chromosome 10q22 (generalized 
epilepsy and paroxysmal dyskinesia, GEPD, OMIM #609446). The region identi-
fi ed by linkage analysis contained two genes encoding ion channels, and a missense 
mutation was detected in one of them, the  KCNMA1  gene. This gene encodes for the 
pore-forming α-subunit of the BK channel, a calcium-sensitive potassium channel 
[ 16 ]. To date, no further patients with this disorder were reported.  

   Locus 2q31 

 Autosomal dominantly inherited PNKD was observed in a Canadian family with 10 
affected members (8 females, 2 males) over three generations [ 17 ]. PNKD involved 
the hands and feet symmetrically, with a duration ranging between 2 and 10 min. 
The attacks were not triggered by movement, exercise, alcohol, caffeine, or excite-
ment. Onset was variable, ranging from 1 to 77 years. Genetic analysis of the  MR1  

10 Genetics of Paroxysmal Dyskinesia
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gene was normal in these patients. A locus was identifi ed on chromosome 2q31 [ 17 ] 
and termed PNKD2 (OMIM %611147), although its report dated slightly later than 
the discovery of  KCNMA1 -associated PNKD.  

    PRRT2  and  SLC2A1  

 Few patients with mutations of the  PRRT2  or the  SLC2A1  gene experience 
PNKD. They are discussed in more details below.    

    Paroxysmal Kinesigenic Dyskinesia (PKD) 

 In 1967 Kertesz was the fi rst to describe a condition then termed paroxysmal kine-
sigenic choreoathetosis [ 18 ]. Later designated paroxysmal kinesigenic dyskinesia 
(PKD), and alternatively called episodic kinesigenic dyskinesia (EKD), this subtype 
has now been recognized as the most common form of PxDs. Attacks consist of 
choreatic, ballistic, and mixed dystonic symptoms with unilateral, bilateral, or alter-
nating appearance. Involvement of the face may result in dysarthria or anarthria. 
However, consciousness is preserved, and the attacks are not painful. Mean age at 
onset is 10 years, with a range from 1 to 40 years [ 9 ]. PKD episodes are precipitated 
by sudden movements like initiation of standing, walking, or running. Attacks are 
short, with duration ranging from a few seconds to a minute. An aura is reported by 
a subset of patients. Aura symptoms comprise paresthesias, numbness, tingling sen-
sations, or a feeling of muscular tension in the limb that immediately afterward 
would display the dyskinesia. Some patients learn to prevent the episode by slowing 
down their movement. Attacks recur frequently with most patients having up to 20 
attacks daily, up to 100 episodes per day in puberty, and marked decrease in fre-
quency after age 20 years. 

 In a large series of 121 patients, about two thirds had a family history of PKD [ 19 ]. 
Sporadic occurrence is observed more frequently in males than in females [ 19 ,  20 ]. 

 Neurological examination is normal in primary PKD. Neuroimaging and labora-
tory studies may help in ruling out secondary PKD caused by multiple sclerosis, 
cerebral vascular disorder, or traumatic brain injury. 

    Genetics of PKD 

 The combination of familial PKD with benign familial infantile convulsions (BFIS) 
in the same family or even the same patient had been recognized for a long time 
[ 21 ]. Linkage studies in kindreds with the infantile convulsions and choreoathetosis 
(ICCA) syndrome and in families with PKD mapped the locus for both disorders to 
the pericentric region of chromosome 16 [ 22 – 24 ]. Thus, allelism of these conditions 
was suggested. Further studies narrowed down the critical region for PKD/
ICCA. However, conventional genetic methods including linkage and haplotype 
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analysis as well as Sanger sequencing of more than 150 genes located around the 
critical region in chromosome 16 were not able to identify the associated gene [ 25 ]. 
Only with the advent of whole-exome sequencing it was possible to demonstrate 
heterozygous mutations in  PRRT2  as a cause of PKD [ 26 – 29 ]. The  PRRT2  gene 
consists of four exons and encodes the proline-rich transmembrane protein 2. This 
protein comprises 340 amino acids and two putative transmembrane domains. 
Numerous reports subsequently confi rmed that  PRRT2  mutations are the major 
cause of both, PKD and BFIS [ 30 – 35 ]. Most of these mutations are truncating and 
are predicted to result in haploinsuffi ciency. A recent review analyzed clinical fea-
tures of 374 patients with  PRRT2  mutations reported in the literature [ 9 ].   

    Phenotypic Spectrum of PRRT2-Related Disorders 

 Heterozygous  PRRT2  changes are found with high prevalence in familial PKD, 
BFIS, and ICCA and somewhat less often in sporadic patients. The detection of 
 PRRT2  mutations in episodic neurological disorders prompted molecular analysis 
of this gene in similar conditions. This resulted in a remarkable unfolding of the 
clinical phenotypes of  PRRT2  mutations, which were discovered in patients with 
migraine, hemiplegic migraine, episodic ataxia, febrile seizures, sporadic infantile 
convulsions, and paroxysmal torticollis – as sole presentation or in various combi-
nations [ 36 – 47 ]. 

 Homozygous  PRRT2  mutations were detected in two families with more severe 
clinical features comprising intellectual disability, episodic ataxia, and infantile sei-
zures [ 48 ,  49 ]. 

 However,  PRRT2  mutations are not a common cause of infantile epileptic encepha-
lopathies (IEE). In a cohort of 220 patients with IEE, neither the frequent c.649-
650insC mutation nor any other pathogenic variants in  PRRT2  were found [ 50 ]. 

 The function of the proline-rich transmembrane protein 2 is hardly understood at 
present. Evidence for an interaction with synaptosomal-associated protein 25 (SNAP-
25) indicates an involvement in the release of neurotransmitters from synaptic vesicles 
at the presynaptic membrane [ 51 ]. An imbalance in the release of excitatory and inhib-
itory transmitters may result in episodic neurological features including seizures and 
PKD. Further research is needed to clarify the function of PRRT2 in detail. 

 While there is now evidence that mutations of the  PRRT2  gene are the major 
cause of PKD, genetic heterogeneity in this most frequent subtype of PxDs is sug-
gested by several studies [ 52 ,  53 ].  

    Paroxysmal Dystonia of Infancy 

 The term transient paroxysmal dystonia of infancy designates a rare condition 
observed in infants aged 1–7 months with brief frequently recurring episodes of 
opisthotonus or symmetrical or asymmetrical dyskinesia of the upper limbs [ 54 –
 56 ]. Frequency of episodes usually decreases, and complete resolution of 
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paroxysms is observed over the fi rst years of life. Development is unimpaired. 
Paroxysms may be precipitated by certain movements or positions. Thus, this con-
dition may present an infantile variant of PKD. The cause is unknown, and  PRRT2  
mutations are not yet on record.  

    Benign Paroxysmal Torticollis of Infancy 

 Benign paroxysmal torticollis of infancy is characterized by recurrent episodes of 
cervical dystonia. A recent report concerned 10 patients and reviewed 103 cases 
described in the literature [ 57 ]. Onset is during the 1st year of life. Paroxysmal tilt-
ing of the head may be accompanied by vomiting, signs of discomfort, pallor, 
ataxia, limb dystonia, tortipelvis, and gaze abnormalities. Torticollis may concern 
the same side or alternate sides with successive episodes. Attacks last from several 
hours to a few days and typically persist during sleep. Paroxysms usually dissolve 
by age 3–5 years. Search for triggering factors was largely negative. Many patients 
show early gross and fi ne motor delay of mild to moderate severity, which may 
persist in a few cases. A family history of migraine is frequent, and there is obvi-
ously a relationship to benign paroxysmal vertigo as well as to paroxysmal dysto-
nia of infancy [ 57 ,  58 ]. In a few patients with benign paroxysmal torticollis 
mutations of the CACNA1A gene encoding for a neuronal calcium channel were 
detected [ 59 ]. In addition, a  PRRT2  mutation was found in a patient with transient 
infantile paroxysmal torticollis [ 41 ]. Further studies will clarify whether  CACNA1A 
and PRRT2   mutations signifi cantly account for infantile paroxysmal torticollis or 
paroxysmal dystonia.  

    Paroxysmal Exercise-Induced Dyskinesia (PED) 

 The term paroxysmal exercise-induced dyskinesia (PED) designates a rare subtype 
of PxDs with phenotypical and genetic heterogeneity. In PED, episodes of dyskine-
sia are by defi nition triggered by prolonged exercise. Additional precipitating fac-
tors were reported in some patients comprising passive movements, exposure to 
cold, or electric nerve stimulation [ 60 ,  61 ]. 

 Duration of episodes ranges from a few minutes to several hours, largely shorter 
than in PNKD, but clearly longer than in PKD. Frequency of episodes depends on 
the extent of sustained physical exercise and the individual threshold for a PED. A 
compilation of reports of approximately nine families and 20 sporadic patients with 
PED was provided by Suls et al. [ 62 ]. 

 PED may constitute the only clinical symptom without any accompanying clini-
cal features between the attacks [ 61 ]. On the other hand, PED may occur together 
with epilepsy, as reported in several patients and families [ 60 ,  63 ,  64 ]. PED was 
observed in association with rolandic epilepsy and writer’s cramp (RE-PED-WC, 
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OMIM %608105) [ 65 ] and with migraine [ 66 ]. Moreover, PED may be embedded 
in a more complex chronic neurological condition. PED was reported as a present-
ing symptom of young-onset Parkinson's disease [ 67 ,  68 ]. The genes associated 
with these disorders are not yet identifi ed. 

    Genetics of PED 

 At present, mutations in the  SLC2A1  gene encoding for glucose transport protein 
type 1 (GLUT1) are considered the major cause of PED in both sporadic patients and 
affected families (DYT18, OMIM #612126) [ 62 ,  69 ,  70 ]. PED has been recognized 
to be part of the phenotypic spectrum of GLUT1 defi ciency syndrome (GLUT1-DS) 
and in fact had been mentioned in this context earlier [ 71 ]. Most patients with PED 
due to  SLC2A1  mutations present with complex interepisodic neurological features. 
A recent review of 41 mostly sporadic patients with  SLC2A1 - related  PxDs attributed 
exercise as precipitating factor in 95.2 % and reported concomitant disturbances in 
65.8 % [ 9 ]. Therefore, this condition is addressed in more detail in the next chapter. 
Possibly, particularly the mono- or oligosymptomatic GLUT1-DS patients with PED 
as the prominent feature will go undiagnosed in many cases.    

    Paroxysmal Dyskinesia Embedded in Chronic Neurological 
Conditions (Complicated PxDs) 

 PxDs are occasionally incorporated in a chronic and complex neurological disease. 
Only for a few of these conditions detailed phenotypic description and elucidation 
of the genetic basis has been achieved to date. 

    Glucose Transport Protein Type 1 Defi ciency Syndrome 
(GLUT1-DS) 

 A continuous maintenance of glucose provides the main energy supply for the 
mammalian brain. Transfer of hydrophilic glucose across the lipophilic blood-brain 
barrier is facilitated by the glucose transport protein type 1 (GLUT1). Heterozygous 
mutations of the  SLC2A1  gene encoding GLUT1 impair glucose transport into the 
brain. Most reported mutations occurred  de novo ; in familial cases, the disorder is 
inherited following an autosomal dominant trait. The classic phenotype was desig-
nated GLUT1 defi ciency syndrome (GLUT1-DS, OMIM #606777) and comprises 
marked motor and mental developmental delay, epilepsy with onset in the 1st year 
of life, deceleration of head growth resulting in secondary microcephaly, and a 
mixed movement disorder with spasticity, dystonia, and ataxia. Lowered glucose 
levels in CSF (hypoglycorrhachia) and a reduced ratio of the glucose concentrations 
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in CSF and serum are the clinical laboratory hallmarks. Therapy with ketogenic diet 
provides ketone bodies as alternative energy source for the brain and results in 
marked improvement of seizures and movement disorder. The effect on cognitive 
impairment is less impressive. 

 Marked variability of the clinical phenotype of GLUT1-DS has been recognized 
over the last years. A carbohydrate-responsive phenotype with clinical features 
aggravated by fasting and improving after carbohydrate intake and movement dis-
orders such as intermittent ataxia with mild learning diffi culties or predominant 
dystonia, but without epilepsy, were observed [ 72 ,  73 ]. In a study of 57 patients with 
GLUT1-DS, nonepileptic paroxysmal events were found in 28 % of cases. These 
attacks included episodes of ataxia, parkinsonian features, weakness, and nonkine-
sigenic dyskinesias [ 74 ]. 

 The present expansion of the phenotypic spectrum of GLUT1-DS includes 
recognition of familial and sporadic PED caused by  SLC2A1  mutations. Whereas 
a subset of patients displayed PED as the sole neurological feature or showed 
just mild clumsiness or dysdiadochokinesis as interepisodic fi ndings, many 
patients had additional epilepsy or cognitive impairment (ranging from learning 
diffi culties to moderate intellectual disability) or both (DYT18, OMIM #612126) 
[ 62 ,  69 ,  70 ]. Attacks may present with choreoathetotic movements or stiffening 
and cramps. In our experience, many patients with GLUT1-DS are affected by 
PED triggered by walking or running, but not all patients complain spontane-
ously about this  symptom, as they learned to alleviate the dyskinesias by taking 
a rest or eating sweets. Apart from sustained exertion, precipitating factors 
include stress, fasting, anxiety, and sleep deprivation. Duration of attacks ranges 
from 5 min to several hours, but most PED last for about 30 min. Frequency 
ranges from several times a day to occasional episodes over a year [ 9 ,  62 ]. 
Ketogenic diet proved effective in many patients, if they adhere to the diet. 
Some patients rely on eating sweets or sugar to ease the paroxysms. Good 
response of PED to medication with acetazolamide was observed in a single 
patient with GLUT1-DS [ 75 ]. 

 Few patients with  SLC2A1  mutations experience PxDs without exertion or any 
other precipitating factors; some others have PxDs triggered by fasting, stress, or 
anxiety. These PxDs may therefore be classifi ed as PNKD. 

 Reevaluation of the clinical presentation in a large kindred with PED and 
progressive spastic paraplegia resulted in the detection of a heterozygous 
 SLC2A1  mutation [ 76 ]. This condition had been originally reported as paroxys-
mal choreoathetosis/spasticity and designated DYT9 (OMIM #601042) or alter-
natively termed “choreoathetosis/spasticity, episodic” (CSE) [ 77 ]. An  SLC2A1  
mutation was demonstrated in monozygotic twins with PED and progressive 
spastic paraparesis, but not in 139 patients with hereditary spastic paraplegia 
without PxDs [ 76 ].  
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    Allan-Herndon-Dudley Syndrome (AHDS) 

 Based on recognition of the monocarboxylate transporter type 8 (MCT8) as a thyroid 
hormone transporter, a candidate gene approach resulted in the discovery of mutations 
in the  SLC16A2  gene on chromosome Xq13.2 encoding for MCT8 in males with 
intellectual disability and a peculiar pattern of thyroid hormone concentrations in 
serum (OMIM #300523) [ 78 ,  79 ]. Clinical features in these patients comprise proxi-
mal muscular hypotonia with poor head control in infancy, generalized muscular 
hypotrophy, marked developmental delay with severe intellectual disability and 
inability to communicate, spasticity with joint contractures and scoliosis evolving 
during childhood or young adulthood, inability to stand or walk in many patients, 
ataxia in those who ambulate, dysarthria or complete absence of speech, elongated 
face with bitemporal narrowing, and microcephaly or normal head circumference. 

 Subsequent reappraisal of clinical and laboratory features of large kindreds with 
a special type of X-linked mental retardation (Allan-Herndon-Dudley syndrome, 
AHDS) originally described in 1944 [ 80 ] demonstrated that AHDS is in fact caused 
by MCT8 defi ciency [ 81 ]. To date, more than 70 different  SLC16A2  mutations in 
about 200 patients from approximately 100 families of diverse ethnic background 
have been reported [ 82 ]. A characteristic pattern of thyroid hormone concentrations 
in blood including elevated serum T 3 , low reverse T 3 , low normal to reduced T 4 , and 
normal or slightly elevated thyrotropin (TSH) levels is found in obviously all 
patients as a laboratory hallmark of this condition. 

  SLC16A2  mutations compromise transmembrane uptake of triiodothyronine (T 3 ) 
from the blood into the neurons. Thus, AHDS patients have neuronal hypothyroid-
ism despite elevated FT 3  levels in the blood. However, details of the emergence of 
the clinical presentation are not yet understood. 

 In a subset of affected boys, PxDs were observed. As these attacks were precipi-
tated by passive movements like changing of their clothes or diapers, the episodes 
were classifi ed as PKD [ 83 ,  84 ]. Interestingly, PxDs are known to occur in other 
conditions with disordered thyroid hormone metabolism, including endemic cretin-
ism and hyperthyroidism [ 83 ]. 

 The special paroxysmal features of PKD observed in one patient with a proven 
 SLC16A2  mutation [ 83 ] showed impressive similarity with hemidystonic attacks 
seen in alternating hemiplegia of childhood.  

    Alternating Hemiplegia of Childhood (AHC) 

 Alternating hemiplegia of childhood (AHC) represents a prototype of a complex 
chronic neurological disorder with PxDs as a clinical hallmark. AHC is a rare, 
largely sporadic disorder; the prevalence is estimated to be one in 1,000,000 people. 
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The clinical presentation of AHC includes paroxysmal and nonparoxysmal mani-
festations. The nonparoxysmal symptoms take a progressive course in most cases, 
but a more favorable outcome is observed in a subset of patients. Paroxysmal mani-
festations occur as PxDs in most patients, although episodes of fl accid paresis with-
out dyskinesia dominate in some cases. Frequent episodes of hemidystonia or 
hemiplegia accompanied by other paroxysmal symptoms including nystagmus, 
anarthria, dysphagia, hypersalivation, and seizures are highly characteristic [ 85 , 
 86 ]. Hemiplegic and hemidystonic attacks typically shift from one side of the body 
to the other and may merge to quadriplegia. By defi nition onset of the paroxysmal 
manifestations is within the fi rst 18 months of life. Duration of attacks ranges from 
a few minutes to several days, and episodes recur from repeatedly within a day to 
several times a month. The attacks are typically provoked by physical or emotional 
stressors, most commonly emotional triggers such as excitement. Physical triggers 
include hypo- or hyperthermia, respiratory tract infections, and bright light. 
Characteristically all paroxysmal symptoms dissolve on falling asleep, and induc-
tion of sleep is a major therapeutic measure to bring severe attacks to an end. 
Paroxysmal manifestations prevail throughout life, but in most patients will dimin-
ish in frequency and duration over the years. 

 In most patients interepisodic features appear after a course of months or years. 
These nonparoxysmal manifestations comprise global developmental delay, learn-
ing diffi culties or intellectual disability, ataxia, dysarthria, dystonia, and occasion-
ally pyramidal tract signs. Most patients are severely handicapped after a course of 
several years [ 85 – 88 ]. 

 Extensive laboratory investigations and neuroimaging studies failed to provide 
any conclusive fi nding indicating the pathomechanism or a candidate gene. Sporadic 
occurrence in almost all cases precluded linkage mapping as an approach to identify 
the causative gene. 

    Genetics of AHC 

 The use of whole-exome sequencing enabled several independent research groups 
to demonstrate heterozygous  de novo  mutations in the  ATP1A3  gene as the cause of 
AHC (OMIM # 614820) [ 88 – 90 ].  ATP1A3  mutations were detected in 74 % (82 of 
105) of patients with the clinical diagnosis of AHC in one study [ 89 ]. Two smaller 
studies found a mutation in each of 24 and 8 clinically well-characterized AHC 
cases, respectively [ 88 ,  90 ]. 

  ATP1A3  encodes for the α 3 -subunit of the Na + /K + -ATPase, a transmembrane ion 
pump generating transmembrane electrical and chemical gradients of sodium and 
potassium. Generation of these gradients constitutes a basic process in cellular 
physiology and is a prerequisite for the electrical excitability of nerve and muscle 
cells. Thus, a considerable part of the energy consumption of the mammalian brain 
is due to the Na + /K + -ATPase. 

 The large catalytic α-subunit of the Na + /K + -ATPase contains the binding sites for 
ATP, cations, and cardiac glycosides. Among the four α-isoforms with different 
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expression patterns known in mammals, the α 1 -isoform is ubiquitously expressed 
while the α 2 - and α 3 -isoforms are expressed in brain. The α 2 -isoform is found in the 
hippocampus, astrocytes, and oligodendrocytes. The α 3 -isoform is abundantly and 
selectively expressed in the neurons of various brain structures, comprising basal 
ganglia, hippocampus, and cerebellum [ 91 ]. Nonuniform expression of the Na + /K + -
ATPase isoforms points to a neuron-specifi c role of the α 3 -isoform. As a hypothesis 
it was suggested that in neurons background ionic homeostasis is maintained by 
α 1- Na/K-ATPase, thus playing the role of “housekeeping” transporter, whereas the 
α 3 -isoform serves as a “reserve” transporter activated only when Na +  concentration 
is high, as it is the case following repeated action potentials [ 92 ]. This assumption 
would match with the clinical observation of stressing events precipitating paroxys-
mal manifestations of AHC and with dyskinesia as a clinical feature related to the 
highly energy-dependent basal ganglia. 

 To date, mutations only in  ATP1A2  and  ATP1A3 , the genes encoding the α 2 - and 
α 3 -isoforms, were found to be associated with neurological disease in humans. 
Autosomal dominantly inherited heterozygous  ATP1A2  mutations were demonstrated 
in patients with familial hemiplegic migraine [ 93 ] and in familial basilar migraine [ 94 ].   

    Phenotypic Spectrum of ATP1A3-Related Disorders 

 Already in 2004 heterozygous mutations of  ATP1A3  were linked with a rare disor-
der called rapid-onset dystonia-parkinsonism (RDP, DYT12, OMIM #128235) [ 95 ]. 
This condition was clinically fi rst described in 1993 [ 96 ]. RDP is characterized by 
abrupt onset of dystonia and parkinsonism with bradykinesia and gait instability. 
Dystonia is asymmetric, and bulbar symptoms including dysarthria and dysphagia 
are prominent. Onset of symptoms is typically triggered by physical or emotional 
stressors and occurs within a time span ranging from 1 h to a few weeks. Onset is 
largely in the 2nd and 3rd decade of life. Some patients showed a subsequent slow 
improvement over several months followed by a 2nd abrupt deterioration of dysto-
nia and parkinsonian features. To date, about 50 patients worldwide with heterozy-
gous missense mutations of the  ATP1A3  gene were reported. Inheritance is 
autosomal dominant with reduced penetrance in familial cases, and a number of 
sporadic  de novo  mutations were observed [ 97 ]. 

 Whether AHC and RDP represent distinct clinical phenotypes [ 98 ] or different 
manifestations along a clinical spectrum [ 99 ] of  ATP1A3 -related disorders remains 
a matter of debate. Major clinical features shared in common by both conditions 
comprise strikingly asymmetric dystonia, a rostrocaudal (face to arm to leg) gradi-
ent of involvement, pronounced signs of brainstem dysfunction such as dysphagia, 
dysarthria or even anarthria, and hypomimia. Triggering of onset by physical and 
emotional stress constitutes a further mutual peculiarity. On the other hand, both 
phenotypes clearly differ in their chronologic evolution of symptoms: while RDP is 
a mono- or biphasic condition, AHC is a polyphasic disorder with frequently recur-
ring attacks. Several patients reported recently exhibit intermediate features, and in 
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a number of cases diagnosed as having RDP, recurrent episodes of dyskinesia super-
imposed on the baseline movement disorder were described [ 100 – 103 ].  

    18q23 Deletion Syndrome 

 The 18q23 deletion syndrome comprises congenital malformations, motor and 
mental developmental delay, autism, seizures, short stature, and hearing loss. In a 
7-month-old infant with the karyotype 46,XX, del(18)(q21.3-ter), PxDs were 
reported. Paroxysmal dystonic posturing occurred in clusters with increased muscle 
tone, fl exion of the right arm, and stretching of the other limbs [ 104 ].      
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    Chapter 11   
 Genetics of Dominant Ataxias 

             Mario     Manto       and     Daniele     Marmolino    

    Abstract     Dominant ataxias represent a clinically and genetically heterogeneous 
group of hereditary disorders comprising autosomal dominant spinocerebellar atax-
ias (ADCAs, SCAs) and episodic ataxias (EAs). From the clinical point of view, 
patients with ADCA exhibit a progressive cerebellar syndrome, either isolated or in 
combination with extra-cerebellar defi cits. EAs are characterized by recurrent epi-
sodes of dizziness and ataxia, occurring either in a context of interictal neurological 
defi cits or not. Current genetic classifi cation includes 32 SCA loci (numbered from 
SCA1 to SCA36, plus dentatorubropallidoluysian atrophy DRPLA) and 7 EA loci 
(numbered from EA1 to EA7). A group of 12 ADCAs are related to an expansion of 
CAG repeats (polyglutaminopathies) or to repeats outside the coding region. 
Disease progression and severity are correlated with the repeat size. Anticipation is 
due to an instability of the expanded allele during transmission. The other ADCAs 
are due to conventional gene mutations. Overall, the causative gene is identifi ed in 
about 60 % of dominant ataxias. There is still no cure for this group of disabling 
degenerative diseases. Current management is symptomatic.  

  Keywords     Cerebellum   •   Ataxias   •   Genes   •   Dominant   •   Polyglutamine   •   Episodic 
ataxias   •   Atrophy  

     The terminology of “ataxia” designates a lack of coordination and balance. Ataxia 
may be consecutive to a disorder affecting the cerebellum, its afferences and/or its 
efferences, or the peripheral nerves (the so-called sensory ataxias). Numerous dis-
orders can cause ataxia of cerebellar origin, including sporadic and genetic diseases 
[ 1 ,  2 ]. This chapter will focus on cerebellar ataxias with a dominant transmission. 
These rare disorders have an estimated prevalence of 3–4/100,000 individuals [ 3 ]. 
Autosomal recessive ataxias and X-linked ataxias are not discussed in this chapter. 
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    Classifi cation of Dominant Ataxias 

 Autosomal dominant spinocerebellar ataxias (ADCAs) were initially classifi ed on 
the basis of clinical and neuropathological features. Patients were grouped accord-
ing to the clinical phenotype: presence of a cerebellar syndrome which was pure or 
associated with brainstem signs, extrapyramidal defi cits, signs of peripheral nerve 
involvement, or retinal defi cits. The dominantly inherited pattern was pointed out 
by Pierre Marie [ 4 ]. Neuropathological classifi cation has considered a pattern of 
olivopontocerebellar atrophy (OPCA) and the cerebellar cortical atrophy (CCA) 
type, in addition to the cerebello-olivary degeneration of Holmes [ 5 – 8 ]. However, 
these terms have encompassed both sporadic and genetic ataxias, causing some con-
fusion. The classifi cation of Greenfi eld [ 9 ] has considered predominantly spinal 
ataxias (such as Friedreich ataxia and hereditary spastic paraplegias), predomi-
nantly cerebellar ataxias, and spinocerebellar ataxias involving extra-cerebellar 
regions. Again, this classifi cation was ambiguous if analyzed from a genetic stand-
point, because several modes of transmission were gathered in the same groups of 
disorders. 

 The works of Harding clarifi ed greatly the classifi cation of dominant ataxias 
[ 10 – 12 ]. This author underlined the limits of the neuropathological classifi cation. 
For instance, she pointed out that patients within the same family fall in distinct 
neuropathological groups. She suggested a new classifi cation which took into 
account the clinical presentation, the mode of inheritance, and the presumed bio-
logical causes. ADCAs were divided into four types:

    1.    ADCA type I: cerebellar ataxia “plus” (presence of extra-cerebellar defi cits, such 
as ophthalmoplegia, optic atrophy, cognitive defi cits, and extrapyramidal signs)   

   2.    ADCA type II: cerebellar ataxia with visual defi cits due to pigmentary retinal 
degeneration (ophthalmoplegia, dementia, and extrapyramidal defi cits may 
occur)   

   3.    ADCA type III: pure cerebellar syndrome usually starting after the third decade   
   4.    ADCA type IV: cerebellar ataxia with mental retardation, deafness, and myoclonus    

  The current classifi cation is based on genetics and considers three groups:

    1.    The spinocerebellar ataxias (SCAs)   
   2.    Dentatorubropallidoluysian atrophy (DRPLA)   
   3.    Episodic ataxias (EAs)     

 SCAs and DRPLA are progressive disorders characterized by a cerebellar syn-
drome which may be associated with noticeable extra-cerebellar defi cits. The most 
common SCAs are SCA1, SCA2, SCA3 (Machado–Joseph disease (MJD)), and 
SCA6 [ 3 ]. The incidence and prevalence of the various SCAs varies according to 
the geographical region of the world. It is important to note that the phenotype of 
SCAs may vary greatly within the same family and between families. The main 
clinical feature of EAs is the recurrent aspect of ataxia (crises or attacks of ataxia). 
Table  11.1  lists the main clinical signs in the various SCAs.
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       Establishing the Diagnosis of Dominant Ataxias 

 Establishing the diagnosis of hereditary ataxia requires:

    1.    A detailed neurological examination and detection of typical clinical signs 
including:

    (a)    Poorly coordinated gait and fi nger/hand movements   
   (b)    Dysarthria (incoordination of speech)   
   (c)    Eye movement abnormalities such as nystagmus, abnormal ocular saccades, 

and ophthalmoplegia       

   Table 11.1    Clinical phenotype of SCAs   

 Pure cerebellar 
syndrome 

 SCA5, SCA6, SCA11, SCA26 

 Cerebellar ataxia 
combined with 
extra-cerebellar 
defi cits (“ataxia plus”) 

 Cognitive defi cits 
and/or behavioral 
symptoms 

 SCA1, SCA2, SCA3, SCA10, SCA12, 
SCA13, SCA14, SCA17, SCA19, SCA21, 
SCA27, DRPLA 

 Seizures  SCA10, SCA17, DRPLA 
 Oculomotor defi cits 
and/or involvement 
of eyes 

 Downbeat nystagmus  SCA6 
 Ocular dyskinesia  SCA10 
 Slow saccades  SCA1, SCA2, 

SCA3, SCA7, 
SCA28 

 Ophthalmoplegia  SCA1, SCA2, 
SCA3, SCA28, 
SCA30 

 Retinopathy  SCA7 
 Pyramidal defi cits  SCA1, SCA2, SCA3, SCA4, SCA7, SCA8, 

SCA10, SCA11, SCA12, SCA13, SCA14, 
SCA15, SCA28, SCA30 

 Movement disorders  Dystonia  SCA3, SCA14, 
SCA17 

 Parkinsonism  SCA1, SCA2, 
SCA3, SCA12, 
SCA17, SCA21 

 Tremor  SCA8, SCA12, 
SCA16, SCA19, 
SCA20 

 Dyskinesias  SCA27 
 Chorea  SCA1, SCA17, 

DRPLA 
 Myoclonic jerks  SCA2, SCA14, 

SCA19, DRPLA 
 Peripheral 
neuropathy 

 SCA1, SCA2, SCA3, SCA4, SCA6, SCA8, 
SCA27, SCA12, SCA18, SCA22, SCA25 

  Adapted from Manto [ 1 ]  
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   2.    Brain imaging studies (especially MRI studies)   
   3.    Documentation of the hereditary nature of the disease:

    (a)    Positive family history of ataxia   
   (b)    Identifi cation of an ataxia-causing mutation   
   (c)    To recognize a clinical phenotype characteristic of a genetic form of ataxia       

   4.    Exclusion of nongenetic causes of ataxia.     

    Diagnosis 

 The diagnostic thus relies on the family history, the clinical presentation, the neuro-
imaging pattern, and the genetic tests. Overall, the genetic tests are currently suc-
cessful in about 60 % of SCAs (see below). Time should be devoted to construct the 
family tree in order to determine the mode of inheritance. Families with a history of 
a predominant cerebellar syndrome during successive generations have a high like-
lihood to present a SCA when both sexes are affected. Anticipation (discussed 
below) is an additional argument. However, the family tree may be diffi cult to set 
when the other members of the family cannot be examined (following death, for 
instance) or in case of no apparent symptom in some family members (patients at a 
presymptomatic stage). The variable penetrance and a possible false paternity or 
adoption also need to be taken into account. The ethnic and geographical back-
ground is also a clue for the diagnosis. 

 Additional tests may be valuable for the differential diagnosis. Neurophysiological 
studies such as nerve conduction velocities (NCV) and visual-evoked potentials 
(VEP) are useful to determine the presence of a peripheral neuropathy and optical 
nerve disease, respectively. Motor-evoked potentials (MEP) confi rm the involve-
ment of the corticospinal tract, especially in SCA1. The presence of periodic leg 
movements (PLM) during sleep is detected by polysomnography.  

    Brain Imaging 

 Brain MRI is noninvasive and is considered as a technique of choice to assess the 
anatomy of the brain in dominant ataxias (Fig.  11.1 ). It is important to exclude other 
causes of ataxia which could mimic a degenerative disorder (brain tumor, stroke, 
malformation, immune disease, etc.). Although brain MRI may be totally normal at 
the beginning of the symptoms, it becomes a sensitive tool to quantify atrophy as the 
disorder evolves with time. The main morphological patterns are the following: 

•    A pattern of pure cerebellar atrophy (in particular in SCA6).  
•   A pattern of OPCA with atrophy of the cerebellum and brainstem (typical for 

SCA1, SCA2, SCA3, and SCA7). The atrophy can extend to the upper segments 
of the spinal cord.  

•   A pattern of global brain atrophy (for instance, in DRPLA).    
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 Some fi ndings may be very suggestive of a given SCA. Dentate nuclei calcifi ca-
tions are observed in SCA20. 

 Volumetric studies are now available as routine procedures and allow to quantify 
the degree of regional atrophy and the progression with time.  

    Differential Diagnosis 

 Differential diagnosis of hereditary ataxia includes:

   Acquired, nongenetic causes of ataxia: alcoholism, vitamin defi ciencies, multiple 
sclerosis, cerebrovascular disease, primary or metastatic tumors, and paraneo-
plastic diseases associated with occult carcinoma of the ovary, breast, or lung and 
the idiopathic degenerative disease multiple system atrophy (MSA). An acquired 
cause of ataxia should be considered in all cases of ataxia.     

    Molecular Genetic Testing of SCAs 

 ADCAs are associated to mutations that include nucleotide expansions occurring in 
either expressed or non-expressed regions of the gene, point mutations, duplications, 
and deletions. The normal size of CAG repeat allele and of the full-penetrance 

a
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  Fig. 11.1    Brain imaging in SCAs. ( a – c ) Brain MRI in a 52-year-old man presenting a SCA2. 
Atrophy of the medulla, pons, and cerebellum on T2-weighted axial images ( a ,  b ). Flattening of 
the pons on T1-weighted sagittal image ( c ; see  white arrow ). Atrophy of the cerebellar cortex on 
coronal T2-weighted image ( black arrow ,  d ) in a 44-year-old man with a SCA2. Atrophy of the 
vermis ( white arrow ) and slight fl attening of the pons ( arrowhead ) in a 23-year-old woman pre-
senting a SCA8 ( e ; T1-weighted sagittal image). The atrophy of the cerebellar cortex is well identi-
fi ed on T2-weighted axial images in this patient ( f – g ;  black arrows ). Slight atrophy of the upper 
vermis in a patient presenting EA2 ( h ; sagittal T1-weighted image;  white arrow )       
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disease-causing CAG expansion varies among the disorders (for reviews, see 
GeneReviews.org). Today, 50–60 % of the dominant hereditary ataxias can be identi-
fi ed with accurate and specifi c molecular genetic testing. This is the case for SCA1, 
SCA2, SCA3, SCA6, SCA7, SCA8, SCA10, SCA12, SCA17, and DRPLA. These 
disorders are characterized by CAG repeats within the coding region of the genes, 
translating into an elongated polyglutamine tract in the protein. Molecular genetic tests 
for CAG repeat length are highly specifi c and sensitive diagnostic tools, and further 
they are commercially available. However, pursuing tests for multiple genes simultane-
ously may seem less optimal than serial genetic testing, but their cost is decreasing. 
Molecular genetic testing results more specifi c than MRI fi ndings in the hereditary 
ataxias and guidelines for genetic testing of hereditary ataxia have been published [ 13 ]. 
Testing is also available for some autosomal dominant forms of SCA that are not asso-
ciated with repeat expansions (SCA5, SCA13, SCA14, SCA15, SCA27, SCA28, and 
16q22-linked SCA). Interpretation of results can be an issue in the same case and 
should be done with caution, and the following aspects should be taken into account:

•    The exact range for the abnormal repeat expansion has not been fully established 
for many of these disorders.  

•   In some cases, there may be an overlap between the upper range of normal values 
and the lower range of abnormal CAG repeat size. Such alleles are classifi ed as 
mutable normal or reduced penetrance. Mutable normal alleles do not cause dis-
ease themselves but can expand during the genetic transmission to a reduced or 
fully penetrant allele. In a few words, children of an individual carrying a muta-
ble normal allele have increased risk of inheriting a disease-causing allele. 
Therefore, interpretation of results in which the CAG repeat length is at the inter-
face between the allele categories mutable normal/reduced penetrance and 
reduced penetrance/disease-causing results can be diffi cult. In such cases, a con-
sultation with the testing laboratory should be considered.  

•   SCA2, SCA7, SCA8, and SCA10 mutations may present with extremely large 
CAG expansions in length, only detectable by Southern blot analysis. For these 
disorders, a test of apparent homozygosity (detection of a single allele by PCR 
analysis) should be associated to the clinical fi ndings, the family history, and the 
age of onset of symptoms (to determine whether Southern blot analysis is needed).     

    The Risk for Family Members 

 Generally autosomal dominant ataxia patients have an affected parent, although in 
some cases the family history is negative. For example, family history may not be 
obvious because of:

•    An early death of a parent or a late-onset disorder  
•   A failure to recognize autosomal dominant ataxia in family members  
•   A reduced penetrance of the mutant allele in an asymptomatic parent or a de 

novo mutation    
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 The risk to siblings depends on the genetic status of the proband’s parents. If one 
of the proband’s parents has a mutant allele, the risk for the sibs of inheriting the 
mutant allele is 50 %. Individuals with autosomal dominant ataxia have a 50 % 
chance of transmitting the mutant allele to each child.  

    Related Genetic Counseling Issues 

 At-risk asymptomatic adult can be tested for autosomal dominant cerebellar ataxia 
after identifi cation of a specifi c disorder and mutation in their family. Such testing 
should be performed in the context of formal genetic counseling and will remain a 
predictive testing and not a diagnostic testing. The test will not predict the age of 
onset, the severity, the type of symptoms, or the rate of progression. However, 
molecular genetic testing of asymptomatic individuals younger than 18 years who 
are at risk for adult-onset disorders for which no effective treatment exists is not 
considered appropriate. Concern exists regarding the potential unhealthy adverse 
effects that such information may have on family dynamics, the risk of discrimina-
tion and stigmatization in the future, and the anxiety that such information may 
cause. For more information, see the recommendations of the  National Society of 
Genetic Counselors resolution on genetic testing of children  and the  American 
Society of Human Genetics  and  American College of Medical Genetics points .  

    New Genetic Technologies 

 Looking for the exact genetic mutation in patients with a cerebellar ataxia may be 
diffi cult, time consuming, and costly. The relatively uniform phenotype of many 
patients with cerebellar ataxia makes it diffi cult to decide which gene should be 
investigated fi rst. Since conventional testing is expensive, many genes that are rarely 
involved in disease causation may not be tested. Thus, the development of novel 
technologies such as exome capture and next-generation DNA sequencing (NGS) is 
very interesting to screen the whole coding part of the genome in one experiment at 
reduced costs. This has been demonstrated to be a powerful diagnostic approach in 
the case of ataxia and Charcot–Marie–Tooth disease, which is a similarly heteroge-
neous disease [ 14 ]. The costs for this test decreased dramatically over the last year 
(it is about 1,000 USD). However, limitations need to be considered, in particular in 
the diagnosis of ataxia. In fact, currently NGS has a poor ability to sequence 
stretches of repetitive DNA such as the polyglutamine repeats. 

 Recently, systems biology approach based on whole-transcriptome gene expres-
sion analysis has been used to address the possible relationships among known SCA 
genes, predict their functions, identify overlapping pathways, and provide a frame-
work for candidate gene discovery. Published results showed that two cerebellar 
gene coexpression modules were statistically enriched in SCA transcripts and con-
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tained established granule and Purkinje cell markers, respectively. One module 
includes genes involved in the ubiquitin–proteasome system and contains SCA 
genes usually associated with a complex phenotype, while the other module encloses 
many genes important for calcium homeostasis and signaling and contains SCA 
genes associated mostly with pure ataxia [ 15 ].  

    DNA Banking 

 DNA banking is the storage of DNA (generally from white blood cells) for possible 
future use. Because it is likely that testing methodology will improve in the future, 
consideration should be given to banking DNA of affected individuals with domi-
nant ataxias.  

    Prenatal Testing 

 Prenatal diagnosis for some of the hereditary ataxias is possible by analyzing fetal 
DNA (from chorionic villus sampling at about 10–12 weeks’ gestation or amnio-
centesis, usually performed at about 15–18 weeks’ gestation) for disease-causing 
mutations. The disease-causing allele(s) of an affected family member must be 
identifi ed before prenatal testing. Although most centers would consider decisions 
about prenatal testing to be the choice of the parents, discussion regarding the pur-
pose of the testing should be considered, like pregnancy termination rather than 
early diagnosis. Preimplantation genetic diagnosis may also be available when the 
disease-causing mutation has been identifi ed.  

    Genetics of SCAs and DRPLA 

 Historically, SCA1 was linked to chromosome 6 in 1977. SCA1 was identifi ed as 
the fi rst disorder associated with a trinucleotide repeat expansion [ 16 ]. Current 
numbering of SCAs is based on the chronological order of the gene discovery. 

 Table  11.2  lists the SCAs and their respective locus, and Table  11.3  provides the 
normal repeat range, the intermediate repeat range, and the pathological repeat 
range. A number of 32 genetic loci have been discovered:

•      SCA1 to SCA8.  
•   SCA9 is not attributed.  
•   SCA10 to SCA15/16 (SCA15 and SCA16 are identical).  
•   SCA17 to SCA23 (SCA22 is an allelic variant of SCA19).  
•   SCA24 is not attributed.  
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•   SCA25 to SCA28.  
•   SCA29 is an allelic variant of SCA15.  
•   SCA30 to SCA32.  
•   SCA35 to SCA36.  
•   DRPLA.    

 On the basis of the genetic mutation, three groups of SCAs can be considered 
(Fig.  11.2 ).  

   Table 11.2    Loci of the SCAs   

 Disease  Chromosomal locus (mutation) 
 MIM number 
 (  http://www.omim.org    ) 

 SCA1  6p23 (CAG expansion)  164400 
 SCA2  12q24.1 (CAG expansion)  183090 
 SCA3  14q24.3-q31 (CAG expansion)  607407 
 SCA4  16q22.1  600223 
 SCA5  11q13 (point mutations, in-frame deletions)  600224 
 SCA6  19p13 (CAG expansion)  601011 
 SCA7  3p14-p21.1 (CAG expansion)  164500 
 SCA8  13q21 (CTG–CAG expansion)  608768 
 SCA10  22q13 (ATTCT expansion)  603516 
 SCA11  15q14-21.3 (point mutations, insertions, deletions)  604432 
 SCA12  5q31-q33 (CAG expansion)  604326 
 SCA13  19q13.3-q13.4 (point mutations)  605259 
 SCA14  19q13.4-qter (point mutations)  605361 
 SCA15  3p26-p25 (point mutations, deletions)  606658 
 SCA17  6q27 (CAG expansion)  607136 
 SCA18  7q22-q32  607458 
 SCA19  1p21-q21  607346 
 SCA20  11p13-q11 (duplication)  608687 
 SCA21  7p21.3-p15.1  607454 
 SCA22  1p21-q23  607346 
 SCA23  20p13-12.3 (point mutations)  610245 
 SCA25  2p15-p21  608703 
 SCA26  19p13.3  609306 
 SCA27 (FGF14)  13q34 (point mutations)  609307 
 SCA28  18p11.22-q11.2 (point mutations)  610246 
 SCA29  3p26  117360 
 SCA30  4q34-q35  613371 
 SCA31  16q22.1 (TGGAA n  repeat)  117210 
 SCA32  7q32-q33  613909 
 SCA35  20p13 (point mutations)  613908 
 SCA36  20p13 (point mutations)  614153 
 DRPLA  12p13.31 (CAG expansion)  125370 
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   Table 11.3    Ranges of repeats in SCAs   

 Disease  Normal range  Intermediate range  Pathological range 

 SCA1  6–35  35–39  39–83 
 SCA2  14–31  31–34  34–77 
 SCA3  12–44  44–52  52–86 
 SCA6  4–18  18–20  20–33 
 SCA7  7–19  19–37  37 to >400 
 SCA8  15–50  50–80  80 to >1,300 
 SCA10  10–29  280–800  800–4,500 
 SCA12  4–32  32–51  51–78 
 SCA17  25–42  42–49  49–66 
 SCA31  1.2–2.0 kb  2.5–3.8 kb 
 SCA36  3–8  1,500–2,500 
 DRPLA  3–35  35–48  48–93 

  Adapted from Taroni et al. [ 17 ].  

CAG repeat: SCA12, SCA1, SCA2, SCA3, SCA6,SCA7,SCA17,DRPLA

(CTA)n + (CTG)n repeat: SCA8

ATTCT repeat: SCA10

TGGAA repeat: SCA31

GGCCTG repeat: SCA36

5’-UTR 3’-UTRORF ORFIntron

NCRE

NCRE
CM

SCA5

SCA10
SCA1

SCA12

SCA2
SCA3
SCA6
SCA7
SCA17
DRPLA

SCA31
SCA36

SCA11
SCA13
SCA14

SCA20
SCA23
SCA27
SCA28
SCA35

SCA15/16

NCRE

SCA8
CRE

  Fig. 11.2    Mutations in SCAs.  NCRE  noncoding repeat expansions,  CRE  coding repeat expan-
sions,  CM  conventional mutations (missense, in-frame deletions, frameshift, nonsense, 
duplication)       
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    Due to Repeat Expansion 

 This group is characterized by a CAG repeat expansion within the coding or non-
coding parts of the relevant genes [ 18 ]. This includes SCA1, SCA2, SCA3, SCA6, 
SCA7, SCA17, and DRPLA. Because the CAG codon codes for glutamine (Q), the 
mutation results in the production of mutant protein characterized by a polyQ (poly-
glutamine, hence the terminology of polyglutaminopathies). Genotype–phenotype 
correlations of these disorders are well described [ 3 ] with the disease manifesting 
above a threshold of CAG repeats. The proteins are named ataxin-1 (ATXN1) for 
SCA1, ATXN2 for SCA2, ATXN3 for SCA3, ATXN7 for SCA7, and atrophin-1 for 
DRPLA. In SCA6, the mutation involves the calcium channel CACNA1A and in 
SCA17 the TATA-binding protein (TBP). Three important features are found in this 
group: (a) there is an inverse relationship between the number of CAG repeats and 
the age of onset of the clinical defi cits, (b) the age of onset is characterized by antici-
pation, (c) and above a certain threshold in terms of number of CAG repeats, a full 
penetrance of the disorder occurs. It should be noted that CAG expansions are also 
found in two disorders usually not classifi ed within ataxias: spinobulbar muscular 
atrophy (SBMA) and Huntington’s disease (HD).  

    Due to Repeat Expansion Outside the Protein-Coding Region 

 This group includes SCA8, SCA10, SCA12, SCA31, and SCA36. There is some 
debate about SCA8 expansion because large repeats have been found in controls or 
patients with other diseases [ 19 ]. The repeat is a CTG triplet. SCA10 is character-
ized by a repeat expansion of the pentanucleotide ATTCT in intron 9 of the ATXN10 
gene. An RNA-mediated toxicity has been proposed for both SCA8 and SCA10. In 
SCA12, the triplet expansion (CAG) affects the promoter of the PPP2R2B gene. For 
SCA31, another pentanucleotide (TGGAA) is expanded in an intron shared by the 
genes BEAN and TK2. SCA36 is due to an expansion of a hexanucleotide GGCCTG 
in the intron 1 of the NOP56 gene [ 20 ]. The pathogenesis is presumed to be due to 
a gain-of-function toxicity of the expanded RNA, along with a drop in the transcrip-
tion of miRNA.  

    Due to Conventional Mutations 

 A minority of the dominant ataxia syndromes (SCA type 5, 11, 13, 14, 15, 20, 23, 
27, 28, and 35) are caused by conventional mutations (deletions, duplications, non-
sense, missense, splice). Conventional mutations have been reported to be up to 6 % 
of all dominant ataxia in France, with repeat expansions accounting for 45 % with 
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the remaining 48 % being genetically undiagnosed [ 21 ]. Genotype–phenotype cor-
relations were diffi cult to determine due to the limited number of families. A cor-
relation between the degree of functional impairment and the severity of the 
phenotype has been demonstrated by functional analysis of potassium channels 
(EA1, SCA13) and calcium channels (SCA6, EA2). These disorders often have a 
“purer” cerebellar phenotype (ADCAIII), with a slower rate of progression when 
compared to SCAs due to repeat expansions. 

 SCA5 is caused by a mutation in the SPTBN2 gene, which encodes the B3 spec-
trin [ 22 ]. A pure cerebellar syndrome with onset between 15 and 50 years has been 
described in the presence of missense and in-frame deletions. In 1994, 56 affected 
individuals have been reported for the fi rst time over ten generations. SCA5 has also 
been reported in French and German pedigrees [ 23 ]. 

 SCA11 is caused by stop mutations, frameshift insertions, or deletions in the 
TTBK2 gene, resulting in a pure cerebellar syndrome with normal life expectancy 
[ 24 ]. The disease was initially reported in British families. Subsequently, patho-
genic variants in TTBK2 have been reported in French and German families [ 25 ]. 

 SCA13 is caused by missense mutations in KCNC3 encoding for a voltage-gated 
potassium channel [ 26 ]. The disease was initially reported in French and Filipino 
families. Different missense mutations correlate with a wide phenotypic spectrum. 
In the case of the childhood-onset form, two variants from European and Filipino 
families have been associated to the disease: (g.10693G > A p.Arg423His) and (g. 
10767 T > C p.Phe448Leu) [ 27 ]. In SCA13, motor and mental developmental delay 
is a common feature. Two missense mutations have been reported. The p.Phe448Leu 
variant is associated to a more severe phenotype. The p.Arg423His variant has also 
been described in a Caucasian family in the United States. 

 SCA14 is caused by mutations in PRKCG [ 28 ] and is associated with a variable 
ataxic phenotype, including myoclonus, dystonia, or peripheral neuropathy. The 
onset is usually in adulthood, and patients carry in most case mutations (missense) 
in exons 4, 5, 10, and 18. SCA14 has been described in many families from Europe, 
Japan, and Australia [ 29 ]. 

 SCA15/16 is caused by heterozygous deletions of the 5′ part of the ITPR1 gene 
[ 30 ]. A missense mutation (c.1480G > A p.V494I) has also been reported. The 
ITPR1 protein is highly expressed in cerebellar Purkinje cells and is an important 
modulator of intracellular calcium signaling. SCA15/16 is characterized by a mild 
cerebellar ataxia with slow disease progression. SCA15 was identifi ed in 1.8 % of 
patients in French families [ 31 ]. SCA15/16 also shares a locus with SCA29, raising 
the hypothesis that they could be allelic disorders. 

 SCA20 is due to a 260 kb duplication in a region comprising >12 genes at 11q12 
[ 32 ]. It was originally described in an Australian family. Disease characteristics include 
dysphonia and spasmodic cough (bulbar symptoms) and dentate nucleus calcifi cations. 

 SCA21 has been reported in a French family [ 33 ]. The age of onset is variable. 
Oculomotor defi cits are mild. Patients may exhibit akinesia and tendon hypore-
fl exia. A mild cognitive impairment may be observed. 

 SCA23 is due to missense mutations of PDYN [ 34 ], which encodes prodynor-
phin protein, an opioid neuropeptide precursor. This causes a relatively pure 

M. Manto and D. Marmolino



225

 cerebellar syndrome with a late onset (43–73 years) and slow progression. The dis-
ease has been reported in a single Dutch ataxia family [ 35 ]. 

 SCA27 is caused by missense and nonsense mutations in the fi broblast growth 
factor 14 (FGF14). The gene was identifi ed in Dutch families and is associated with 
early-onset ataxia [ 36 ], plus cognitive defi cits, head/limb tremor, and dyskinesia 
that can be exacerbated by stress or exercise. There is a normal life expectancy. 
Most affected patients are unable to walk by the seventh to eighth decade. The dis-
ease has also been reported in a German ataxia patient. 

 SCA28 is caused by a mutation in AFG3L2, which encodes a metalloprotease 
located in the mitochondria [ 37 ]. Missense mutations have been reported. They are 
commonly located in the proteolytic domain of the protein with a mutation hotspot 
in exons 15–16. SCA28 has a typically early onset between 12 and 36 years and is 
characterized by a slowly progressive cerebellar ataxia with ophthalmoparesis and 
lower limb hyperrefl exia. The disease is estimated to account for 1.5 % of European 
ADCA cases [ 38 ]. 

 SCA35 is caused by mutations in the cerebral transglutaminase TGM6 and was the 
fi rst dominant ataxia gene to be identifi ed through exome sequencing [ 39 ]. Missense 
mutations were reported in two Chinese families in which a late-onset cerebellar syn-
drome with upper motor neuron involvement was reported. There is a moderate rate 
of progression. Patients use a wheelchair about 20 years after disease onset.   

    Anticipation 

 Anticipation is one of the main features of polyglutaminopathies. It designates the 
tendency of symptoms to start earlier and with a more severe phenotype [ 40 ]. 
Anticipation is related to changes in the size of the repeat expansion during trans-
mission. Expanded alleles are unstable, with a trend towards an increase of CAG 
repeats (intergenerational elongation of the expansion). The instability is higher for 
paternal expansions, because the trends towards expansion are greater during sper-
matogenesis. Anticipation may be particularly marked in SCA7 and DRPLA, so 
that the disease can manifest in children before the parents develop symptoms. 
SCA2 is also characterized by anticipation, although to a lesser degree. There is 
threshold of 35–40 triplets beyond which the polyglutamine adopts an abnormal 
conformation, with a tendency to form aggregates and to interact with other proteins 
[ 40 ]. Unlike polyglutaminopathies, a phenomenon of contraction of the ATTCT 
repeat may be observed in SCA10, in particular for paternal transmission.  

    Prevalence 

 The prevalence of these disorders is not exactly known. ADCAs in the Netherlands 
are estimated to be at around 3:100,000 [ 41 ], and the prevalence of individual sub-
types of ADCA may vary from region to region, because of founder effects. DRPLA 
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was found to be more common in Japan and rare in North America, while SCA3 is 
much more common in Portugal, Japan, and Germany than in the United Kingdom 
[ 42 – 44 ]. SCA2 is relatively common in Korea. Further, SCA3 was originally 
described in Portuguese families from the Azores and called Machado–Joseph dis-
ease. A recent study found evidence of frequency variation between different regions 
in Japan [ 45 ].  

    Pathogenesis of SCAs 

 The concept of a toxic effect of polyglutamine expansion is now widely accepted 
(gain of function), but the intimate mechanisms of the toxicity are still not estab-
lished. The polyQ tract adopts an impaired conformation (misfolding of the pro-
tein) and forms aggregates. These neuronal intranuclear inclusions are a major 
feature of the following polyglutaminopathies: SCA1, SCA3, SCA7, SCA17, and 
DRPLA. In SCA2, aggregates occur in the cytoplasm of neurons, whereas they 
are located in perinuclear regions in SCA6. It is interesting to note that one of the 
most vulnerable neurons in the cerebellum of SCA patients is the Purkinje cell. 
However, these neurons do not contain aggregates of proteins. Some consider that 
this indicates a possible dissociation between neuronal toxicity and the process of 
aggregation. The mutant proteins may interact with transcription factors such as 
senseless/Gfi 1 by increasing its degradation, for instance, in SCA1 [ 46 ]. In case 
of the Purkinje cell, the mutant protein would impair the functions of ROR-alpha, 
known to play critical roles for the cerebellar cortex. Transcriptional dysregula-
tion and proteasome inhibition would both contribute to the pathogenesis of poly-
glutaminopathies. There is a colocalization between the ubiquitin and the nuclear 
inclusions, suggesting a failure in the attempt to remove the misfolded proteins. 
There is also a colocalization with heat-shock proteins (HSPs) such as HSP70, 
HSP40, and CHIp. This is interpreted as an attempt of the cell to transform the 
misfolded protein in soluble components [ 47 ].  

    Natural Course and Follow-Up of SCAs 

 SCAs are characterized by a slow worsening of symptoms. The average disease 
duration in polyglutaminopathies is between 15 and 30 years [ 40 ]. A clinical 
scale called SARA has been designed for SCAs and can be used to monitor the 
clinical progression of the defi cits [ 48 ]. Score ranges from 0 (no ataxia) to a 
maximum of 40. The ICARS (international cooperative ataxia rating scale) scale 
and the BARS (brief ataxia rating scale) scale can be used also. The extra-cere-
bellar defi cits can be monitored using the INAS inventory (inventory for non-
ataxia symptoms; 30 items) [ 49 ].  
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    Therapies of SCAs 

 There is still no medication which reverts the natural course of SCAs. Table  11.4  
shows the symptomatic treatments. Tandospirone and buspirone might improve 
slightly postural defi cits, and acetazolamide may improve ataxia in SCA6 at the 
beginning of the disease [ 50 ]. The positive effects with the amino acid acetyl-DL- 
leucine acting on vestibular circuits need to be confi rmed in a placebo-controlled 
trial [ 51 ]. Therapies under investigation aim to increase the clearance of proteins, to 
perform gene silencing, to modulate the transcription, or to decrease the expression 
of a mutated allele [ 52 ].

   Regular physical therapy, speech/language therapy (which likely decreases the 
risk of swallowing diffi culties), and occupational therapy are recommended. 
Intensive coordination training (3 × 1 h/week) improves motor activities [ 53 ]. 
Assisting devices (sticks, strollers) may be helpful in selected cases.   

    Episodic Ataxias 

 The episodic ataxias are monogenic disorders, also considered as a group of hetero-
geneous channel disorders. They are characterized by attacks of ataxia, which may 
be associated with a range of other neurological manifestations including myoky-
mia, migraine, seizures, or chorea. The recurrent episodes of ataxia are often associ-
ated with vertigo and dizziness. The absence of impaired consciousness is very 
suggestive. Usually, the beginning and the end of the attack are clearly identifi ed by 
the patients. 

 Eight episodic ataxia syndromes have been described: EA 1–7 and episodic 
ataxia with paroxysmal choreoathetosis and spasticity (CSE). EA 1 and 2 are the 
most common and best characterized of these. The genes for EA 1, 2, 5, and 6 
(Table  11.5 ) have been identifi ed with linkage loci mapped in EA 3, 7, and 
CSE. Episodic ataxia is rare with a combined incidence of <1:100,000.

   Table 11.4    Symptomatic therapies in SCAs   

 Seizures  Antiepileptic drugs 

 Psychiatric manifestations  Psychotropic medications 
 Tremor  Primidone, gabapentin, propranolol 

 Deep brain stimulation (DBS) in selected cases 
 Restless legs syndrome  Dopamine agonists 
 Extrapyramidal defi cits  Levodopa, dopamine agonists, amantadine 
 Spasticity  Baclofen, tizanidine 
 Muscle cramps  Magnesium, quinine 
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      EA1 

 Patients exhibit brief attacks of ataxia. They show an ictal dysarthria and typical inter-
ictal myokymia (continuous muscle unit activity) especially in the face or the hands. 
The episodes last from a few seconds to a few minutes, often triggered by stress, 
exercise (kinesigenic), or startle. Between the episodes, there is usually no ataxia or 
nystagmus. EA1 is primarily due to missense mutations in KCNA1 [ 54 ] although 
truncated mutations have been reported. The degree of channel impairment correlates 
with the severity of the phenotype. Mutations associated with severe phenotypes that 
may be poorly responsive to treatment or are associated with seizures or neuromyoto-
nia show the most signifi cant impairment of potassium channel function. 

 Patients usually benefi t from a therapy with acetazolamide (500 mg/day). The 
drug reduces the number of attacks. Side effects include numbness, loss of appetite, 
loss of concentration, and kidney stones. Myokymia may be reduced with clonaze-
pam, carbamazepine, or valproic acid.  

    EA2 

 This is the most common EA. The attacks are usually longer as compared to EA1, 
lasting from hours to days. An interictal nystagmus is commonly observed, and 
50 % of the patients complain of headaches and nausea, sometimes with a misdiag-
nosis of migraine. The triggering factors are usually emotions, exercise, and fatigue. 
With time, patients develop an interictal mild ataxic syndrome that may mimic a 
SCA. Vermian atrophy is often detected on MRI (see Fig.  11.1 ). EA2 is due to a 
range of mutations in CACNA1A [ 55 ], which include missense, nonsense, aberrant 
splicing, and nucleotide insertions and deletions. 

 EA2 is allelic with FHM type 1 (migraine, hemiplegia, interictal nystagmus, 
and progressive ataxia) and SCA6 [ 56 ]. Most of the mutations that cause EA2 

   Table 11.5    Episodic ataxias   

 EA  Gene (locus)  Mutation  Age of onset (years) 

 EA1  KCNA1 (12p13)  Point mutations  2–15 
 EA2  CACNA1A (19p13) a   Point mutations 

 Deletions 
 1–30 

 EA3  ? (1q42)  –  1–42 
 EA4  ? (?)  –  20–60 
 EA5  CACNB4 (2q22-23)  Point mutations  3–19 
 EA6  SLC1A3 (5p13)  Point mutations  <20 
 EA7  ? (19q13)  –  13–19 

   a Allelic to SCA6 and FHM (familial hemiplegic migraine)  
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disrupt the open reading frame, whereas FHM is caused primarily by missense 
mutations. Acetazolamide (500 mg/day) is very effective. Aminopyridines may be 
effective also [ 57 ].  

    EA3 

 This EA has been reported in Canada. Episodes of ataxia, vertigo, and tinnitus last 
a few minutes [ 58 ]. Patients exhibit interictal myokymia. Acetazolamide reduces 
the number of attacks.  

    EA4 

 EA4 was reported in US families. It is also called periodic vestibulocerebellar ataxia 
(PATX). Patients exhibit attacks of ataxia and vertigo lasting a few hours. They 
show interictal ataxia and gaze-evoked nystagmus. Ocular pursuit is abnormal. 
Patients do not respond to acetazolamide.  

    EA5 

 EA5 has been described in a single French-Canadian family that was heterozygous 
for a missense mutation in the beta4-subunit of the calcium channel Cav2.1. Clinical 
presentation may be similar to EA2 (missense mutation), but mutations may present 
with a phenotype of generalized epilepsy or juvenile myoclonic epilepsy (heterozy-
gous nonsense mutation) [ 59 ]. The precise functional effects of this mutation are 
not clear as the same mutation was identifi ed in a German family with generalized 
epilepsy but no ataxia.  

    EA6 

 The disorder was initially reported in a child showing episodic ataxia, epilepsy, 
alternating hemiplegia, and migraine [ 60 ]. A de novo mutation was identifi ed in the 
SLC1A3 gene, which results in complete loss of function of the protein EAAT1, a 
glutamate transporter localized to astrocytes. A Dutch family has been reported 
with the p.C186S variant that resulted in a milder phenotype without the manifesta-
tions of seizures or alternating hemiplegia [ 61 ]. Acetazolamide is effective to reduce 
symptoms.  
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    EA7 

 In EA7, exertion or excitement provokes ataxia, vertigo, and weakness. Defi cits last 
a few hours to a few days [ 62 ].  

    Differential Diagnosis 

 Table  11.6  lists the differential diagnosis of EAs.

        Conclusion 

 With an expanding and aging population, the genetic cerebellar ataxias are becom-
ing an increasingly important problem from the healthcare standpoint. The recent 
genetic progresses have signifi cantly increased our understanding of these clinically 
heterogeneous disorders, allowing to dissect and better stratify the ataxias. Still, 
about 40 % of these patients remain with an undetermined etiology. The availability 
of novel genetic technologies to both research and diagnostic laboratories will facil-
itate a further rapid progress in this fi eld. In the near future, a greater effi ciency in 
diagnosis and the identifi cation of many new forms of ataxia are therefore expected. 
The challenges for the future will be the complete understanding of the pathoge-
netic mechanisms in order to develop new therapies that will ultimately halt or 
reverse the degeneration and therefore the ataxia.     
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    Chapter 12   
 Genetics of Recessive Ataxias 

             Stephan     Klebe       and     Mathieu     Anheim    

    Abstract     Autosomal recessive cerebellar ataxias (ARCA) comprise a heteroge-
neous group of rare and most often complex hereditary neurodegenerative diseases. 
In the last few years, an acceleration of new ARCA gene discovery, including 
microarrays and next-generation sequencing, has occurred. These techniques have 
also led to the description of mutations in known genes associated with unusual 
phenotypes and the demonstration that there is a continuum between ARCA and 
other neurodegenerative disorders. An ARCA should be considered in patients (1) 
with an age at onset before 30 years, (2) with other affected siblings, and (3) if con-
sanguinity in the family is known. According to pathophysiological principles, the 
ARCA might be associated with further neurological, especially neuropathy, and 
extra-neurological symptoms. Thus, results of electromyography are of interest for 
the classifi cation of ARCA as well as for the etiological investigation. Similarly, 
another key point is whether there is clear cerebellar atrophy on brain MRI or not. 
However, both electromyography and MRI may be normal at the onset of the dis-
ease and should be repeated later in such cases. Several common pathophysiologi-
cal pathways for ARCA have been described so far, including mitochondrial 
dysfunction, DNA repair defi ciency, abnormal protein folding, and degradation, 
paroxysmal disorders. The following chapter classifi es ARCA according to an 
absence or involvement of the peripheral nervous system in: (1) ARCA with pure 
sensory neuropathy, (2) ARCA with motor and sensory polyneuropathy, and (3) 
ARCA without polyneuropathy.  
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        Introduction 

 Autosomal recessive cerebellar ataxias (ARCA) comprise a heterogeneous group 
of rare and most often complex hereditary neurodegenerative diseases [ 1 ]. The fi rst 
symptoms of ARCA are subtle, with an age at onset (AAO) before 30 years for the 
majority of patients. ARCA persistently and gradually worsen over the years, lead-
ing to major disability in most patients after a mean disease duration of 10 years 
(Table  12.1 ). The foremost affected structures of the central nervous system are 
the cerebellum and/or the spinocerebellar tract and the posterior column of the spi-
nal cord. Hence the principal clinical sign is cerebellar dysfunction and/or sensory 
ataxia. According to the pathophysiological principles, the ARCA might be associ-
ated with further neurological and extra-neurological symptoms. Thus the treatment 
of ARCA is not only limited to movement disorder specialists but requires close 
interaction between several medical disciplines as well as supporting treatment by 
speech therapy, occupational therapy, and physiotherapy. Regarding associated neu-
rological symptoms, the peripheral nervous system is frequently affected in terms 
of polyneuropathy. Another common neurological overlap exists between ARCA 
and hereditary spastic paraplegias (HSP), in which an upper motor neuron syn-
drome (UMN) is the leading clinical feature. As for any other hereditary disease, 
the elicitation of family history is a crucial step in ARCA diagnosis. It is impor-
tant to identify putative autosomal dominant pedigrees, as the autosomal dominant 
spinocerebellar ataxias (SCA) are frequently caused by polyglutamine and non- 
polyglutamine expansions that might be missed in sequencing diagnostic strate-
gies. It is often more diffi cult to clinically and genetically assess patients without 
family history or without reliable information. An ARCA should be considered in 
patients (1) with an AAO before 30 years, (2) with other affected siblings (sisters 
and/or brothers), and (3) if consanguinity in the family is known. However, patients 
with an AAO >30 years are frequently reported in ARCA, especially for Friedreich 
ataxia (FRDA). According to the geographic origin of the patients and the number 
of siblings, the ARCA could also appear as sporadic ataxia. In these sporadic cases, 
ARCA is essentially a diagnosis of exclusion. The most frequent ARCA is FRDA, 
but in the last few years, an acceleration of gene discovery consecutive to the devel-
opment of new technologies, including microarrays and next-generation sequenc-
ing (NGS), has occurred. These technologies, which respectively allow detection 
of copy number variations and small variants present all over the genome, have 
completely revolutionized the strategies used for gene identifi cation; in particular, 
the analysis of small families and sporadic cases at an individual scale is now pos-
sible. These techniques have led to the identifi cation of many new ARCA genes 
in which mutations are extremely rare and account for only a few families world-
wide. Another consequence of the use of NGS in clinical practice is the description 
of mutations in known genes associated with unusual phenotypes and the dem-
onstration that there is a continuum between ARCA and other neurodegenerative 
disorders. Examples for recently discovered ARCA genes are the ataxias with ocu-
lomotor apraxia (AOA1;  APTX ; AOA2;  SETX ) [ 2 ,  3 ]; ARSACS ( SACS ) [ 4 ]; autoso-
mal recessive cerebellar ataxia types 1–3 (ARCA1 ( SYNE1 ) [ 5 ], ARCA2 ( ADCK3 ) 
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[ 6 ], ARCA3 ( ANO10 ) [ 7 ]); ataxia with peripheral neuropathy, hearing loss, ataxia, 
retinitis pigmentosa, and cataract (PHARC,  ABHD12 ) [ 8 ]; Salih ataxia ( KIAA0226 ) 
[ 9 ]; SCAR16 (STUB1) [ 10 ]; and Boucher–Neuhauser/Gordon Holmes Syndrome 
( PNPLA6 ) [ 11 ].

    Table 12.1    Autosomal recessive ataxias according to the classifi cation of autosomal recessive 
spinocerebellar ataxia (SCAR)   

 SCAR 
 (OMIM)  Disease 

 Gene 
 (OMIM) 

 SCAR1 
 (606002) 

 AOA2  SETX 
 (608465) 

 SCAR2 
 (213200) 

 CPDIII  – 

 SCAR3 
 (271250) 

 SCABD  – 

 SCAR4 
 (607317) 

 SCASI  – 

 SCAR5 
 (606937) 

 CAMOS  ZNF592 
 (613624) 

 SCAR6 
 (608029) 

 –  – 

 SCAR7 
 (609270) 

 –  TPP1 
 (607998) 

 SCAR8 
 (610743) 

 ARCA1  SYNE1 
 (608441) 

 SCAR9 
 (612016) 

 ARCA2  ADCK3 
 (606980) 

 SCAR10 
 (613728) 

 ARCA3  ANO10 
 (613726) 

 SCAR11 
 (614229) 

 –  SYT14 
 (610949) 

 SCAR12 
 (614322) 

 –  WWOX 
 (605131) 

 SCAR13 
 (614831) 

 –  GRM1 
 (604473) 

 SCAR14 
 (615386) 

 SPARCA1  SPTBN2 
 (604985) 

 SCAR15 
 (615705) 

 Salih ataxia  KIAA0226 
 (613516) 

 SCAR16 
 (615768) 

 –  STUB1 
 (607207) 

 SCAR17 
 (616217) 

 –  CWF19L1 
 (616120) 

   OMIM  Online Mendelian Inheritance in Man®,  AOA  ataxia with oculomotor apraxia,  CPO III  
cerebelloparenchymal disorder III,  SCABD  spinocerebellar ataxia with blindness and deafness, 
 SCASI  spinocerebellar ataxia with saccadic intrusions,  CAMOS  cerebellar ataxia with mental retar-
dation, optic atrophy, and skin abnormalities,  ARCA  autosomal recessive ataxia,  SPARCA1  
spectrin- associated autosomal recessive ataxia  
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   In patients with the suspected diagnosis of an ARCA, the available laboratory 
testing for biomarkers of several ARCA subtypes should be performed (ataxia tel-
angiectasia (AT), AOA2, ataxia with vitamin E defi ciency (AVED), ARCA3 
(ANO10), Refsum disease, cerebrotendinous xanthomatosis (CTX), Niemann–Pick 
type C disease (NPC), Wilson disease, abetalipoproteinemia (ABL), ARCA2, 
ARCA3) – particularly as a treatment exists for some of these metabolic disorders. 
Several common pathophysiological pathways for ARCA have been described so 
far, including mitochondrial dysfunction, DNA repair defi ciency, abnormal protein 
folding and degradation, paroxysmal disorders, and recently identifi ed pathologies 
like a disorder of the endocannabinoid metabolism [ 8 ]. Several attempts to classify 
ARCA have been made according to the transmission (autosomal recessive spino-
cerebellar ataxias = SCAR) (Fig.  12.1 ; Table  12.1 ), while certain ARCA were sub-
sumed due to the clinical picture (spastic ataxia = SPAX) (Fig.  12.1 ; Table  12.2 ). 

AOA2

SCAN1

AOA1

ATLD

AT
IOSCA

ABL

AVED

SANDO

FRDA

WD

NPC

MSS

Salih ataxia

STUB1

ARCA3

ARCA2
ARCA1BNS

CTX

RD

SPAX6

S
P

G
39

S
C

A
R

8

S
C

A
R

9
SC

AR
10

SCAR16

SCAR15

PHARC

ARSACS

GM2

CDG1A

SCAR1

  Fig. 12.1    Association between the ARCA, SCAR, and SPAX classifi cations. SPG39: hereditary 
spastic paraplegia type 39 is allelic with mutations in the  PNPLA6  gene, causing BNS       
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However, the ARCA classifi cation is confusing because of similarity to other neu-
rodegenerative movement disorders such as HSP. The reason why some HSP are not 
classifi ed as SPAX and  vice versa  is not obvious. 

   In the following chapter, the ARCA are classifi ed according to their associated 
pathology in the peripheral nervous system. Three different groups are presented 
(Table  12.3 ): (1) ARCA with pure sensory neuropathy, (2) ARCA with motor and 
sensory polyneuropathy, and (3) ARCA without polyneuropathy.

       ARCA with Pure Sensory Neuropathy 

    Friedreich Ataxia (FRDA) 

 FRDA is the most common ARCA in Europe, the Middle East, the Indian sub-
continent, and North Africa [ 12 ,  13 ]. Its prevalence is estimated to be 1/25,000–
1/50,000 in Caucasians, with a carrier frequency of 1/60–1/100 [ 12 ,  14 ]. The most 
common abnormality in >95 % of FRDA patients is a GAA trinucleotide repeat 
expansion in intron 1 of the  FXN  gene, which leads to a loss of function of the 
corresponding protein frataxin [ 15 ]. The penetrance of FRDA is complete when 
both alleles have full-penetrance GAA repeat (≥70 GAA trinucleotides) or in 
compound heterozygous patients with a GAA repeat expansion on one allele and 
a  FXN  pathogenic variant in the other. Frataxin is an iron-binding protein, pre-
dominately located in the mitochondria. The loss of function of frataxin results 
in mitochondrial respiratory chain dysfunction and elevated oxidative stress [ 16 ]. 
The mean AAO is between 10 and 15 years [ 17 ], but AAO of 2 years and over 70 
years has been described [ 18 ]. The AAO is inversely correlated with the length of 
GAA repeats [ 18 ,  19 ]. Disease progression depends on the time since diagnosis, 
the AAO (faster progression if AAO ≤14 years [ 19 ]) and the GAA repeat length. 
The phenotype is dominated by a mixed cerebellar and sensory (proprioceptive) 

   Table 12.2    Spastic ataxias 
according to the spastic ataxia 
(SPAX) classifi cation   

 SPAX gene 
 (OMIM) 

 Gene 
 (OMIM)  Transmission 

 SPAX1 
 (108600) 

 VAMP1 
 (185880) 

 AD 

 SPAX2 
 (611302) 

 KIF1C 
 (603060) 

 AR 

 SPAX3 
 (611390) 

 MARS2 
 (609728) 

 AR 

 SPAX4 
 (614672) 

 MTPAP 
 (613669) 

 AR 

 SPAX5 
 (614672) 

 AFG3L2 a  
 (604581) 

 AR 

   OMIM  Online Mendelian Inheritance in Man®,  AD  autoso-
mal dominant,  AR  autosomal recessive 
  a Allelic to SCA28  
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ataxia. The sensory part of the ataxia is due to an affected dorsal column and a 
sensory polyneuropathy that can be seen in nerve conduction studies and the weak 
or absent tendon refl exes. A number of different neurological symptoms could be 
associated with FRDA: cerebellar dysarthria, UMN, auditory neuropathy, oculo-
motor manifestations (fi xation instability, square wave jerks, seldom nystagmus), 
dysphagia, and optic atrophy. Rarely, psychiatric manifestations including cogni-
tive impairment, depression, emotional liability, and schizophrenia-like psychosis 
are described [ 20 ,  21 ]. The most life-threatening, extra-neurological manifestation 
is hypertrophic cardiomyopathy (60 % of cases) that usually develops after the 
neurological symptoms. A correlation between the severity of neurological symp-
toms and cardiac involvement has not been found [ 22 ]. Other extra-neurological 
symptoms are diabetes mellitus type 1 (30 % of cases) and skeletal deformities 
(foot deformities, scoliosis). MRI scans reveal thinning of the cervical spinal cord 
and might also show signal abnormalities in the posterior and lateral columns [ 1 ]. 
It should be noted that cerebellar atrophy is not usually evident on brain CT or MRI 
imaging, especially early in the disease course (Fig.  12.2 ) [ 12 ,  23 ]. Several clinical 
types of FRDA have been described, like Friedreich ataxia with retained refl exes 
(FARR) [ 24 ,  25 ] despite the sensory polyneuropathy and late-onset Friedreich 
ataxia (LOFA) [ 26 ] or very late- onset Friedreich ataxia (vLOFA) [ 27 ,  28 ], with an 
AAO over 25 and over 40 years, respectively, as well as an FRDA dominated by 
spastic paraplegia [ 29 ].  

 The treatment of FRDA is so far based on physiotherapy, occupational therapy, 
and speech therapy. Several attempts that have addressed mitochondrial pathogen-
esis have been promising, but without striking success [ 13 ]. A substance with some 
potential is idebenone, which is structurally related to coenzyme Q 10 . A number of 
double blind, placebo-controlled, and open-label trials have tested the clinical effi -
cacy of idebenone (dosage 5–45 mg/kg per day) on neurological and cardiac symp-
toms in FRDA patients [ 30 – 34 ]. However, the studies led to confl icting results 
regarding cardiac and neurological outcome, and idebenone is currently not gener-
ally recommended in the treatment of FRDA. The same applies to erythropoietin 
(EPO); several open-label studies reported frataxin upregulation after EPO expo-
sure, but no clinical effi cacy has been shown [ 35 ,  36 ].   

     Ataxia  with Vitamin E Defi ciency (AVED) 

 The phenotype of AVED is very similar to FRDA progressive with a progressive 
sensory and cerebellar ataxia. AVED patients might also present cardiomyopathy, 
but less commonly than with FRDA. In most cases, the AAO is <20 years, with a 
slower disease progression than FRDA. Decreased visual acuity or retinitis pigmen-
tosa may manifest early in the disease course. Interestingly, head tremor or tituba-
tion might be evocative for the diagnosis of an AVED, which resembles a dystonic 
head tremor. Electrophysiological studies show an axonal sensory neuropathy [ 37 ]. 
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AVED is the second most common ARCA after FRDA in North Africa due to a 
founder effect (744delA frameshift mutation) [ 38 ], but many patients have been 
reported elsewhere including Europe, North America, and Japan [ 39 ]. The labora-
tory hallmark is the low plasma level of vitamin E (<2.5 mg/l; normal, 5–20 mg/l). 
The identifi cation of mutations in the TTPA gene confi rms the disease.  TTPA  
encodes for the α-tocopherol transfer protein that is implicated in the incorporation 
of vitamin E into circulating lipoproteins. The mutation results in a reduced delivery 
of vitamin E to the central nervous system (CNS). The therapy is based on a daily 
intake of 800–2,000 mg vitamin E, resulting in slower disease progression and 
probably a slight improvement of neurological symptoms. 

a b

c d

  Fig. 12.2    Cerebellar MRI imaging of different ARCA. ( a ) Ataxia with oculomotor apraxia type 2 
(AOA2) with marked cerebellar atrophy; ( b ) Friedreich ataxia without obvious cerebellar atrophy; 
( c ) autosomal recessive spastic ataxia of Charlevoix–Saguenay (ARSACS) with linear hypointen-
sities in the pons; ( d ) Niemann–Pick type C disease (NPC): marked cerebellar atrophy       
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    Abetalipoproteinemia (ABL) 

 ABL, or Bassen–Kornzweig disease, is caused by an error of lipoprotein metabo-
lism due to mutations in the microsomal triglyceride transfer protein gene ( MTP ) 
[ 40 ]. MTP plays a role in assembly or secretion of plasma lipoproteins that contain 
apolipoprotein B [ 37 ]. The clinical features therefore consist of a malabsorption 
syndrome due to a reduction of the lipid-soluble vitamins A, D, E, and K, choles-
terol, and triglycerides, the absence of apolipoprotein B, and elevated serum trans-
aminases with hepatomegaly due to hepatic steatosis [ 41 ]. ABL is a rare ARCA that 
usually starts in the perinatal period with diarrhea and vomiting and an insuffi cient 
gain in weight [ 42 ]. In the peripheral blood fi lm acanthocytes and in the ophthalmo-
logical examination, retinitis pigmentosa might be found. The neurological symp-
toms often appear later in childhood and adolescence and comprise hyporefl exia, 
reduced proprioception, and vibratory sensation, muscle weakness, mild sensory 
neuropathy in the EMG, and a Friedreich-like ataxia, especially when the patients 
are not supplemented with vitamin E [ 43 ,  44 ]. The treatment for ABL is based on 
dietary modifi cation and replacement of lipid-soluble vitamins (Table  12.4 ) [ 43 ].

       Infantile-Onset Spinocerebellar Ataxia (IOSCA) 

 IOSCA is a rare ARCA that has initially been described in Finland [ 45 ] but recently 
also in Turkey [ 46 ], Korea [ 47 ], and England [ 48 ]. Between 1 and 2 years of life, 
following a normal period after birth, patients develop progressive ataxia, hypoto-
nia, loss of deep tendon refl exes, myopathy, and athetosis [ 47 ,  49 ]. Signs of advanced 
disease include ophthalmoplegia, optic atrophy, epilepsy, and sensory axonal neu-
ropathy [ 47 ,  49 ,  50 ]; sensory–motor neuropathy has been reported recently [ 47 ]. 
Extra-neurological symptoms might comprise elevated transaminases, sensorineu-
ral hearing loss, and female hypogonadism [ 49 ]. MRI images have revealed high-
signal- intensity areas around the fourth ventricle, the superior cerebellar peduncle, 
the dentate nuclei, and the symmetric cerebellar cortical atrophy [ 47 ,  49 ]. IOSCA is 
due to mutations in the nuclear-encoded C10ORF2 gene ( Twinkle ).  Twinkle  encodes 
for a mitochondrial DNA (mtDNA) helicase responsible for the maintenance of 
mtDNA. Besides the autosomal recessive transmitted IOSCA, heterozygous muta-
tions of  Twinkle  are associated with autosomal dominant progressive external oph-
thalmoplegia (adPEO) [ 51 ,  52 ]. A phenotypic overlap between adPEO and ataxia in 
patients with a heterozygous twinkle mutation has been described [ 50 ].  

  Table 12.4    Recommended 
intake of lipid-soluble 
vitamins in ABL [ 43 ]  

 Vitamin  Daily dosage 

 E  2,400–12,000 IU 
 A  100–400 IU/kg 
 D  1,000 mg 
 K  1,000 mg 

S. Klebe and M. Anheim



247

    Sensory Ataxic Neuropathy, Dysarthria, and Ophthalmoparesis 
(SANDO) 

 SANDO is frequently caused by homozygous or compound heterozygous mutation 
in the nuclear-encoded DNA polymerase gamma gene (POLG). Together with the 
 Twinkle  protein, the mitochondrial DNA polymerase gamma is responsible for 
mtDNA replication and repair in the mitochondria of eukaryotic cells. The pheno-
type of POLG mutations is variable and contains SANDO, spinocerebellar ataxia 
with epilepsy, Alpers syndrome (hepatocerebral mitochondrial depletion syn-
drome), mitochondrial recessive ataxia syndrome (MIRAS), myoclonic epilepsy 
myopathy sensory ataxia (MEMSA), mitochondrial neurogastrointestinal encepha-
lopathy syndrome (MNGIE), PEO (autosomal dominant and recessive), and others 
[ 53 – 57 ]. 

 SANDO is dominated by a mixed progressive cerebellar and sensory (proprio-
ceptive) ataxia due to a predominantly sensory axonal neuropathy. The AAO is 
highly variable, between 15 and 60 years. Epileptic seizures, myoclonia, ophthal-
moplegia, extrapyramidal symptoms, a myopathy with ragged red fi bers, psychiat-
ric phenomena, and liver failure are infrequently associated with SANDO [ 53 ,  58 ]. 
Besides  POLG , mutations in  Twinkle  are known to cause the SANDO phenotype 
[ 50 ]. Cerebral MRI in SANDO patients reveals high-signal, sometimes “stroke- 
like” lesions in different brain regions such as the occipital lobes, deep cerebellar 
nuclei, thalamus, and basal ganglia [ 53 ,  58 ].   

    ARCA with Cerebellar Ataxia and Motor and Sensory 
Polyneuropathy 

 In this subgroup, ARCA with sensorimotor axonal neuropathy are summarized. The 
phenotype of cerebellar ataxia is variable and associated with oculocephalic disso-
ciation or oculomotor apraxia (OMA) (AT, ATLD, AOA1, AOA2) or UMN 
(ARSACS, CTX, PHARC) (Table  12.3 ). Pathophysiologically, this group frequently 
contains DNA repair and/or cell cycle control mechanisms. Biomarkers exist for 
most of these entities, such as alpha-fetoprotein (AFP) (AT, AOA2, and to some 
extent AOA1), albumin (AOA1), and cholesterol (AOA1). 

    Ataxia Telangiectasia (AT) 

 AT commonly starts in early childhood (usually before age fi ve). In certain popu-
lations, AT is the second most common ARCA but is much less common than 
FRDA with an estimated prevalence of 1–2.5/100,000 [ 12 ,  37 ]. OMA appears in 
a high proportion of patients [ 59 ]. Severe choreodystonic movements occur in 
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90 % of AT patients. The EMG might reveal an axonal motor and sensory poly-
neuropathy [ 60 ]. Brain MRI shows cerebellum atrophy. AT should be taken into 
account if patients develop oculocutaneous telangiectasias (conjunctivae, ears, 
mouth cavity) and disturbed endocrinological functions (stunted growth in 
puberty, delayed secondary sexual characteristics, infertility, type 2 diabetes). The 
cerebellar symptoms are progressive, and the patients are wheelchair bound 
around the age of 10 years. The lifespan is reduced due to malignancies or respira-
tory failure, but some patients survive until the fourth decade of life [ 37 ]. 
Laboratory tests show in almost every case an increase of AFP (200–300 ng/ml; 
normal <7 ng/ml) and immunoglobulin A and G defi ciency. AT patients have an 
increased risk of recurrent infections (especially sinopulmonary and bronchopul-
monary), malignancies (mainly hematological), and enhanced radiosensitivity. 
Recently, a less severe phenotypic variant with a milder disease course and a later 
AAO has been reported [ 59 ]. The presenting features in these patients were extra-
pyramidal disorder and choreatic movements [ 59 ]. In contrast to the classic phe-
notype, no immunodefi ciency, less frequent endocrinological disturbances, but 
also a high risk for malignancies were noted [ 59 ]. The differences between the 
classic AT phenotype and these variants are explained by different mutations 
resulting in preserved small amounts of the responsible  ATM  gene.  ATM  encodes 
a P13kinase (ATM protein) that is involved in DNA repair and/or cell cycle con-
trol. In addition to the mutated ATM gene, rearrangements of chromosome 7 and 
14 appear in 5–15 % of AT patients [ 37 ]. A few observational treatment studies 
have suggested that betamethasone is effective in AT patients [ 61 – 64 ]. Very 
recently, a multicenter, single-arm, open-label, phase II clinical trial with long- 
lasting monthly delivery of low doses of dexamethasone over 6 months led to an 
improvement of the International Cooperative Ataxia Rating Scale as primary 
outcome parameter [ 65 ].  

    Ataxia Telangiectasia-Like Disorder (ATLD) 

 The phenotype of the very rare ATLD comprises cerebellar ataxia with OMA, 
choreodystonic movements (mainly of the face and upper extremities), and 
peripheral neuropathy [ 66 ,  67 ]. ATLD is characterized by later onset and a slower 
progression than AT [ 68 ]. Nevertheless ATLD frequently starts in early child-
hood with cerebellar atrophy on MRI imaging. As for AT, increased radiosensi-
tivity and increased levels of chromosome aberrations in lymphocytes are known. 
However, the terminology “AT-like” disorder is confusing, as ATLD has no 
raised AFP nor reduced immunoglobulin levels. For the cancer prone, confl icting 
results exist [ 66 ,  69 – 71 ]. ATLD is caused by mutations in the  MRE11  gene that 
codes for a protein with nuclease and intrinsic DNA-binding activity responsible 
for DNA repair.  
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    Ataxia–Oculomotor Apraxia (AOA1 and AOA2) 

 The AAO of AOA1 is frequently from early childhood to adolescence (mean 7 
years) [ 72 ], but AOA1 patients with a later AAO up to 40 years have been reported 
[ 73 ,  74 ]. AOA1 is the most frequent ARCA in Japan and is diagnosed in about 10 % 
of ARCA with an AAO less than 25 years in Europe [ 72 ]. The dominant clinical 
fi ndings are cerebellar ataxia, mental retardation, and motor and sensory polyneu-
ropathy [ 72 ,  75 ,  76 ]. The phenotype might also comprise choreodystonic move-
ments (maybe only in early disease stages) and muscle weakness [ 72 ]. The OMA 
has been seen in more than two-thirds of patients [ 72 ]. The motor and sensory poly-
neuropathy can be particularly severe and might mimic Charcot–Marie–Tooth dis-
ease [ 72 ]. The time until wheelchair dependency ranges from 5 to 20 years [ 72 ]. 
Reduced levels of albumin and elevated levels of cholesterol in the serum, and 
decreased muscle CoQ10 levels in some cases, have been reported as biomarkers. 
The serum AFP is normal [ 72 ,  74 ,  76 – 78 ]. AOA1 patients show marked cerebellar 
atrophy in MRI [ 12 ,  72 ] and are generally confi ned to a wheelchair at around 18 
years. The causative gene APTX and its protein aprataxin are ubiquitously expressed 
[ 2 ,  79 ]. APTX acts in an RNA–DNA damage response [ 80 ,  81 ]. 

 AOA2 is genetically defi ned by mutations in the  SETX  gene, which codes for 
senataxin implicated in the DNA repair pathway and may also be a nuclear RNA 
helicase with a role in the splicing machinery [ 3 ]. The main features of AOA2 are 
cerebellar ataxia and axonal sensory–motor neuropathy, infrequently accompanied 
by UMN and/or choreodystonic movements [ 82 ,  83 ]. OMA is only observed in 
approximately half of the patients [ 84 ]; in some studies, OMA is even absent despite 
a suffi cient number of patients [ 85 ]. The MRI reveals a marked cerebellar or ponto-
cerebellar atrophy (Fig.  12.2 ). During the disease course, most AOA2 patients show 
elevated serum levels of AFP up to 30 ng/ml. In comparison to AOA1, a later AAO 
(usually between 10 and 25 years) and a better functional prognosis are observed in 
AOA2. Interestingly, besides AOA2 missense mutations in  SETX  can cause an auto-
somal dominant form of juvenile amyotrophic lateral sclerosis (ALS4) [ 86 ,  87 ].  

    Spinocerebellar Ataxia with Axonal Neuropathy (SCAN1) 

 SCAN1 is an extremely rare disease with a late-childhood onset (13–15 years) due 
to mutations in  TDP1  [ 88 ].  TDP1  encodes for tyrosyl-DNA phosphodiesterase 1 
(TDP1), a DNA repair enzyme that is involved in correction of the DNA. The clini-
cal phenotype is characterized by cerebellar ataxia, cerebellar atrophy especially of 
the vermis in the MRI, and axonal sensory–motor neuropathy [ 89 ]. OMA or extra- 
neurological manifestations are so far not known. Laboratory tests might reveal 
hypercholesterolemia and low levels of albumin in the serum [ 89 ].  
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    Congenital Disorder of Glycosylation Type 1a (PMM2-CDG) 

 PMM2-CDG could be the cause of an ARCA, with an AAO between 3 and 10 years, 
mental retardation (IQ 40–70), retinitis pigmentosa, joint contractures, skeletal 
deformities, epilepsy, and motor and sensory polyneuropathy. In teenagers and 
adults, primary ovarian insuffi ciency, growth retardation, coagulation anomalies, and 
thrombotic events can complicate the phenotype [ 90 ]. PMM2-CDG is diagnosed by 
transferrin isoform analysis to determine the number of sialylated N-linked oligosac-
charide residues linked to serum transferrin. These fi ndings may lead to a molecular 
analysis of the  PMM2  gene coding phosphomannomutase. The brain MRI shows 
frequently cerebellar atrophy, sometimes associated with a mild atrophy of the pons.  

    Autosomal Recessive Spastic Ataxia of Charlevoix–Saguenay 
(ARSACS) 

 For a long time, ARSACS was thought to be a subtype of early-onset ataxia limited to 
the Quebec region due to founder mutations from a French ancestor. After the discov-
ery of  SACS  as the responsible gene, ARSACS [ 4 ] is recognized worldwide as an 
important cause of inherited ataxia [ 91 ] and is now the second most common ARCA 
behind FRDA [ 92 ]. In most patients, ARSACS starts early in life (between 2 and 10 
years), but onset from adulthood up to 40 years has been reported [ 93 ]. The clinical 
phenotype may imitate progressive spastic paraplegia in early disease stages, fol-
lowed by cerebellar ataxia and axonal demyelinating motor and sensory polyneuropa-
thy [ 92 ,  94 ]. Around 40 years of age, most patients are wheelchair bound. The classical 
ARSACS phenotype of spastic ataxia and polyneuropathy is sometimes associated 
with mental retardation, retinal striations in funduscopy, and hypertrophy of the reti-
nal nerve fi ber layer if optical coherence tomography is used [ 95 ]. However, unusual 
phenotypes lacking spasticity and/or polyneuropathy with ARSACS mutations have 
also been reported, especially outside Quebec [ 96 – 98 ]. Brain MRI demonstrates a 
cerebellar atrophy mainly of superior cerebellar vermis, linear pontine T2 hypointen-
sities (Fig.  12.2 ), and bilateral FLAIR–T2 hyperintensities of the lateral pons when 
merging into the middle cerebellar peduncles (MCP), as well as thickening of the 
MCP. The  SACS  gene codes for sacsin, which is highly expressed in neurons, includ-
ing Purkinje cells, and probably regulates the Hsp70 chaperone machinery [ 99 ].  

    Refsum Disease ( RD ) 

 RD is a peroxisomal disorder due to mutations of  PhyH  (encoding phytanoyl-CoA 
hydroxylase) or of  PEX7  (coding the peroxisome targeting signal 2 receptor). The 
fi rst symptoms of RD appear between 7 months (“classic” RD) to over 50 years 
(“adult” RD). The clinical phenotype of RD is a variable combination of cerebellar 
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ataxia, motor and sensory polyneuropathy, deafness, ataxia, anosmia, ichthyosis, 
and cardiac manifestations (cardiomyopathy, arrhythmias) [ 100 ,  101 ]. Nearly all 
patients have increased phytanic acid in the serum and/or other tissues, with ele-
vated protein levels without pleocytosis in the cerebrospinal fl uid. A lifelong dietary 
restriction of phytanic acid intake (avoidance of milk products, ruminant meat, fi sh, 
fat, green vegetables) that is optimally installed before irreversible symptoms appear 
can lead to a normal life. The daily intake of phytanic acid should be reduced from 
the usual level of 50 mg/day to less than 5 mg/day. In severe or rapidly worsening 
clinical conditions, plasmapheresis or lipapheresis is useful [ 102 ,  103 ].  

    Cerebrotendinous Xanthomatosis (CTX) 

 CTX is an inherited disorder of bile acid metabolism. There is a remarkable mean 
diagnostic delay of up to 16 years [ 104 ] in CTX patients that present their fi rst symp-
toms in their late teens [ 105 ]. Clinical symptoms of the CNS comprise neurological 
(cerebellar ataxia, UMN, dystonia, palatal myoclonus) and psychiatric features 
(intellectual disability, dementia, behavioral changes, depression, agitation, halluci-
nation, suicide attempts). The EMG reveals an axonal demyelinating motor and sen-
sory polyneuropathy. Multiorgan, non-neurological manifestations have been 
described (i.e., tendon xanthomas, childhood-onset cataracts, infantile-onset diar-
rhea, premature atherosclerosis, osteoporosis, pulmonary insuffi ciency). MRI reveals 
cerebellar atrophy, white matter signal alterations, symmetric hyperintensities in the 
dentate nuclei, and a reduced brain volume [ 106 ]. The plasma cholestanol concentra-
tion, urine bile concentration and plasma bile concentration are dramatically 
increased. CTX is caused by mutations in the CYP27A1 gene coding for the mito-
chondrial enzyme sterol 27-hydroxylase. A replacement should be started as early as 
possible. The therapy is based on bile acid supplementation and administration of 
HMG-CoA reductase inhibitors, which lead to restoration of the bile acid synthesis 
by reducing plasma cholestanol levels and eliminating bile acid [ 107 ,  108 ].   

    GM2 Gangliosidoses  with Late Onset : Tay–Sachs Disease 
( GM2 Gangliosidosis ,  Type 1 )  and Sandhoff Disease  ( GM2 
Gangliosidosis ,  Type 2 )  with Late Onset  

 GM2 gangliosidoses belong to the lysosomal storage diseases. The neurological 
symptoms of GM2 gangliosidosis with late onset (between 15 and 45 years) usually 
start with spastic paraplegia, dystonia, cerebellar ataxia with cerebellar atrophy, epi-
lepsy, cognitive deterioration, parkinsonism, neurobehavioral manifestations, and 
affection of anterior horn cells. Mutations in the  HEXA  gene cause Tay–Sachs dis-
ease, leading to the absence of beta-hexosaminidase A (HEX A) enzymatic activity 
in the serum, whereas the activity of the beta-hexosaminidase B (HEX B) isoenzyme 
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is normal or elevated. Sandhoff disease is caused by mutations in the  HEXB , result-
ing in disturbed activity of beta-hexosaminidase A and beta-hexosaminidase B. 

    Peripheral Neuropathy, Hearing Loss, Ataxia with Cerebellar 
Atrophy, Retinitis Pigmentosa, and Cataract (PHARC) 

 PHARC is a recently reported slowly progressive, “Refsum-like” disease [ 109 ] with 
an AAO from early childhood to the fourth decade of life [ 8 ]. Clinically, patients 
are affected by a sensory–motor neuropathy (more often demyelinating), hearing 
loss, ataxia with cerebellar atrophy, retinitis pigmentosa, cataracts, and UMN [ 8 ]. 
Patients from Europe, the Middle East, the USA, and Algeria have been reported 
so far [ 8 ,  110 ]. MRI shows cerebellar atrophy in some cases and is described as 
normal in others [ 8 ,  110 ]. PHARC is caused by mutations in  ABHD12  that encodes 
the a/b- hydrolase 12 enzyme implicated in the endocannabinoid metabolism [ 8 ]. 
Only a couple of  ABCD12  mutations have been reported in the literature so far [ 8 , 
 110 – 112 ].  

    Boucher–Neuhauser/Gordon Holmes Syndrome (BNS) 

 BNS is defi ned as early-onset ataxia, hypogonadotropic hypogonadism (including 
primary amenorrhea in females), and chorioretinal dystrophy (Boucher–Neuhauser 
syndrome) or brisk refl exes (Gordon Holmes syndrome). The major cause of BNS 
was recently reported in European and South American patients with mutations 
in the  PNPLA6  gene [ 11 ]. The predominant phenotype of patients with  PNPLA6  
mutations is cerebellar ataxia, UMN, hypogonadism, chorioretinal dystrophy, and 
sensorimotor axonal neuropathy [ 11 ]. The presenting symptoms are variable and 
could either be ophthalmologic or neurologic. The AAO ranges from 1 to 30 years 
[ 11 ,  113 ]. The brain MRI shows an atrophic pons and cerebellum, as well as a small 
pituitary gland. Formerly, mutations in  PNPLA6  gene were described as heredi-
tary spastic paraplegia type 39 (SPG39) in two families with spastic paraplegia 
and distal muscle wasting [ 114 ].  PNPLA6  encodes the patatin-like, phospholipase 
domain- containing protein 6 implicated in the de-esterifi cation of membrane phos-
phatidylcholine into fatty acids and glycerophosphocholine.   

    ARCA Without Neuropathy 

 This group of ARCA describes cerebellar ataxias without changes in nerve conduc-
tion studies but commonly associated with other neurological or extra-neurological 
manifestations. 
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    Autosomal Recessive Ataxia Type 1 (ARCA1) 

 Similar to ARSACS, ARCA1 was first discovered in families originating from 
a Quebec region (Beauce and Bas-St-Laurent) [ 5 ,  115 ]. Recently, ARCA1 has 
been reported in patients of Brazilian, French, and Japanese origin [ 116 ,  117 ]. 
In contrast to most other forms of ARCA, ARCA1 has a later mean AAO of 32 
years (17–46 years) with cerebellar ataxia and increased tendon reflexes in 
some cases [ 5 ]. The MRI shows diffuse pure cerebellar atrophy. ARCA1 is 
caused by mutations in the  SYNE1  gene coding the SNYE1 protein. SYNE1 
mutations have also been detected in Emery–Dreifuss muscular dystrophy 
[ 118 ]. SYNE1 is a spectrin, which is expressed in multiple tissues probably 
implicated in the cerebellar architecture. It also plays a role in neuromuscular 
junctions.  

    Autosomal Recessive Ataxia Type 2 (ARCA2) 

 ARCA2 is caused by mutations in the  ADCK3  gene. ADCK3 encodes for a mito-
chondrial kinase that is implicated in the metabolism of coenzyme Q 10  [ 6 ]. The 
AAO ranges from childhood up to 19 years [ 119 ]. Recent studies noted the broad 
phenotypic spectrum of ARCA2 patients. Cerebellar ataxia appears in most 
patients, but dystonia, myoclonus, choreatic movements, UMN, intellectual defi -
ciency, and, to a lesser extent, epilepsy might be the fi rst symptoms [ 119 ]. The 
disease course is slowly progressive, as most patients are still ambulatory even 
after a disease duration of >20 years [ 119 ]. In some patients with a more severe 
disease course, stroke- like episodes including typical MRI changes have been 
noted [ 119 ,  120 ]. Fibroblasts, lymphoblast, or muscle biopsy might uncover coen-
zyme Q 10  defi ciency [ 6 ,  119 ]. Therefore, treatment with ubidecarenone or idebe-
none has been undertaken in ARCA2 patients but with no effect in most patients. 
However, clinical and/or electrophysiological improvement was seen in several 
patients [ 119 ,  121 ].  

    Autosomal Recessive Ataxia Type 3 (ARCA3) 

 ARCA3, due to mutations in the  ANO10  gene, was discovered recently in several 
European and West Indian pedigrees [ 7 ,  121 ,  122 ].  ANO10  codes for a member of a 
family of putative calcium-activated chloride channels. The mean AAO of ARCA3 
patients was 21 years (6–43 years) with a slow disease progression. The phenotype 
comprises cerebellar ataxia associated with marked cerebellar atrophy in the MRI 
and UMN. The laboratory showed mildly increased AFP levels and, as in ARCA2, 
a coenzyme Q 10  defi ciency in some patients [ 121 ,  122 ].  
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    STUB1 Mutations 

 Mutations in the  STUB1  gene were fi rst discovered in China [ 10 ,  123 ] and later 
confi rmed in families of German, Belgium, Turkish, Middle Eastern, and Sri 
Lankan origin with ARCA or spastic paraplegia by whole exome sequencing 
[ 124 – 126 ].  STUB1  encodes CHIP (C-terminus of heat shock protein 70-interact-
ing protein) that has two different functions, with a role in ubiquitination and as 
an E3 ligase. The AAO varies between 8 months and 49 years [ 125 ]. Cerebellar 
ataxia is often associated with UMN (not in all cases), intellectual defi ciencies, 
and a hypogonadism that resembles a Gordon Holmes syndrome [ 10 ,  123 – 126 ]. 
However other genes such as  PNPLA6 ,  RNF216,  or  OTUD4  might also cause 
hereditary cerebellar ataxia with hypogonadism. MRI analyses have shown severe 
cerebellar atrophy and a distinct thinning of the anterior part of the corpus callo-
sum in some cases [ 125 ].  

    Salih Ataxia 

 Salih ataxia is caused by mutations in the  KIAA0226  gene that codes for rundataxin. 
Only one Saudi Arabian family has been identifi ed yet, with an early AAO between 
2 and 7 years. The phenotype shows a progressive cerebellar ataxia, mental retarda-
tion, and epilepsy in several family members [ 127 ].  

    Marinesco–Sjögren Syndrome (MSS) 

 The symptoms of MSS frequently comprise bilateral congenital cataracts, cere-
bellar ataxia, intellectual disability, and progressive muscle weakness due to 
myopathy with elevated serum levels of creatine kinase. These key features might 
be associated with short stature, hypergonadotropic hypogonadism [ 128 ], strabis-
mus, and optic atrophy [ 129 ,  130 ]. In most patients, mutations in the  SIL1  gene 
(coding the SIL1 protein) have been described in several European countries, 
Egypt, and Asia [ 131 ]. A loss of SIL1 protein function results in an accumulation 
of unfolded proteins in the endoplasmic reticulum [ 132 ]. However, several patients 
with the MSS phenotype have been reported to lack SIL1 mutations [ 133 ]. Patients 
without SIL1 mutations are clinically indistinguishable to SIL1 mutation carriers 
[ 130 ]. First symptoms appear after birth, including bilateral cataracts and delayed 
motor development. The ability to walk independently is only reached in some 
patients. Cerebellar atrophy is not an obligatory fi nding in MSS patients [ 134 ] but 
often seen [ 130 ]. Low vitamin E levels in an Italian family have recently been 
reported [ 135 ].  
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    Niemann–Pick Type C Disease (NPC) 

 NPC is a lipid storage disorder. The clinical hallmark of NPC is the combination of 
ataxia, choreodystonic movements, vertical supranuclear gaze palsy, and cognitive 
and psychiatric impairment. These conditions can be associated with myoclonus, 
cataplexy (episodes of sudden loss of muscle tone), and splenomegaly. In patients for 
whom NPC is suspected, elevated chitotriosidase and oxysterol levels in the serum 
and fi lipin staining in fi broblast provide diagnostic clues [ 136 ]. The MRI frequently 
discovers a brain and/or cerebellar atrophy (Fig.  12.2 ), whereas the EMG is normal. 
The disease is confi rmed by mutations in  NPC1  or  NPC2 . Miglustat is a treatment 
option in NPC patients, to stabilize or slow disease progression [ 136 ,  137 ].  

    Wilson Disease (WD) 

 WD or hepatolenticular degeneration is characterized by disturbed copper metabo-
lism, with the consequence of hepatic, ophthalmological, and neurological symp-
toms. Clinically, WD consists of cerebellar ataxia, extrapyramidal symptoms 
(dystonia, parkinsonism), tremor, psychiatric manifestations, dementia, hemolytic 
anemia, osteoporosis, tubulointerstitial nephropathy, and Kayser–Fleischer rings of 
the eye. Serum specimens of WD patients present low ceruloplasmin and low cop-
per (but high non-ceruloplasmin-bound copper). The copper in the 24-h urine is 
increased. 

 T2-weighted MRI imaging might reveal hyperintense lesions involving bilateral 
thalami, midbrain, and pons. These midbrain hyperintensities form the “face of the 
giant panda” sign [ 138 ,  139 ]. In addition, a generalized brain atrophy and/or cere-
bellar atrophy might exist. WD is caused by mutations in  ATP7B , encoding a copper 
ATPase transporter. The treatment of WD is based on increasing copper urinary 
excretion by, for example, penicillamine.      
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    Abstract     Neurodegeneration with brain iron accumulation (NBIA) or pallidopyra-
midal disorders comprise several clinical and genetic entities. The presence of 
increased regional, nonphysiological aging-associated brain iron is often seen as 
their unifying characteristic even though its occurrence in the course of disease can 
be highly variable or absent. The clinical phenotype of this group consists of an 
early-onset movement disorder with a core combination of dystonia, parkinsonism, 
and pyramidal signs. Ataxia, axonal neuropathy, and cognitive decline can also occur 
but are less frequent. Iron accumulation or abnormal basal ganglia signal seen on 
MRI remains an important hallmark of this group of disorders when present. 
Neuropathologically, NBIA disorders usually cause widespread axonal spheroids in 
the CNS (and at times peripheral nerves) and accumulation of iron in the basal gan-
glia; they can further be subgrouped by the neuropathological presence of Lewy 
bodies, TDP-43 pathology, or tau pathology. 

 Even though recently there have been a number of advances in elucidating the patho-
physiology of NBIA disorders, treatment usually remains symptomatic. Certain clinical 
presentations can point towards a specifi c genetic defect, and genetic tests usually make 
for the fi nal confi rmation of the disease. This review gives an overview about the genetic 
defects that lead to the different phenotypes of NBIA disorders, revealing overlap as 
well as important phenotypic presentations that can direct genetic testing. Where pos-
sible it provides information about (symptomatic) treatment options and their outcomes 
and fi nally discusses the upcoming challenges and future hopes in the fi eld.  
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        Introduction 

 Neurodegeneration with brain iron accumulation (NBIA) or pallidopyramidal disor-
ders comprise several clinical and genetic entities. The presence of increased, nonag-
ing-associated regional brain iron stores is often seen as their unifying characteristic 
(e.g., for review [ 1 ,  2 ]) even though its occurrence in the course of disease can be 
highly variable and might even remain absent in certain genetically confi rmed NBIA 
disorders [ 3 – 6 ]. The most prevalent clinical symptoms are severe and progressive dys-
tonia, spasticity, parkinsonism, and dysarthria. The phenotypic variety in terms of 
manifestation and progression can be limitless, but prominent iron accumulation 
detectable on MRI remains – despite of its caveats – an important hallmark of the diag-
nostic workup [ 7 ,  8 ]. Certain clinical presentations can point towards groups of specifi c 
genetic defects [ 9 ,  10 ], and genetic tests usually make for the fi nal confi rmation of the 
disease in most of the cases where neuropathology is unavailable during lifetime. 

 Neuropathological fi ndings in NBIA most commonly comprise axonal spheroids 
in predominantly central nerves alongside a variable quantity of iron accumulation 
in the basal ganglia; see Fig.  13.1  [ 11 ,  12 ].  

 In compliance with its heterogeneous nature, alpha-synuclein and Lewy body 
pathology [ 11 ,  13 ,  14 ] and TDP-43 and tau pathology [ 15 – 18 ] have additionally been 
observed for some subtypes of NBIA (for summary and overview, see Table  13.1 ).

   Despite ongoing advances in elucidating its various pathophysiologies, the treat-
ment of NBIA disorders to date essentially remains symptomatic. NBIA disorders 
can be inherited in autosomal dominant, autosomal recessive, and x-linked fashion. 
Up to now, at least ten genes are known to be associated with neurodegeneration 
with brain iron accumulation, nine of which will be discussed in more detail in sepa-
rate sections below. The genetic underpinnings of the disease which are in the focus 
of this review are as heterogeneous as its clinical phenotypes [ 19 ]. 

 Firstly, NBIA disorders can be caused by mutations in genes with a direct link to 
iron metabolism. The most famous examples thereof are mutations in the ferroxi-
dase encoding gene ceruloplasmin ( CP ) leading to aceruloplasminemia [ 20 ,  21 ] or 
pathogenic mutations in the gene ferritin light polypeptide ( FTL ) that lead to heredi-
tary ferritinopathies as this gene encodes the light subunit of the ferritin protein 
responsible for iron storage and release [ 22 – 25 ]. Secondly, most of the disease- 
associated mutations in NBIA impair genes in phospho- and sphingolipid metabolic 
pathways [ 26 ], mitochondrial or lysosomal activity [ 27 ,  28 ], and the mechanisms 
linking those to iron metabolism are less clear. Finally, the ultimate hope in studying 
NBIA disorders is to use this presence of overlapping clinical features and molecu-
lar/biological pathways in order to identify new therapeutic alleys, not only for 
these rare disorders but also for more common disorders as Parkinson’s disease 
(PD) and dystonia that share elements of pathophysiology. 

 This review gives an overview about the distinct genetic defects that lead to the 
different, yet overlapping, phenotypes of NBIA disorders, highlights important 
 phenotypic presentations that direct genetic testing where possible, provides 
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 information about treatment options when present, and discusses remaining contro-
versies of this highly dynamic fi eld of neurodegeneration.  

    Pantothenate Kinase-Associated Neurodegeneration (PKAN) 

 PKAN, also recognized under the acronym NBIA1, accounts for about 35–50 % of 
NBIA cases [ 29 ]. However, there is a possibility of overestimation depending on the 
cases screened and possibly confounding selection bias. It has an estimated world-
wide prevalence of about 1:1,000,000 with regional higher prevalences (e.g. 
Dominican Republic) due to founder effects. It was formerly assessed under the 
name Hallervorden-Spatz syndrome (HSS) – a terminology that has been 

a b

c d

  Fig. 13.1    Neuropathological hallmarks of pantothenate kinase-associated neurodegeneration 
(PKAN), representative of NBIA. ( a ) Typical Perl’s stained iron deposits in the globus pallidus of 
a  PANK2 -positive case. Scale: 200 μm, low magnifi cation. ( b ) Typical presence of smaller neu-
roaxonal spheroids ( arrow ) and large degenerating neurons ( arrowhead ) in the globus pallidus of 
a  PANK2 -positive case. Hemosiderin in the background, scale: 50 μm ( a ,  b , reproduced with per-
mission from Kruer et al. [ 7 ], by permission of Oxford University Press). ( c ,  d ) Section through the 
basal ganglia in  PANK2 -positive case, hematoxylin and eosin (H&E) stain with pale area repre-
senting neuronal loss ( c ) and typical Perl’ s stain with blue representing excess iron ( d ) ( c ,  d , 
Images courtesy of Prof. T. Revesz and Dr. A. Li, Queen Square Brain Bank, UCL)       
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abandoned due to the unethical implications of these researchers under the Nazi 
regime but can still be found sporadically for historic reasons [ 30 ]. 

 Clinically, PKAN can be divided into two categories, atypical and typical 
PKAN. Typical PKAN patients usually become symptomatic with gait and postural 
abnormalities around the age of 3–4 [ 29 ,  31 ]. Their mutational spectrum tends to 
show variations in  PANK2  that lead to protein truncation more often than mutations 
in atypical, late-onset PKAN cases which tend to be amino acid changes without 
consequent truncation effects [ 29 ]. Typical PKAN patients present with a more 
rapid but nonlinear progression to a full clinical spectrum of severe (in its early 
manifestation predominantly oromandibular and nonaxial) dystonia [ 29 ,  32 ], spas-
ticity and hyperrefl exia, parkinsonism, chorea, impaired saccadic pursuits as well as 
decelerated and hypometric vertical saccades, mental decline, and behavioral abnor-
malities [ 29 ,  33 ]. Pigmentary retinopathy occurs in up to 40 % of typical PKAN 
cases, whereas optic atrophy is infrequent [ 29 ,  34 ]. Given the disease progression 
with rapid deterioration intertwined with phases of stability, the majority of patients 
are nonambulatory within at most 15 years into the disease [ 29 ]. 

 Atypical PKAN cases tend to be signifi cantly older when the fi rst obvious symp-
toms appear (age of onset at 13.7 ± 5.9 years [range, 1–28] in atypical vs. 
3.4 ± 3.0 years [range, 0.5–12] in typical cases as reported in the original paper by 
Hayfl ick et al., 2003) [ 29 ]. Their pyramidal and extrapyramidal manifestations are 
generally milder and progress less rapidly; however, most atypical PKAN patients 
eventually lose their ambulatory independency [ 29 ]. Furthermore, speech defects 
like dysarthria or palilalia as well as psychiatric features like cognitive decline seem 
to be more prevalent in atypical cases [ 29 ]. 

 In terms of radiographic fi ndings, the eye-of-the-tiger sign, a T 2 -weighted 
hypointense signal in the globus pallidus (GP) with a central region of hyperinten-
sity, has lost its previously acclaimed pathognomonic status for  PANK2  [ 29 ,  35 ]. 
Patients with other genetic forms of NBIA or with a different neurodegenerative 
disease have been found to hold this sign [ 8 ,  36 ] as well as  PANK2 -positive patients 
lacking it [ 37 ]. The eye-of-the-tiger sign can even be present in individuals without 
any clinical symptoms [ 38 ]. Nonetheless it remains an important fl ag in clinical 
diagnostics pointing towards the group of NBIA disorders. 

 The human gene which is associated with this condition is  PANK2. PANK2  fi nds 
itself on chromosome 20, p13 [ 39 ]. It encodes the only human protein from the 
pantothenate kinase family that is thought to be expressed in mitochondria and 
therefore seems to be responsible for the intramitochondrial de novo synthesis of 
coenzyme A [ 39 ]. Pantothenate kinase is the key regulatory enzyme in coenzyme A 
synthesis and catalyzes the fi rst step from pantothenate/vitamin B to 4’phosphopan-
tothenate in this universally important pathway. Given its role in fatty acid metabo-
lism, amino acid synthesis, and Krebs cycle, CoA is vital for the basic key 
metabolism of the cell [ 40 ]. 

 PKAN is inherited in autosomal recessive manner. Its mutational spectrum 
includes mostly missense and nonsense mutations, which – depending on the loca-
tion of the mutation and the corresponding conservation throughout species – result 
in reduced or no activity of pantothenate kinase in mitochondria. Additionally, 
 deletions up to 6 kb, whole exon deletions, and splice site mutations and duplications 
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have been observed, and all 7 exons of the gene can be affected [ 41 ]. A screening 
study of 2006 enrolled 72 patients with a clinical diagnosis of NBIA and could iden-
tify both mutated  PANK2  alleles in 48 patients. Thirty-three different mutations – 
mostly missense and nonsense – were reported; deletions of the gene were found in 
around 4 % of the mutated  PANK2  alleles [ 41 ]. The most frequent mutations in their 
study were c.1583C > T/p.Thr528Met ( n  = 11), c.573delC/p.S191RfsX13 ( n  = 10), 
and c.1561G > A/p.Gly521Arg ( n  = 10). Over the years, authors used different tran-
scripts to refer to the same common mutations in  PANK2 , while in effect c.1561G > A 
is found to be equal to c.1231G > A and c.1583C > T to c.1253C > T. In order to avoid 
confusion, we will only refer to the amino acid change in the following although 
even a certain amount of different annotations can be found throughout the literature. 
With increasing evidence, p.Gly521Arg (allele frequency ~ 25 %), p.Thr528Met 
(~8 %), and p.Arg451Ter (~3 %) are found to be the most common pathogenic vari-
ants [ 42 ,  43 ], while the residual spectrum of  PANK2  mutations includes mainly pri-
vate mutations [ 29 ]. Two thirds of PKAN patients are compound heterozygotes [ 43 ]. 
As per example, one of the most common point mutations, leading to amino acid 
change p.Gly521Arg, has been shown to result in reduced production of the mature 
isoform of the  PANK2  enzyme [ 40 ]. Regarding the molecular pathology of PKAN, it 
has therefore been suggested that mutations in  PANK2  lead to reduced  PANK2  pro-
tein levels, impaired catalytic activity of  PANK2,  and consecutively altered neuronal 
mitochondrial lipid formation and metabolism [ 40 ]. However, it has to be noted that 
not all disease-associated point mutations result in signifi cantly reduced catalytic 
activity of the enzyme [ 40 ]. The fi nal transformation into clinical symptoms still 
remains equally elusive, and few attempts have been made to combine the mutational 
location and corresponding clinical features: As one example, Hartig et al. intro-
duced an activity score to take into account the severity of the identifi ed mutations 
and the predicted rest activity of the enzyme. They found the activity score of the 
mutations to be correlated with the age of onset of the disease, but not the loss of 
ambulation in their  PANK2 -positive cases [ 41 ]. In a different attempt, a correlation 
between the location of missense mutations and their biochemical properties with the 
disease features found mutations located in the dimer interface, the ATP binding site, 
and the interior of the protein to negatively impact the enzyme activity and to be 
mostly associated with classic, young-onset, and rapidly progressing disease. 
Mutations located on the surface that lead to slight instability, but seemed to preserve 
most of the enzyme’ s catalytic activity, were associated with milder symptom pre-
sentation of PKAN [ 44 ]. Even though genotype-phenotype correlations in PKAN 
remain controversial and diffi cult, it is these arduous and small advances in trying to 
correlate the specifi c location of a mutation with functional and phenotypical proper-
ties that will shed further light on the gap between the genetic underlying causes and 
their transformation into clinical manifestations and will ultimately facilitate genetic 
counseling. However, one important restriction in our fi eld of extremely rare condi-
tions will always be the inherently small amount of cases available. 

 Despite the remaining gaps, as of current state of knowledge, some conclusions 
can be retained: As shown in the original work by Hayfl ick and colleagues, patients 
homozygous for the common p.Gly521Arg amino acid change have classic disease 
[ 29 ]. Furthermore, two null mutations seem to result in rapidly progressive, 
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 early-onset PKAN, while missense mutations with diminished but preserved 
enzyme function are likely to lead to atypical PKAN with later onset and slower 
progression. In our own clinical experience, we have now seen several compound 
heterozygous cases that seem to lead to atypical PKAN: Late disease onset in these 
cases goes along with rather preserved cognition, slow progression, and longer 
lifespan. 

 Neuropathologically, PKAN is part of the neuroaxonal dystrophy spectrum with 
two main classes of spheroids observed: large, granular bodies representing degen-
erating neurons and smaller eosinophilic spheroid-like structures indicative of dys-
trophic neurites [ 7 ]. Prior to gene identifi cation, numerous cases of heterogeneous 
etiology under the former umbrella term “Hallervorden-Spatz syndrome” have been 
reported to show Lewy body pathology [ 13 ,  45 – 47 ]. These have been genetically 
unconfi rmed cases which renders the interpretation of this histopathological fi nding 
uncertain and less trustworthy as retrospectively these cases are most likely to be 
 PANK2 -negative cases with possibly heterogeneous but fi nally undetermined under-
lying genetic defects. However, a recent neuropathological investigation strictly 
including only  PANK2 -positive patients observed no alpha-synuclein positivity, but 
some tau-positive inclusions, and concluded that PKAN is not a synucleinopathy 
[ 16 ] which neuropathologically distinguishes it from other NBIA disorders (PLAN, 
MPAN) where alpha-synuclein accumulation can occur. 

 Furthermore, the disease has been shown to be allelic to HARP syndrome, depict-
ing hypoprebetalipoproteinemia, acanthocytosis, retinitis pigmentosa, and pallidal 
degeneration [ 48 ] which is now likewise considered to be part of the PKAN- contin-
uum. PKAN is the only NBIA disorder where iron-mediating medical treatment has 
systematically been tested, and while treatment with the iron chelator deferiprone 
leads to a median reduction of 30 % of pallidal iron content, clinical benefi ts unfortu-
nately remained nonsignifi cant in the initial report [ 49 ], while the recent four-year 
follow-up report has shown clinical stabilization upon treatment in 5/6 patients [ 50 ]. 
Furthermore, it is the only NBIA subgroup where preliminary data about the use of 
deep brain stimulation (DBS) of globus pallidus internus bilaterally in the treatment 
of dystonia are available [ 51 ,  52 ] showing that it may produce clinical benefi t for the 
postoperational time observed but does not stop the ongoing neuronal degeneration.  

    PLA2G6-Associated Neurodegeneration (PLAN) 

  PLA2G6 -associated neurodegeneration (PLAN) accounts for approximately 20 % 
and thereby for the largest proportion of NBIA disorders after PKAN [ 53 ]. Three 
main phenotypes have been described within the spectrum of  PLA2G6 -associated 
disease that is a striking example of allelic heterogeneity: classic infantile neuroax-
onal dystrophy (INAD) [ 54 ], childhood-onset atypical neuroaxonal dystrophy 
(NAD) [ 14 ,  55 ], and adult-onset dystonia-parkinsonism [ 5 ]. Their unifying features 
are progressive cognitive decline and rapid deterioration of motor skills, but the 
three syndromes can be distinguished via the following: 
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 INAD is attended by a disease onset between 6 and 36 months and usually mani-
fests with initial hypotonia, developmental regression, progressive psychomotor 
delay, cerebellar features, bulbar dysfunction, and progressive spastic tetraparesis 
[ 55 – 58 ]. MRI fi ndings include cerebellar atrophy, and electromyography typically 
shows denervation atrophy [ 59 ,  60 ]. Optic atrophy, fast rhythms on electroencepha-
logram (EEG), and seizures may be present. Prior to gene identifi cation, the defi ni-
tive diagnosis was confi rmed on sural biopsy, depicting typical dystrophic axons in 
the peripheral nerves [ 57 ]. Most INAD patients die within the fi rst decade of their 
life; isolated evidence suggests some surviving up to their early twenties [ 42 ]. 

 Atypical NAD is less common than INAD and usually manifests between the 
fi rst and eighth year of life, while a delayed onset in the late twenties is possible 
[ 58 ]. The disease course is less aggressive with a slower progression rate. Prominent 
symptoms are ataxia, spastic tetraparesis, dystonia, speech delay, and behavioral 
abnormalities ranging from impulsivity, poor attention span, and emotional lability 
to autistic behavior [ 14 ,  55 ]. Seizures, optic atrophy, and nystagmus seem to occur 
in NAD as frequently as in INAD, while fast rhythms, truncal hypotonia, and stra-
bism are predominantly part of INAD [ 14 ]. 

 The third phenotype,  PLA2G6 -related adult-onset dystonia-parkinsonism, is 
characterized by a later (second to third decade), subacute onset of dystonia- 
parkinsonism with rapid decline and initial dramatic response to levodopa. 
Pyramidal involvement, eye movement abnormalities, dystonia, dysarthria, psychi-
atric features, cognitive decline, and gait abnormalities were further common fi nd-
ings. Brain iron deposits were absent on MR imaging of these patients, whereas 
cerebral and cerebellar atrophy was prominent [ 5 ]. 

 Phospholipase A2-associated neurodegeneration is inherited in autosomal reces-
sive manner and caused by mutations in the widespread expressed gene  PLA2G6  
[ 61 ].  PLA2G6  is located on chromosome 22q and comprises 17 exons which under-
lie alternative splicing and result in the production of different isoforms [ 61 ]. The 
gene was discovered in 2006 following a linkage approach in families with INAD 
and NBIA [ 54 ] and was subsequently found to be mutated in the related Karak syn-
drome [ 62 ] which is now recognized to be part of atypical NAD. Prior to this dis-
covery, the diagnosis was solely to be made clinically or histopathologically, and 
confi rming the diagnosis via molecular genetic testing has since proven useful to 
reduce invasive tissue biopsies and alleviate genetic counseling. 

 In the initial study, the majority of 44 identifi ed unique mutations were homozy-
gous missense mutations [ 33 ], followed by frameshift-inducing deletions [ 5 ], non-
sense mutations [ 3 ], deletions without subsequent frameshift [ 1 ], a splice site 
mutation, and a large deletion. Most mutations are private mutations. This frequency 
spectrum has since been reproduced in a slightly larger cohort [ 14 ]. So far, homozy-
gous null mutations were only found in patients with INAD and not in individuals 
of the broader clinical category with iron dyshomeostasis without axonal spheroids 
[ 54 ] suggesting that mutations resulting in absent protein seem to be associated with 
severe phenotypes. As in  PANK2 , compound heterozygous missense mutations 
 suggestive of remaining protein function correlate with the atypical, milder NAD 
phenotype [ 14 ]. 
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 The 85 kDa calcium-independent group 6 phospholipase A2 (iPLA 2 -VI) is the 
encoded protein which plays an important role in the maintenance of cell membrane 
homeostasis, regulation of apoptosis, leukotriene and prostaglandin synthesis, 
 catalysis of glycerophospholipid hydrolysis, and phospholipid remodeling [ 5 ,  14 , 
 42 ,  53 ,  61 ,  63 ,  64 ]. Multiple isoforms are encoded by the  PLA2G6  transcript vari-
ants, whereof two are enzymatically active [ 61 ]. A subset of the reported mutations 
in the literature was found to alter the shorter enzymatically inactive isoforms and 
when incorporated into the tetramer iPLA 2 -VI acts as dominant-negative inhibitors 
[ 61 ,  63 ]. Therefore, defects in iPLA 2 -VI result in impaired phospholipid remodeling 
which is an essential component of physiological membrane repair and homeostasis 
[ 65 ]. Additionally, iPLA 2 -VI can initiate apoptosis when exposed to oxidative stress 
[ 66 ], and defi ciency in these vital cell protection and repair mechanisms results in 
neuronal damage and degeneration. 

 Histopathologically, the hallmark fi nding in PLAN is the presence of neuroax-
onal spheroids which is thought to represent the degeneration of the inner mitochon-
drial membrane [ 67 ,  68 ]. This neuroaxonal degeneration with distended axons 
(spheroid bodies) is mainly present in the CNS but has been reported in peripheral 
nerves as well [ 57 ]. Furthermore, Lewy body pathology alongside tau-positive 
inclusions has been observed [ 69 ]. A second common fi nding is progressive brain 
iron deposition that can be detected neuropathologically as well as neuroradiologi-
cally with some time into the disease. Typical iron deposits in the globus pallidus 
can be missing in the initial radiographic brain imaging of INAD cases but usually 
develop within a certain course of the disease [ 54 ,  59 ]. Further common neuroradio-
graphic features in PLAN are cerebellar hypoplasia or atrophy and T2-weighted 
high signal in the cerebellum, hypoplastic optic tracts/chiasm, and an elongated, 
vertically orientated splenium [ 59 ].  

    Mitochondrial Membrane Protein-Associated 
Neurodegeneration (MPAN) 

 Mitochondrial membrane protein-associated neurodegeneration (MPAN), also 
known as neurodegeneration associated with  C19orf12  mutations, accounts for 
6–10 % of NBIA disorders and is the third most prevalent group after PKAN and 
PLAN [ 53 ,  70 ,  71 ]. Disease onset usually is in childhood to early adulthood. Common 
features are speech and gait diffi culties, cognitive decline resulting in dementia, 
spasticity, dysarthria, optic atrophy, dystonia, parkinsonism, psychiatric features, and 
motor neuronopathy with early signs of upper motor neuron dysfunction, followed 
by affection of the second motor neuron later. Its natural history is slowly progres-
sive; survival into adulthood is not uncommon. MPAN is more than other NBIA 
disorders associated with rapid progressive cognitive decline [ 53 ,  70 ,  71 ]. 

 Neuroimaging shows iron accumulation in the globus pallidus and substantia 
nigra (SN) as well as cortical and cerebellar atrophy. Hyperintense streaking of the 
medial medullary lamina between globus pallidus internus and externus on 
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T 2 - weighted images can be additionally present and is sometimes mistaken for an 
eye-of- the-tiger sign [ 71 ]. 

 MPAN is caused by mutations in the orphan gene  C19orf12  and is inher-
ited in autosomal recessive fashion. Homozygosity mapping followed by can-
didate gene sequencing identifi ed the common founder mutation in  C19orf12  
NM_001031726.3:c.204_214del11/NP_001026896.2:p.Gly69ArgfsTer10 in a 
Polish family in 2009 [ 70 ]. Subsequent screening in a Polish cohort of additional 
23 index patients with the above described phenotype and negative for mutations 
in  PANK2 ,  PLA2G6 ,  FTL , and  CP  revealed homozygous mutations in  C19orf12  in 
18 of them. 12 carried the homozygous founder mutation which is thought to have 
arisen in a common founder at least 50–100 generations ago. Three remaining cases 
carried the deletion in combination with different missense mutations (p.Gly65Glu, 
p.Gly53Arg, and p.Thr11Met) in the compound heterozygous state. One remain-
ing case carried two missense mutations, p.Gly69Arg and p.Lys142Glu, and two 
cases with homozygous missense mutations (p.Tyr11Met and p.Gly69Arg) were 
identifi ed. 

 One additional compound heterozygous missense mutation (p.Gly69Arg and 
p.Lys142Glu) in  C19orf12  was identifi ed in a patient with a late-onset (49 years) 
predominantly parkinsonian phenotype and in one young Polish patient with a mild 
impairment of fi ne motor skills and is therefore thought to result in milder pheno-
types. A follow-up screening study on a larger and ethnically more diverse cohort of 
161 idiopathic NBIA cases was published in 2013. It identifi ed two mutated alleles 
in 23 cases and established MPAN as the third most common subform of NBIA to 
date. In addition to the common founder mutation, a variety of different, mostly 
“private” mutations (nonsense, frameshift, and missense) were identifi ed through-
out  C19orf12 . There was no evidence for large deletions and duplications. However, 
the occurrence of a single heterozygous mutant allele in three cases suggests the 
presence of occult mutations in intronic and regulatory sequences [ 71 ]. Furthermore, 
in their study, one single-mutation case had a family history compatible with auto-
somal dominant inheritance backed up by histological fi ndings in the deceased 
father of the family. The identifi ed single unique frameshift mutation induces a 
series of 32 amino acid substitutions and ultimately results in a premature stop 
codon 2 amino acids away from the physiological termination. Therefore, the 
authors discuss the possibility of this aberrant product escaping physiological non-
sense-mediated mRNA decay and thereby presumably exerting dominant- negative 
effects on the normal protein. However, further studies are awaited to elucidate the 
pathogenesis of this single mutation and fi nally clarify the possibility of additional 
autosomal dominant inheritance in  C19orf12  [ 71 ]. 

 Most evidence in  C19orf12  pathogenesis has been collected regarding the com-
mon founder mutation  NM_001031726.3:c.204_214del11/NP_001026896.2:p.Gly69
ArgfsTer10. This homozygous 11-bp deletion results in a frameshift that introduces a 
premature stop codon and is predicted to cause early truncation of the protein. Even 
though the deletion did not alter  C19orf12 -RNA levels in blood, the protein was unde-
tectable with immunoblot analysis in patients’ fi broblasts [ 70 ]. The missense muta-
tion p.Lys142Glu changes a highly conserved positive lysine to a negatively charged 
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glutamate. Three different missense mutations p.Gly53Arg, p.Gly65Glu, and p.
Gly69Arg replace highly conserved glycines in the transmembrane region of  C19orf12  
with a charged amino acid and therefore are likely to alter its function. 

 The exact gene function of  C19orf12  is unknown, but functional expression anal-
yses suggest its mitochondrial location [ 70 ]. Analysis of respiratory chain com-
plexes and mitochondrial morphology in fi broblasts of  C19orf12 -positive patients 
could not detect any signifi cant abnormalities. However, analysis of  C19orf12 - 
coregulated  genes in whole blood interestingly revealed strongest coregulation with 
genes involved in valine, leucine, and isoleucine degradation as well as fatty acid 
biogenesis. These processes are related to coenzyme A metabolism in mitochondria 
and therefore link MPAN to previous NBIA disorders with impairment in CoA 
pathways and lipid homeostasis ( PKAN ,   PLAN ,  CoPAN  (see later)). 

 Postmortem brain histopathology in two cases showed neuronal loss, iron depos-
its in the globus pallidus and substantia nigra, Lewy bodies, Lewy neurites in the 
globus pallidus, axonal spheroids, neurofi brillatory tangles, and tau-positive inclu-
sions. The pyramidal tracts of the spinal cord and optic nerve displayed severe loss 
of myelin in one of them [ 70 ,  71 ].  

    Beta-Propeller Protein-Associated Neurodegeneration (BPAN, 
Formerly SENDA Syndrome) 

 Beta-propeller protein-associated neurodegeneration (BPAN) is also formerly 
known as static encephalopathy of childhood with neurodegeneration in adulthood. 

 (SENDA syndrome) accounts for about 1–2 % of NBIA disorders based on its 
prevalence in the International Registry for NBIA and Related Disorders from the 
Hayfl ick laboratory [ 53 ] and ~7 % according to a recent literature review [ 72 ]. 

 Affected cases show a distinct phenotype of psychomotor developmental delay 
(mental retardation and early-onset spasticity of the lower limbs) in early childhood 
which remains fairly stable until a sudden onset and rapidly progressive complex of 
symptoms including dystonia, parkinsonism, and spasticity occurs in adulthood. 
Eye movement disorder, sleep disturbances, dysautonomia, seizures, and frontal 
release signs can additionally be present, and parkinsonian features usually show 
good response to  l -dopa even though early motor fl uctuations and dyskinesias often 
develop [ 1 ,  73 ]. Brain MRI shows a specifi c substantia nigra hyperintensity with 
central hypointensity on T1, iron accumulation in the globus pallidus and SN, and 
mild cerebellar atrophy along with white matter changes [ 74 ]. Preliminary brain 
pathology showed widespread tangles and threads in a single case (J. Holton   , 
 personal communication, 2014), and more BPAN patients will need to be autopsied 
to complement these observations. 

 Only recently, exome sequencing identifi ed the underlying previously unknown 
genetic cause of this disease: De novo mutations in the beta-propeller scaffold pro-
tein  WDR45  at chromosome Xp11.23 were reported in affected SENDA cases 
establishing BPAN as the fi rst x-linked dominant NBIA disorder [ 27 ]. All reported 
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variants had unique occurrence in the index patient of the sequenced families sug-
gesting de novo events, and loss-of-function mutations account for the majority of 
so far reported variants, followed by missense mutations in highly conserved resi-
dues [ 27 ,  73 ]. The majority of reported     WDR45 -positive cases are females [ 73 ,  75 ], 
while phenotypes of affected males do not substantially differ from females [ 27 ] 
which might be due to somatic mosaicism in the few surviving males and somatic 
and/or germline mutations and skewed X-chromosome inactivation in females. 

  WDR45  encodes WD repeat domain 45, one of the mammalian homologues of 
the autophagy-related gene  Atg18  in yeast that is thought to be a human core autoph-
agy gene important in the early autophagy pathway [ 75 – 77 ]. In a recent experiment, 
 WDR45 -positive patient-derived lymphoblastoid cell lines showed accumulation of 
aberrant early autophagic bodies and decreased autophagic activity [ 75 ]. Together 
with the original fi ndings [ 27 ], this provides further evidence for a strong connec-
tion between neurodegeneration and genetically defective autophagy.  

    Fatty Acid Hydroxylase-Associated Neurodegeneration (FAHN) 

 Fatty acid hydroxylase-associated neurodegeneration (FAHN) is another rare form 
of neurodegeneration with brain iron accumulation. It includes dysmyelinating leu-
kodystrophy and spastic paraparesis with or without dystonia/spastic paraplegia 35 
[ 78 ,  79 ], which had been recognized as distinct clinical entities previously but have 
now been included into the spectrum of FAHN [ 80 ,  81 ]. Clinically, FAHN is char-
acterized by a pyramidal-extrapyramidal movement disorder with predominant gait 
diffi culties due to severe spasticity and ataxic and dystonic features alongside to 
progressive intellectual impairment and the likely occurrence of optic atrophy, ocu-
lomotor abnormalities, and seizures. Usually, the disease manifests itself in child-
hood, but at the latest in the fi rst or second decade of life. Typical neuroimaging 
features include bilateral GP hypointensity on T 2 -weighted images, white matter 
lesions, mild cortical and pronounced pontocerebellar atrophy, and a thin corpus 
callosum [ 82 ]. Thin corpus callosum is not a common feature in the remaining 
NBIA disorders and should direct genetic testing to mutations in  FA2H . However, it 
can be observed more frequently in other complex hereditary spastic paraplegias, 
mostly SPG11 and SPG15 [ 83 ,  84 ]. 

 To date, less than 30 patients from different ethnic backgrounds are reported 
[ 78 – 80 ,  82 ,  85 – 87 ]. Reliable data on prevalence are still missing. Characteristics of 
the phenotype as well as the natural history of the disease can therefore only be 
reported with limited certainty and need to await further confi rmation with more 
cases arising [ 87 ]. 

 Neuropathological data from postmortem brain analysis have not yet been 
reported in this disorder. Sural nerve biopsy of one  FA2H -positive case revealed a 
decrease of myelinated nerve fi bers with intact myelin compaction and a normal 
amount of nonmyelinated fi bers and normal ratio of large to small fi bers [ 79 ]. 
Available muscle biopsy in another case from Dick et al. showed denervation and 
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reinnervation without evidence of mitochondrial disease [ 78 ]. However, in another 
reported case, biopsies of the skin, muscle, and sural nerve were found to be normal 
[ 86 ], and although not mandatory for diagnosis, bone marrow biopsy in  FA2H -
positive patients may show accumulation of granular histiocytes. In animal models 
of  FA2H , demyelination and profound axonal loss in the CNS as well as cerebellar 
abnormalities have been observed after 12 months, while at that timepoint periph-
eral nerves were principally normal in function and structure and only exhibited 
later-onset peripheral demyelinating and axonal neuropathy [ 88 ]. 

 Fatty acid hydroxylase-associated neurodegeneration is inherited in autosomal 
recessive manner and is caused by mutations in the gene  FA2H  on chromosome 
16q23.1. Human  FA2H  has seven exons and encodes the fatty acid 2 hydroxylase 
which alpha-hydroxylates incipient fatty acids enzymatically. The hydroxylation 
is required for the fatty acids in order to be incorporated into subsequent lipids 
that make up cell membranes and form myelin structures. All reported sequence 
variants in  FA2H  to date are “private” mutations, and it is thought that they exert 
their effect through a loss-of-function mechanism. Identifi ed mutations lead to pre-
mature termination of the protein, and reduced protein levels of  FA2H  have been 
detected in D6P2T cells transfected with pcDNA-hFA2H R154C [ 82 ]. However, 
due to its rare occurrence, the functional implications so far remain poorly studied 
and understood.  

    Kufor-Rakeb Disease ( ATP13A2  Mutations/PARK9) 

 Kufor-Rakeb disease was originally described in a family with consanguineous 
background from Kufor-Rakeb, a small village in Jordan in 1994 [ 89 ]. The original 
paper reported juvenile-onset severe parkinsonian features in combination with 
pyramidal symptoms, dementia, and supranuclear upgaze paresis. Levodopa ther-
apy usually improves the extrapyramidal dysfunction, while levodopa-induced dys-
kinesias are reported to develop early [ 90 ,  91 ]. MRI fi ndings comprised severe 
atrophy of the globus pallidus and the pyramids and more generalized brain atrophy 
in later course of the disease. Later papers describe facial-faucial-fi nger myoclonus, 
visual hallucinations, autonomic dysfunction, slowing of saccadic pursuit and hori-
zontal and vertical saccades, and oculogyric dystonic spasms in addition to the 
juvenile-onset parkinsonism, pyramidal signs, dementia, and supranuclear gaze 
palsy [ 90 – 93 ] and initially categorized Kufor-Rakeb disease as Parkinson’s disease 
9/ PARK9 . It was another 12 years from the original report in 1994 until the underly-
ing genetic defect, a compound heterozygous loss-of-function mutation 
(c.3057delC/c.1306 + 5G > A) in a previously uncharacterized neuronal P-type 
ATPase gene,  ATP13A2 , was identifi ed in a large nonconsanguineous Chilean sib-
ship in 2006. Subsequent mutation screening in the original Jordanian family 
revealed a homozygous 22 bp duplication (c.1632_1653dup22) in all affected indi-
viduals [ 28 ]. Reports on the incidence of brain iron accumulation in the putamen 
and caudate [ 92 ,  94 ] in a proportion of  ATP13A2 -positive patients led to the 
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inclusion of this disease entity into the NBIA spectrum [ 94 ]. It has been hypothe-
sized that occurrence of iron might be associated exclusively with more severe 
mutations or may only develop later in the disease course [ 95 ]. 

 Kufor-Rakeb disease is inherited in autosomal recessive manner and has been 
attributed to mutations in the  ATP13A2  gene on chromosome 1p. Affected patients 
predominantly carry homozygous mutations [ 28 ,  90 ,  94 ,  96 ,  97 ], but compound 
heterozygous cases have been reported and mutations seem to occur in various eth-
nical regions [ 28 ,  92 ,  98 ]. Human  ATP13A2  protein is a member of the lysosomal 
P5 subfamily of transport ATPases and contains 10 transmembrane domains [ 99 ]. 
The 1,180 amino acid protein encoded by 29 exons is expressed in dopaminergic 
neurons of the substantia nigra as well as in pyramidal cortex neurons [ 100 ]. 
Mutations in  ATP13A2  have been associated with mislocalization of the mutant 
 ATP13A2 , subsequent ER stress, modifi cations in the proteasomal pathways, and 
premature degradation of aberrant  ATP13A2  by the proteasomal but not the lyso-
somal pathways [ 98 ]. Further functional studies revealed the importance of 
 ATP13A2  for mitochondrial maintenance and renewal when  ATP13A2 -defi cient 
cells showed impairments in autophagy, increased mitochondrial mass, affected 
mitochondrial renewal, and increased ROS production [ 101 ].  ATP13A2 -positive 
patient’s fi broblasts showed defi cient mitochondrial clearance, increased oxygen 
consumption rates, increased fragmentation of the mitochondrial network, and 
increased occurrence of mitochondrial DNA lesions [ 102 ]. 

 Up to now, no defi nitive and detailed brain pathology is available in  ATP13A2 - 
positive Kufor-Rakeb disease patients. However,  ATP13A2  mutations were identifi ed 
retrospectively in a family with juvenile neuronal ceroid lipofuscinosis (NCL) dis-
playing progressive spinocerebellar ataxia, intellectual decline, bulbar syndrome, 
and pyramidal and extrapyramidal syndrome where postmortem brain examination 
by that time showed widespread neuronal and glial lipofuscinosis sparing the white 
matter along with whorled lamellar inclusions in electron microscopy [ 103 ]. 
Furthermore, sural nerve biopsy in  ATP13A2 -positive cases revealed acute axonal 
degeneration with an accompanying mild chronic infl ammation response with endo-
neurial and perineurial T cells. Abundant cytoplasmic inclusion bodies were seen 
within Schwann cells and epi- and perineurial cells (not within axons), and electron 
microscopy suggested their resemblance to irregular primary lysosomes [ 104 ].  

    Hereditary Ferritinopathy ( FTL ) 

 Hereditary ferritinopathy ( FTL ), or neuroferritinopathy, typically presents with 
extrapyramidal features comprising dystonia, oromandibular dyskinesias, blepharo-
spasm, and chorea and is often thought to be phenotypically similar to neuroacan-
thocytosis or Morbus Huntington [ 25 ,  105 ]. Less frequent symptoms include 
parkinsonism, dysarthria, psychiatric features (depression, psychosis, cognitive 
decline), tremor, and cerebellar symptoms [ 25 ,  105 ]. Reported cases seem to cluster 
in Cumbria, Northern England, with the fi rst and most common identifi ed mutation 
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c.460InsA in exon 4 of  FTL1 , but affected patients with at least seven different 
mutations from India, France, Japan, and elsewhere in the world have been reported 
in the meantime [ 22 ,  105 ,  106 ]. Adult age of onset is common, and MRI fi ndings 
include iron accumulation in the caudate, GP, putamen, SN, and red nuclei along-
side to cystic necrosis in the basal ganglia and bilateral pallidum. Interestingly, 
hypointense signal changes predated onset of symptoms, and the burden of T2* 
abnormalities increased with age [ 8 ,  107 ]. Radiological fi ndings alongside with 
decreased ferritin levels can give important diagnostic hints and should lead to 
genetic testing of  FTL1  in order to identify this progressive disorder ideally before 
onset of neurological symptoms. Neuropathology revealed tau- and ubiquitin- 
positive neuroaxonal spheroids and neurofi laments as well as ferritin-positive inclu-
sions in the cerebellum, the posterior putamen, and other iron-rich areas [ 108 ,  109 ]. 

 Hereditary ferritinopathy is caused by mutations in ferritin light chain gene 
( FTL1 ) and is inherited in autosomal dominant manner. Its most common mutation, 
c.460InsA, leads to an extension of the peptide chain which alters its important fer-
ritin dodecahedron structure and ultimately causes accumulation of ferritin and iron 
predominantly in central neurons that trigger oxidative stress, neuroinfl ammation, 
and neurodegeneration [ 22 ,  25 ,  109 ,  110 ].  

    Aceruloplasminemia (ACP) 

 Aceruloplasminemia is characterized by adult-onset (mean, 51; range, 16–71 years) 
movement disorder consisting of cerebellar ataxia and craniofacial dyskinesia plus 
predominant cognitive impairment, dysarthria, and retinal degeneration [ 21 ]. 
However, microcytic anemia and diabetes mellitus often predate neurologic symp-
toms by one or two decades and can be an important hint in diagnostics [ 111 ]. Its 
prevalence is estimated to be 1:2,000,000 in Japan where most of to date reported 
cases come from [ 112 ]. The disease is inherited in autosomal recessive manner and 
caused by loss-of-function mutations in the ceruloplasmin ( CP ) gene located on the 
long arm of chromosome 3. More than 40 different homozygous mutations (non-
sense, missense, frameshift, as well as small deletions and insertions) are reported 
alongside few heterozygous cases with generally milder and more diverse pheno-
type ranging from chorea and athetosis to cerebellar signs and tremor [ 21 ]. The 
homozygous mutation carriers display characteristic imaging features on 
T2-weighted MRI with marked hypointensity of the thalami, the nuclei of the basal 
ganglia and the dentate, and the cerebral and cerebellar cortices [ 21 ]. Abundant iron 
deposits within mainly astrocytes and to a lesser extent within neurons in the basal 
ganglia, thalamus, and cerebellum and to a trivial amount in the frontal cortex mir-
ror the condition neuropathologically [ 113 ,  114 ]. Astrocytic deformation with 
included globular structures that are proportional to the degree of iron deposition 
and react positively to anti-ubiquitin antibody and to the lipid peroxidation marker 
anti-4-hydroxynonenal antibody is a characteristic feature in aceruloplasminemia 
brains. There is no positivity to anti-α-synuclein antibodies. 
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 Diagnostically, due to homozygous mutations in  CP , ceruloplasmin is undetect-
able in blood serum, ferritin levels are elevated, and copper and iron are low [ 21 ]. 

 The encoded protein ceruloplasmin, the most important carrier of copper in the 
human blood system, is an alpha-2-glycoprotein incorporating a ferroxidase activity 
that is crucial to iron mobilization [ 115 ]. Loss of this ferroxidase function leads to 
excessive iron accumulation within the pancreas, liver, and cerebral tissue with the 
main pathomechanism in the CNS being lipid peroxidation in astrocytes. Iron depo-
sition is a trigger of free radical generation which consecutively causes oxidative 
damage to the vulnerable cells and leads to the pathology in the liver, pancreas, 
hematological system, and neuronal tissue [ 116 – 118 ].  

     COASY  protein-associated neurodegeneration ( CoPAN ) 

 Recently, Dusi et al. identifi ed recessive missense mutations in the human gene for 
coenzyme A synthase ( COASY ) in two unrelated individuals with previously idio-
pathic NBIA which led to the inclusion of  COASY  protein-associated neurodegen-
eration (CoPAN) into the spectrum of NBIA disorders [ 119 ]. CoPAN is inherited in 
autosomal recessive fashion with the human gene comprising 9 exons and being 
located on the long arm of chromosome 17. In a healthy organism, its encoded 
enzyme CoA synthase facilitates the coupling of ATP and phosphopantetheine to 
generate dephospho- CoA which is then enzymatically phosphorylated again by the 
bifunctional CoA synthase to fi nally generate CoA. Mutations in the coenzyme A 
synthase have been demonstrated to lead to alterations in RNA and protein expres-
sion and coenzyme A levels in fi broblasts from the affected patients as well as in a 
yeast model and are thought to be inherited in autosomal recessive fashion [ 119 ]. So 
far, more COASY- positive cases are awaited to further assess its prevalence and 
typical clinical presentation. Regarding its pathogenesis, CoPAN is strongly con-
nected to PKAN, as both disorders are linked to coenzyme A – a vital key player in 
the cell’s maintenance and regulation.  

    Brain Iron in Other Neurodegenerative Diseases 

 Additionally, brain iron accumulation with divergence regarding loci of highest iron 
content can also occur in different neurological disorders which bring back the unre-
solved question of iron accumulation as an accompanying epiphenomenon/result of 
neuroinfl ammation/neurodegeneration or of iron as the causal and incipient trigger of 
the neuronal loss observed in these diseases. Brain iron accumulation and dysregula-
tion have been observed inter alia in multiple sclerosis [ 120 ]; Woodhouse- Sakati syn-
drome [ 121 ,  122 ]; GM1 gangliosidosis [ 123 ,  124 ]; alpha-mannosidosis [ 125 ]; 
Huntington’ s disease [ 126 ]; frontotemporal dementia-amyotrophic lateral sclerosis 
complex [ 127 ]; RLS associated with hemochromatosis [ 128 ]; fucosidosis [ 129 ]; 
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mucolipidosis type 4 [ 130 ]; superfi cial siderosis [ 131 ,  132 ]; Friedreich’s ataxia [ 133 ]; 
atypical Parkinson syndromes like multiple system atrophy, cortical- basal ganglionic 
degeneration, and progressive supranuclear palsy; and classical Parkinson’ s disease – 
even though still under some controversy [ 134 – 138 ]. Of these disorders, only 
Woodhouse-Sakati syndrome, due to mutations in  DCAF17 , is included into the 
NBIA disorder spectrum in some literature. However, it is beyond the scope of this 
chapter to review those, and interested readers must be relegated to the seminal review 
literature at this point (e.g., [ 139 ]).  

    Idiopathic NBIA 

 To date, there is still a rather large proportion of NBIA cases that is classifi ed as 
idiopathic, meaning without detected genetic origin [ 71 ]. Dissecting their family 
history carefully, collecting samples from related individuals, and a combination of 
genetic techniques like linkage analysis, homozygosity mapping, and whole exome 
or whole genome sequencing will foster the ongoing excitement in the gene hunt 
and elucidate phenotype-genotype clarifi cation in neurodegeneration with brain 
iron accumulation disorders. Collection of the idiopathic cases in international con-
sortia and subsequent screening of those once a new gene has been identifi ed will 
further reduce idiopathic NBIA in number and sharpen our understanding of this 
clinical spectrum. The advent of whole genome sequencing may introduce novel 
intronic variants associated with the disease that are linked to alternative splicing, 
nonsense-mediated mRNA decay, and altered transcription of disease-relevant pro-
teins which may feed into the known or point to yet unknown novel therapeutically 
targetable pathways and may account for additional parts of the idiopathic cases. 
NBIA or pallidopyramidal syndromes are – despite their scarcity – an exciting and 
expanding fi eld of study and may-due to their overlap in pathophysiology and clini-
cal phenotypes with common diseases like PD and Alzheimer’s-pave the avenue in 
understanding common pathways in clinical neurodegeneration.  

    Therapeutical Approaches: Which Pathways 
to Target and How? 

 To date, therapeutics in NBIA remain exclusively symptomatic. They may bring 
relief and are therefore important, but they do not target the origin of the disease and 
are incapable of stopping the neurodegenerative process. The development of spe-
cifi c, causal, and successful therapeutic agents in the future will therefore heavily 
depend upon our full understanding of the implicated pathways in this disease. 
Common pathways in NBIA include iron aggregation, mitochondrial defi ciency, 
and lysosome and ceramide metabolism (for an overview of the different genes 
associated with NBIA to date and their role in the different pathways, see Fig.  13.2 ). 
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Primarily the lysosomal function seems to be a promising candidate that needs 
closer investigation as it is the main metabolizer of ceramides which are crucial for 
many cellular processes [ 140 ] and seems to be involved in tauopathies equally as in 
Lewy body formation [ 82 ,  141 ] bonding NBIA closer to more common neurode-
generative diseases like atypical and typical Parkinson syndromes and potentially 
Alzheimer’s dementia.   

    How induced Pluripotent Stem-Cell (iPSC) Technology Could 
Help to Foster Our Understanding of NBIA 

 So far, the lack of human neuronal cell models that faithfully recapitulate disease 
phenotypes in vitro has been one of the major hurdles in our efforts to study the 
mechanisms of NBIA disorders effectively. However, the recent discovery and rapid 
spread of induced pluripotent stem-cell technology may yield new important 
insights into NBIA pathophysiology within the upcoming years. This fascinating 
breakthrough technique enables us to model PKAN and other NBIA disorders with 
a defi ned genetic mutation in vitro via the pathophysiologic study of iPSC-derived 
neurons that carry the exact genetic information as our patients. Briefl y, this tech-
nique involves collecting fi broblasts from genetically confi rmed NBIA patients via 
skin biopsy and consecutive laboratory reprogrammation into induced pluripotent 
stem cell state, e.g. via episomal gene delivery [ 142 ]. Subsequently, neural induc-
tion is initiated via treatment with dual SMAD inhibitors [ 143 ] followed by 
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exposition to default neural inductive conditions in the presence of retinoids to pro-
duce cortical or other region-specifi c neurons [ 144 ] derived from the patient’ s orig-
inal skin cells and ready for experimental readout. Thereby, extensive characterization 
of the iPSC- derived neurons carrying the genetic defect inclusive high-throughput 
screening for possible therapeutic rescues becomes possible. The results may give 
us a better idea of mechanisms and triggers of iron accumulation, transport deregu-
lation, mitochondrial fi tness including ATP generation, mitochondrial membrane 
potential, generation of reactive oxygen species, as well as generation of tau and 
acetyl-CoA protein and RNA expression in  PANK2  NBIA neurons. 

 These studies will lead to better understanding of disease mechanisms and ulti-
mately could help with disease management. 

 Note on variant classifi cation: Variants listed in the text have been provided by 
the author(s) of the respective studies and have been taken without adaptation or 
independent verifi cation.     
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    Chapter 14   
 Genetics of Metal Disorders (Excluding NBIA) 

             Petr     Dusek       and     Daniela     Zahorakova    

    Abstract     In this chapter, we describe genetic movement disorders arising from 
endogenous dysregulation of calcium, copper, and manganese homeostasis. In gen-
eral, dysregulation of metal homeostasis may lead to regional brain metal accumu-
lation, systemic metal accumulation affecting the whole brain and other organs, or 
brain metal defi ciency. 

 Primary familial brain calcifi cation leading to regional brain calcium deposits is 
caused by mutations in inorganic phosphate transporter 2 (PiT2), platelet-derived 
growth factor (PDGFβ), or platelet-derived growth factor receptor-β (PDGFRβ). 
Mutations in these three genes explain 50 % of cases and further causative genes are 
likely involved. 

 Systemic accumulation of copper is the hallmark of Wilson disease and MEDNIK 
syndrome caused by mutations in  ATP7B  and  AP1S1  genes, respectively. Menkes 
disease, caused by mutations in  ATP7A , is an example of disorder of systemic cop-
per defi ciency. 

 Systemic accumulation of manganese has been described in manganese trans-
porter defi ciency caused by  SLC30A10  mutations. The brain and liver are the most 
affected organs in these systemic disorders. Kufor-Rakeb syndrome, caused by 
mutations in  ATP13A2 , is likely also related to manganese toxicity.  

  Keywords     Wilson disease   •   Menkes disease   •   Fahr’s disease   •   Copper   •   Manganese   
•   Calcium  
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  Abbreviations 

   AP1S1    Adaptor-related protein complex 1, subunit σ1A   
  AT1    Acetyl-CoA transporter   
  ATOX1    Antioxidant 1 copper chaperone   
  ATP    Adenosine triphosphate   
  ATP7A    ATPase, Cu2+ transporting, alpha polypeptide   
  ATP7B    ATPase, Cu2+ transporting, beta polypeptide   
  BBB    Blood-brain barrier   
  BCB    Blood-cerebrospinal fl uid barrier   
  BG    Basal ganglia   
  Ca    Calcium   
  CCS    Copper chaperone for superoxide dismutase 1   
  Cd    Cadmium   
  COMMD1    Copper metabolism (Murr1) domain-containing 1 protein   
  COX17    Cytochrome c oxidase copper chaperone   
  CP    Ceruloplasmin   
  CSF    Cerebrospinal fl uid   
  CT    Computerized tomography   
  Cu    Copper   
  DHPG    Dihydroxyphenylglycol   
  DMT1    Divalent metal transporter 1   
  DOPAC    Dihydroxyphenylacetic acid   
  ER    Endoplasmic reticulum   
  Fe    Iron   
  FPN1    Ferroportin 1   
  GHS    Glutathione   
  GP    Globus pallidus   
  hCTR    Human copper transporter protein   
  HEPH    Hephaestin   
  ITPR    Inositol 1,4,5-trisphosphate receptor   
  K-F ring    Kayser-Fleischer ring   
  MBD    Metal-binding domain   
  MCT1    Monocarboxylic acid transporter   
  MD    Menkes disease   
  Mn    Manganese   
  MRI    Magnetic resonance imaging   
  NBIA    Neurodegeneration with brain iron accumulation   
  Ni    Nickel   
  NMDA    N-methyl D-aspartate   
  OHS    Occipital horn syndrome   
  P2RX1    Purinergic receptor type P2X1   
  Pb    Lead   
  PD    Parkinson’s disease   
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  PDGF-B    Platelet-derived growth factor-β   
  PDGFRβ    Platelet-derived growth factor receptor-β   
  PFBC    Primary familial brain calcifi cation   
  PiT1    Phosphate transporter 1   
  PiT2    Phosphate transporter 2   
  RYR    Ryanodine receptor   
  SCA    Spinocerebellar ataxia   
  SERCA    Sarcoplasmic/endoplasmic reticulum calcium ATPase   
  SLC    Solute carrier family   
  SLC30A10    Solute carrier family 30, member 10   
  T1w    T1-weighted image   
  T2w    T2-weighted image   
  TD    Transmembrane domain   
  TFRC    Transferrin receptor   
  TGN    Trans-Golgi network   
  TRPM7    TRP, subfamily M, member 7   
  TRPs    Transient receptor potential cation channels   
  WD    Wilson disease   
  ZDHHC17    Zinc fi nger DHHC domain-containing protein 17   
  Zn    Zinc   

          Introduction 

 Trace elements including iron (Fe), copper (Cu), manganese (Mn), and calcium 
(Ca), which are essential constituents necessary for cellular homeostasis, become 
toxic when present in excess quantities. Tight regulation of metal uptake and effl ux 
is therefore necessary for suffi cient synthesis of metalloproteins on one side and 
prevention of excessive oxidative stress on the other side. In this chapter, we describe 
genetic movement disorders arising from endogenous dysregulation of metal 
homeostasis. In general, there are three subgroups of brain metal dysregulation dis-
orders: (1) regional brain metal accumulation, mostly in globus pallidus (GP), 
which is susceptible to accumulation of divalent metal ions, (2) metal accumulation 
affecting the whole brain as a manifestation of systemic metal accumulation, and 
(3) brain metal defi ciency.  

    Metabolism of Metals 

 Transport systems involved in cellular metal homeostasis are redundant, but indi-
vidual transport proteins may have different importance for transporting particular 
metal, and their dysfunction may thus lead to dyshomeostasis of various severities. 
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Transport proteins can be specifi c for particular metal species or may be capable of 
transporting more species leading to interdependencies in the metabolism of various 
metals. There are several protein families involved in regulating metal homeostasis: 
(1) solute carrier (SLC) family includes transmembrane proteins that are either 
facilitative transporters shifting metals along their electrochemical gradient or sec-
ondary active transporters using electrochemical gradient of another substance for 
symport or antiport, (2) P-type ATPases are transmembrane proteins using energy 
from adenosine triphosphate (ATP) hydrolysis for primary active transport of met-
als against their electrochemical gradient, and (3) chaperons assist in metal storage, 
traffi cking, and delivery to the sites of metalloprotein synthesis. Metals can be also 
transported across the cellular membrane via ion channels, receptor-mediated endo-
cytosis, and possibly also by exocytosis. Proteins involved in cellular import, export, 
traffi cking, and storage of Cu, Ca, and Mn are summarized in Table  14.1  [ 1 – 5 ].

      Calcium 

 Regulation of cellular Ca metabolism is different compared to other metals because 
Ca2+ is a ubiquitous ion involved in a wide spectrum of physiological functions, 
including signal transduction, muscle contraction, secretion of hormones and neu-
rotransmitters, regulation of gene expression, apoptosis, mitochondrial oxidative 
phosphorylation, and autophagy [ 6 ]. 

 Cellular Ca2+ entry is mediated by voltage-operated channels, receptor-operated 
channels, and store-operated channels. There are several types of voltage-operated 
Ca2+ channels to carry out specifi c functions. The L-type channel is responsible for 
mediating muscle contraction and transduction of signal from proximal neuronal 
dendrites, while the N-type and the P/Q-type trigger release of neurotransmitters at 
synaptic endings [ 7 ]. It has been suggested that the L-type Ca2+ channels may be 
an alternative route for cellular Fe and Mn uptake suggesting interdependencies 
between Ca, Mn, and Fe pathways [ 8 ,  9 ]. N-methyl D-aspartate (NMDA) glutamate 
ionotropic receptor is responsible for receptor-mediated cellular Ca2+ infl ux [ 5 ]. 
Store-operated channels are responsible for capacitative Ca2+ entry, which occurs 
when endoplasmic reticulum (ER) Ca2+ stores are depleted. This group includes 
calcium release-activated calcium channel proteins 1–3 encoded by  ORAI1–3  genes 
and a family of transient receptor potential cation channels (TRPs) that consists of 
three subfamilies A, C, and M [ 10 ]. 

 Calcium effl ux from the cell is conducted via plasma membrane Ca2+-
transporting ATPases (ATP2B1–4) [ 11 ] and via Na+/Ca2+ exchangers (SLC8A1–3) 
[ 5 ]. Within the cell, Ca2+ concentration is low in the cytoplasm, while high quanti-
ties of Ca2+ are stored in ER as well as in trans-Golgi network (TGN) and lyso-
somes. The major Ca2+ storage organelle of the cell is the ER, and Ca2+ 
accumulation in its lumen is mediated by the sarcoplasmic/endoplasmic reticulum 
calcium ATPases 1–3 (SERCA 1–3 aka ATP2A3) [ 5 ]. Within the ER lumen, Ca2+ 
is bound to a variety of chaperone proteins [ 6 ] maintaining its concentration  gradient 
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that allows for a rapid release of Ca2+ to cytoplasm upon opening of receptor-
operated Ca2+ release channels residing in the ER membrane, namely, inositol 
1,4,5- trisphosphate receptors, type 1–3 (ITPR1–3) [ 12 ,  13 ], and ryanodine recep-
tors 1–3 (RYR1–3) [ 14 ]. Transport of Ca2+ to the TGN is mediated by the secretory 
pathway Ca2+/Mn2+ ATPases 1 and 2 (SPCA1,2 aka ATP2C1,2) that are also capa-
ble of transporting Mn [ 15 ]. 

 None of the genes involved in the Ca2+ pathway have been described as a cause 
of the primary familial brain calcifi cation syndrome, but mutations in several genes 
encoding proteins from the Ca2+ pathway were identifi ed as causes of spinocere-
bellar ataxias (SCA). Mutations in  ITPR1  cause SCA15/16, mutations in  CACNA1A  
cause SCA6 aka episodic ataxia type 2 [ 16 ], and mutations in  ATP2B3  cause 
X-linked SCAX1 [ 17 ].  

    Copper 

 Human copper transporter protein 1 (hCTR1 aka SLC31A1) is the most important 
transporter mediating and regulating Cu uptake in the vast majority of tissues, while 
the role of its homolog, hCTR2, remains unknown [ 18 ]. There is probably a minor 
role of divalent metal transporter 1 (DMT1 aka SLC11A2) in Cu transport across 
the blood-brain barrier (BBB) and the blood-cerebrospinal fl uid barrier (BCB) [ 19 ]. 
Two P-type ATPases, ATPase, Cu2+ transporting, alpha polypeptide (ATP7A) [ 20 ] 
and ATPase, Cu2+ transporting, beta polypeptide (ATP7B) [ 21 ,  22 ] have a dual role 
in the Cu metabolism. They facilitate Cu transport from the cytoplasm to the TGN 
where it is provided for incorporation into cuproenzymes, namely, ceruloplasmin, 
hephaestin, lysyl oxidase, dopamine-β-hydroxylase, peptidyl-α-amidating mono-
oxygenase, and tyrosinase [ 23 ]. Under the condition of excess Cu levels, they trans-
locate to plasma membrane or vesicular compartment near the plasma membrane to 
facilitate Cu effl ux. Protein copper metabolism (Murr1) domain-containing 1 
(COMMD1) is also involved in Cu effl ux by regulating degradation of the ATP7B 
[ 24 ]. At the BBB, the ATP7A is involved in brain Cu uptake because it facilitates 
effl ux from endothelial cells. There are three main intracellular Cu chaperones, 
namely, antioxidant 1 copper chaperone (ATOX1) shuttling Cu to the secretory 
pathway represented by ATP7A and ATP7B [ 25 ], COX17 cytochrome c oxidase 
copper chaperone facilitating assembly of mitochondrial cytochrome c oxidase, and 
copper chaperone for superoxide dismutase 1 (CCS) [ 26 ,  27 ]. 

 Intracellular Cu storage and exchangeable pool are maintained by metallothio-
neins and glutathione (GSH), proteins that form stable complexes with Cu [ 28 ]. 
Family of metallothioneins, encoded by a cluster of genes on the chromosome 16, 
is a group of cytoplasmic proteins binding free Cu, zinc (Zn), and other metals in 
order to protect cells from their toxic effects [ 29 ,  30 ]. The GSH is not only involved 
in sequestering intracellular Cu but seems to be also involved in posttranslational 
regulation of ATP7A and ATP7B activity [ 31 ]. Adaptor-related protein complex 1, 
subunit σ1A (AP1S1), also regulates intracellular traffi cking of ATP7A and ATP7B, 
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and its dysfunction leads to a severe phenotype [ 32 ,  33 ]. Interactions between Fe, 
Mn, and Cu metabolism have been reported. Mn exposure and Fe defi ciency both 
lead to increase of brain Cu concentration probably due to upregulation of hCTR1 
and DMT1, respectively [ 19 ,  34 ]. 

 Mutations in genes encoding ATP7A, ATP7B, and AP1S1 give rise to neurologi-
cal disorders. Polymorphism c.492T>C in  COMMD1  gene was associated with age 
of onset in Wilson disease [ 35 ], but it was not confi rmed in subsequent studies.  

    Manganese 

 Many transport systems are involved in cellular Mn uptake as well as in its transport 
across the BBB and BCB [ 1 ,  9 ,  36 ]. These include uptake via transferrin receptor 
(TFRC) and DMT1, proteins that are also involved in Fe uptake [ 37 ]. DMT1 has a 
broad substrate specifi city for various divalent cations besides Fe and Mn including 
cadmium (Cd), nickel (Ni), cobalt (Co), and lead (Pb) [ 38 ]. Fe defi ciency leads to 
TFRC and DMT1 upregulation, and since Mn shares this transport pathway [ 39 , 
 40 ], it has been suggested that Fe defi cit increases brain infl ux of Mn via this mech-
anism [ 41 – 44 ]. There is however controversy to what extent the DMT1 is involved 
in Mn transport under physiological conditions [ 9 ,  45 ]. 

 Other ways for Mn cellular uptake are shared with Ca2+ underlining the close 
relationship of transport pathways of these two elements [ 46 ]. All of the cellular 
Ca2+ uptake channels, that is, NMDA glutamate ionotropic receptor [ 47 ], L-type 
voltage-operated Ca2+ channels, and store-operated Ca2+ channels, specifi cally 
TRP, subfamily M, member 7 (TRPM7), were suggested to transport also Mn ions 
[ 48 ,  49 ]. Hypothetically, Mn may share another transport mechanism with Ca2+ 
through purinergic receptor type P2X1 (P2RX1) [ 50 ] and with other divalent metals 
through zinc fi nger DHHC domain-containing protein 17 (ZDHHC17) [ 51 ]. 
Through these interdependencies, low Ca2+ concentration supposedly increases the 
Mn uptake [ 48 ]. Independent on the Ca2+ channels, two members of the SLC39 
family, ZIP-8 (SLC39A8) [ 52 ] and ZIP-14 (SLC39A14) [ 53 ], may be also involved 
in Mn uptake using the HCO3- gradient across the plasma membrane for symport. 
The SLC39 family includes multisubstrate divalent cation transporters that may 
regulate also Fe, Zn, and Cd transport. Contributions of the abovementioned path-
ways to in vivo Mn uptake into brain cells in humans are not clear, but it was sug-
gested that Mn enters the brain predominantly through the BCB as Mn-citrate 
species using various organic acid transporters, such as monocarboxylic acid trans-
porter 1 (MCT1 aka SLC16A1), using the gradient of H+ for cotransport [ 54 – 56 ]. 

 Two types of carriers are known to be involved in sequestering cytosolic Mn into 
TGN: (1) Ca2+/Mn2+ (P-type) ATPases of the secretory pathway, ATP2C1 and 
ATP2C2 [ 57 – 59 ], and (2) manganese transporter SLC30A10 [ 60 ,  61 ]. Another 
P5-type cation transporting ATPase, ATP13A2, is likely involved in sequestration 
of Mn into lysosomes [ 62 ]. SLC30A10 is involved in cellular Mn effl ux since its 
dysfunction causes a profound Mn accumulation, but the mechanism is unclear. No 
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other cellular exporter specifi c for Mn is known and Mn export may share the effl ux 
pathway with Fe supposedly using ferroportin 1 (FPN1 aka SLC40A1) complex 
associated with ferroxidases, ceruloplasmin (CP), and hephaestin (HEPH) [ 63 ]. 

 Neurological symptoms were described in genetic disorders caused by defi cits of 
two of the abovementioned transporters, ATP13A2 and SLC30A10, respectively. 
Furthermore, DMT1 haplotype (C alleles of 1254C/T and IVS4 + 44C/A) has been 
identifi ed as a risk factor for Parkinson disease (PD) in one study with odds ratio 
1.72 in Chinese population [ 64 ].   

    Disorders of Copper Metabolism 

    Wilson Disease 

 Initially, Wilson disease (WD) was not regarded as a hereditary disorder. Its genetic 
origin with autosomal recessive inheritance was reported several decades after the 
Wilson’s fi rst description of the disease [ 65 ]. In 1993, the causative gene  ATP7B  
(OMIM 606882) was identifi ed and cloned [ 21 ,  22 ].  ATP7B  is a large gene spanning 
approximately 80 kb of genomic DNA on chromosome 13 (13q14). The gene con-
sists of 21 exons, which encode a 1,465-amino acid protein, ATP7B. 

 ATP7B protein is a member of the P-type ATPase family of membrane proteins 
that pump ions and lipids across the cellular membranes and the key regulator of cel-
lular Cu metabolism in human [ 66 ]. The protein contains several highly conserved 
functional domains: six metal-binding domains (MBDs), each with a metal- binding 
motif GMxCxxC; eight hydrophobic transmembrane domains (TMs) that form a path 
through cell membranes for Cu translocation; the phosphatase domain (A-domain); 
the phosphorylation domain (P-domain); and the ATP-binding domain (N-domain). 
Expression of ATP7B is predominant in the liver. Lower expression levels are detected 
in the brain, heart, lungs, kidney, and placenta [ 21 ,  22 ]. ATP7B has a dual function in 
cells. Biosynthetic role is represented by Cu delivery for incorporation into copper-
dependent enzymes such as CP [ 67 ], and homeostatic role is fulfi lled by removal of 
excess Cu from cells [ 68 ]. Symptoms of WD are consequences of (1) impaired Cu 
excretion from the liver to bile resulting in its accumulation in the liver and (2) dys-
functional incorporation of Cu into CP leading to hypoceruloplasminemia. When the 
capacity of the liver to store Cu is exceeded, free Cu is released into the bloodstream 
and deposited in various organs, predominantly the brain, cornea, and kidneys. 

 More than 700 mutations have been reported in  ATP7B  gene (HGMD Professional 
2014.2) and most patients are compound-heterozygous. The mutations are scattered 
throughout the gene and are mostly missense (Table  14.2 ). They affect protein sta-
bility, intracellular localization, various activities depending on affl icted domain 
(catalytic, transport, phosphorylation), as well as protein expression levels.

   Pathogenic mutations are found in up to 98 % of WD patients [ 69 ,  70 ], but most 
studies report lower detection rate, approximately 70–85 %. Failure to identify two 
 ATP7B  mutations in a given patient should not exclude the diagnosis of WD. Allele 

P. Dusek and D. Zahorakova



303

frequency of most mutations is very low. Only several mutations occur with a high 
frequency in certain populations due to a founder effect. For instance, p.His1069Gln 
is the most common  ATP7B  mutation in Europe, accounting for 30–70 % of all 
detected mutations [ 71 – 74 ]. Mutation p.Arg778Leu is the most common one among 
Chinese and Taiwanese WD patients (20–40 %) [ 75 – 78 ]. In Sardinian WD patients, 
mutation c.-441_-427del predominates with frequency 60.5 % of detected muta-
tions [ 79 ], and in Saudi Arabia, p.Gln1399Argfs*6 mutation is the most common 
one [ 80 ,  81 ]. In Indian patients, mutation p.Cys271* is observed with the highest 
frequency (20–24 %) [ 69 ,  82 ]. Identifi cation of population-specifi c prevalent muta-
tions facilitates genetic testing in given populations, but the analysis of the entire 
coding region of  ATP7B  as well as the copy number analysis (to detect deletions of 
one or more exons) may still be desirable. 

 The most commonly reported numbers are 1:30,000 for worldwide WD prevalence 
and 1 % for population frequency of heterozygous mutation carriers [ 83 ]. Recent data 
from the United Kingdom however suggest that WD may be considerably more com-
mon with the prevalence of 1:7,000 and carrier frequency of 2.2–5 % [ 70 ]. 

 The typical age of onset is between 5 and 35 years, but approximately 4 % of 
patients become symptomatic in the fi fth decade or later [ 84 ]. The most common 
manifestations of WD are hepatic (50 %) and neuropsychiatric (50 %), but more than 
60 % of neuropsychiatric patients have liver cirrhosis at the time of diagnosis [ 72 ]. 
The hepatic manifestation of WD occurs almost 10 years earlier than  neurological 
symptoms with the mean age of onset 15 years [ 85 ]. The hepatic presentation of WD 
can be divided into several forms: asymptomatic elevation of liver enzymes, acute 
hepatitis mimicking viral hepatitis with jaundice, acute liver failure usually accompa-
nied by hemolytic anemia, and chronic hepatitis with liver cirrhosis [ 83 ]. 

 The mean age of onset in neurologically presenting patients is 20 years [ 85 ]; 
however, the earliest onset of neurological symptoms was 6 years and the latest was 
72 years [ 83 ]. The neurological presentation is divided into four phenotypes with a 
signifi cant overlap: parkinsonism, tremors, ataxia, and dystonia [ 83 ]. Tremor, 
occurring in almost 80 % of patients with the neurological manifestation, is the 

  Table 14.2    Spectrum 
and frequency of  ATP7B  
mutations (HGMD 
Professional 2014.2)  

 Mutation type  Number of mutations  Frequency (%) 

 Missense  424  55 
 Nonsense  63  8 
 Splicing  64  8 
 Regulatory  12  2 
 Small deletions  131  17 
 Small insertions  55  7 
 Small indels  8  1 
 Gross deletions  12  2 
 Complex 
rearrangements 

 1  0.1 

  Total    770    100  
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most frequent neurological symptom [ 86 ]. Classically, high-amplitude low- 
frequency coarse proximal “wing-beating” tremor has been described, but WD 
patients can manifest with any type and combination of tremors, resting, intentional, 
and/or postural. Dysarthria occurs in more than 70 % of WD patients and most fre-
quently is of mixed type with varying spastic, cerebellar, hypokinetic, and dystonic 
components [ 87 ]. Parkinsonism, commonly manifesting as symmetric akinesia and 
rigidity, hypomimia, dysarthria, and drooling, occurs in almost 40 % of patients 
with neurological presentation. Parkinsonism can be also the manifestation of 
hepatic encephalopathy in severe cirrhosis. Dystonic phenotype, occurring in 
10–30 % of cases, is usually most severe and resistant to treatment [ 86 ]. Dystonia 
can be focal, commonly in the orofacial region causing the typical facies with “vac-
uous smile” or in the hand region, but can be also segmental or generalized in some 
patients. Other movement disorders like chorea, balism, myoclonus as well as pyra-
midal signs and autonomic system impairment are less frequent. 

 Psychiatric symptoms affect more than 60 % of patients during the disease pro-
gression and can be the initial presentation in 20–40 % of patients [ 88 – 90 ]. The most 
common psychiatric symptoms include mood disorders, anxiety, and personality 
changes such as irritability, aggressiveness, and disinhibition, while psychotic symp-
toms occur less frequently. Cognitive disorders in patients with neuropsychiatric pre-
sentation are common but variable and rarely lead to dementia [ 91 ]. The most 
severely affected cognitive domain is executive functions, particularly attention [ 92 ]. 

 Ophthalmologic manifestations include the Kayser-Fleischer ring (K-F ring) and 
sunfl ower cataract caused by copper deposition in the corneal Descemet’s membrane 
and anterior lens capsule, respectively. The K-F ring is detectable in 80–95 % of 
patients with neurological presentation as golden brownish coloration seen at the 
periphery of the cornea [ 93 ], while sunfl ower cataract is less common. Other manifes-
tations of WD include hematologic changes (thrombocytopenia, leukopenia, hemo-
lytic anemia), bone and joint involvement (pain, osteoporosis, spontaneous fractures), 
and renal involvement (hypercalciuria, hyperphosphaturia, nephrocalcinosis). 

 Genotype-phenotype correlation in WD is challenging due to the great clinical 
variability and high prevalence of patients carrying two different mutations. The cor-
relation studies are hampered by a paucity of heterozygotes with the same  ATP7B  
genotype as well as homozygotes for less frequent mutations. However, some associa-
tions have been proposed. The mutation p.His1069Gln tends to cause later-onset (the 
second to the third decade) and neurological phenotype, while the mutations p.
Cys271* and p.E122fs, common in Indian population, more often lead to earlier-onset 
(the fi rst to the second decade) and more severe phenotype [ 69 ,  94 – 96 ]. 

 Age of onset and clinical presentations often vary even among the patients carry-
ing the same  ATP7B  mutation or the patients with different mutations leading to a 
similar protein defect. Heterogeneity of clinical phenotype proposed the specula-
tions that there might be other loci modulating the basic WD phenotype. The most 
perspective candidates are genes encoding other members of copper homeostasis 
pathway, such as  ATOX1  and  COMMD1 . However, the results of association studies 
have been so far inconclusive [ 35 ,  97 – 99 ], suggesting that these genes do not play a 
major role as modifying factors in WD. The factors and mechanism underlining the 
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clinical variability are probably more complex since even monozygotic twins can 
manifest different features and severity of WD [ 100 ,  101 ]. 

 Timely diagnosis is important since early treatment with chelation drugs such as 
d-penicillamine or trientine or zinc supplementation may improve symptoms and 
prevent irreversible liver and brain damage [ 102 ]. WD diagnosis is based mainly on 
fi ndings of abnormal Cu metabolism, that is, serum CP level, serum Cu level, 24-h 
urinary Cu excretion, and Cu concentration in liver biopsy. The serum CP level is 
decreased to <0.2 g/L in almost 95 % of WD patients. The total serum Cu level in 
WD patients is usually decreased since it mostly represents the Cu bound to 
CP. Free, non-ceruloplasmin-bound Cu calculated manually as difference between 
total and CP bound serum Cu is more relevant for the WD diagnosis; it is typically 
increased to >1.6 μmol/L in non-treated WD patients. Daily urinary copper excre-
tion >1.6 μmol/24 h is the best single test for WD diagnosis with sensitivity and 
specifi city both above 90 %. Hepatic parenchymal copper content in liver biopsy 
elevated to >250 μg/g of dry weight is highly suggestive of WD, while values 
<50 μg/g virtually exclude WD [ 102 ]. Typical magnetic resonance imaging (MRI) 
fi ndings include symmetrical hyperintensity in T2-weighted (T2w) images in basal 
ganglia (BG) and brainstem along with generalized atrophy. Supposedly pathogno-
monic MRI fi ndings including “the face of the giant panda” and the “bright claus-
trum” are present in less than 14 % of WD patients. Altogether, MRI abnormalities 
occur in almost 90–100 % of neuropsychiatric, 40–75 % of hepatic, and 20–30 % of 
asymptomatic patients [ 103 ,  104 ]. Genetic testing confi rms the WD diagnosis but is 
not necessary for diagnosis in typical cases. It is particularly helpful in patients with 
inconclusive biochemical fi ndings and in asymptomatic WD patients, mostly rela-
tives of WD cases, who may not manifest typical biochemical abnormalities. A 
scoring system for the WD diagnosis includes results of all the abovementioned 
methods (Table  14.3 ). The resulting Ferenci aka Leipzig score is the gold standard 
for WD diagnosis and is currently recommended in the guidelines for WD diagnosis 
and treatment [ 105 ].

       Menkes Disease and Other ATP7A-Related Diseases 

 The  ATP7A  gene (OMIM 300011) is located on chromosome X (Xq21.1), spans 
about 140 kb of genomic region, and is organized in 23 exons (the fi rst exon in non- 
coding). The gene also shows a considerable similarity to exonic structure of the 
 ATP7B  gene, especially in the 3′ two-thirds, suggesting both genes have a common 
evolutionary ancestor [ 106 ,  107 ]. The gene product is a transmembrane copper- 
transporting P-type ATPase, ATP7A [ 108 – 110 ], which is 1,500 amino acids long. 
The protein shares about 60 % of sequence identity with the ATP7B protein. The 
N-terminus of the ATP7A protein includes six homologous metal-binding domains 
(MBDs), each containing a copper-binding motif GMxCxxC [ 111 ]. Eight trans-
membrane domains (TMs) anchor the protein to a membrane and form a channel for 
Cu translocation. Other domains include the phosphatase domain (A-domain), the 
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phosphorylation domain (P-domain), and the ATP-binding domain (N-domain), and 
they mediate the catalytic activity of ATP7A. Besides the structure, both proteins 
are also highly related in function. Unlike ATP7B, expression of ATP7A is ubiqui-
tous, with a low level in liver, suggesting its housekeeping role [ 108 ,  110 ]. The 
protein has two main functions: (1) the biosynthetic function, which involves trans-
porting Cu to cuproenzymes at the secretory pathway, and (2) the homeostatic func-
tion of exporting of excess Cu from cells and transporting Cu across the gut mucosal 
wall and the BBB [ 112 ]. ATP7A is required during neuronal development probably 
due to its important role in synaptogenesis [ 113 ]. Apart from that, it has a role in 
NMDA glutamatergic signaling in hippocampal neurons [ 114 ]. Clinical symptoms 
in  ATP7A  mutations result from generalized hypocupremia and subsequent dys-
function of cuproenzymes. Relative Cu accumulation occurs in enterocytes, 

   Table 14.3    Ferenci score – scoring system for the diagnosis of Wilson’s disease   

 Finding  Points 

 K-F rings  Absent  0 
 Present  2 

 Neuropsychiatric symptoms suggestive 
of WD (or typical brain MRI) 

 Absent  0 
 Present  2 

 Coombs-negative hemolytic anemia 
or free Cu in plasma >1.6 μmol/L 

 Absent  0 
 Present  1 

 24-h urinary copper excretion 
(in the absence of acute hepatitis) 

 Normal  0 
 1–2× ULN (1–2 μmol/24 h)  1 
 >2× ULN (>2 μmol/24 h)  2 
 >5× ULN after D-penicillamine challenge  2 

 Liver copper quantitative  Normal (<50 μg/g)  −1 
 <5× ULN (50–250 μg/g)  1 
 >5× ULN (>250 μg/g)  2 

 Rhodanine-positive hepatocytes 
(only if quantitative Cu measurement 
is not available) 

 Absent  0 
 Present  1 

 Serum ceruloplasmin  Normal  0 
 0.1–0.2 g/L  1 
 <0.1 g/L  2 

 Mutation analysis  Disease-causing mutations on both 
chromosomes 

 4 

 Disease-causing mutation on one 
chromosome 

 1 

 No mutation detected  0 

  Assessment of the WD diagnosis score: 
 ≥4 points: diagnosis of WD highly likely 
 2–3 points: diagnosis of WD probable, more investigations needed 
 0–1 points: diagnosis of WD unlikely 
  MRI  magnetic resonance imaging,  ULN  upper limit of normal  
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endothelia of the BBB, and kidney epithelia because its infl ux into barrier cells is 
intact, while its effl ux is blocked due to ATP7A dysfunction [ 23 ]. 

 Mutations in the  ATP7A  gene are inherited in X-linked recessive manner; there-
fore, affected patients are almost exclusively males, while heterozygous females are 
mostly asymptomatic carriers. To date above 300 different  ATP7A  mutations have 
been reported, and they range from single nucleotide changes to gross deletions or 
duplications [ 115 ] (HGMD Professional 2014.2). The most common mutation 
types, accounting for almost two-thirds of all mutations, are missense mutations, 
splice-site mutations, and gross deletions ranging from one to several exons 
(Table  14.4 ). The mutations are usually unique to each affected family, and the most 
recurrent mutation is c.2179G>A (p.Gly727Arg) with the estimated frequency of 
2.7 %. The donor splice site of intron 8 also seems to be a mutation hot spot of 
 ATP7A , since nine different mutations occur in this location. Interestingly, no mis-
sense mutations were observed in exons 2–7, which encode MBDs of ATP7A, sug-
gesting that variations in these regions are more acceptable regarding the normal 
protein function [ 115 ].

   The mutations may affect various features and functions of normal ATP7A, such 
as protein stability, intracellular localization, traffi cking, Cu transport, and catalytic 
activity as reviewed by Tumer [ 115 ]. Incidentally, splice-site mutations do not nec-
essarily lead to a complete disruption of splicing, but a small amount of normal 
transcript and subsequently normal protein can be produced [ 116 – 118 ]. 

 Mutations in the  ATP7A  gene are associated with three clinical entities: Menkes 
disease (MD) (OMIM 309400), occipital horn syndrome (OHS) (OMIM 304150), 
and X-linked distal motor neuropathy (OMIM 300489) [ 119 ]. 

 The estimated incidence of MD ranges between 1:40,000 and 1:360,000 live 
births [ 120 ]. MD clinically manifests as infantile-onset cerebral and cerebellar neu-
rodegeneration, failure to thrive, coarse hair (kinky hair or pili torti), and connective 
tissue abnormalities. Affected infants may present with prolonged jaundice, hypo-
thermia, hypoglycemia, and feeding diffi culties in the early neonatal period. They 

  Table 14.4    Spectrum 
and frequency of  ATP7A  
mutations (HGMD 
Professional 2014.2.)  

 Mutation type 
 Number of 
mutations  Frequency (%) 

 Missense  65  20.3 
 Nonsense  37  11.6 
 Splicing  67  21 
 Small deletions  48  15 
 Small insertions  17  5.3 
 Small indels  1  0.3 
 Gross deletions  54  17 
 Gross insertions/duplications  23  7.2 
 Complex rearrangements a   7  2.2 
  Total    319    100  

   a The number of complex rearrangements according to review by 
Tumer [ 115 ]  
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develop often intractable epileptic seizures, hypotonia, vomiting, diarrhea, and 
developmental regression in the 2nd or 3rd month of life and usually die within fi rst 
3 years of life [ 121 ,  122 ]. Approximately 6 % of patients manifest slightly milder 
MD phenotype [ 120 ]. Biochemical fi ndings include low Cu and CP levels and 
increased ratio of dopamine metabolite dihydroxyphenylacetic acid (DOPAC) and the 
norepinephrine metabolite dihydroxyphenylglycol (DHPG) in the blood and 
cerebrospinal fl uid (CSF) [ 123 ,  124 ]. Connective tissue disorders manifest as loose 
skin (cutis laxa) particularly in the neck and axillar regions, arterial aneurysms, 
fragile bones, and other structural bone abnormalities particularly in the rib cage 
(pectus excavatum). Brain MRI abnormalities become evident several months after 
birth and include diffuse atrophy, ventriculomegaly, tortuosity of cerebral blood 
vessels, delayed myelination, signal abnormalities in BG, and high incidence of 
subdural hematomas [ 125 ,  126 ]. Subcutaneous Cu replacement in the fi rst 2 postna-
tal weeks improves survival and may even normalize developmental outcomes in 
some patients with residual ATP7A activity [ 127 – 131 ]. During the critical period 
for treatment, MD cannot be diagnosed clinically, and biochemical or genetic 
screening of newborns at risk is necessary. 

 OHS has a milder clinical presentation with a usual symptoms onset between 3 
and 10 years and less severe neurological defi cit including slight muscle weakness, 
clumsiness, dysautonomia (orthostatic hypotension, chronic diarrhea, and heart 
conduction disorders), and variably subnormal cognitive function. The name refers 
to the wedge-shaped calcifi cations that form bilaterally within the occipital attach-
ments of trapezius and sternocleidomastoid muscles [ 122 ]. Connective tissue abnor-
malities in OHS are similar to MD, but since these patients survive longer, various 
bone and joint deformities become apparent during development. Bladder divertic-
ula lead to chronic urinary infections. Biochemical fi ndings include low to normal 
levels of Cu and CP in the blood and abnormal plasma and CSF catecholamine 
levels. Life expectancy is variable and some patients may survive until the sixth 
decade [ 122 ,  132 ]. It has been estimated that approximately 3 % of  ATP7A  muta-
tions manifest as OHS [ 120 ]. 

  ATP7A -related distal motor neuropathy is the mildest phenotype manifesting as 
a monosymptomatic progressive peripheral neuropathy that has been classifi ed 
within the group of distal hereditary motor neuropathies. It presents between 10 and 
35 years of age in majority of patients. No overt Cu metabolic abnormalities can be 
detected in this phenotype [ 133 ,  134 ]. 

 No obvious correlation between  ATP7A  mutations and the clinical severity of 
MD has been described, but in general, the severe classic form of MD with early 
death is caused mostly by nonsense mutations, early truncating mutations, and gross 
deletions. Patients with the mild form of MD and OHS often carry late truncating 
mutations [ 135 ,  136 ], mutations leading to synthesis of partially functional protein 
or reduced amount of normal protein [ 116 – 118 ,  137 ]. Skipping of exons with muta-
tions has also been observed in mildly affected patients [ 138 ,  139 ]. Several mis-
sense mutations causing amino acids substitutions within or near TMs are associated 
with the distal motor neuropathy phenotype [ 133 ,  134 ]. These mutations suppos-
edly do not affect Cu-transporting function but rather cause aberrant intracellular 
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localization of ATP7A [ 140 ]. Nevertheless, the phenotypic variability is often 
observed even in the family members with the same  ATP7A  mutation illustrating 
that other factors, genetic and non-genetic, may underlie phenotypic variability of 
 ATP7A -related diseases [ 141 – 143 ]. 

 A few females with the phenotype of MD have been identifi ed, most of them 
carrying chromosomal aberrations, especially an X-autosome translocations, which 
disrupt the  ATP7A  gene [ 144 – 147 ]. The classical severe phenotype observed in 
some cases may be attributed to a preferential inactivation of the normal X chromo-
some, but clinical features of female MD patients are usually milder with much 
longer life expectancy than in males [ 148 ].  

    Other Inborn Errors of Copper Metabolism 

    Huppke-Brendel Syndrome 

 Huppke-Brendel syndrome (OMIM 614482 as CCHLND) is a severe autosomal 
recessive disorder leading to death in early childhood. It is characterized by 
congenital cataracts, hearing loss, severe developmental delay, nystagmus, and 
epileptic seizures associated with low total serum Cu and CP [ 149 ,  150 ]. MRI 
pathology includes cerebellar hypoplasia, cortical atrophy, and hypomyelin-
ation. Genetic basis of the disease was revealed by the linkage analysis and 
sequencing of candidate region (3q25) in four patients from three consanguine-
ous families. All four patients carried homozygous mutations, and one addi-
tional patient from a nonconsanguineous family carried two heterozygous 
mutations in the  SLC33A1  gene (OMIM 603690) (Table  14.5 ) [ 149 ]. The gene 
codes for the acetyl-CoA transporter (AT-1), a transmembrane protein transport-
ing acetyl-CoA into the lumen of the ER [ 151 ]. The precise mechanism by 
which defective or absent AT-1 causes the reduction of Cu and CP levels is not 
clear, yet. A proposed explanation is that non- functional AT-1 impairs transient 
acetylation of CP, which is normally required for its proper function. Low 
plasma CP is the cause of low plasmatic Cu levels. Thus, Huppke-Brendel syn-
drome, along with WD, MD, and aceruloplasminemia, belongs to the differen-
tial diagnosis of hypoceruloplasminemia [ 149 ].

  Table 14.5    Mutations in the 
 SLC33A1  gene in patients 
with Huppke-Brendel 
syndrome [ 149 ]  

 cDNA  Protein 

 c.328G>C  p.Ala110Pro 
 c.614dupT  p.Leu205Phefs*31 
 c.1098C>G  p.Tyr366* 
 c.1267-1G>A  – 
 c.1474_1482+9del18  – 

  The nucleotide numbering is based on the GenBank reference 
sequence NM_004733.3  
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       MEDNIK Syndrome 

 MEDNIK syndrome, the abbreviation for mental retardation, enteropathy, deafness, 
peripheral neuropathy, ichthyosis, and keratoderma (OMIM 609313), is a rare, 
severe, autosomal recessive, multisystem disorder. It was fi rst described, under the 
name of erythrokeratodermia variabilis-3, in a relatively isolated population in 
Quebec [ 152 ] and the causative gene,  AP1S1  (OMIM 603531), was identifi ed on 
chromosome 7 (7q22.1) [ 153 ]. It encodes the ubiquitously expressed small subunit 
σ1A of adaptor protein complex AP-1, which has been shown to regulate intracel-
lular traffi cking of copper pumps ATP7A and ATP7B and hence affect the Cu trans-
port in cells. Patients manifest symptoms similar to WD (hepatopathy, low plasma 
CP and total Cu, high free Cu) and MD (mental retardation, connective tissue disor-
ders). Brain MRI shows cerebral atrophy and mild signal changes in BG. To date, 
two  AP1S1  mutations, both homozygous, have been observed in fi ve French- 
Canadian patients from the original Quebec cohort and in one Italian patient, 
respectively (Table  14.6 ) [ 32 ,  154 ].

         Disorders of Manganese Metabolism 

    SLC30A10 Mutations 

 Several acquired causes of hypermanganesemia have been described, but the fi rst 
inherited inborn error of Mn metabolism was identifi ed only recently. This autosomal 
recessive disorder, which is caused by mutations in the  SLC30A10  gene (OMIM 
611146), is characterized by hypermanganesemia with dystonia, polycythemia, and 
cirrhosis (OMIM 613280) [ 60 ,  61 ]. The gene is located on chromosome 1 (1q41) and 
codes for a SLC family 30, member 10. SLC30A10 is highly expressed in liver and 
brain and, due to the sequence homology with other members of the same family, was 
initially presumed to be a Zn transporter [ 155 ]. However, recent studies confi rm that it 
plays a key role in Mn transport and cell protection from Mn toxicity [ 61 ].  SLC30A10  
mutations are predicted to give rise to a truncated protein or affect its normal function 
due to the disruption of a highly conserved area or functional domain. Nevertheless, no 
apparent genotype-phenotype correlation could be outlined since only 12 homozygous 
 SLC30A10  mutations in 20 patients have been reported so far (Table  14.7 ) [ 60 ,  61 ].

   Clinical symptoms include a childhood-onset chronic liver disease and a move-
ment disorder. Neurological symptoms typically develop in the fi rst decade and 

  Table 14.6    Mutations in the 
 AP1S1  gene (HGMD 
Professional 2014.2)  

 cDNA  Protein  Reference 

 c.183- 2A>G  –  [ 153 ] 
 c.364dupG  p.Asp322Glyfs*17  [ 32 ] 

  The nucleotide numbering is based on the GenBank reference 
sequence NM_001283.3  
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manifest as dystonia with a characteristic high-stepping (cock-walk) gait variably 
accompanied by dysarthria, spastic paraparesis, parkinsonism, psychiatric symp-
toms, and motor neuropathy [ 61 ]. Rare cases with adult-onset parkinsonism were 
also reported [ 60 ]. Severity of liver involvement is highly variable, ranging from 
mildly elevated liver transaminases to liver failure due to cirrhosis. 

 MRI is specifi c for Mn deposits showing typical hyperintensities predominantly 
in GP, extending also to striatum, cerebellum, pituitary, and white matter in T1w 
images, while only mild GP hypointensities are seen in T2w images. In an autopsy 
case, 16-fold increase of Mn concentration was documented in BG along with neu-
ronal loss, reactive astrocytosis, activated microglia, myelin loss, spongiosis, and 
rare axonal spheroids, predominantly in GP [ 156 ]. Neuropathological fi ndings are 
similar to those found in neurodegeneration with brain iron accumulation (NBIA) 
and WD [ 157 ,  158 ] suggesting that mechanisms of brain damage may be similar for 
various metal species. Increased Mn levels can be detected in blood, urine, and liver 
biopsy. Other laboratory fi ndings are polycythemia, low plasma ferritin, and Fe lev-
els [ 61 ]. This disorder is treatable; clinical improvement can be achieved by Fe 
supplementation and chelation treatment with disodium calcium edetate [ 159 ,  160 ].  

    ATP13A2 Mutations 

 Mutations in the  ATP13A2  gene ( PARK9 , OMIM 610513) have been identifi ed in 
patients with Kufor-Rakeb syndrome (OMIM 606693), a rare autosomal recessive 
form of juvenile-onset parkinsonism [ 161 ]. The gene was mapped to chromosome 
1 (1p36.13) and encodes a lysosomal P5-type ATPase. The protein is involved in 
protection from Mn-induced cell death [ 62 ,  162 ], Zn homeostasis, and accumula-
tion of α-synuclein [ 163 – 165 ], all of which are also implicated in the pathogenesis 

   Table 14.7    Mutations in the  SLC30A10  gene (HGMD Professional 2014.2)   

 cDNA  Protein  Reference 

 g.218,057,426_218,158,564del a   –  [ 61 ] 
 c.266T>C  p.Leu89Pro  [ 61 ] 
 c.292_402del  p.Val98_Phe134del  [ 61 ] 
 c.314_322del  p.Ala105_Pro107del  [ 61 ] 
 c.507delG  p.Pro170Leufs*22  [ 60 ] 
 c.585delG  p.Thr196Profs*17  [ 61 ] 
 c.765_767delGGT  p.Val256del  [ 61 ] 
 c.922C>T  p.Gln308*  [ 61 ] 
 c.1046T>C  p.Leu349Pro  [ 61 ] 
 c.1235delA  p.Gln412Argfs*26  [ 60 ] 

  The nucleotide numbering (except the gross deletion) is based on the GenBank reference sequence 
NM_018713.2 
  a Deletion of approximately 101 kb including exons 1–2  
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of PD. To date, 23 homozygous or compound-heterozygous mutations have been 
identifi ed in  ATP13A2  (Table  14.8 ), and they lead to mRNA degradation, protein 
misfolding, truncation, and/or degradation [ 178 ,  180 ,  181 ].

   Although there is no direct evidence of Mn metabolism dysregulation in human 
patients, in vitro and animal data suggest that ATP13A2 protein is a Mn transporter 
protecting cells from excess Mn toxicity and that its dysfunction leads to cellular 
Mn accumulation [ 62 ,  182 ]. Brain MRI shows diffuse moderate generalized atrophy 
in majority and paramagnetic deposits in caudate and putamen in some patients 
[ 169 ,  183 ]. These paramagnetic deposits presenting as hypointensities in T2w 
images accompanied by normal intensity in T1w images are suggestive of Fe rather 
than Mn deposits. The only autopsy case showed lysosomal accumulation of the 
pigment lipofuscin, suggesting that Kufor-Rakeb syndrome may belong to the neu-
ronal ceroid lipofuscinoses group [ 175 ]. 

 Kufor-Rakeb syndrome was originally described in a consanguineous Jordanian 
family from the village of Kufor-Rakeb [ 184 ]. The associated gene was later identifi ed 

   Table 14.8    Mutations in the  ATP13A2  gene (HGMD Professional 2014.2)   

 cDNA  Protein  Reference  Phenotype 

 c.35C>T  p.Thr12Met  [ 166 ]  EOPD 
 c.546C>A  p.Phe182Leu  [ 167 ]  KRS 
 c.746C>T  p.Ala249Val  [ 168 ]  EOPD 
 c.844A>T  p.Ser282Cys  [ 168 ]  EOPD 
 c.1101_1102dupGA  p.Thr367Argfs*29  [ 169 ]  KRS 
 c.1108_1120del13  p.Arg370Serfs*22  [ 170 ]  EOPD 
 c.1306+5G>A  –  [ 161 ]  KRS 
 c.1346G>A  p.Arg449Gln  [ 168 ]  EOPD 
 c.1510G>C  p.Gly504Arg  [ 166 ]  KRS 
 c.1550C>T  p.Thr517Ile  [ 171 ]  KRS 
 c.1597G>A  p.Gly533Arg  [ 166 ]  EOPD 
 c.1632_1653dup22  p.Leu552Profs*238  [ 161 ]  KRS 
 c.2473delCinsAA  p.Leu825Asnfs*32  [ 172 ]  KRS 
 c.2543G>A  p.Gly848Asp  [ 173 ]  HSP with 

parkinsonism 
 c.2552_2553delTT  p.Phe851Cysfs*6  [ 174 ]  KRS 
 c.2561T>G  p.Met854Arg  [ 175 ]  NCL 
 c.2629G>A  p.Gly877Arg  [ 176 ]  KRS 
 c.2762C>T  p.Gln858*  [ 177 ]  KRS 
 c.2939G>A  p.Arg980His  [ 168 ]  EOPD 
 c.3057delC  p.Tyr1020Thrfs*3  [ 161 ]  KRS 
 c.3176T>G  p.Leu1059Arg  [ 178 ]  KRS 
 c.3253delC  p.Leu1085Trpfs*1088  [ 178 ]  KRS 
 Deletion of exon 2  –  [ 179 ]  KRS 

  The nucleotide numbering is based on the GenBank reference sequence NM_022089.2 
  EOPD  early-onset Parkinson’s disease,  KRS  Kufor-Rakeb syndrome,  NCL  neuronal ceroid lipo-
fuscinosis,  HSP  hereditary spastic paraparesis  
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in a large Chilean sibship [ 161 ], and since then, other cases have been identifi ed 
worldwide [ 185 ]. The clinical phenotype comprises juvenile parkinsonism accom-
panied by ocular symptoms including slowed vertical and horizontal saccades and 
supranuclear upgaze palsy and psychiatric symptoms including early cognitive 
decline and visual hallucinations. Oculogyric spasms, facial-faucial fi nger mini- 
myoclonus, autonomic dysfunction, and pyramidal tract signs may be present in 
some patients. Response to levodopa is good in the initial stage, but severe dyskine-
sias tend to develop early [ 176 ,  183 ]. In some patients, ataxia, dysarthria, and myoc-
lonus may dominate rather than parkinsonism [ 172 ]. 

 Several reports suggested that heterozygous missense  ATP13A2  mutations may 
be etiologically related to early-onset PD without other symptoms described in 
Kufor-Rakeb syndrome [ 166 ,  168 ,  170 ]. 

  ATP13A2  has also been shown to be a possible modifi er gene of Mn neurotoxic-
ity. Carriers of  ATP13A2  rs4920608 CT and CC and rs2871776 GG and GA geno-
types with long-term environmental Mn exposure suffer from signifi cantly impaired 
motor coordination in their old age compared to rs4920608 TT and rs2871776 AA 
genotypes [ 186 ].   

    Genetics of Primary Familial Brain Calcifi cation 

 Primary familial brain calcifi cation (PFBC), formerly referred to as Fahr’s disease or 
idiopathic BG calcifi cations, is a disorder characterized by extensive calcifi cations in 
GP and other locations including BG, thalamus, cerebellum, brainstem, capsula interna, 
cerebral cortex, and subcortical white matter. PFBC is a genetically heterogeneous 
disease transmitted in an autosomal dominant manner. Initially, linkage and haplotype 
analyses revealed at least three PFBC-associated loci:  IBGC1  on 14q13 [ 187 ],  IBGC2  
on 2q37 [ 188 ], and  IBGC3  on 8q21.1-q11.23 [ 189 ], but these candidates were excluded 
in different families, thus highlighting the genetic heterogeneity of the disease. The fi rst 
causative genes were only discovered in the past 2 years:  SLC20A2  [ 190 ],  PDGFRB  
[ 191 ], and  PDGFB  [ 192 ]. The proportion of sporadic cases caused by de novo muta-
tions is yet to be determined, but these cases seem to be rather rare. 

 The phenotypic spectrum of PFBC of different genetic background and of 
patients with brain calcifi cations caused by secondary causes is similar and com-
prises movement disorders including parkinsonism, postural tremor, chorea, focal 
or generalized dystonia, and ataxia, accompanied by dysarthria, pyramidal signs, 
cognitive decline, seizures, headaches, and psychiatric symptoms [ 193 ,  194 ]. 
A phenotype resembling paroxysmal kinesigenic dyskinesia has been also reported 
[ 195 ]. Psychiatric symptoms including mood disorders and psychosis are com-
mon, affecting 50–83 % of patients, and they may be also the presenting symptom 
[ 193 ]. Age of symptoms onset is highly variable, ranging from the fi rst to the sev-
enth decade, but some subjects with profound calcium deposits may be asymptom-
atic [ 196 ]. Computerized tomography (CT) is the most helpful neuroimaging 
method depicting calcifi cations as hyperdense areas. MRI is less reliable since 
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calcifi cations may be depicted as hypo-, iso-, or hyperintense areas. The most com-
mon presentations however are hypointensities in T2w images. White matter 
hyperintensities of presumed vascular origin are also a frequent MRI fi nding [ 191 ]. 
In differential diagnosis of PFBC, it is important to exclude secondary causes, 
namely, endocrine disorders such as hypoparathyroidism, pseudohypoparathyroid-
ism, or autoimmune polyglandular syndrome [ 197 ]. Calcifi cations limited to GP 
found incidentally in elderly subjects are prevalent (5.5–20 %) but likely of no 
clinical signifi cance [ 198 – 200 ]. 

 Pathophysiologically, in primary and secondary causes of brain calcifi cations, 
Ca deposits generally appear to initially develop within the vessel wall and in the 
perivascular space in GP. This points to endothelial and smooth muscle cells of GP 
vessels to be the most susceptible to build calcium deposits in response to various 
metabolic triggers [ 201 ]. Involvement of PDGFB pathway, which plays a signifi -
cant role in the angiogenesis and mesenchymal cells differentiation, in the etiology 
of the PFBC further stresses the crucial role of vessel wall in the pathophysiology 
of brain calcifi cations. It has been suggested that Ca deposits are secondary unspe-
cifi c consequence of brain tissue damage [ 197 ]. It has been also hypothesized that 
Ca aggregates may have protective effect against toxic effects of excess free Ca2+, 
and they are thus part of the compensatory mechanisms for excitotoxic neuronal 
damage [ 202 ,  203 ]. Abnormal transport of inorganic phosphate, as documented in 
the  SLC20A2  mutation, could increase the hydroxyapatite aggregates formation 
and may thus be another pathway contributing to Ca deposits. 

    SLC20A2 Mutations 

  SLC20A2  gene (OMIM 158378) is located on chromosome 8 (8p12) and encodes a 
type III sodium-dependent phosphate transporter 2 (PiT2). Its expression occurs in 
a wide variety of tissues and points to its housekeeping role in cellular phosphate 
uptake and homeostasis [ 204 – 207 ]. Over 30 pathogenic mutations, mostly missense 
and nonsense, have been reported in various ethnicities as listed in HGMD 
Professional 2014.2 database, and according to several records, they account for 
20–50 % of familial PFBC cases (Table  14.9 ) [ 101 ,  190 ,  194 ,  199 ,  208 ]. Analysis of 
several PiT2 mutants and mRNA expression profi les proposes the haploinsuffi -
ciency as an underlying mechanism in PFBC pathology. Defi cient phosphate trans-
port capacity of PiT2 subsequently affects phosphate-dependent processes in the 
cells, including calcifi cation [ 65 ,  209 ]. Genotype-phenotype correlation studies did 
not reveal any apparent association, but only a limited number of cases with the 
same mutation could have been analyzed so far. In  SLC20A2  mutation carriers, 
clinical onset appeared to be later and the extent of calcifi cations on CT larger com-
pared to  PDGFRB -related PFBC [ 193 ].

   Interestingly,  SLC20A1  gene, which codes for the phosphate transporter 1 (PiT1), 
has also been screened in PFBC patients. Up to now, the search has not yielded any 
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positive result suggesting that these mutations might be too deleterious for embryonic 
survival or normal development [ 197 ] as demonstrated in transgenic mice [ 210 ,  211 ].  

    PDGFRB Mutations 

 The second PFBC-associated gene is  PDGFRB  (OMIM 173410) located on chro-
mosome 5 (5q32). Its product is the platelet-derived growth factor receptor-β 
(PDGFRβ), a cell-surface tyrosine kinase receptor, which plays an essential role in 
various signaling pathways involved in the regulation of cell proliferation, differen-
tiation, survival, and migration [ 212 ].  PDGFRB  is expressed in various tissues 
including the human brain, particularly in BG and cerebellar dentate nucleus [ 213 , 
 214 ]. Four mutations, all missense, have been reported in  PDGFRB , one of them in 
a patient with BG calcifi cation of unknown etiology (Table  14.10 ) [ 191 ,  193 ,  215 ]. 
Functional characterization of known mutations suggests that in addition to protein 
stability, mutations in tyrosine kinase domain may differently affect receptor activa-
tion and the activation of its downstream effectors [ 215 ]. Nicolas et al. proposed two 
pathophysiologic hypotheses explaining the calcifi cation in PFBD due to mutations 
in the  PDGFRB . According to the fi rst one, the integrity of the BBB is compro-
mised, which secondarily induces vascular and perivascular calcium depositions. 
The second hypothesis proposes that the mutations lead to overactivation of the 
receptor thus impacting the PDGF-PiT1 pathway and directly induce vascular cal-
cifi cation [ 191 ]. Analysis of the clinical phenotype of PFBC patients has revealed 
that  SLC20A2  mutation carriers tend to suffer from more severe calcifi cation with 
different pattern than  PDGFRB  mutation carriers, but more unrelated patients with 
 PDGFRB  mutations should be examined to confi rm these fi ndings [ 193 ].

  Table 14.9    Spectrum 
and frequency of  SLC20A2  
mutations (HGMD 
Professional 2014.2)  

 Mutation type  Number of mutations  Frequency (%) 

 Missense  19  47.5 
 Nonsense  6  15 
 Splicing  5  12.5 
 Small deletions  9  22.5 
 Gross deletions  1  2.5 
  Total    40    100  

  Table 14.10    Mutations in 
the  PDGFRB  gene  

 cDNA  Protein  Reference 

 c.1973T>C  p.Leu658Pro  [ 191 ] 
 c.2083C>T  p.Arg695Cys  [ 215 ] 
 c.2959C>T  p.Arg987Trp  [ 191 ] 
 c.3212A>T  p.Glu1071Val  [ 193 ] 

  The nucleotide numbering is based on the GenBank reference 
sequence NM_002609.3  
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       PDGFB Mutations 

 Very recently, mutations in  PDGFB  gene (OMIM 190040) were identifi ed in six 
families with PFBC [ 192 ]. The gene is located on chromosome 22 (22q13.1) 
and codes for the platelet-derived growth factor-β (PDGF-B), the main ligand of 
PDGFRβ. PDGF-B serves as a proliferation, growth, and motility factor in many 
tissues, and with its receptor, it is involved in multiple processes, such as the 
BBB maintenance, angiogenesis, and pericyte survival [ 216 – 219 ]. The position 
of  PDGFB  among the causative genes associated with PFBC has recently been 
supported by additional reports: a confi rmed de novo mutation in a sporadic 
patient with BG calcifi cation and laryngeal dystonia [ 220 ] and a partial intra-
genic deletion in a patient with brain calcifi cation and leukoencephalopathy 
(Table  14.11 ) [ 221 ].

   Mutations in the  PDGFRB  and  PDGFB  genes accentuate the signifi cant role of 
the PDGFRβ/PDGF-B signaling pathway in the development of brain calcifi cations, 
although the precise mechanisms remain unclear.  

    Other Candidate Genes in PFBC 

 The number and spectrum of mutations in  SLC20A2 ,  PDGFRB , and  PDGFB  will 
certainly grow in the future as more affected patients will undergo the genetic test-
ing. Nevertheless, efforts to identify further PFBC-linked genes should be pursued, 
since about 50 % of tested families do not carry a pathogenic mutation in neither of 
already known causative genes. Identifi cation of other causative genes and charac-
terization of mutations in already known genes are crucial for understanding the 
pathogenic mechanisms leading to various clinical expressions of PFBC and might 
also shed more light in the molecular background of other clinical conditions with 
similar neuropathological features.   

  Table 14.11    Mutations in 
the  PDGFB  gene  

 cDNA  Protein  Reference 

 c.3G>A  p.Met1Ile  [ 192 ] 
 c.26T>G  p.Leu9Arg  [ 192 ] 
 c.356T>C  p.Leu119Pro  [ 192 ] 
 c.433C>T  p.Gln145*  [ 192 ] 
 c.439C>T  p.Gln147*  [ 220 ] 
 c.445C>T  p.Arg149*  [ 192 ] 
 c.726G>C  p.*242Tyr  [ 192 ] 
 g.39629767_39622528del a   –  [ 221 ] 

  The nucleotide numbering is based on the GenBank reference 
sequence NM_002608.2 
  a Gross deletion including exons 3–5  
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    Conclusion 

 Genetic disorders affecting brain metal homeostasis are rare but important from 
the therapeutic perspective. In disorders with increased systemic metal deposits, 
such as WD and Mn transporter defi ciency, metal accumulation advances insidi-
ously and may be asymptomatic for a long time. When the diagnosis is not made 
early enough, profound metal accumulation and irreversible brain damage are done 
before chelation therapy is initiated. In disorders with brain metal insuffi ciency such 
as MD, there is a very short therapeutic window to initiate replacement therapy to 
prevent irreversible consequences. Genetic testing plays an important role in early 
and presymptomatic diagnosis of these disorders. Currently, there is no effective 
treatment for the PFBC, but understanding their pathophysiological pathway may 
bring important information regarding cerebral response to damage.   
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    Chapter 15   
 Genetics of Restless Legs Syndrome (RLS) 

             Eva     C.     Schulte      and     Juliane     Winkelmann     

    Abstract     Restless legs syndrome (RLS) is a complex genetic disease characterized by 
dysesthesias primarily affecting the lower limbs, which are precipitated by rest and 
classically occur at night. Movement of the affected extremity leads to prompt symp-
tom relief. Genetically, RLS is a complex disorder with a heritability of up to 60 %. 
While linkage analyses were largely unsuccessful, genome-wide association studies 
(GWAS) have identifi ed six genomic loci, to date, which harbor common genetic vari-
ants associated with an increased risk for RLS. At least one of these regions also har-
bors rare variants, which contribute to the genetic architecture of the disease. The fi rst 
functional follow-up studies in the post-GWAS era have implicated expression altera-
tions and forebrain development as well as dysfunctional iron metabolism as the pos-
sible downstream effects of the RLS-associated genetic alterations.  

  Keywords     Restless legs syndrome   •   Genetics   •   Genes   •   Post-GWAS   •   GWAS   • 
  Functional follow-up  

        Introduction 

 Restless legs syndrome (RLS) is a frequent neurologic disorder characterized by (1) 
dysesthesias affecting the legs, (2) triggered by periods of rest or inactivity, (3) 
relieved by movement, and (4) occurring mostly during the evening and at night. 
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These four characteristics represent the four essential criteria of the current diagnos-
tic criteria set forth by the International RLS Study Group (IRLSSG) [ 1 ]. Supportive 
criteria such as (1) a positive treatment response to dopaminergic drugs, (2) the 
presence of periodic limb movements (PLMs), and (3) a positive family history 
further lend credibility to a diagnosis. Lastly, associated features such as (1) a pro-
gressive and fl uctuating natural clinical course of disease, (2) subjective sleep dis-
turbances, or (3) an unremarkable neurologic examination in primary forms of the 
disease complete the current diagnostic criteria [ 1 ]. Consequences of leg discomfort 
and restlessness are severe disturbances in sleep architecture and quality, depres-
sion, anxiety, and possibly also increased cardiovascular risk [ 2 ,  3 ]. Diagnosis is 
made solely based on the medical history reported by the patient as currently no 
specifi c diagnostic tools such as biomarkers are available. Severe presentations of 
RLS can include other body regions (such as the arms [ 4 ], the stomach [ 5 ], or the 
bladder) and painful or cramp-like sensations [ 6 ,  7 ]. 

 Age- and sex-dependent prevalences between 5.4 and 14.2 % in adult popula-
tions of European descent render RLS one of the most common neurologic disor-
ders overall [ 8 – 11 ]. In populations of Asian, Indian, and African descent, prevalences 
are lower ranging from around 0.5 % in people in Singapore [ 12 ] and 1.1–5 % in 
Japan [ 13 ,  14 ] to 3.2 % in Turkey [ 15 ]. However, a female preponderance (female-
to- male ratio approx. 1.4:1.0 [ 16 ]) is found in most populations examined so far. 
The cause for this overrepresentation of females in the RLS patient population is 
unclear to date. The fact that brother-brother pairs have a higher RLS correlation 
than brother-sister or sister-sister pairs [ 17 ] argues that nongenetic factors could be 
responsible for the increased prevalence of RLS among women. 

 Although the pathophysiologic factors underlying disease development are just 
starting to be uncovered, it is well established that sensory and motor symptoms can 
be alleviated by dopaminergic (levodopa and dopamine agonists), opioidergic, and—
sometimes—antiepileptic drugs (e.g., pregabalin [ 18 ], gabapentin [ 19 ] and gabapen-
tin enacarbil [ 20 ]). Additionally, it has been shown that some individuals with RLS 
benefi t from oral [ 21 ] and intravenous [ 22 ] iron substitution. At present, the mecha-
nism of action of any of these treatments with regard to RLS has yet to be 
established.  

    RLS as a Genetic Disorder 

 The beginning of RLS genetics dates back to 1923 when German neurologist 
Hermann Oppenheim fi rst described RLS as a “hereditary disorder” in his  Textbook 
of Nerve Disorders  [ 23 ]. Swedish neurologist, Karl Ekbom, who in 1945 rendered 
the fi rst “modern” description and coined the name of “restless legs syndrome,” also 
noted a familial aggregation [ 24 ]. He estimated “one-third” of all RLS cases to be 
hereditary and described families with an apparent autosomal-dominant pattern of 
inheritance [ 24 ]. Subsequently, the late 1970s and 1980s gave rise to the fi rst sys-
tematic evaluations of single families with RLS [ 25 – 29 ]. 
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 In order to better understand the different roles genetic factors can play in RLS, 
it is important to recognize that RLS can be a primary disorder or secondary to a 
number of other medical conditions such as iron defi ciency, pregnancy, and renal 
failure. When compared to its prevalence in the general population, RLS has also 
been reported to occur more frequently in a number of different conditions ranging 
from neurologic diseases such as amyotrophic lateral sclerosis [ 30 ], Parkinson’s 
disease [ 31 ], and multiple sclerosis [ 32 ] to rheumatoid arthritis [ 33 ], as well as 
celiac [ 34 – 36 ] and Crohn’s disease [ 37 ]. If the underlying condition can be treated, 
RLS symptoms also improve. 

 Primary RLS, on the other hand, can be subdivided further into familial and 
idiopathic forms. A positive family history as defi ned by at least one affected fi rst- 
degree relative is reported by 40–90 % of patients [ 38 – 41 ]. To date, apart from the 
age of onset, there is no way to differentiate these two forms based solely on clinical 
features [ 39 ,  41 ]. In 232 individuals with idiopathic or primary RLS, however, indi-
viduals with a positive family history had a younger age of onset (35.5 vs. 47.2 years, 
 p  <0.05) [ 41 ]. Complex segregation analysis in 238 patients and 537 fi rst-degree 
relatives revealed two distinct groups of individuals with familial RLS—those with 
an age of onset below the age of 30 in whom a single major gene acting in an 
autosomal-dominant fashion with an additional multifactorial component served as 
the best model and those with an age of onset above the age of 30 in whom no major 
gene seemed to contribute to disease development [ 42 ]. A second study utilizing 
complex segregation analysis to model the RLS trait in 590 individuals belonging to 
77 pedigrees also saw a single-locus autosomal-dominant model with sex as a 
covariate and an allele frequency of 0.077 and complete penetrance as the best fi t 
only when considering RLS as a dichotomous trait. When age of onset was consid-
ered, the single-major-gene model was rejected [ 43 ]. 

 Next to an assessment of family histories, twin studies can be used to further 
investigate the heritable component of a disease and to evaluate the contribution of 
genotype and environment interactions to a phenotype. The larger the difference in 
concordance rates between monozygotic (MZ) and dizygotic (DZ) twins, the larger 
the genetic contribution to a given trait. With regard to RLS, only three twin studies 
have been published. The fi rst one investigated 12 MZ twin pairs of whom 10 
(83 %) were concordant for RLS [ 44 ]. For one, this study is hampered by the small 
size and the fact that only monozygotic twins were included. Secondly, recruitment 
bias could be an issue as the twins were recruited through a newsletter advertise-
ment calling specifi cally for twins with RLS instead of a general twin registry as in 
the second study. Here, the presence of RLS symptoms was assessed by self- 
administered questionnaire in 933 female MZ and 1,004 all-female DZ twin pairs 
from the St Thomas’ UK Adult Twin Registry. As expected, concordance rates were 
higher for MZ (61 %) than DZ (45 %) twins, and heritability for RLS was estimated 
to be 54 %. A collection of additive genetic effects combined with unique environ-
mental infl uence proved to be the best approximation in multifactorial liability 
threshold modeling [ 45 ]. In the Canadian Restless Legs Syndrome Twin Study, 
when examined by self-administered questionnaire or telephone interview, of 140 
MZ twin pairs, 11 pairs were concordant and 19 pairs were discordant for 
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RLS. Among 132 DZ twin pairs, only two were concordant, but 22 were discordant 
for RLS, yielding concordance rates of 53.7 and 15.4 % respectively. Interestingly, 
these authors also found a high correlation of age of onset ( r  = 0.915,  p  = 0.001) and 
severity scores ( r  = 0.764,  p  = 0.01) among the twin pairs, supporting a role of 
genetic factors as important determinants. Here, heritability was estimated to be 
69.4 % [ 46 ]. 

 Taken together the twin studies lend further support to the perception of RLS as a 
highly heritable disease. At the same time, concordance rates among MZ twins fell 
short of 100 % arguing for the existence of epigenetic or environmental factors. 

 Genetic factors play a role in bringing about RLS in all of these cases—though 
likely to a very different extent. Classically, RLS has been considered to be a com-
plex genetic disorder. In symptomatic or secondary RLS, this may simply mean that 
individuals who develop RLS due to an underlying condition possess genetic vari-
ants conferring increase susceptibility to RLS but without an additional insult such 
as another predisposing medical condition; these individuals would never develop 
symptoms of RLS. On the other end of the spectrum, in familial RLS, mono- or 
oligogenic forms may exist in which, in the most extreme scenario, only one genetic 
alteration would be suffi cient to cause disease. Complex segregation analysis dem-
onstrated that in individuals with an age of onset younger than 30 years, one major 
genetic factor inherited in an autosomal-dominant fashion likely produces the RLS 
phenotype [ 42 ]. However, it is unclear whether this means that there is a single 
genetic variant in a single gene, different variants in a single gene, or different vari-
ants in different genes in the affected individuals. Further, as discussed below in 
more details, variable expressivity even within a single family, incomplete pene-
trance, the existence of phenocopies, and genetic heterogeneity further characterize 
the genetics of RLS.  

    Family Studies of RLS 

 The large heritability estimates and the occurrence of large pedigrees with RLS 
prompted the fi rst systematic family studies in the 1980s [ 27 ,  28 ,  40 ,  47 ]. Here, it 
was noted that in most pedigrees, the recurring pattern of transmission seemed to be 
autosomal dominant [ 27 ,  28 ]. This observation was later substantiated by the sys-
tematic evaluation of the pattern of inheritance in 300 individuals with RLS [ 41 ]. 
Under the assumption of a single causative gene playing a role in familial RLS, 
linkage analyses were used to identify genomic regions shared by affected individu-
als from a family. 

 To date, a total of seven such genomic loci have been identifi ed (Table  15.1 ). In 
all but one, a model of autosomal-dominant inheritance with reduced penetrance 
yielded the highest LOD scores [ 6 ,  17 ,  53 – 58 ]. For RLS-1, however, the fi rst RLS 
linkage locus identifi ed in a French-Canadian family on chromosome 12q12–21, an 
autosomal-recessive model with a high allele frequency of 0.25, resulting in a pseu-
dodominant mode of inheritance, represented the best fi t [ 55 ,  59 ].
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   Next to the seven linkage regions that were found to have genome-wide signifi -
cant LOD scores above the conventional threshold of 3.3, a total of 21 linkage 
regions on 14 chromosomes have also been reported with LOD scores ranging 
between 1.00 and 2.61 [ 6 ,  17 ,  49 ,  54 – 56 ]. For a more in-depth discussion of the 
RLS linkage loci, please cf. [ 60 ]. 

 Despite this plethora of evidence supporting the existence of single genetic variants 
of strong effect that play a role in familial RLS, it is also important to realize that most 
of these loci where only found in single or—in the best case—a few families leaving 
many more families where the underlying genetic factors remain obscure. 

 The recurrent fi nding in the family studies was that of genetic heterogeneity and 
complexity in RLS. Interestingly, a large German RLS family in whom linkage 
analysis argued for the existence of two independent linkage loci on chromosomes 
4 and 17 also exists, possibly refl ecting an oligogenic mode of inheritance in this 
family (Winkelmann J    et al., unpublished observation). Also, replication of the 
above loci has proven very diffi cult [ 49 – 52 ,  57 ,  59 ,  61 ], and the maximum LOD 
scores found fall short of the maximum attainable scores projected by the pedigree 
structure. Overall, linkage studies in RLS have failed to the extent that no underly-
ing genetic factor could be identifi ed for any of the above loci, even when the most 
up-to-date technologies such as targeted next-generation sequencing were employed 
to resolve the regions [ 62 ,  63 ].  

    Candidate Gene Association Studies 

 Over the past two decades, several candidate gene studies have been performed in 
RLS. Because dopaminergic drugs are one of the mainstays of treatment, an involve-
ment of dopaminergic pathways in the pathophysiology of RLS has long been pro-
jected. Accordingly, in one of the fi rst association studies in RLS, SNPs in eight 
genes playing a role in dopaminergic neurotransmission were examined for possible 
association with the RLS phenotype in 92 cases and 182 controls. However, no 
association of any of the tested genetic variants with the RLS phenotype was 
observed [ 48 ]. Next to the dopaminergic system, the iron metabolism has long been 
implicated in RLS. However, no SNP located within any of 111 iron-related 
genes ± 4 Mb showed a replicable association with the RLS phenotype in three case/
control samples totaling to 2,425 cases and 3,285 general population controls [ 64 ]. 
In summary, candidate association studies—in parallel to the linkage analyses—
have been unsuccessful in identifying genetic factors involved in RLS.  

    Genome-Wide Association Studies 

 To date, three genome-wide association studies (GWAS) have been performed for 
RLS and one for RLS and periodic limb movements in sleep (PLMS) (Tables  15.2  
and  15.3 ). The PLMS GWAS was carried out under the deCODE Genetics umbrella 
and included 306 cases with RLS and PLMS and 15,664 controls from Iceland in 
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the genome-wide phase. An intronic variant in  BTBD9  within a linkage disequilib-
rium (LD) block on chromosome 6p21.2 showed genome-wide signifi cant associa-
tion ( p  nominal  = 2 × 10 −9 , OR = 1.8) and was replicated in a second Icelandic and 
a US-American sample (combined sample (617 cases/17,528 controls): 
 p  nominal  = 3 × 10 −14 , OR = 1.7). Moreover, the major allele of the lead SNP (rs3923809) 
was also associated with an increase in PLMS of approximately 3/h as well as a 
13 % decrease in serum iron per allele when tested in 965 individuals [ 69 ].

    Simultaneously, the fi rst RLS GWAS, which included 401 German cases and 
1,644 general population controls in the genome-wide phase as well as 903 German 
cases and 891 controls and 255 Canadian cases and 287 controls in the replication 
samples, also showed association to the same SNP and the same 115 kb LD block 
on chromosome 6p containing intron 5 of  BTBD9 . However, on chromosome 2p, an 
association signal located within a 32 kb LD block containing intron 8 and exon 9 
of  MEIS1  was more strongly associated with the RLS phenotype in all individuals 
included in the genome-wide phase as well as the combined sample (rs2300478, 
 p  nominal  = 3.41 × 10 −28 , OR = 1.74). Fine-mapping and haplotype analysis in the 
German replication sample revealed a haplotype associated with RLS with an 
increased OR of up to 2.75 (95 % CI: 2.23–3.41) ( p  nominal  = 5.87 × 10 −20 , frequency in 
cases 0.231 vs. 0.102 in controls). A third association signal of genome-wide sig-
nifi cance was located within a 48 kb locus on chromosome 15q spanning the 3′ end 
of  MAP2K5  as well as  SKOR1  (formerly called  LBXCOR1 ) (combined 
 p  nominal  = 6.09 × 10 −17 ) [ 70 ]. 

 A GWAS-based analysis of the RLS-3 locus encompassing 31 Mb on chromo-
some 9p23–24 in 628 cases and 1,644 general population controls revealed two inde-
pendent ( r  2  = 0) SNPs within two independent LD blocks in intron 8 (rs4626664) and 
intron 10 (rs1975197) of the 5′ untranslated region (UTR) of  PTPRD  which were 
replicated in a sample of 1,835 cases and 3,111 controls from Germany, the Czech 
Republic, and Canada. When combined with the genome-wide discovery sample, 
both SNPs surpassed thresholds for genome-wide signifi cance (rs4626664: 
 p  nominal  = 5.91 × 10 −10 , OR = 1.44; rs1975197:  p  nominal  = 5.81 × 10 −9 , OR = 1.31). No vari-
ants in any of the 35 coding and 10 noncoding exons of  PTPRD  could be identifi ed 
in nine affected individuals from an RLS-3-linked family, and the common variants 
in  PTPRD  only explain a minor portion of the original RLS-3 linkage signal [ 71 ]. 

 An increased sample size of 922 cases and 1,526 controls in the genome-wide 
phase and a multinational replication sample of 3,935 cases and 5,754 controls of 
European descent revealed two new loci of genome-wide signifi cance: an intergenic 
region on chromosome 2p14 approximately 1.3 Mb downstream of  MEIS1  
(rs6747972,  p  nominal  = 9.03 × 10 −11 , OR = 1.23) as well as a locus on chromosome 
16q12.1 encompassing an LD block of 140 kb containing both the 5′-end of  TOX3  
and the noncoding RNA  BC034767  (rs3104767,  p  nominal  = 9.4 × 10 −19 , OR = 1.35) [ 72 ]. 

 While the two most recent loci still await replication in independent studies, the 
fi rst four loci have been replicated in independent case/control samples [ 65 – 67 ]. In 
individuals with secondary RLS due to end-stage renal insuffi ciency, the lead SNPs 
in  BTBD9  were also associated with increased susceptibility to RLS in a combined 
German/Greek sample of 341 dialysis patients with RLS and 836 without RLS, 
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while  MEIS1  lead SNPs showed signifi cant association only in the German sample 
[ 68 ]. A single association study in a non-European population corroborated the link 
between the intronic variants in  BTBD9  (rs3923809 and rs9296249) and RLS in the 
Korean population [ 73 ]. To date, no GWAS in non-European populations or consid-
ering specifi c endophenotypes have been performed for RLS. 

 Single SNPs at the RLS-associated loci identifi ed by the above studies bear 
effect sizes between 1.22 and 1.77 and risk allele frequencies between 0.19 and 0.82 
(Table  15.3 ) [ 72 ]. Although the conferred risk is large when compared to common 
variants associated with other complex traits, when taken together, the most signifi -
cant SNPs at these loci only explain about 6.8 % of the heritability of RLS [ 72 ]. 
Arguing    for—most likely—both the existence of additional independent RLS- 
related variants within these loci as well as a number of additional loci. It is also 
important to realize that the lead SNPs may not be identical to the causal genetic 
variants at these loci, which makes functional follow-up studies indispensible in 
order to utilize genetic variants to inform the pathophysiology of RLS.  

    Following Up on GWAS 

 The link between the most likely candidate genes at the associated GWAS loci and 
RLS is not readily apparent. Functionally, most of the candidate genes highlighted by 
the GWAS are not well characterized. Transcriptional regulation especially in develop-
mental processes in the nervous system seems to be the largest common denominator. 

    MEIS1 

 The transcription factor  MEIS1  belongs to the family of highly conserved TALE 
homeobox genes and interacts with PBX and HOX proteins to increase the affi nity 
and specifi city of HOX proteins [ 74 ] as well as  CREB1  [ 75 ] in DNA binding. In 
 Xenopus laevis ,  meis1  is known to be involved in neural crest development [ 76 ]. 
Murine Meis1 is essential for proximo-distal limb patterning [ 77 ] and plays a role 
in the Hox transcriptional regulatory network that specifi es spinal motor neuron 
pool identity and connectivity [ 78 ]. In the CNS of the adult mouse, it is known to be 
expressed in cerebellar granule cells, the forebrain, and the substantia nigra. While 
 MEIS1  was initially identifi ed in the context of acute myeloid leukemia [ 79 ,  80 ], in 
recent years, a role in murine heart development has also been recognized [ 81 ], and 
SNPs in intron 8 (but in weak LD with the known RLS SNPs) play a role in deter-
mining atrioventricular conduction velocity as refl ected by the length of the PR 
interval of the electrocardiogram in both Europeans and African-Americans [ 82 , 
 83 ].  Meis1   −/−   mice develop ocular and vascular defects, fail to produce mega-
karyocytes, and display extensive hemorrhaging. They also die by embryonic day 
14.5 [ 84 ].  Meis1   −/+   mice, however, survive into adulthood and exhibit hyperactiv-
ity reminiscent of the human RLS phenotype [ 85 ]. 
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 A second independent association signal is located in an intergenic region 
approximately 1.3 Mb downstream of  MEIS1  and potentially possesses long-range 
regulatory function with  MEIS1  and  ETAA1  as potential target genes [ 72 ]. 

 Several rare non-synonymous variants in  MEIS1  have been identifi ed in RLS 
patients. However, coding variants in  MEIS1  are very rare in general (13 out of 
approximately 4,250 individuals with a non-synonymous variant in the NHLBI- ESP 
exomes [ 86 ]), possibly owing to the fact that  MEIS1  represents one of the most highly 
conserved genes in the human genome, and, therefore, remain ambiguous with regard 
to possible causality of the RLS phenotype [ 87 – 90 ]. On the whole, however, non-
synonymous variants with MAF <0.1 % were found signifi cantly more frequently in 
individuals with RLS compared to the general population [ 90 ]. Functional annotation 
using an in vivo complementation assay in zebra fi sh further revealed that variants 
harboring a loss of  MEIS1  function were signifi cantly enriched in individuals with 
RLS [ 90 ]. The same study also identifi ed a low-frequency variant in the 3′ untrans-
lated region (UTR) of  MEIS1  (rs11693221; MAF cases  = 13.55 % vs. MAF controls  = 3.58 %; 
 p  = 1.27 × 10 −89 , OR = 4.42) associated with RLS [ 90 ]. Yet, at present, it cannot be 
determined whether this or any other variant tagged by rs11693221 represents the 
causal factor underlying this association signal. What does become clear, though, is 
the fact that, at the  MEIS1  locus, an allelic series of genetic variants of different fre-
quencies and different effect sizes contributes to the genetic framework of RLS. 

 Since the publication of the fi rst GWAS, which identifi ed common variants in 
 MEIS1  as susceptibility factors for RLS, three studies have been reported which 
examine the functional differences brought about by the RLS-associated intronic 
variants. In the fi rst, a signifi cant decrease in  MEIS1  mRNA and protein expression 
was found in lymphoblastoid cell lines and brain tissue (pons and thalamus) from 
homozygous carriers of the risk haplotype when compared to homozygous carriers 
of the non-risk haplotype [ 89 ]. In a second study, knockdown of the  MEIS1  ortho-
logue  unc-62  by RNA interference in  Caenorhabditis elegans  was related to 
increased ferritin expression and an extended life span. In thalamus but not in pons 
samples of RLS patients homozygous for the  MEIS1  risk haplotype ( n  = 9), ferritin 
light and heavy chains as well as divalent metal transporter 1 ( DMT1 ) mRNA and 
protein expression were signifi cantly increased when compared to RLS patients car-
rying the protective haplotype ( n  = 7). Several other key players in the iron metabo-
lism such as transferrin, the transferrin receptors 1 and 2, aconitase 1, iron-responsive 
element binding protein 2, ceruloplasmin, hepcidin, and ferroportin were unchanged 
[ 91 ]. The authors argue that these data are in support of a disruption of physiologi-
cal iron transport into the brain and—in conjunction with the also observed decrease 
of MEIS1 expression in in vitro cell models of iron deprivation—provide a func-
tional link between the RLS gene  MEIS1  and the iron metabolism, which is believed 
to play a role in RLS pathogenesis [ 91 ]. In the third study, it was shown that the risk 
allele of the best-associated SNP (rs12469063) in  MEIS1  from the GWAS reduces 
enhancer activity in the  Meis1  expression domain of the ganglionic eminences, 
which constitute the primordial basal ganglia, in mouse embryos at E12.5 [ 85 ]. In 
vitro studies suggest that CREB1 binds more strongly to this enhancer when the risk 
allele is present [ 85 ].  
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    MAP2K5/SKOR1 

 Another locus encompasses both mitogen-activated protein kinase  MAP2K5  and 
transcriptional corepressor,  SKOR1 . MAPK pathways are highly conserved among 
different species and are activated in response to signals that mediate the transduc-
tion of extracellular signals to the cytoplasmic nuclear effectors [ 92 ]. More specifi -
cally, MAP2K5 phosphorylates and activates ERK5 in response to oxidative stress, 
hyperosmolarity, and growth factors. It is expressed in the heart and skeletal muscle 
and critical in muscle cell differentiation [ 92 ]. Interestingly, the MAP2K5/ERK5 
pathway has also been implicated in neuroprotection of dopaminergic neurons [ 93 ]. 
Not much is known about the physiologic function of SKOR1. It acts as a transcrip-
tional corepressor of homeobox gene  LBX1 , which has been recognized as a factor 
in the development of pain and touch relay via sensory pathways in the dorsal horn 
of the spinal cord [ 94 ]. The genomic locus comprising  MAP2K5  and SKOR1 was 
shown to harbor nine blood-based  cis -eSNPs, that is, common variants that are 
located within ± 500 kb of the lead SNP, which alter blood-based gene expression 
[ 95 ]. None of these affected the expression of SKOR1, and only two affected the 
expression of MAP2K5, while seven altered expression of  CALML4 , thus highlight-
ing the possibility that other genes in the vicinity of the current candidate genes at a 
given locus could also play a role in RLS pathophysiology [ 95 ].  

    BTBD9 

  BTBD9  belongs to the group of BTB (POZ) domain-containing proteins, which are 
involved in formation of the limbs and cell fate determination in the developing 
 Drosophila melanogaster  [ 96 ,  97 ]. Moreover, BTB (POZ) domain proteins are rec-
ognized in transcription repression, cytoskeleton regulation, tetramerization and gat-
ing of ion channels, and ubiquitin-dependent protein degradation [ 97 ].  Btbd9  is 
widely expressed in the mouse with CNS expression in the thalamus, hypothalamus, 
cortex, cerebellum, hippocampus, caudate, and subthalamic nuclei in addition to 
pan-spinal expression [ 98 ]. 

 The functional knockout of  Drosophila BTBD9  homologue  dBTBD9/CG1826  in 
two excision lines termed “wanderlust (wlst) 1 and 2” carrying large deletions in the 
 dBTBD9  locus was associated with changes of sleep architecture. Nighttime sleep in 
 dBTBD9   wlst1  &  2   fl ies was fragmented with decreased length alongside increased num-
ber of sleep bouts. Also, the amount of wake time after sleep onset was increased in 
the mutant fl ies. The same sleep phenotype was observed when  dBTBD9  was knocked 
down by RNAi in a large subset of all dopaminergic neurons and could be rescued by 
treating the fl ies with dopamine D2 receptor agonist pramipexole.  dBTBD9   wlst1  &  2   fl ies 
were also hyperlocomotive when enclosed within a restricted space with an increase 
in the time spent moving with fewer pauses. Further, a 50 % reduction in brain dopa-
mine levels was found in  dBTBD9   wlst1  &  2   fl ies arguing for a mechanistic link between 
dBTBD9 and dopaminergic neurotransmitter pathways [ 99 ]. 
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 Recently, the fi rst murine knockout of Btbd9 was reported [ 100 ]. When analyzed 
for RLS-specifi c phenotypes,  Btbd9   −/−   mice showed motor restlessness with respect 
to voluntary and total activity and changes in sleep architecture with increased 
awake time and arousals from sleep alongside a decrease in slow-wave sleep as well 
as increased serum iron levels and increased levels of the serotonin metabolite 
5-HIAA in the striatum when compared to wild-type mice. Levels of iron and neu-
rotransmitters dopamine and serotonin as well as a number of their metabolites in 
the striatum were unchanged [ 101 ]. Both  Btbd9   −/−   and  Btbd9   +/−   mice also had a 
decreased response time to thermal sensory stimuli possibly limited to the rest phase 
[ 101 ]. This is interesting in light of the fact that in humans with RLS thermal hypo-
esthesia has been reported to differentiate secondary RLS with small-fi ber neuropa-
thy from primary RLS [ 102 ]. Btbd9 −/−  mice also showed signifi cant impairment in 
presynaptic activity as well as enhanced long-term potentiation and cued and con-
textual fear memory [ 100 ]. In an inbred strain of mice,  Btbd9  gene expression has 
also been correlated with midbrain iron concentrations [ 103 ], and  Btbd9  was 
hypothesized to play a role in iron homeostasis [ 104 ]. Taken together, the loss of 
BTBD9 homologue function in both fruit fl ies and mice recapitulates several aspects 
of the human RLS phenotype, especially with regard to sleep architecture. These 
novel animal models will certainly be important in further elucidating the 
 GWAS-based fi ndings in RLS.  

    TOX3 

  TOX3  is a member of the high-mobility box group family of non-histone chromatin 
proteins and interacts with CREB and CBP in mediating calcium-dependent tran-
scription in neurons [ 105 ]. It is highly expressed in the human frontal and occipital 
cortex, the cerebellum, and the retina [ 106 ] as well as the salivary glands and the tra-
chea [ 72 ] and is known to harbor forebrain-specifi c enhancers [ 107 ]. An intronic SNP 
in the same region of  TOX3  in low LD with the lead RLS SNP ( r  2  ~ 0.1) also represents 
a susceptibility factor for breast cancer [ 108 ]. Within the same LD block,  BC034767  
is a projected noncoding RNA expressed in the testes [ 72 ]; beyond this no additional 
characteristics are known. Both genes await investigation with regard to RLS.  

    PTPRD 

 Protein tyrosine phosphatase receptor type delta,  PTPRD , harbored another associa-
tion signal identifi ed in the GWAS [ 71 ,  72 ]. Interestingly, the lead SNPs are located 
in the 5′ UTR within LD blocks overlapping the previously identifi ed RLS-3 link-
age region although it only explains a small part of the linkage signal. No rare cod-
ing variants which segregate with the RLS phenotype could be identifi ed in a total 
of 24 probands from families linking to the RLS-3 locus [ 71 ,  109 ]. Two 
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low- frequency variants in  PTPRD  (c.551–4 C > G and p.Pro278Pro (c.834 T > G)) 
were nominally associated with the RLS phenotype in a large case/control sample 
consisting of 3,262 cases and 2,944 general population controls but did not with-
stand correction for multiple testing. Yet, a Taiwanese study of 993 individuals with 
end- stage renal disease also found an association between an intronic variant in 
 PTPRD  (rs4626664) and RLS ( p  corrected  = 0.03; OR = 1.52) [ 110 ]. 

 Notably, the lead SNPs are found in an isoform of  PTPRD  that is expressed pre-
dominantly in developing and adult brain tissues [ 111 ,  112 ].  Ptprd  knockout mice 
show defects in axonal guidance and motorneuron patterning during embryonic 
development [ 113 ]. Within the surge of GWAS, SNPs in  PTPRD  have also been 
recognized as susceptibility factors for plasma homocysteine levels [ 114 ], type II 
diabetes in specifi c populations [ 115 ,  116 ], and coronary artery disease [ 117 ], which 
could potentially be interesting in the context of an increased risk for cardiovascular 
diseases in individuals with RLS found in a number of studies [ 118 ]. 

 Structural alterations and genomic instability in  PTPRD  have also been impli-
cated in the pathophysiology of neuroblastomas [ 119 ,  120 ] and attention-defi cit 
hyperactivity disorder [ 121 ]. Despite the fact that a role in neuronal development 
and function has been recognized, the direct link between genetic variants found in 
 PTPRD  and RLS remains to be established. 

 Moreover, although these genes represent the most likely candidates at the given 
loci, one can also not exclude that other genetic variants in high LD with the lead 
SNPs play a role or that the SNPs hold long-range regulatory function on other 
genes. Accordingly, ongoing efforts to functionally link the identifi ed genes to the 
RLS phenotype will be important to better inform the nature of the observed 
associations.   

    Future Directions in RLS Genetics 

 Both family and association studies have implicated candidate genomic regions and 
candidate genes in RLS. However, no single genetic variant has to date been shown 
to be suffi cient to induce the development of the RLS phenotype. Identifi cation of a 
truly causal variant would be very benefi cial in that it would greatly facilitate patho-
physiologic studies and would provide an entry point into the establishment of spe-
cifi c animal models of RLS. Yet, one of the most common fi ndings in the majority 
of studies throughout the past two decades has been that of genetic heterogeneity. In 
the most extreme case, this could mean that there are no “causal” alleles for RLS 
and that the RLS phenotype is always the result of several genetic factors acting in 
concert although the large pedigrees at fi rst glance might suggest otherwise. In the 
context of linkage analyses, genetic heterogeneity is refl ected by the fact that overall 
only very few RLS families actually link to the described loci and a number of fami-
lies exist in whom no signifi cant linkage signal could be identifi ed even though 
family structure was suited to do so or in whom more than one linkage signal was 
present [Winkelmann J et al., unpublished]. With respect to genome-wide 
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association studies, genetic heterogeneity is exemplifi ed by the fact that the cur-
rently identifi ed association signals only account for approximately 6.8 % of the 
projected heritability although they confer relatively large risk increases [ 72 ]. 
Increasing GWAS sample sizes will likely uncover more and more of the currently 
missing heritability. Yet, it is highly unlikely that GWAS, the way we understand 
them today, will be able to identify the remainder of genetic factors contributing to 
the RLS phenotype. 

 RLS is a genetically complex disease, and this complexity is probably not only 
marked by locus heterogeneity but also by the range of different variants likely to be 
involved. These might include variants present at a range of different frequencies in 
the population—common, rare, and everything in between. They will also include 
different types of variants such as coding and noncoding variants along with struc-
tural variation of stronger or weaker effect on the phenotype either acting together 
to cause the phenotype in an oligo- or polygenic way or as genetic modifi ers. Here, 
it is interesting to note that RLS genetics research has yet to see the fi rst successful 
application of next-generation sequencing technologies to, for example, better 
examine the role of rare or noncoding genetic variants or to resolve the linkage 
regions that have been described. 

 It seems, moreover, possible that additional layers of biology such as epigen-
etic phenomena could play a role in RLS. Investigations into the transcriptomics, 
methylomics, proteomics, and metabolomics of RLS could not only begin to 
answer these questions but could also make a valuable contribution to the search 
for biomarkers for application in diagnostics and therapy. In this context, the defi -
nition and assessment of endophenotypes in RLS (i.e., individuals with high vs. 
low ferritin levels or response to certain drugs such as pregabalin) could prove 
valuable.     
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    Chapter 16   
 Genetics of Hereditary Spastic 
Paraplegias (HSP)  

             Rebecca     Schüle       and     Ludger     Schöls     

    Abstract     Hereditary spastic paraplegias (HSP) are a group of degenerative disor-
ders of the spinal cord that lead to a progressive spastic gait disturbance marked by 
lower limb spasticity and weakness. Genetically, HSPs are among the most hetero-
geneous Mendelian diseases and can be inherited following autosomal dominant, 
autosomal recessive, and X-chromosomal modes of inheritance. More than 80 
genes and gene loci have been identifi ed so far and require next-generation sequenc-
ing approaches for comprehensive genetic testing. In this chapter we discuss clini-
cal aspects of HSP including differential diagnostics, typical presentation of 
common HSPs, limitations of genotype-phenotype correlation, and overlap with 
genetic disorders that cause progressive spasticity but are not categorized as HSP- 
like spastic ataxias, slow variants of amyotrophic lateral sclerosis, spastic variants 
of peripheral neuropathies, and adult-onset variants of leukodystrophies. In consid-
eration of the complexity of this fi eld, we propose an algorithm for a time- and cost- 
effi cient strategy for genetic diagnostics in HSP.  

  Keywords     Hereditary spastic paraplegia (HSP)   •   Spastic paraplegia gene (SPG)   • 
  Axonopathy   •   Upper motor neuron disease   •   Motor neuron degeneration  

        Clinical Characteristics of Hereditary Spastic Paraplegias 

 Hereditary spastic paraplegia (HSP) comprises a group of degenerative disorders of 
the spinal cord characterized by spastic gait, lower limb spasticity and weakness as 
clinical hallmarks. Frequently, additional signs of corticospinal tract dysfunction are 
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present including increased muscle stretch refl exes, Babinski sign (extensor plantar 
response), and clonus. As a rule lower limbs are more severely and often earlier 
affected than the upper limbs, but electrophysiologically affection of the upper limbs 
can be demonstrated in about 1/3 of HSP patients [ 1 ]. HSP commonly also affects 
other long fi ber tracts of the spinal cord like the dorsal columns and central tracts 
controlling bladder function, resulting in a decrease of the vibration sense and urge 
incontinence or bladder voiding. This complex of symptoms characterizes “pure” 
HSP [ 2 ]. In contrast, in “complicated” forms of HSP, additional parts of the ner-
vous system are involved including the cerebrum, cerebellum, extrapyramidal cir-
cuits, peripheral nerves, and cranial nerves. This leads to “complicating” signs and 
symptoms like mental retardation, dementia, psychosis, epilepsy, ataxia, dysarthria, 
dysphagia, dystonia, parkinsonism, tremor, optic atrophy, retinopathy, hearing loss, 
sensory defi cits (extending vibration sense), muscle wasting, and loss of refl exes. 
Rarely, non-neurological systems are affected, leading to cataract, diabetes mellitus, 
skin abnormalities, or gastroesophageal refl ux as further complicating symptoms. 

 Due to its neurodegenerative nature, HSP is a slowly progressive disorder. Age of 
onset varies largely from congenital forms starting at birth to onset in the 7th or even 
8th decade. Some genotypes typically go along with onset in the fi rst decade, but age 
of onset can vary substantially even within genotypes. This is best documented for 
the most common genotype, SPG4, where onset may vary from the 1st year of life 
to the 8th decade even within one family carrying the same mutation. Similarly, 
progression of the disease is highly variable and may prevent walking from early 
childhood in the most severe cases. On the other hand, walking ability may be well-
preserved for 50 years and more into the disease in other cases of HSP. Factors 
determining this high variability in age of onset and progression are only marginally 
understood as outlined in more detail in the genotype-phenotype paragraph below. 

 Prevalence estimates of HSP typically range between 4 and 10 per 100,000 [ 3 ,  4 ] 
but most likely underestimate the true prevalence due to misdiagnoses as the disease 
entity is not well known and the diagnosis of HSP can be proven only by genetic 
tools developed only recently.  

    Pre-genetic Diagnostic Workup 

 The core symptoms of HSP, spastic gait and spastic paraparesis, are unspecifi c fea-
tures that may result from many different etiologies. Especially in the absence of a 
positive family history, HSP therefore remains a diagnosis of exclusion. Differential 
diagnosis of HSP thus requires a careful workup to exclude structural, infl amma-
tory, metabolic, or other hereditary causes. MRI imaging of the brain and spinal 
cord is needed to exclude bilateral structural brain lesions (e.g., butterfl y glioma) as 
well as spinal cord compression due to cervical or thoracic disk herniation, tumor, 
hemorrhage, or abscess. Additionally, malformations like meningomyelocele and 
tethered cord syndrome need to be excluded. Furthermore vascular disorders like 
spinal arteriovenous malformation should be considered. Metabolic disorders caus-
ing spasticity of the lower limbs include vitamin B12 and vitamin E defi ciency and 
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copper defi ciency as well as lysosomal storage disorders. Some of the latter may 
even manifest late in adulthood and can present with rather unremarkable brain 
MRIs like adrenomyeloneuropathy or Krabbe disease [ 5 ]. Infl ammatory disorders 
resembling HSP include multiple sclerosis as well as (para)infectious myelitis 
( Treponema pallidum , HIV, HTLV1/2). Additionally, a number of other hereditary 
neurodegenerative diseases can present with HSP-like phenotypes, including some 
forms of hereditary ataxias, Charcot-Marie-Tooth disease (CMT), amyotrophic lat-
eral sclerosis (ALS), and dopamine-responsive dystonia (DRD). We will devote a 
later paragraph of this chapter to these hereditary HSP mimics. 

 A suggestion for the differential workup of HSP is given in Table  16.1 .

       Genetic Subtypes of HSP 

    Hereditary Spastic Paraplegia Genes (SPG 1–72) 

 HSPs are among the most heterogeneous Mendelian diseases and can be inherited 
following autosomal-dominant, autosomal-recessive, and X-chromosomal modes 
of inheritance. Additionally almost half of all cases are apparently sporadic, and it 
is currently unknown whether these forms are also monogenetic in origin or whether 
they have more complex disease etiologies. 

   Table 16.1    Differential workup of HSP   

 Diagnostic test  Differential diagnosis 

 Cranial MRI  Bilateral structural lesions 
 Leukodystrophies 
 Arnold-Chiari malformation 

 MRI of the spinal cord  Myelon compression due to cervical myelopathy and tumor 
 Hemorrhage and abscess 
 Arteriovenous malformation 
 Myelomeningocele 
 Tethered cord 
 Syringomyelia 

 Blood tests  Vitamin B12 defi ciency 
 Very long-chain fatty acids (adrenomyeloneuropathy) 
 Lysosomal enzymes incl. galactosylceramidase (Krabbe disease) 
 TPHA (neurosyphilis) 
 HTLV1 (tropical spastic paraparesis) 
 HIV (AIDS) 

 Cerebrospinal fl uid  Myelitis (cell count, oligoclonal bands) 
 Neurophysiology 
   Motor evoked potentials  Amyotrophic lateral sclerosis 
   Nerve conduction studies  Primary lateral sclerosis 
   Electromyography  Spastic variants of Charcot-Marie-Tooth disease (HMSN type V) 
 Levodopa test  Dopamine-responsive dystonia (DRD) 
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 Currently there are at least 83 HSP loci and 68 HSP genes known, about three 
quarters of which have been identifi ed within the past 5 years (Fig.  16.1 ) [ 6 ]. HSP 
loci are termed SPG 1–72 (SPG =  s pastic  p araplegia  g ene) according to the HUGO 
gene nomenclature committee; however, not all HSP genes have received an SPG 
number.   

    Autosomal-Dominant HSP 

 About 40 % of HSP cases report an autosomal-dominant family history with 
affected family members in at least two generations. Mutations in any of the known 
13 autosomal- dominant HSP genes explain about 70 % of dominant cases 
(Table  16.2 ).

    SPG4 , caused by mutations in the  SPAST  gene, accounts for roughly 50 % of 
autosomal-dominant HSP families and is by far the most common subtype of 
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HSP. SPG4 is characterized by a variable age at onset ranging from early childhood 
to the 8th decade even within families sharing the same mutation, with a mean age 
at onset of just over 30 years of age. The majority of SPG4 cases have pure HSP 
with rather frequent neurogenic bladder disturbance (~70 %) and affection of the 
dorsal columns (~50 %). Motor evoked potentials are often normal even when there 
is clinically defi nite involvement of the corticospinal tracts [ 1 ]. Some cases with 
complicated SPG4 have been reported that feature cognitive defi cits, upper limb 
involvement, thin corpus callosum, or other complicating signs and symptoms. 
Mutation types in SPG4 included missense, nonsense and splice site mutations, 
small insertions and deletions, and large genomic deletions. It is important to note 
that the latter mutations, which account for about one fi fth of SPG4 cases, cannot 
usually be detected by Sanger sequencing. State-of-the-art diagnostic testing in 
SPG4 therefore needs to include a method to screen for macro-deletions like multi-
plex ligation-dependent probe amplifi cation (MLPA) [ 9 ]. 

  SPG3  typically presents as childhood-onset (<10 years) pure HSP with very slow 
progression and may be equally common as SPG4 in this age group. However cases 
with an onset as late as the 5th decade have been reported [ 21 ]. In adult-onset cases, 
SPG3 contributes less than 10 %. The phenotypic spectrum of SPG3 is broad and 
also involves very severe childhood-onset cases with pseudobulbar palsy, severe 
tetraparesis, motor axonal neuropathy and variably cognitive impairment, TCC, or 
optic atrophy. Furthermore ATL1 mutation also causes hereditary sensory neuropa-
thy I (HSN1D), a severe mutilating sensory axonal neuropathy. Missense mutations 
in ATL1 are the predominant mutation type in both SPG3 and HSN1D. 

  SPG10  (KIF5A) and  SPG31  (REEP1) both contribute about 5–10 % to SPG4- 
negative autosomal-dominant HSPs. With a broad age-at-onset spectrum reaching 
from childhood to late adulthood, they can both manifest as pure or variably com-
plicated HSP. In SPG10, amyotrophy and cognitive defi cits are the most frequent 
complicating features, and most patients with complicated SPG10 feature an axonal 
sensorimotor peripheral neuropathy. Additionally parkinsonism, deafness, and reti-
nitis pigmentosa have been described in single cases. SPG31 can present with a 
Silver syndrome-like phenotype with severe hand muscle atrophy and axonal 
peripheral neuropathy; occurrence of both pure and complicated phenotypes within 
the same family has been reported.  

    Autosomal-Recessive HSP 

 With at least 52 known genes, autosomal-recessive HSP are extremely genetically 
heterogeneous, and most recessive HSP genes explain less than 1 % of cases 
(Table  16.3 ). Among the autosomal-recessive HSP subtypes that can present as pure 
HSP, SPG5 and SPG7 are the most common although both forms can also be com-
plicated by additional symptoms.

    SPG5  accounts for about 16 % of pure autosomal-recessive HSPs [ 22 ]. SPG5 
mutation carriers develop the fi rst symptoms in early adolescence (range early 
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childhood–4th decade). SPG5 is characterized by frequent and rather severe dorsal 
column affection with loss of vibration and joint position sense in the lower limbs 
and gait ataxia. Evoked potentials with prolonged latencies or absent cortical poten-
tials indicate widespread but often subclinical central involvement; the peripheral 
nervous system as a rule is not involved in SPG5. MRIs can be normal or show pan- 
cerebellar atrophy and white matter changes especially at later disease stages. SPG5 
is caused by loss-of-function mutation in the 7α-hydroxylase gene  CYP7B1 , impli-
cating cholesterol metabolism in the pathogenesis of HSP. 

  SPG7  can present as either pure or complicated adult-onset (mean ~30 years) 
HSP with mostly slow progression. Complicated cases commonly present with cer-
ebellar ataxia, cerebellar atrophy, or both. Additional complicating features include 
optic atrophy, at least subclinically present in the majority of cases [ 52 ] and axonal 
peripheral neuropathy. Mitochondrial phenotypes with external ophthalmoplegia, 
dysphagia, and proximal myopathy in addition to spastic paraplegia or spastic ataxia 
have also been repeatedly reported, and indeed clonal expansion of mitochondrial 
DNA mutations was identifi ed in these cases [ 53 ] [ 54 ]. 

  SPG11 and SPG15  present with a rather characteristic phenotype and are clini-
cally indistinguishable from each other. Core features that are present in the major-
ity of patients with SPG11 and SPG15 comprise lower-limb-predominant spastic 
tetraparesis with pseudobulbar dysarthria, severe Silver syndrome-like hand muscle 
atrophy, moderate cognitive impairment and thin corpus callosum (TCC), white 
matter changes, and cortical atrophy on MRI [ 55 ,  56 ]. Additionally, extrapyramidal 
motor involvement (parkinsonism, dystonia), cerebellar ataxia, and sensorimotor 
peripheral neuropathy have been described among other more rare manifestations. 
SPG11 mutations that cause typical complicated HSP have also been found to cause 
a juvenile-onset form of autosomal-recessive ALS [ 57 ]. 

 Although numerous recessive HSP genes can cause an SPG11-like phenotype or 
at least components of the phenotypic spectrum (e.g., SPG21, SPG35, SPG46, 
SPG48, SPG54, and many others), SPG11 is by far the most common gene in this 
constellation and explains about two thirds of recessive patients with spastic para-
plegia accompanied by cognitive defi cits and TCC. SPG15 is considerably rarer and 
accounts for about 3 % of cases with this phenotype. 

 The mutation mechanism in SPG11 and SPG15 is loss of function. Accordingly, 
all mutations in these two genes that have been linked to HSP or ALS are truncating 
changes including nonsense mutations, splice mutations, and small insertions or 
deletions. Due to the large size of both genes, missense mutations are a rather fre-
quent incidental fi nding, but pathogenicity of those has not been established so far.  

    X-Linked HSP 

 Only three X-chromosomal HSP genes have been described so far:  L1CAM ,  PLP1 , 
and  SLC16A2 . They all cause complicated forms of HSP, the phenotypic details of 
which are listed in Table  16.4 . Some PLP1 mutations, especially when leading to 
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the absence of the protein or affecting certain  PLP1 -specifi c domains, lead to less 
severe or even pure phenotypes. Women carrying  PLP1  mutations are rather com-
monly affected with a mild carrier phenotype.

       Apparently Sporadic HSP 

 Data on the genetic background of apparently sporadic cases of hereditary spastic 
paraplegia is extremely sparse. We know from systematic screenings of the SPG4 
and SPG7 genes and from our own experience with large HSP patient cohorts 
(GeNeMove cohort) that at least a subset of apparently sporadic cases is caused by 
mutations in autosomal or X-chromosomal HSP genes. SPG4 has been found in 
6–12 % of sporadic HSP cases [ 62 ,  63 ]; de novo mutations as well as reduced pen-
etrance explain the lack of positive family history in some of these cases. Mutations 
in SPG7 occur in about 4–7 % of sporadic HSPs, [ 64 ]. In 31 sporadic adult-onset 
upper motor neuron disease cases, a single REEP1 variant was identifi ed [ 65 ]. For 
the other HSP genes, systematic studies in sporadic cohorts are lacking. In our own 
cohort (GeNeMove cohort, 228 sporadic HSP cases), SPG5 and SPG11 each con-
tribute about 3 %, and about 75 % of cases remain genetically unsolved. Increasing 
availability of high-throughput screening methods like whole-exome sequencing 
and panel testing will hopefully clarify the contribution of Mendelian inheritance 
patterns to sporadic HSP within the next few years.   

    Overlapping Phenotypes 

    Hereditary Ataxias with Spasticity 

 Spastic ataxias are an increasingly recognized group of hereditary disorders, which 
combine core features of both groups, hereditary spastic paraplegias and hereditary 
ataxias. Some of them like SPG7 have been classifi ed as spastic paraplegias and 
consequently received a SPG number, whereas others were primarily regarded as 
ataxic disorders. The most prevalent ataxia subtypes that can go along with promi-
nent spasticity are Friedreich’s ataxia (FRDA), autosomal-recessive ataxia of 
Charlevoix-Saguenay (ARSACS), and spinocerebellar ataxias type 1, type 3, and 
type 7 (SCA1, SCA3, SCA7) (Table  16.5 ) (also see Chaps.   11     and   12    ). FRDA is the 
most common autosomal-recessive ataxia in the Western world. Typically, FRDA 
presents with afferent ataxia due to degeneration of the dorsal root ganglia. Dorsal 
root ganglia degeneration also results in loss of stretch refl exes in most patients and 
suppresses spasticity despite severe degeneration of the corticospinal tract in almost 
all patients. However, some patients, especially adult-onset cases, have increased 
refl exes and prominent spasticity [ 66 ].

R. Schüle and L. Schöls
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   ARSACS is not restricted to the Quebec region where it has been described orig-
inally but is a rather common type of recessive ataxia worldwide. ARSACS shows 
a rather characteristic combination of spasticity, cerebellar ataxia, peripheral neu-
ropathy, and streaky T2 hypodensities of the central pons on MRI [ 67 ]. 

 SCA1, SCA3, and SCA7 are autosomal dominantly inherited ataxias caused by 
CAG trinucleotide repeat expansions in coding regions of the respective genes. 
Clinical features accompanying ataxia are variable including slowing of saccadic 
eye movements, spasticity and peripheral neuropathy, and in the case of SCA7 char-
acteristic retinal degeneration. Typical fi ndings on MRI include cerebellar and pon-
tine atrophy [ 68 ].  

    Hereditary Neuropathies/Charcot-Marie-Tooth Disease 
with Spasticity 

 When a lower limb pyramidal syndrome occurs in combination with peripheral 
nerve involvement, it can be clinically impossible to draw a clear line between com-
plicated HSP and Charcot-Marie-Tooth disease (CMT), and this diagnostic line 
might even be crossed within a family. There are a number of HSPs that are known 
to sometimes cause CMT-like phenotypes, including SPG17 ( BSCL2 ),  BICD2 - 
related  HSP, SPG3, complicated forms of SPG10 and SPG31, SPG39, and others. 
On the fl ip side, there are some forms of CMT that are frequently associated with 
spasticity and therefore need to be considered in the differential diagnosis of 
HSP. Mutations in the outer mitochondrial membrane GTPase  MFN2  are the most 
common cause of axonal CMT (~20 %) and are frequently accompanied by optic 
atrophy, vocal cord paralysis, and pyramidal features.  CCT5  mutations cause sen-
sory neuropathy with spastic paraplegia and a childhood-onset autosomal-recessive 
disorder with severe mutilating acropathy;  FAM134B  mutations can be associated 
with a similar phenotype. X-linked CMT1X, caused by mutations in  GJB1 , typi-
cally presents with sensorimotor peripheral neuropathy, cerebellar ataxia, and spas-
tic paraparesis or tetraparesis. Rarely, pyramidal features can be associated with 
dominant mutations in  DYNC1H1  and  NEFL .  

    Slowly Progressive Amyotrophic Lateral Sclerosis (ALS) 

 Amyotrophic lateral sclerosis (ALS) and HSPs naturally share a great deal of clini-
cal overlap, and it is especially the slowly progressive, upper motor neuron (UMN)-
predominant forms of ALS that can present clinically with an HSP-like phenotype. 
Just as there are some genetic subtypes of HSP that can mimic ALS, i.e., some 
forms of SPG3, Silver syndrome in SPG17, or SPG11, there are several ALS genes 
particularly commonly associated with a slowly progressive HSP-like phenotype. 
Homozygous and compound heterozygous mutations in the alsin-2 gene  ALS2  lead 
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to a childhood-onset motoneuron disease that commonly commences in the lower 
limbs and later develops into spastic tetraparesis with pseudobulbar palsy. 
Autosomal-dominant  OPTN  mutations can also lead to a slowly progressive UMN- 
predominant syndrome. Mutations in the  VCP  gene, primarily known to cause fron-
totemporal dementia, inclusion body myopathy, and Paget’s disease of the bone 
(IBMPFD), have now been described to cause ALS as well as HSP phenotypes 
inherited in an autosomal-dominant manner (see also Chap.   17    ).  

    Leukodystrophies 

 Further phenocopies of HSP are leukodystrophies like Krabbe disease, metachro-
matic leukodystrophy (MLD), vanishing white matter disease, Alexander disease, 
cerebrotendinous xanthomatosis, hereditary diffuse leukoencephalopathy with axo-
nal spheroids (HDLS), adult polyglucosan body disease, and the adrenomyeloneu-
ropathy (AMN) variant of X-linked adrenoleukodystrophy (X-ALD) [ 69 ]. With 
adult onset especially AMN, Krabbe disease and Alexander disease present with 
prominent spasticity (Table  16.5 ) [ 5 ]. Most female carriers of X-ALD/AMN muta-
tions develop signs and symptoms of myelopathy and/or peripheral neuropathy 
between 40 and 60 years of age [ 70 ]. Although most of them show some abnormal-
ity in very long-chain acid metabolism, the only reliable diagnostic tool in females 
with suspected AMN is genetic testing of the  ABCD1  gene. Krabbe disease may 
manifest as late as the 7th decade and then typically presents as “pure HSP” with 
discrete white matter alterations on MRI [ 5 ,  71 ]. Alexander disease is caused by 
heterozygous mutations in the  GFAP gene , but despite autosomal-dominant inheri-
tance, family history is often negative due to frequent occurrence of de novo muta-
tions. Alexander disease should especially be considered when spasticity is 
accompanied by ataxia and palatal myoclonus as well as pontomedullary signal 
alterations on T2-weighted images on MRI [ 72 ].  

    Dopa-Responsive Dystonias 

 Dopamine-responsive dystonia (DRD), fi rst described in 1976 by Segawa and there-
fore commonly termed Segawa’s disease, comprises a group of childhood-onset 
progressive movement disorders with typical diurnal fl uctuation of dystonia wors-
ening in the evening and an often dramatic and sustained response to treatment with 
L-dopa. They are caused by disturbances in dopamine synthesis. In autosomal- 
dominant DRD, the GTP cytohydrolase I gene  GCH1  is mutated, leading to a lack 
of the tyrosine hydroxylase cofactor tetrahydrobiopterin. Tetrahydrobiopterin syn-
thesis is also affected by mutations in the sepiapterin reductase gene  SPR , leading 
to an autosomal-recessive form of DRD. Mutations in the tyrosine hydroxylase 
gene itself ( TH ) also cause autosomal-recessive DRD. It has been demonstrated 
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repeatedly that misdiagnosis of children with dopamine-responsive dystonia as 
hereditary spastic paraplegia is not uncommon, a fact that is all the more noteworthy 
considering the available treatment option of DRD with dopamine. We therefore 
recommend considering an experimental treatment course with L-dopa in every 
case of childhood-onset genetically unsolved suspected HSP. (DRD is also dis-
cussed in Chap.   7    .)   

    Genotype-Phenotype Correlation and Phenotypic Variability 

 The past decade has witnessed numerous attempts to defi ne clear genotype- 
phenotype correlations in HSP. With each gene that has been discovered, we have 
tried to describe the associated phenotype in detail and delineate what sets this 
particular HSP apart from the other forms of HSP. What we have learned however 
is that HSP does not play by our rules. There may be phenotypic clusters for some 
genotypes, and we have tried to describe them in the preceding paragraphs. SPG4 
has a pure phenotype, SPG3 starts early, SPG7 is a late-onset spastic ataxia with 
slow progression, and the presence of TCC and cognitive impairment calls for 
SPG11 testing. But exceptions are common, and predicting the genotype in an indi-
vidual patient is therefore often of limited success. This has important implications 
for diagnostic testing as we will detail in the following paragraph. And it also poses 
a huge challenge – and a unique opportunity – for genetic research to improve our 
understanding of the factors that modify severity and phenotypic spectrum of HSPs. 
One of the few examples identifi ed so far is the intragenic polymorphisms S44L and 
P45Q in the  SPAST  gene (SPG4) that lead to alterations in spastin phosphorylation 
and result in a more severe phenotype if inherited with a classical  SPG4  mutation  in 
trans  [ 73 ].  

    Diagnostic Algorithm 

 The sheer number of HSP genes and the lack of specifi city of genotype-phenotype 
correlations impede traditional gene-by-gene diagnostic testing strategies in 
HSP. Modern genetic techniques allow parallel sequencing of many genes or even 
the whole exome or genome as time- and cost-effective alternatives to conventional 
Sanger sequencing and are of particular usefulness in diagnostic testing of highly 
heterogeneous diseases like HSPs. 

 We propose a stepwise diagnostic algorithm for HSP that takes into account 
specifi c phenotypes, mode of inheritance, and frequency of genotypes as well as 
specifi c types of mutations like genomic deletions (Fig.  16.2 ). Initially, alterna-
tive etiologies of spasticity need to be carefully excluded for all patients as they 
may allow for causative therapies. In the second step, the following four 
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 constellations should be considered: (1) If the family history is autosomal domi-
nant, analysis of SPG4 should be initiated including MLPA as fi rst-line diagnos-
tic test. This will provide a defi nitive diagnosis in 50 % of families. (2) If spastic 
paraplegia is accompanied by cerebellar ataxia and family history is compatible 
with autosomal- recessive inheritance, SPG7 is the most frequent diagnosis. 
Additionally, the autosomal-dominant SCA1, SCA3, and SCA7 should be 
excluded. Testing for repeat expansion in these genes is comparatively fast and 
low-priced, and these mutation types would be missed using most next-genera-
tion sequencing techniques. (3) In patients with a thin corpus callosum on MRI, 
mutations in SPG11 are the most likely cause [ 25 ], and specifi c testing should be 
initiated. Finally (4), adducted thumbs are a rather specifi c phenotypic marker of 
SGP1.  

 In all other cases and if the abovementioned tests yielded negative results, we 
recommend next-generation sequencing-based screening of all remaining HSP 
genes, either by targeted HSP panel or by clinical grade whole-exome sequencing. 
As all but the SPG4 gene contribute to less than 10 % to the total of HSP cases and 
the majority of HSP genes account for less than 1 %, this approach is cost-effective 
considering the highly competitive cost of both methods in the range of conven-
tional diagnostic testing of two to three HSP genes. 

 At our center we have successfully implemented this proposed strategy and use 
an HSP panel for broad screening of HSP genes. In our experience this strategy 
leads to a defi nite genetic diagnosis in about 70 % of dominant and almost half of 
autosomal-recessive cases. Novel HSP genes and/or mutations in noncoding areas 
of HSP genes as well as copy-number variations likely explain this diagnostic gap.  

Diagnostic algorithm HSP

Consider alternative etiology (e.g. myelitis, myelon compression, vitamin B12 deficiency, ....)

Aut dom
inheritance

Adducted
thumbs

Prominent
ataxia

Thin corpus
callosum

No

No

YesYesYesYes

No No No No

HSP – Panel:

Parallel sequencing of
autosomal dominant,
autosomal recessive, X-
linked, neurometabolic and
not as SPG annotated
spastic disorder genes

SPG4
incl. MLPA

SPG1 SPG7
SCA1-3-7

SPG11

  Fig. 16.2    HSP algorithm for genetic diagnostics       
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    High-Throughput Genetic Testing: Targeted Panel Versus 
Whole-Exome Sequencing 

 Disease-specifi c panels on the one hand and whole-exome sequencing on the other 
hand differ in the way sample DNA is amplifi ed prior to next-generation sequenc-
ing. For the HSP panel, sequences of HSP genes and further spasticity-related 
genes are specifi cally enriched using custom-designed enrichment protocols. This 
allows for analysis of >95 % of the targeted sequence with >20fold coverage, 
which is commonly considered suffi cient for diagnostic testing. The “gaps” with 
lower than desired coverage can then be closed by conventional sequencing. 
Technical costs for an HSP panel are currently about one third of the cost for 
whole-exome sequencing, but prices increase substantially for diagnostic applica-
tion if missing sequences have to be completed and suspicious variants are con-
fi rmed by Sanger sequencing. 

 In research-grade whole-exome sequencing, typically coverage of the exome of 
about 50- to 100fold is aimed at. Although this may seem high, coverage is not 
uniform across the exome with the currently available capture kits, and only about 
80 % of the exome are covered above 20fold. Clinical-grade whole-exome sequenc-
ing therefore targets higher mean coverage at the expense of higher per-sample 
costs. Whole-exome sequencing is however far more fl exible than disease panels as 
data can be reanalyzed at any time. Considering that about one third of dominant 
and more than half of recessive HSPs are currently not explained by mutations in 
known genes and that the last year alone has seen the discovery of >20 new HSP 
genes, this fl exibility has decisive advantages in terms of the cost-effectiveness and 
may be even the longer-term diagnostic yield. 

 Both approaches are currently limited in their applicability to detect copy- 
number variations. Although this is technically possible for both methods, standard-
ization is diffi cult, and the sensitivity is currently below that of established methods 
like MLPA or high-resolution array CGH. 

 We currently apply HSP panel testing for diagnostic purposes as we value the 
high diagnostic dependability of this technique for known HSP genes. For research 
applications we use whole-exome and/or genome sequencing as the higher fl exibil-
ity in data analysis outweighs the technical limitations in regard to coverage 
uniformity. 

 Technical advances and a shift to whole genome sequencing with its naturally 
more uniform coverage and higher reliability in detecting copy-number variations 
may overcome many of these current limitations. The major challenge for all of 
these techniques however remains the interpretation of the huge number of variants 
with unknown signifi cance detected by parallel sequencing of many genes. To ame-
liorate this problem, huge databases are required which provide large numbers of 
exome or genome sequences from different ethnical populations as well as most 
complete lists of (1) clearly disease-related mutations and (2) suspect variants with 
the respective phenotypes.     
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    Chapter 17   
 Genetics of ALS 

             Russell     Lewis     McLaughlin      ,     Kevin     Patrick     Kenna     , and     Orla     Hardiman    

    Abstract     Amyotrophic lateral sclerosis (ALS) is genetically heterogeneous, with 
extensive phenotypic diversity and overlap with related clinical phenotypes. 
Although many genes have been identifi ed that are mutated in ALS with many more 
implicated in the disease, the genetic cause for a large proportion of ALS risk 
remains to be discovered. The underlying biological mechanisms that converge on 
ALS are only partially understood but it is likely that aberrant RNA processing and 
protein homeostasis play central roles. Future research into the undiscovered genetic 
contribution to ALS will shed further light on these pathogenic mechanisms, as well 
as providing a complete catalog of the causes of the disease, which will, hopefully, 
contribute towards the development of a cure for this devastating condition.  

  Keywords     Amyotrophic lateral sclerosis (ALS)   •   Neurodegenerative disease   • 
  Sporadic amyotrophic lateral sclerosis (sALS)   •   Familial ALS (fALS)   •   Linkage 
mapping   •   SOD1 mutations   •   Optineurin (OPTN)   •   Ubiquilin 2 (UBQLN2)   • 
  Chromosome 9 open reading frame 72 (C9orf72)   •   Genome-wide association study 
(GWAS)   •   Autosomal dominant inheritance  

     Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized 
by progressive loss of upper and lower motor neurons. The lifetime risk for develop-
ing ALS is approximately 1 in 400 [ 1 – 3 ] in populations of European extraction; yet, 
owing to its short duration (affected individuals usually die within 3–5 years of 
symptom onset), the prevalence of the disease is relatively low (around 4–6 per 

        R.  L.   McLaughlin ,  BSc, HDip, PhD      (*) 
  Population Genetics Laboratory, Smurfi t Institute of Genetics ,  Trinity College Dublin , 
  College Green ,  Dublin 2 ,  Ireland   
 e-mail: mclaugr@tcd.ie   

    K.  P.   Kenna ,  BSc, PhD   
  Ocular Genetics Unit, Smurfi t Institute of Genetics ,  Trinity College Dublin ,   College Green , 
 Dublin 2 ,  Ireland    

    O.   Hardiman ,  BSc, MD    
  Academic Unit of Neurology ,  Trinity College Dublin, Trinity Biomedical Sciences Institute , 
  Dublin 2 ,  Ireland    

mailto:mclaugr@tcd.ie


386

100,000 person-years) [ 4 ]. The disease is heterogeneous in nature, with variability 
in age at onset (typically 40–70 years), site of onset (fi rst symptoms in muscles 
innervated by spinal or bulbar motor neurons), presence of extra-motor involvement 
(cognitive and behavioral changes), and disease duration. There is currently no cure 
for ALS; the only treatment is riluzole, which can prolong survival by a few months. 

 Up to 50 % of people with ALS have evidence of cognitive or behavioral impair-
ment, and approximately 15 % of cases fulfi ll the criteria for frontotemporal demen-
tia (FTD) [ 5 ]. The pathological hallmark of ALS is ubiquitinated inclusions in the 
cytoplasm of motor neurons, a major component of which is the protein TAR DNA- 
binding protein 43 (TDP-43) [ 6 ]. Similar TDP-43-positive inclusions are observed 
in some forms of FTD, indicating that ALS and FTD exist on a spectrum of disease. 
Initial symptoms for ALS vary, but typically begin in one anatomical region, ini-
tially spreading to adjacent regions in a manner that is believed to be refl ected by 
focal spread of pathology from distinct neuroanatomical regions along anatomical 
pathways to neighboring cells [ 7 ]. 

 In 5–15 % of cases, a family history of ALS is evident (familial ALS or fALS) 
[ 8 ,  9 ]; the remainder of cases are considered to be sporadic (sporadic ALS or sALS). 
However, even without a family history of ALS, sALS kindreds often exhibit aggre-
gation of neurological and neuropsychiatric phenotypes, indicating that genetic risk 
factors with potentially pleiotropic effects may play a role in pathogenesis in these 
cases [ 9 ]. Furthermore, estimates of heritability – the proportion of phenotypic vari-
ance attributable to genetic variation – are high (twin-based heritability estimates 
are 38–78 %), evidencing a clear role for inherited risk factors in otherwise unex-
plained cases of sALS [ 10 ]. For this reason, the distinction between fALS and at 
least some cases of sALS is considered by some to be artifi cial, in that inherited risk 
factors cause the disease even in sporadic cases. Moreover, misclassifi cation of 
some cases of sALS can occur as a consequence of insuffi cient pedigree size for 
ascertainment of multiple affected members, early death from other causes, mis-
classifi cation of disease in preceding generations, or incomplete penetrance of 
disease- causing mutations. It has been shown that pedigree size and reduced pene-
trance have a substantial effect on the rate of observed familiality in a disease with 
heritable cause [ 11 ]. Genetic risk factors are therefore an active area of research in 
both familial and apparently sporadic forms of ALS. 

 Because ALS is most likely to be a spectrum rather than a single disease entity, 
it is unlikely that there is a single unifying pathogenic mechanism, and for this rea-
son the discovery of the underlying genetic risk factors is a challenge. A large num-
ber of genes have been studied in ALS; Fig.  17.1  shows the genomic location of 
every gene that has received suffi cient attention to warrant inclusion in the ALS 
online genetics database (ALSoD), an online repository of genetic research in ALS 
[ 12 ]. Several of these genes are also mutated in FTD, providing evidence of genetic 
overlap that supports the clinical and pathological overlap between the two diseases 
(Fig.  17.2 ). For many of the genes in Fig.  17.1 , evidence for a true role in ALS var-
ies and many of the genetic variants that have been described as potential causes of 
ALS are actually present in unaffected individuals at too high a frequency to be 
considered pathogenic [ 15 ]. Discretion is therefore important in the interpretation 
of the extant literature on ALS genetics, as many more genes have been implicated 
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than are likely to be causative of ALS (and currently known). Table  17.1  describes 
18 genes in which mutations have shown evidence of Mendelian inheritance, 
 segregating with affected members of ALS pedigrees, therefore being considered 
bona fi de ALS genes, although of these only a small number cause what would be 
considered “typical ALS.”  

      Inherited Risk Factors 

 Before large-scale population-based methods were a feasible approach for the dis-
covery of ALS genes, the use of fALS kindreds in linkage mapping was the prin-
cipal method of choice. In 1993, the fi rst ALS-causing mutations were discovered 
in  SOD1  (encoding superoxide dismutase 1) [ 32 ]. This was a major breakthrough 
as it permitted the generation of the fi rst credible transgenic rodent model of ALS, 
the  SOD1  G93A mouse, which in turn has driven most of the research concerning 
the translational biology of ALS over the past 15 years. However, more recent 
research has suggested that that the pathology of  SOD1  related ALS differs from 
the majority of sporadic disease, as the pathology of mutant  SOD1  is not associated 
with deposition of TDP-43, a hallmark of classical ALS and most forms of 
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  Fig. 17.1    Genomic locations of genes that have been studied in the biology of ALS. A complete 
account of every mutation that has been studied in the biology of ALS, regardless of quality of 
evidence for pathogenicity, is provided in the ALS online genetics database (ALSoD) [ 12 ]. Note 
that the mitochondrial genome (Chr M) is not drawn to scale with the remainder of the genome       
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FTD. Moreover, the epidemiology of  SOD1  mutations varies across populations; 
while rare in Irish [ 37 ] and Dutch [ 38 ] populations,  SOD1  mutations account for 
up to 23 % of familial ALS in the United States [ 39 ] and 18 % in Italy [ 40 ]. Since 
the initial discovery that  SOD1  mutations cause ALS, 177 mutations in the gene 
have been associated with ALS etiology, with both autosomal dominant and auto-
somal recessive transmission. However, the evidence for pathogenicity varies for 
these mutations and some may represent incidental fi ndings of benign polymor-
phisms [ 41 ]. Characteristic phenotypes have been described in association with 

Cellular pathology of ALS and FTDa

b Genetic overlap of ALS and FTD
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  Fig. 17.2    Cytopathological and genetic overlap between ALS and FTD (Adapted from Ling et al. 
[ 13 ] including data from the ALS online genetics database [ 12 ] and the Alzheimer Disease and 
Frontotemporal Dementia Mutation Database [ 14 ]). ( a ) The proportion of ALS and FTD cases 
whose cellular pathology is driven by inclusions positive for major ALS and FTD proteins is 
shown. A large proportion of ALS and FTD cases overlap in terms of cellular pathology, with 
TDP-43-positive and FUS-positive inclusions observed in both. ( b ) The percentage of the known 
mutations in an array of ALS and FTD genes that cause the two diseases (note that this does not 
denote the proportion of disease  cases  caused by particular mutations) is shown. Proportions are 
based on approximations from the ALS and FTD mutation databases and expert opinion derived 
from the extant literature [ 13 ]       
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       Table 17.1    Genes associated with familial ALS   

 Gene  Year  Mutations  Model  Gene function  Phenotype  Refs. 

  ALS2   2001  27  AR  Guanine exchange 
factor 

 jALS, jPLS, 
iHSP 

 [ 16 , 
 17 ] 

  ANG   2004  29  AD  Ribonuclease  ALS, PD  [ 18 ] 
  C9orf72   2011  1  AD  Guanine exchange 

factor 
 ALS, 
ALS-FTD, PD 

 [ 19 , 
 20 ] 

  DAO   2010  2  AD  Oxidation of  d -amino 
acids 

 ALS, SCA2  [ 21 ] 

  DCTN1   2003  6  AD  Microtubule transport  DHMN-7B, 
PS, ALS, 
ALS-FTD 

 [ 22 ] 

  ERBB4   2013  2  AD  Receptor tyrosine 
kinase 

 ALS  [ 23 ] 

  FUS   2009  77  AD, 
AR 

 RNA-binding protein  ALS, 
ALS-FTD, 
jALS, ETM4 

 [ 24 , 
 25 ] 

  HNRNPA1   2013  1  AD  Heterogeneous nuclear 
ribonucleoprotein 

 ALS, MSP  [ 26 ] 

  MATR3   2014  4  AD  RNA-binding protein  ALS, MPD2, 
MSP 

 [ 27 ] 

  OPTN   2010  37  AD, 
AR 

 TNFα signaling 
regulator 

 ALS, GLC1E  [ 28 ] 

  PFN1   2012  4  AD  Actin-binding protein  ALS  [ 29 ] 
  SETX   2004  8  AD  DNA/RNA helicase  jALS, AOA2  [ 30 ] 
  SIGMAR1   2011  1  AR  Transmembrane 

receptor 
 jALS  [ 31 ] 

  SOD1   1993  177  AD, 
AR 

 Superoxide dismutase  ALS  [ 32 ] 

  TARDBP   2008  50  AD  DNA/RNA-binding 
protein 

 ALS, 
ALS-FTD 

 [ 33 ] 

  UBQLN2   2011  6  XD  Ubiquitin signaling  ALS, 
ALS-FTD 

 [ 34 ] 

  VAPB   2004  2  AD  Membrane protein  ALS, SMA  [ 35 ] 
  VCP   2010  7  AD  ATP-binding protein  ALS, IBMPFD  [ 36 ] 

  Mutation counts are based on those reported in the ALS Online Genetics Database 
  AD  autosomal dominant,  AOA2  ataxia with oculomotor apraxia type 2,  AR  autosomal recessive, 
 DHMN-7B  distal hereditary motor neuropathy type 7b,  ETM4  essential tremor type 4,  GLC1E  
glaucoma type 1e,  IBMPFD  inclusion body myopathy with Paget’s disease and FTD,  iHSP  infan-
tile hereditary spastic paraplegia,  jALS  juvenile ALS,  jPLS  juvenile primary lateral sclerosis, 
 MPD2  distal myopathy 2,  MSP  multisystem proteinopathy,  PD  Parkinson’s disease,  PS  Perry syn-
drome,  SCA2  spinocerebellar ataxia type 2,  SMA  spinal muscular atrophy,  XD  X-linked dominant  

some mutations of undoubted pathogenicity. For example, while homozygous car-
riers of the D90A mutation [ 42 ] and H46R carriers [ 43 ] exhibit a very long disease 
course (in excess of 10 years from symptom onset), A4V carriers typically die 
within a year of symptom onset [ 39 ]. 

17 Genetics of ALS



390

 For almost a decade,  SOD1  remained the only gene in which mutations were 
known to cause ALS. In 2001, advances in linkage mapping and candidate gene 
resequencing led to the discovery of fi ve new genes in quick succession:  ALS2  
(encoding alsin) [ 16 ,  17 ],  DCTN1  (dynactin subunit 1) [ 22 ],  ANG  (angiogenin) 
[ 18 ],  SETX  (senataxin) [ 30 ], and  VAPB  (vesicle-associated membrane-associated 
protein B) [ 35 ]. However, with the possible exception of  ANG , none of these genes 
was associated with typical ALS, and both  ANG  and  DCTN1  are considered by 
many to be susceptibility genes rather than single genes of major effect. Moreover, 
the population frequency of putative pathogenic variants for all fi ve genes is less 
than 1 % of all fALS. Likewise,  DAO  ( d -amino acid oxidase) [ 21 ] and  SIGMAR1  
(sigma non-opioid intracellular receptor 1) [ 31 ], discovered later in 2010 and 2011, 
have received little attention since their initial publication as mutations in these 
genes are likely to represent a very small proportion of all ALS. 

 Two major discoveries, one in 2008 ( TARDBP , encoding TAR DNA-binding 
protein 43 or TDP-43) [ 33 ] and the second in 2009 ( FUS , encoding fused in sar-
coma) [ 24 ,  25 ], represented a major advance in the genetics of ALS. Jointly, these 
discoveries opened major new approaches to understanding the neurobiology of 
ALS, as both are genes that are involved in RNA traffi cking and processing [ 44 ]. 
The discovery of mutations in  TARDBP  was of particular importance, given that 
cytoplasmic accumulation of its protein product, TDP-43, had been shown 2 years 
earlier to be the major pathological hallmark of ALS and FTD [ 6 ]. With the excep-
tion of Sardinia [ 45 ], however, mutations in this gene are a relatively rare cause of 
ALS, indicating that the physiological signature of ubiquitinated TDP-43-positive 
inclusions is generally a consequence of a convergent pathological mechanism as 
opposed to direct perturbation of TDP-43 function through  TARDBP  mutation. 

 The following year,  OPTN  (optineurin) was discovered as a cause of an autosomal 
recessive form of ALS in Japanese families through a combination of homozygosity 
mapping and candidate gene resequencing [ 28 ]. Like many ALS genes,  OPTN  is 
pleiotropic: mutations also cause primary open-angle glaucoma, and the locus has 
been implicated in the etiology of Paget’s disease of the bone [ 46 ]. A similar pleio-
tropic phenotype is observed for  VCP  (vasolin-containing protein; Table  17.1 ), 
another gene discovered in 2010, and  SQSTM1 , a gene that has been implicated in 
ALS but currently without supporting evidence of familial segregation. Taken 
together, these fi ndings indicate a clinical overlap between some forms of Paget’s 
disease and ALS [ 47 ].  OPTN  mutations have been shown not to be a common cause 
of ALS in European populations [ 37 ,  48 ], further underscoring the population speci-
fi city and ethnic differentiation of the frequencies of ALS-causing mutations. 

 In 2011,  UBQLN2  (ubiquilin 2) mutations were discovered in X-linked dominant 
ALS [ 34 ]. In these cases, transmission cannot be male to male because males, who 
carry one X and one Y sex chromosome, necessarily inherit their X chromosome 
from the mother (females carry two copies of the X chromosome and no Y chromo-
some).  UBQLN2  mutations in ALS are rare [ 49 ,  50 ], but the potential importance of 
the ubiquitin signaling pathway in motor neuron degeneration highlights the central 
role that the gene may come to play in our understanding of the pathogenic mecha-
nisms underlying ALS. 
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 The discovery of an ALS-causing mutation in  C9orf72  (chromosome 9 open 
reading frame 72) in 2011 represented a major milestone in ALS genetics research 
[ 19 ,  20 ]. Its location on chromosome 9p21 had been known to be an important ALS 
locus for several years following evidence from familial linkage [ 51 ] and genome- 
wide association studies [ 52 – 54 ]. Extensive sequencing by many groups failed to 
identify credible pathogenic variants within the locus until a combination of elegant 
work using segregation analysis coupled with extensive next-generation sequencing 
of the region eventually led to the discovery of a hexanucleotide repeat expansion in 
the 1st intron or promoter region (depending on transcript variant) of the gene. 
Typically, an unaffected individual would carry three repeats of the hexanucleotide 
sequence GGGGCC, but in the cases of repeat expansion carriers, an excess of 30 
repeats appears to be suffi cient to cause ALS, with most mutation-carrier patients 
harboring hundreds or thousands of repeats. The mutation appears to have derived 
from a single European founder [ 55 ], and allelic heterogeneity in terms of the length 
of the repeat expansion indicates inherent instability of the sequence. 

 With an unstable expanded repeat sequence, there can be a propensity for the size 
of the repeat expansion to increase in subsequent generations. This is a principle 
known as anticipation, and there is some evidence to suggest that this may be the 
case in  C9orf72 -mediated ALS, with consecutive generations exhibiting younger 
age of onset [ 56 ]. However, inherent diffi culties in accurately measuring the length 
of the repeat expansion, coupled with somatic mosaicism of the repeat expansion 
length (rendering convenient tissues like blood inappropriate for accurate genetic 
testing), complicate a straightforward interpretation of this fi nding. It has also been 
suggested that variation in the length of the repeat expansion may confer the clinical 
variation observed within repeat expansion carriers, as the mutation is also observed 
in FTD, Alzheimer’s disease, Parkinson’s disease, and Lewy body dementia [ 57 ]. 
A much broader ALS-FTD phenotype has also been associated with the repeat 
expansion in  C9orf72 , comprising a range of neuropsychiatric conditions including 
psychosis, bipolar affective disorder, and obsessive-compulsive disorder [ 9 ,  58 ,  59 ]. 

 Since the discovery of the  C9orf72  repeat expansion as a major cause of ALS, a 
substantial body of work has been generated, describing the clinical characteristics 
of mutation carriers, its population genetics, and its likely role in the cellular pathol-
ogy of ALS. The  C9orf72  repeat expansion currently represents the most common 
known cause of ALS in populations of European extraction, explaining up to 40 % 
of fALS and 7 % of sALS, depending on the population studied [ 60 ]. Conversely, 
the variant is rare in populations of non-European extraction. In European popula-
tions, the observation that a fALS gene is present in a high percentage of apparently 
sporadic ALS reinforces the indefi nite nature of the distinction between the two 
forms of the disease.  C9orf72  repeat expansions are also present in up to 25 % of 
familial FTD of European extraction [ 60 ], providing the strongest genetic basis to 
date for the clinical overlap between the two diseases. This is further reinforced by 
a signifi cantly higher extent of comorbid FTD in ALS patients with the repeat 
expansion than in patients without it [ 61 ]. 

 More recently implicated genes in fALS etiology include  PFN1  (profi lin 1) [ 29 ], 
 ERBB4  (v-erb-a erythroblastic leukemia viral oncogene homolog 4) [ 23 ],  HNRNPA1  
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(heterogeneous nuclear ribonucleoprotein A1) [ 26 ], and  MATR3  (matrin 3) [ 27 ]. 
Owing to their recent discovery as fALS genes, it remains to be determined exactly 
how important each of these genes is in its pathophysiology.  PFN1  mutations have 
been shown to be a rare cause of ALS [ 62 ] but the discovery of ALS mutations in 
this gene may be an important event in our understanding of the biology of ALS as 
it implicates disruption of the cytoskeleton as a novel disease mechanism. The same 
is true for  ERBB4  mutations, which implicate the neuregulin pathway.  HNRNPA1  
mutations are observed in multisystem proteinopathy, providing further evidence of 
overlap between ALS and other clinical syndromes. A similar pleiotropic pheno-
type is observed in carriers of mutations in  VCP  and  MATR3  [ 27 ], which is also a 
TDP-43 interactor and an RNA- and DNA-binding protein, so an understanding of 
the role of this gene in ALS biology is likely to shed further light on convergent 
underlying disease mechanisms.  

    Non-inherited Risk Factors 

 ALS may not be an entirely genetic disease, and some level of environmental con-
tribution, or gene × environment interaction, may play a role. Non-inherited risk can 
also derive from genetic factors. For most of the genes listed in Table  17.1 , affected 
individuals inherit the ALS-causing mutations from their parents. However, muta-
tions can also arise spontaneously (termed de novo mutations) and would therefore 
not be observed in the non-germ cells of parents of affected individuals. The parents 
would also not be expected to manifest the disease. Examples of de novo mutations 
have been observed in  SOD1  [ 63 ] and  FUS  [ 64 ,  65 ], with the latter often exhibiting 
an aggressive, early-onset, and short disease course [ 66 ]. A de novo  FUS  mutation 
has even been observed in a case of apparently familial ALS [ 67 ], highlighting the 
potential for the coincidence of two independent causes of ALS in the same fALS 
pedigree. 

 A systematic search for undiscovered de novo mutations was published in 2013, 
using exome sequencing (high-throughput sequencing of the entire protein-coding 
portion of the genome) in ALS trios [ 68 ]. In this study, the unaffected parents of 
ALS patients were sequenced along with the patients themselves with the assump-
tion that, in these cases, a de novo mutation is the cause of ALS in the affected off-
spring. In any given parent-offspring trio (affected or unaffected by ALS), the 
expected number of de novo mutations in the exome of the offspring is roughly 1 
[ 69 ], and directly implicating these rare events in ALS is accordingly challenging. 
Nevertheless, the authors used functional evidence to indicate a role for de novo 
mutations in  SS18L1  (synovial sarcoma translocation gene on chromosome 18-like 
1; also known as  CREST ) in ALS etiology, as well as forwarding suggestive evi-
dence for a number of other de novo mutations. 

 Although the twin-based heritability of ALS is high (38–78 %) [ 10 ], heritability 
estimates describing the proportion of phenotypic variance of ALS attributable to 
common genetic variation are lower (two independent studies estimate this to be 
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11.0–12.7 % [ 70 ] and 17.1–24.9 % [ 71 ]). Therefore, although a large component of 
ALS risk is heritable, much of this heritability is unlikely to be due to common 
genetic variation. This suggests that the portion of ALS risk accounted for by undis-
covered genetic risk factors may be explained, in part, by de novo mutations. Many 
of the undiscovered heritable risk factors are, however, likely to be due to rare muta-
tions which are not well captured by common genetic variation. The discovery of 
the undetermined causes of ALS is therefore the focus of intensive research in the 
international research community.  

    Other Genes and Missing Heritability 

 Even without evidence of segregation of mutations within a pedigree, a gene can 
still be associated with disease. If the risk allele of a mutation (or a nearby benign 
polymorphism) is present at much higher frequency in a population-based cohort of 
sALS patients than a corresponding cohort of unaffected individuals or if there is 
functional evidence to support the role of a mutation in the pathological mecha-
nisms underlying ALS, then the gene is considered to be involved in its etiology. 
Usually, these mutations would be associated with ALS in sporadic cohorts and 
they can be discovered through a variety of methodologies. Table  17.2  details some 
of the major genes to be associated with sALS by these methods.

   One gene of particular importance in Table  17.2  is  SQSTM1  [ 96 ,  97 ], which 
encodes the protein p62, a major component of pathological protein aggregates in 
ALS. Although evidence of segregation has not yet been observed in pedigrees, the 
fi nding that mutations in  SQSTM1  account for around 1 % of ALS cases provides, like 
 TARDBP  and TDP-43, data relating causative genetic lesions to underlying protein 
pathology. Another important gene is  ATXN2  (ataxin 2). In this gene, a polyglutamine 
repeat expansion in exon 1 causes spinocerebellar ataxia (SCA), but intermediate-
length repeat expansions (27–33 repeats) are associated with ALS [ 72 ].  ATXN2  repeat 
expansions of this length are, however, present in the general population at a fre-
quency of around 2.4 %, implying that this mutation exerts its effect with incomplete 
penetrance. 5.5 % of ALS patients harbor repeat expansions of intermediate length, 
indicating that this allele size range increases disease risk around 2.3-fold [ 72 ]. 

 Taken together, Tables  17.1  and  17.2  present a large list of genes implicated in 
ALS, which may lead to the conclusion that the underlying genetic etiology of the 
condition is well understood. However, with the exception of  C9orf72 , and depend-
ing on population, each gene detailed in Tables  17.1  and  17.2  contributes very little 
to the overall percentage of cases of ALS. For example, in Ireland, only around 
10 % of cases of ALS (sALS and fALS combined) can be explained by established 
genetic mutations in ALS-associated genes [ 37 ]. However, heritability estimates 
indicate that genetic risk factors play a role in a signifi cant proportion of the unex-
plained cases – an observation termed  missing heritability . One method that has 
dominated the search for the missing heritability of ALS (and a huge number of 
other diseases) in recent years is the genome-wide association study (GWAS). 
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      Table 17.2    Genes associated with sporadic ALS   

 Gene  Year  Method  Details  Refs. 

  ATXN2   2010  CG association 
testing 

 Intermediate CAG repeat expansions 
associated with ALS risk; longer expansions 
cause SCA 

 [ 72 ] 

  CABIN1   2013  GWAS  Association with disease susceptibility in 
single-marker analyses 

 [ 73 ] 

  CAMK1G   2013  GWAS  Association with disease susceptibility in 
single-marker analyses 

 [ 73 ] 

  CHMP2B   2006  CG resequencing  Rare heterozygous mutations identifi ed among 
ALS patients 

 [ 74 ,  75 ] 

  CRMP4   2013  CG resequencing  Rare missense mutation higher frequency in 
ALS than controls; specifi c to France 

 [ 76 ] 

  DPP6   2008  GWAS  Association with disease susceptibility in 
single-marker and CNV analyses 

 [ 77 – 79 ] 

  ELP3   2009  GWAS  Association with disease susceptibility in 
single-marker analyses. Supportive evidence 
from a  Drosophila  mutagenesis screen 

 [ 80 ] 

  FIG4   2009  CG resequencing  Rare heterozygous mutations identifi ed among 
ALS patients 

 [ 81 ] 

  FGGY   2007  GWAS  Association with disease susceptibility in 
single-marker analyses 

 [ 82 ] 

  ITPR2   2007  GWAS  Association with disease susceptibility in 
single-marker analyses 

 [ 83 ] 

  KIFAP3   2009  GWAS  Association with patient survival in single-
marker analyses 

 [ 84 ] 

  MAPT   2001  CG association 
testing 

 Association with susceptibility to the Guam 
ALS-PDC 

 [ 85 ] 

  NIPA1   2010  GWAS/CG 
resequencing 

 Association between disease susceptibility and 
deletions/polyalanine repeat expansions 

 [ 77 ,  86 ] 

  NEFH   1999  CG resequencing  Supported by additional reports of mutation 
carriers among ALS cases 

 [ 87 ] 

  PARK7   2005  CG resequencing  Homozygous mutation carriers identifi ed 
among patients with ALS-PDC 

 [ 88 ] 

  PON1 - 3   2006  CG association 
testing 

 Associations with disease risk but original 
studies did not account for multiple testing 

 [ 89 – 93 ] 

  SPG4   2005  CG resequencing  Heterozygous mutation identifi ed among an 
individual with atypical ALS 

 [ 94 ] 

  SPG11   2010  CG resequencing  Mutations observed in homozygous 
confi guration among patients with autosomal 
recessive juvenile ALS 

 [ 95 ] 

  SUSD2   2013  GWAS  Association with disease susceptibility in 
single-marker analyses 

 [ 73 ] 

  SQSTM1   2011  CG resequencing  Excess in the frequency of rare variants among 
cases. Supported by additional reports of 
mutation carriers among ALS cases 

 [ 96 , 
 97 ] 

  TAF15   2011  CG resequencing  Mutations observed among fALS cases  [ 98 ] 
  UNC13A   2009  GWAS  Associations with disease risk and patient survival  [ 52 ] 

   ALS-PDC  ALS-parkinsonism-dementia complex,  CG  candidate gene,  CNV  copy number variant, 
 GWAS  genome-wide association study,  SCA  spinocerebellar ataxia  
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 A GWAS involves the simultaneous genotyping of hundreds of thousands of 
genetic markers (usually single nucleotide polymorphisms or SNPs) in a large 
cohort of individuals exhibiting a particular trait (for example, ALS), and, if it is a 
case-control study, a large cohort of control individuals not displaying the trait. The 
genetic markers act as proxies for nearby genetic variation (for example, disease- 
causing mutations) by virtue of the fact that the genome is inherited as a block-like 
mosaic of the haplotypes observed in an individual’s parents, and neighboring 
alleles are usually inherited together (they are  linked ). Neighboring alleles are 
linked because genetic recombination only occurs periodically on a chromosome, 
so two positions that are physically close on a chromosome are less likely to be 
separated by recombination than distant positions. Therefore, if an allele of a par-
ticular genetic marker is observed signifi cantly more frequently in, for example, 
ALS cases, than in controls, the genetic locus surrounding the marker is implicated 
in the disease. 

 Because a GWAS conducts many hundreds of thousands of independent statisti-
cal tests, the experiment must have an extremely low level for alpha – the size of the 
p-value required for a result to be considered statistically signifi cant – in order that 
truly signifi cant results stand out from those that simply represent chance variation 
instead of systematic case-control effects. Because of this, unless effect sizes are 
large, the cohort sample sizes required to attain such extreme p-values number into 
the thousands. The extreme stringency required for alpha is often referred to as the 
 multiple testing problem  and it represented a major issue the early efforts of GWAS 
in ALS [ 78 ,  82 ,  83 ], whose sample sizes were too low to detect signifi cant case- 
control associations. These studies did, however, indicate the extent of the expected 
heterogeneity within the undiscovered genetic causes of ALS, and the problem of 
small cohort sizes would come to be addressed later by much larger GWAS that 
were made possible through international collaboration [ 52 ,  54 ,  70 ,  99 ]. However, 
these larger studies have, to date, still only identifi ed a small handful of signifi -
cantly, and replicably, associated loci. Nevertheless, they proved invaluable in the 
identifi cation of  C9orf72  as a major risk locus [ 52 – 54 ], and ongoing efforts are 
likely to continue to contribute to our understanding of the etiology of ALS. 

 Apart from the  C9orf72  locus, other notable loci implicated in ALS by GWAS 
include chromosomes 19p13.3 (representing  UNC13A  as a risk locus and as a modi-
fi er of disease duration) [ 52 ], 1p34.1 [ 99 ], 17q11.2 [ 70 ], 1q32.2 ( CAMK1G ), and 
22q11.23 ( CABIN1  and  SUSD2 ). The latter three loci were recently implicated in a 
GWAS of Han Chinese ALS patients [ 73 ] and had not previously been implicated 
in studies involving patients of European descent, indicating the utility of extending 
GWAS to worldwide ethnic groups. Although many of the loci implicated by GWAS 
represent excellent candidate genes for ALS etiology with strong supporting evi-
dence, determining the causative genetic lesion in each case has not been trivial and 
is the focus of ongoing research. 

 A potential confounder in the search for novel genetic loci involved in ALS is the 
population differentiation observed in the frequency of ALS-causing mutations. If 
an undiscovered locus contributes differently to disease risk in different popula-
tions, this can mask the size of the observed effect if case and control cohorts are 
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imbalanced in terms of their representation from each population (termed  popula-
tion stratifi cation ). Although large-scale international GWAS usually carefully con-
trol for this possibility, parallel studies involving single populations can serve to 
detect population-specifi c risk loci, particularly when a founder effect may play a 
major role. Furthermore, there is evidence that genetic admixture protects against 
ALS, with lower mortality rates observed in populations of mixed ancestry, indicat-
ing that undiscovered causes of ALS may act through recessive or oligogenic mech-
anisms [ 100 ]. The oligogenic basis for ALS has been supported by the observation 
of co-inheritance of mutations in more than one ALS gene in some ALS patients 
[ 101 ], providing a possible explanation for much of the missing heritability and 
incomplete penetrance observed in ALS. However, formally searching for the co- 
inheritance of novel risk loci by methods such as GWAS is extremely diffi cult, due 
to the number of combinations of potential loci to test (known as the  curse of dimen-
sionality ). This can be ameliorated by reducing the number of loci tested using prior 
knowledge; to this end, an understanding of the underlying biological mechanisms 
contributing to ALS pathophysiology is extremely useful.  

    Biological Mechanisms 

 Although the biological mechanisms underpinning ALS etiology are still incom-
pletely understood, functional and structural similarities in ALS genes and proteins 
and their converging biological pathways point to a range of common mechanisms 
that may explain the unifying pathological processes and represent targets for thera-
peutic intervention. In general, the fact that Mendelian ALS typically exhibits autoso-
mal dominant inheritance suggests that unless haploinsuffi ciency (loss of function in 
a single copy of a gene being enough to cause disease) is a feature of most fALS-
related genes, the disease is not simply a matter of loss in normal gene functioning. It 
is also the case that the toxicity of most ALS mutations is an independent attribute of 
the mutation itself rather than a perturbation of the gene in which the variant occurs. 

 In vitro and in vivo models of various human ALS mutations suggest that toxic-
ity is usually more likely to refl ect gain of function than loss of function effects. For 
example, many ALS mutations of  SOD1  do not appear to infl uence the normal 
enzymatic activity of the encoded protein and knocking out the gene in mice does 
not recapitulate the ALS-like phenotypes observed with transgenic overexpression 
of certain human mutations [ 102 ].  SOD1  mutations, which were initially suspected 
to exert their effects through loss of superoxide dismutase activity, act through a 
toxic gain of function [ 103 ]. Mutant SOD1 protein misfolds [ 104 ] and may propa-
gate the misfolding of wild-type SOD1 [ 105 ]. Misfolded SOD1 protein aggregates 
in the cell and brings about a stress response called the unfolded protein response, 
stalling protein translation and ultimately leading to cell apoptosis and microglial 
activation [ 106 ,  107 ]. 

 In general, ALS genes tend to be ubiquitously expressed and participate in a 
diverse array of biological processes. Many ALS genes have a role in RNA processing, 
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suggesting that this may play a crucial part in the etiology of the disease. The struc-
turally similar proteins FUS and TDP-43 (encoded by the ALS genes  FUS and 
TARDBP ) both share a function in pre-mRNA splicing, RNA transport, and RNA 
translation [ 106 ]. Aggregation of TDP-43 into cytoplasmic stress granules during 
cellular stress results in a simultaneous gain-of-function and loss-of-function effect 
that may have downstream effects on RNA processing, leading to cell vulnerability. 
The gain-of-function aggregation in the cytoplasm results in a depletion of nuclear 
TDP-43 (the loss-of-function effect), resulting in aberrant processing of its many 
thousands of RNA targets [ 108 ], potentially leading to perturbed cellular processes 
and cell death. However, exactly why this results in such cell-specifi c pathology is 
still uncertain [ 109 ]. 

 Proteins encoded by many ALS-associated genes, including  TARDBP ,  SOD1 , 
 FUS ,  OPTN , and  UBQLN2 , often localize to ubiquitinated neuronal inclusions 
within mutation carriers [ 110 ]. This could be an indication that toxicity is simply 
the result of generic gains in protein aggregation propensity. Conversely, protein 
aggregation may not represent a primary disease process but instead simply a non-
pathogenic feature of ALS pathobiology. There is some indication that dysregulated 
protein homeostasis is a convergent feature of ALS, as ubiquilin 2 ( UBQLN2 ), p62 
( SQSTM1 ), optineurin ( OPTN ), and vasolin-containing protein 1 ( VCP ) are all 
involved in proteostasis [ 109 ]. The presence of ubiquilin 2 pathology, even in indi-
viduals not harboring  UBQLN2  mutations, supports the potential role of the protein 
degradation pathway as a convergent pathological mechanism [ 34 ]. Again, how this 
leads to cell-specifi c degeneration, however, is unclear [ 109 ]. 

 Impaired axonal maintenance may play a role in the etiology of ALS and this is 
refl ected in some of the mutations observed in fALS. Vesicle-associated 
 membrane- associated protein B ( VAPB ) interacts with EPHA4 protein to mediate 
cytoskeletal arrangements crucial to axonal integrity, and mutations in profi lin-1 
( PFN1 ) inhibit axonal outgrowth, potentially exacerbating denervation of muscles 
[ 106 ]. Such a mechanism is biologically plausible given that the primary disease 
process in ALS is the loss of innervation at the neuromuscular junction through 
retraction of the axon and failure of compensatory axonal reinnervation [ 106 ]. 

 The  C9orf72  repeat expansion represents the most common ALS mutation iden-
tifi ed to date, but despite extensive screening, no other mutations disrupting  C9orf72  
function have been shown to contribute to ALS etiology. The exact pathological 
mechanism by which the  C9orf72  repeat expansion elicits disease is not fully under-
stood, but three major possible mechanisms play a role. The fi rst is haploinsuffi -
ciency, whereby loss of transcription of the mutated copy of the gene results in 
lower expression and subsequent pathogenic loss of function. This is supported by 
a 50 % reduction in  C9orf72  mRNA levels when one copy of the gene contains the 
expanded allele [ 19 ] and functional evidence suggesting that knockdown of the 
C9orf72 protein invokes an ALS-like phenotype in zebra fi sh [ 111 ]. The second 
mechanism is generation of toxic repetitive mRNA sequences during transcription 
[ 112 ] resulting in sequestration of mRNA-binding proteins reminiscent of the loss-
of- function mechanisms described earlier for TDP-43-mediated toxicity. Finally, 
secondary structures formed by the GC-rich repeat expansion result in translation of 
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repetitive protein sequences independent of any AUG start codon, by a process 
known as repeat-associated RNA-encoded non-ATG translation (RAN translation). 
In this case, all three reading frames of the repeat expansion are translated, resulting 
in the pathological accumulation of poly-GA, poly-GP, and poly-GR aggregates, as 
well as, possibly, some poly-PR and poly-PA from  C9orf72  antisense transcripts 
[ 113 ,  114 ]. It is possible that these pathological inclusions play a role in disrupted 
protein homeostasis or protein-mediated cytotoxicity. 

 Despite extensive study, the pathobiological mechanisms leading to selective 
motor neuron death in ALS are not completely understood. However, it is probable 
that the majority of mutations act through some kind of toxic gain-of-function pro-
cess, resulting in RNA toxicity, aberrant RNA metabolism, protein aggregation, 
aberrant proteostasis, impaired axonal maintenance, or a combination of some or all 
of these. However, some loss-of-function effects are observed, for example, in 
recessively inherited  ALS2 -mediated disease. Taken together it should therefore 
perhaps be anticipated that a complete understanding of ALS pathogenesis will 
involve a diverse array of mechanisms, that loss and gain of function effects will be 
relevant, but that gain of function effects may prove the most important. On the 
question of the existence of fi nal common disease pathways, it remains too early to 
do more than speculate, but the genotype-phenotype correlations observed with cer-
tain ALS gene mutations argue that some heterogeneity should be expected and that 
a set of convergent pathways is more likely than one single unifying mechanism.  

    Towards a Complete Understanding and Better Treatment 

 Extensive genetic heterogeneity, pleiotropy, variable penetrance, variable pedi-
gree size, late age of onset, and rarity of mutations all conspire to confound the 
straightforward discovery of ALS risk loci and the interpretation of their biologi-
cal signifi cance. Nevertheless, modern advances in technology and analytical 
methodologies, coupled with an understanding that progress is best made through 
large-scale international collaboration, enable large-scale studies such as genome-
wide association studies and next-generation sequencing projects, which are 
likely to continue to shed light on the genetic causes of ALS. In particular, exome 
and genome sequencing of affected members of ALS pedigrees have yielded a 
number of novel ALS genes recently, and application of these methodologies to 
further pedigrees and population-based cohorts will help to defi ne the missing 
heritability of ALS. 

 Currently, established ALS genes can explain up to two-thirds of fALS cases and 
11 % of sALS cases [ 47 ] (these estimates vary depending on population). In-depth 
understanding of the underlying genetic causes of ALS provides insight into the 
biological mechanisms underlying its etiology, and a better understanding will inev-
itably assist towards fi nding the convergent pathogenic mechanisms. This will aid 
the development of novel therapeutic strategies and biomarkers for improved and 
earlier intervention and better outlook for patients. 
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 However, given its heterogeneous nature and its multiple genetic causes, there is 
a growing opinion that ALS should be viewed as a clinicopathological syndrome, 
rather than a single disease, with multiple upstream pathological causes converging 
on a related set of clinical disease features [ 109 ]. With this in mind, patient catego-
rization based on genetics and tailored therapies may improve the outcome of phar-
macological intervention, as patients belonging to distinct etiological subgroups 
may respond only to specifi c therapeutic strategies. This principle is already in 
effect in a cohort of  SOD1 -positive ALS patients, in which antisense oligonucle-
otide therapies are being tested as a potential therapeutic intervention [ 115 ]. 

 In order for such strategies to become commonplace, routine genetic testing of 
ALS patients is required. Genetic testing is not, however, universally practiced as part 
of the clinical management of ALS patients, and opinions differ on which genes 
should be included in the test panel constituting a standard ALS screen and whether 
testing should be restricted just to fALS patients or offered to all patients and their 
relatives [ 116 ]. Furthermore, the complexities involved in measuring the size of the 
expanded allele in the pathogenic C 9orf72  repeat expansion often render the results of 
tests for this particular variant of ALS inconsistent between laboratories [ 117 ]. The 
variable penetrance of risk alleles such as the  ATXN2  repeat expansion adds complex-
ity in the interpretation of genetic testing and counseling for ALS [ 118 ], an issue fur-
ther complicated by the uncertain nature of the pathogenicity of many ALS-associated 
alleles [ 15 ]. It has therefore been suggested that all of these issues are taken into 
account in the decision to offer genetic testing to a patient and that the complexities 
and uncertainties are clearly discussed with patients and their relatives [ 116 ]. 

 In conclusion, ALS is genetically heterogeneous, with extensive phenotypic 
diversity and overlap with related clinical phenotypes. Although many genes have 
been identifi ed that are mutated in ALS with many more implicated in the disease, 
the genetic cause for a large proportion of ALS risk remains to be discovered. The 
underlying biological mechanisms that converge on ALS are only partially under-
stood but it is likely that aberrant RNA processing and protein homeostasis play 
central roles. Future research into the undiscovered genetic contribution to ALS will 
shed further light on these pathogenic mechanisms, as well as providing a complete 
catalog of the causes of the disease, which will, hopefully, contribute towards the 
development of a cure for this devastating condition.     
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    Chapter 18   
 Genetics of Mitochondrial Disease with Focus 
on Movement Disorders 

             Josef     Finsterer       and     Salma     Majid     Wakil    

    Abstract     There is increasing awareness that mitochondrial disorders with involve-
ment of the central nervous system may also manifest with movement disorders. 
Movement disorders most frequently manifesting in mitochondrial disorders are 
ataxia, parkinsonism, dystonia, choreoathetosis, cerebral palsy, and non- Parkinson’s 
tremor. More rarely, myoclonus, restless leg syndrome, tic disorders, or stereotypy 
disorders were described in mitochondrial disorders. Syndromic as well as nonsyn-
dromic mitochondrial disorders may present with movement disorders. Frequently, 
the movement disorder is not the only clinical manifestation but one among others. 
It may be the dominant phenotypic feature or an ancillary manifestation. Clinical 
manifestations other than movement disorders may result from additional affection 
of the central nervous system, the eyes, the ears, the endocrine organs, the heart, the 
guts, the kidneys, the skin, or the bone marrow. Genes most frequently mutated in 
mitochondrial movement disorders are POLG1, twinkle, tRNAs, and respiratory 
chain complex I subunit genes. Treatment of movement disorders in mitochondrial 
disorders is not at variance from treatment of movement disorders in other patients, 
but therapy may be less benefi cial than in non-mitochondrial patients.  

  Keywords     Mitochondrial disorder   •   Central nervous system   •   Movement disorders   
•   Parkinson   •   Ataxia   •   Athetosis   •   Chorea   •   Dystonia   •   Tremor   •   Cerebral palsy  

  Abbreviations 

   ACO2    Aconitase-2 gene   
  ADCK3    AarF domain containing kinase-3   
  ANT1    ADP/ATP translokase-1   

        J.   Finsterer ,  MD, PhD      (*) 
  Krankenanstalt Rudolfstiftung (KAR) ,   Vienna   1180 ,  Austria   
 e-mail: fi fi gs1@yahoo.de   

    S.  M.   Wakil ,  PhD    
  Department of Genetics ,  King Faisal Specialist Hospital and Research Center , 
  Riyadh   11211 ,  Saudi Arabia    

mailto:fifigs1@yahoo.de


412

  ARSAL    Autosomal recessive spastic ataxia with leukoencephalopathy   
  CABC1    Chaperone activity of bc1 complex gene (synonymous with ADCK3)   
  CNS    Central nervous system   
  CoQ    Coenzyme Q   
  COX    Cytochrome c oxidase   
  CPEO    Chronic progressive external ophthalmoplegia   
  CSF    Cerebrospinal fl uid   
  DDS    Deafness diabetes syndrome   
  DNA    Desoxynucleic acid   
  DYTCA    Dystonia cerebellar ataxia syndrome   
  HSD10    Hydroxysteroid dehydrogenase 10   
  IMMP2L    Inner mitochondrial membrane peptidase-2-like   
  IOSCA    Infantile-onset spinocerebellar ataxia   
  LHON    Leber’s hereditary optic neuropathy   
  MELAS    Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 

episodes   
  MERRF    Myoclonic epilepsy with ragged-red fi bers syndrome   
  MHBD    2-Methyl-3-hydroxybutyryl-CoA dehydrogenase   
  MID    Mitochondrial disorder   
  MILS    Maternally inherited Leigh syndrome   
  MPV17    Mitochondrial inner membrane protein   
  MR1    Myofi brillogenesis regulator 1 gene   
  MRI    Magnetic resonance imaging   
  mtDNA    Mitochondrial DNA   
  MTS    Mitochondria-targeted sequence   
  NARP    Neuropathy, ataxia, retinitis pigmentosa syndrome   
  nDNA    Nuclear DNA   
  PCH    Pontocerebellar hypoplasia   
  POLG1    Polymerase gamma-1   
  RARS2    Mitochondrial arginyl-transfer RNA synthetase gene   
  RCC    Respiratory chain complex   
  SANDO    Sensory ataxia neuropathy dysarthria and ophthalmoplegia   
  TACO1    Translational activator of cytochrome-c-oxidase gene   
  tRNA    Transfer ribonucleic acid   
  UPDRS    Unifi ed Parkinson’s Disease Rating Scale   

          Introduction 

 Mitochondrial disorders (MIDs) are usually multisystem disorders either already at 
onset of the clinical manifestations or sooner or later during the disease course [ 1 ]. 
One of the organs frequently affected in MIDs is the central nervous system (CNS) [ 2 ]. 
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Among the various CNS manifestations, movement disorders are the ones less well 
appreciated. This chapter wants to highlight the genetic background of those MIDs 
which go along with clinical manifestations of a movement disorder and, if reported, 
the management of these patients.  

    Methods 

 Data for this chapter were collected by searches of MEDLINE, Current 
Contents, and PubMed and of references from relevant articles using the search 
terms “mitochondrial DNA,” “nuclear DNA,” “deletion,” “multiple deletions,” 
“POLG1,” and “twinkle” in combination with “mitochondrial disorder,” “respi-
ratory chain,” “mitochondrial cytopathy,” “MELAS,” “MERRF,” “CPEO,” 
“NARP,” “MILS,” “LHON,” “IOSCA,” “SANDO,” and “Leigh syndrome.” 
Considered were articles about humans, animals, and cell cultures published 
in English between 1966 and 2014 and investigated in randomized (blinded or 
open label) clinical trials, longitudinal studies, case series, or case reports. All 
age groups and both sexes were included. Excluded were abstracts or reports 
about meetings. Papers matching these criteria were studied and discussed for 
their suitability to be included in this chapter.  

    Defi nition of Movement Disorders 

 Movement disorders comprise a huge spectrum of diseases, which go along with 
abnormal movements [ 3 ]. Movement disorders include akathisia (inability to sit 
still), akinesia (lack of movement), associated movements (mirror movements or 
homolateral synkinesias), athetosis (contorted torsion or twisting), ataxia (lack of 
coordination of movements), ballism (violent involuntary rapid and irregular 
movements), bradykinesia (slow movement), cerebral palsy (static encephalopa-
thy), chorea (rapid involuntary movement), dyskinesia (abnormal, involuntary 
movement), dystonia (sustained torsion), blepharospasm, writer’s cramps, spas-
modic torticollis (twisting of head and neck), dopamine-responsive dystonia 
(hereditary progressive dystonia with diurnal fl uctuation or Segawa’s disease), 
essential tremor, geniospasm (episodic involuntary up and down movements of 
the chin or lower lips), myoclonus (brief, involuntary twitching of a muscle or a 
group of muscles), mirror movements (involuntary movements on one side of the 
body mirroring voluntary movements of the other side), Parkinson’s disease, par-
oxysmal kinesigenic dyskinesia, restless leg syndrome, spasms, stereotypic move-
ment disorder, stereotype (repetition), Tic disorders (involuntary, compulsive 
repetitive, stereotyped movements), and tremor (oscillations) [ 3 ].  

18 Genetics of Mitochondrial Disease with Focus on Movement Disorders



414

      Parkinson’s Syndrome (Parkinsonism) 

    POLG1 Mutations 

 Since recent years, it is well established that polymerase γ-1 (POLG1) mutations 
are occasionally associated with levodopa-responsive parkinsonism [ 4 ]. Even 
polymorphisms within the POLG1 gene seem to predispose for Parkinson’s syn-
drome, at least in the Chinese population [ 4 ]. The fact that POLG1 mutations are 
more frequently associated with parkinsonism than mutations in other MID caus-
ing genes was confi rmed by a number of cases with parkinsonism carrying a 
POLG1 mutation [ 5 ]. 

 In a 48-year-old female carrying a POLG1 mutation manifesting as multisystem 
MID, parkinsonism was a dominant phenotypic feature [ 6 ]. In a Brazilian family 
carrying a POLG1 mutation, three family members were clinically affected. One 
patient presented with chronic progressive external ophthalmoplegia (CPEO), poly-
neuropathy, cardiomyopathy, and parkinsonism with onset at the age of 20 [ 7 ]. The 
oldest brother of the index case had a similar phenotype. An older sister presented 
with CPEO and depression [ 7 ]. Parkinsonism in the index patient improved under 
pramipexole 3 mg/day [ 7 ]. In a compound heterozygote for a POLG1 mutation, 
orthostatic tremor evolved into levodopa-responsive parkinsonism [ 8 ]. In addition 
to parkinsonism, the patient presented with autosomal recessive CPEO [ 8 ]. In a 
71-year-old male with CPEO, ptosis, hypoacusis, dysarthria, dysphagia, polyneu-
ropathy, migraine, myopathy, cardiomyopathy, symmetric rigidity, and tremor, 
manifestations of parkinsonism were assessed as 26 on the Unifi ed Parkinson’s 
Disease Rating Scale (UPDRS) part III [ 9 ]. Carbidopa/levodopa in a dosage of 
75/300 mg/day reduced the UPDRS score to 14 [ 9 ]. Since the patient did not toler-
ate this medication over a longer period, it was switched to clonazepam with suc-
cess [ 9 ]. A male patient with CPEO developed bradykinesia, rigidity, and 
camptocormia in the third decade [ 10 ]. Parkinsonism in this patient was only par-
tially responsive to dopaminergic replacement [ 10 ]. His father and brother presented 
with a similar phenotype, which was attributed to a POLG1 mutation in all of them 
[ 10 ]. Mutations in the POLG1 gene, which manifest as Alpers syndrome in chil-
dren, may cause parkinsonism in addition to ataxia, CPEO, polyneuropathy, and 
hypoacusis in elderly patients (see also section “ Ataxia ”) [ 11 ]. In a large family with 
parkinsonism and CPEO, multiple mitochondrial DNA (mtDNA) deletions due to a 
POLG1 mutation were found to be causative [ 12 ]. A patient carrying an ADP/ATP 
translocase 1 (ANT1) and POLG1 mutation presented with parkinsonism in addi-
tion to CPEO, sensory and cerebellar ataxia, polyneuropathy, and depression (see 
also section “ Ataxia ”) [ 13 ]. The mutations were associated with multiple mtDNA 
deletions [ 13 ]. Parkinsonism due to POLG1 mutations may not only occur together 
with CPEO [ 9 ] but also with other movement disorders. Early-onset parkinsonism 
and polyneuropathy may be another phenotypic expression of a POLG1 mutation 
[ 14 ]. Parkinsonism due to POLG1 mutations may be additionally associated with 
premature ovarian failure [ 15 ]. 
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 Occasionally, POLG1 mutations may cause only marked nigrostriatal degenera-
tion without overt clinical parkinsonism [ 16 ]. In these patients, structural abnor-
malities may be found in the thalamus and the cerebellum [ 16 ]. On the cellular 
level, dopaminergic nigral neurons of patients with POLG1 encephalopathy show 
increased mtDNA depletion compared to patients with idiopathic Parkinson’s dis-
ease [ 16 ]. There are some indications that a CAG-repeat number of 6–9 or 12–14 
predisposes for the development of Parkinson’s disease at least in some populations 
[ 17 ,  18 ]. The normal poly-Q tract in exon 2 of the POLG1 gene has 10–11 CAG 
repeats. POLG1 mutation-related parkinsonism may be differentiated from idio-
pathic Parkinson’s disease by means of the neuromelatonin MRI [ 5 ].  

    Other Genes 

 Not only POLG1 mutations may go along with parkinsonism but also mutations in 
other genes encoding mitochondrial proteins, tRNAs, or rRNAs, such as C10orf2 
(twinkle, encodes for the twinkle helicase, a functional partner of the polymerase γ 
[ 19 ]), MPV17, MT-TI (tRNA(Ile)), 12S-rRNA, MT-TL (tRNA(Leu)), and 
tRNA(Ile). In an Italian family carrying a twinkle gene mutation, the index patient 
developed parkinsonism at the age of 82 in addition to ptosis, ophthalmoplegia, and 
hypoacusis since childhood [ 20 ]. Parkinsonism responded only moderately to 
levodopa. The 79-year-old sister of the index patient had developed resting and 
postural tremor and rigor (plastic hypertonia) since the age of 76 [ 20 ]. In a 74-year- 
old male with ptosis, CPEO, progressive left-sided weakness, mild proximal myop-
athy, exercise intolerance, predominantly left-sided parkinsonism with hypomimia, 
mild resting tremor, and moderate bradykinesia were found [ 9 ]. He scored 10 on the 
UPDRS part III [ 9 ]. The phenotype was attributed to a mutation in the twinkle gene 
[ 9 ]. In a 65-year-old male with polyneuropathy, ptosis, CPEO, diabetes, exercise 
intolerance, steatohepatopathy, depression, and gastrointestinal dysmotility, parkin-
sonism was a further phenotypic feature of the underlying mutation in the MPV17 
gene [ 21 ]. The MPV17 mutation caused multiple mtDNA deletions without indica-
tion for mtDNA depletion [ 21 ]. In a single Italian family carrying a mutation in the 
mitochondrial 12S-rRNA gene, the phenotype was characterized by deafness, poly-
neuropathy, and parkinsonism [ 22 ]. The mutation resulted in depletion of mitochon-
drial glutathione and combined respiratory chain complex (RCC) II/III defi ciency 
[ 22 ]. Administration of gentamicin dramatically increased the number of apoptotic 
cells in this family [ 22 ]. In a 55-year-old Japanese female with dementia, tetraspas-
ticity, CPEO, myopathy, deafness, and diabetes, carrying an MT-TL (tRNA(Leu)) 
mutation, parkinsonism was diagnosed at the age of 55 [ 23 ]. Her 48-year-old brother 
had similar manifestations of the mutation, but instead of parkinsonism, he pre-
sented with ataxia (see also section “ Ataxia ”) [ 23 ]. Cerebral MRI showed supra- 
and infratentorial atrophy and periventricular hyperintensities [ 23 ]. Pyruvate and 
lactate were elevated in the serum. Parkinsonism may also occur in patients carrying 
MT-TI (tRNA(Ile)) gene mutations [ 24 ]. Parkinsonism in these patients may go 
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along with developmental retardation and hypogonadism [ 24 ]. In a neonate with 
episodes of truncal hypertonia and apnea progressing to a hypokinetic-rigid syn-
drome characterized by hypokinesia, tremor, head lag, absent suck and gag refl exes, 
hyperrefl exia, ankle and jaw clonus, and autonomic dysfunction, mtDNA depletion 
was detected in the muscle homogenate [ 25 ]. Respiratory chain enzymology dem-
onstrated decreased RCCIV activity [ 25 ]. Treatment with pyridoxal phosphate, tet-
rahydrobiopterin, and levodopa was ineffective [ 25 ]. The underlying genetic defect 
could not be detected. In a study of 32 patients with idiopathic Parkinson’s disease, 
the mtDNA deletion mt.4977del was found in 15 patients and thus much more fre-
quent than in the control group [ 26 ].   

                    Ataxia 

 Cerebellar or sensory ataxia is a frequent phenotypic manifestation of MIDs with 
cerebral or peripheral nerve involvement [ 27 ,  28 ]. Ataxia may develop in syndromic 
as well as nonsyndromic MIDs. Among the syndromic MIDs, ataxia is a dominant 
phenotypic feature in infantile-onset spinocerebellar ataxia (IOSCA), pontocerebel-
lar hypoplasia (PCH), Alpers syndrome, sensory ataxia neuropathy dysarthria and 
ophthalmoplegia (SANDO), autosomal recessive spastic ataxia with leukoencepha-
lopathy (ARSAL) syndrome, dystonia and cerebellar ataxia (DYTCA) syndrome, 
Ekbom syndrome, and Leigh syndrome. 

    Syndromic MIDs 

 In two Korean patients with IOSCA due to a compound heterozygote mutation in the 
twinkle gene, the phenotype additionally included polyneuropathy and myopathy 
[ 29 ]. The nDNA mutation secondarily caused multiple mtDNA deletions [ 29 ]. Since 
the age of 15 months, the two children additionally developed athetosis, hypoacusis, 
and intellectual decline (see also section “ Athetosis ”) [ 29 ]. In another family, two 
members presented with IOSCA due to another twinkle mutation [ 30 ]. In addition to 
ataxia, the two patients developed polyneuropathy, athetosis, seizures, hypoacusis, 
and ophthalmoplegia (see also section “ Athetosis ”) [ 30 ]. Twinkle mutations may not 
only cause IOSCA but also Alpers syndrome. In two infants with early-onset enceph-
alopathy, muscle hypotonia, athetosis, sensory neuropathy, ataxia, hypoacusis, 
CPEO, intractable epilepsy, and hepatopathy, reminiscent to Alpers syndrome, the 
phenotype was caused by mutations in the twinkle gene (see also section “ Athetosis ”) 
[ 19 ]. The mutations secondarily caused mtDNA depletion in the liver [ 19 ]. In Alpers 
syndrome due to POLG1 mutations, ataxia may be found in addition to parkinson-
ism, CPEO, polyneuropathy, and hypoacusis (see also section “ Parkinson’s syn-
drome (parkinsonism) ”) [ 11 ]. In a female child carrying a MT-TK (tRNA(Lys)) 
mutation, the phenotype was classifi ed as Leigh syndrome with progressive ataxia, 
myoclonus, seizures, and cognitive decline (see also section “ Myoclonus ”) [ 31 ]. 
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Cerebral MRI showed T2 hyperintensities in the putamen and the posterior medulla. 
Cerebrospinal fl uid (CSF) lactate was elevated and muscle biopsy showed COX-
negative fi bers [ 31 ]. Ataxia and polyneuropathy were the dominant phenotypic fea-
tures in another patient with Leigh syndrome due to a mutation in the mitochondrial 
ATP6 gene [ 32 ]. Adult-onset ataxia, polyneuropathy, and pyramidal dysfunction 
were the clinical manifestations in two families carrying other ATP6 mutations [ 33 ]. 
Mutations in the ATP6 gene were responsible for Leigh syndrome, initially manifest-
ing with ataxia and dysarthria [ 34 ]. In Leigh syndrome due to a ND6 mutation, the 
patient presented with dystonia, ataxia, optic atrophy, and epilepsy (see also section 
“ Dystonia ”) [ 35 ]. Sensory ataxia is a typical feature of the clinical presentation in 
SANDO syndrome due to twinkle mutations [ 36 ]. However, SANDO with sensory 
neuropathy, dysarthria, and CPEO may be also due to POLG1 mutations [ 37 ]. In a 
patient with SANDO, manifesting as polyneuropathy with sensory ataxia, gait dis-
turbance with falls, blurred vision, CPEO, tremor, and dementia, the causative muta-
tion was located in the POLG1 gene (see also section “ Non-Parkinson’s tremor ”) 
[ 38 ]. In two siblings with DYTCA syndrome and neuropathy, the phenotype could be 
attributed to a homozygous missense mutation in exon2 of the COX20 gene (see also 
section “ Dystonia ”) [ 39 ]. Ataxia is also a dominant clinical feature of PCH. In a 
patient with PCH type 6, the phenotype included cerebellar and cerebral atrophy, 
microcephaly, epilepsy, dystonia, optic atrophy, thinning of the corpus callosum, and 
lactic acidosis (see also section “ Dystonia ”) [ 40 ]. The phenotype was attributed to a 
mutation in the RARS2 gene, which encodes the mitochondrial arginyl-tRNA syn-
thetase, a protein essential for translation of mitochondrially synthesized proteins 
[ 40 ]. Mutations in the mitochondrial methionyl-tRNA synthetase 2 (MARS2) gene 
have been recently shown to cause autosomal recessive spastic ataxia with leukoen-
cephalopathy (ARSAL) in humans [ 41 ]. Affected patients not only presented with 
reduced MARS2 activity but also reduced RCCI activity [ 41 ]. Cerebellar ataxia is a 
key feature of Ekbom syndrome additionally manifesting with photomyoclonus, 
skeletal deformities and lipoma (see also section “ Restless leg syndrome ”) [ 42 ]. 
Ekbom syndrome is due to mutations in the mitochondrial tRNA(Lys) gene [ 42 ].  

    Nonsyndromic MIDs 

 Cerebellar or sensory ataxia is not only a typical feature of the clinical presentation 
in syndromic but also in nonsyndromic MIDs. Nonsyndromic MIDs with ataxia 
may be due to mtDNA mutations or nDNA mutations. 

    mtDNA Mutations 

 In a family in which two members were affected by a nonsyndromic, multisystem 
MID, a 48-year-old male presented with dementia, quadruspasticity, CPEO, myopa-
thy, deafness, diabetes, and additionally ataxia [ 23 ]. The MID was due to a mutation 
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in the mitochondrial MT-TL (tRNA(Leu)) gene [ 23 ]. In an adult male carrying an 
MT-TE (tRNA(Glu)) mutation, the phenotype was characterized by early-onset cata-
ract, progressive paraparesis, and ataxia [ 43 ]. Muscle biopsy showed COX- defi cient 
fi bers, and biochemical investigations revealed a RCCI defect [ 43 ]. Rarely, ataxia 
may be found in patients carrying the MERRF mutation m.8344A > G [ 44 ]. The 
dominant feature of the phenotype, however, may be CNS demyelination and demy-
elinating polyneuropathy, associated with palpitations, tinnitus, bilateral 6th nerve 
palsy, and fl accid quadruparesis [ 44 ]. Ataxia has been also reported in a patient car-
rying a mutation in the tRNA(Pro) gene [ 45 ]. He additionally presented with retinitis 
pigmentosa, dysarthria, hypoacusis, and leukoencephalopathy [ 45 ]. In two patients 
carrying a tRNA(Ser) mutation, cerebellar ataxia was part of the phenotype in addi-
tion to myoclonus, epilepsy, and progressive hypoacusis (see also section 
“ Myoclonus ”) [ 46 ]. Cerebellar ataxia, in addition to hypogonadism, and chorioreti-
nal dystrophy were the dominant clinical manifestations of a mtDNA deletion result-
ing in defi ciency of RCCI [ 47 ]. In patients with cerebellar ataxia due to mtDNA 
mutations, the cell density was decreased in the cerebellum, suggesting that the 
 olivary-cerebellum is particularly vulnerable to mtDNA mutations [ 27 ].  

    nDNA Mutations 

 Sensory and cerebellar ataxia was part of the multisystem phenotype in a patient with 
parkinsonism, CPEO, polyneuropathy, and depression (see also section “ Parkinson’s 
syndrome (parkinsonism) ”) [ 13 ]. The phenotype was due to mutations in the ANT1 
and POLG1 genes [ 13 ]. Ataxia in nonsyndromic, multisystem MIDs may be also 
caused by mutations in the OPA1 gene [ 48 ]. Additionally, these patients present with 
color vision defi cit, muscle hypotonia, gastrointestinal dysmotility, dysphagia, and 
severe, early-onset optic atrophy [ 48 ]. Ataxia together with late- onset, progressive 
optic atrophy and myopathy may be the clinical manifestations of mutations in the 
gene encoding the fl avoprotein subunit of RCCII [ 49 ]. Ataxia was part of the pheno-
type in six patients carrying mutations in the CABC1/ADCK3 gene [ 50 ]. In addition to 
ataxia, all patients presented with cerebellar ataxia, epilepsy, and myopathy and some 
of them with dystonia, spasticity, tremor, migraine, and cognitive impairment (see also 
section “ Dystonia ”) [ 50 ]. Ataxia was one among several other features in a consan-
guineous Israeli Bedouin family carrying a mutation in the UQCRQ gene (see also 
section “ Dystonia ”) [ 51 ]. Furthermore, ataxia can be a phenotypic feature in primary 
coenzyme-Q defi ciency [ 52 ]. In a study of 4 patients carrying mutations in the ADCK3/
CABC1 gene, the phenotype was characterized by progressive cerebellar ataxia and 
epilepsy [ 52 ]. In two siblings from a consanguineous Pakistani family, cerebellar ataxia 
and severe myoclonus could be attributed to a mutation in the ADCK3/CABC1 gene, 
encoding a mitochondrial protein involved in the CoQ metabolism (see also section 
“ Myoclonus ”) [ 53 ]. The mutation resulted in primary coenzyme-Q defi ciency, and 
supplementation of CoQ was followed by marked clinical improvement [ 53 ]. Ataxia 
was also the dominant manifestation in a patient with CPEO who carried a twinkle 
mutation [ 36 ]. Even polymorphisms in one of the RCCI genes may be associated spi-
nocerebellar ataxia [ 54 ].    
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           Dystonia 

 Dystonia is characterized by sustained muscle contractions causing twisting or 
repetitive movements or abnormal postures [ 3 ]. It may manifest focally, segmen-
tally, regionally, or in a generalized distribution. Focal dystonia includes blepharo-
spasm, oromandibular dystonia, hemifacial spasm, cervical dystonia, spasmodic 
dysphonia, writer’s cramps, or pelvic fl oor dystonia. Dystonia as a manifestation of 
MID has been described in syndromic and nonsyndromic MIDs. 

    Syndromic MIDs 

 Among the syndromic MIDs, dystonia may be particularly found in Leber’s heredi-
tary optic neuropathy (LHON) for which the acronym LDYT has been coined [ 55 ]. 
LDYT may be due to mutations in the ND3, ND4, or ND6 genes, respectively [ 55 ]. In 
a large Dutch family with LHON, the phenotype additionally included spastic dysto-
nia [ 56 ]. Causative mutations were found in the mitochondrial ND4 and ND6 genes, 
respectively [ 56 ]. In a fi ve-generation Belgian family with 12 affected subjects, a 
mutation in the ND6 gene manifested with a broad phenotypic heterogeneity, ranging 
from progressive myoclonic epilepsy, dystonia, and hypokinetic-rigid syndrome to 
migraine, LHON, optic atrophy, hypoacusis, and diabetes [ 57 ]. Activity of RCCI was 
mildly reduced on muscle biopsy [ 57 ]. In a 17-year-old female, LHON was accompa-
nied by spasticity, dystonia, and dysarthria [ 58 ]. Biochemical investigations revealed 
an RCCI defect [ 58 ]. Rarely, dystonia may be part of the phenotype in Leigh syn-
drome caused by a mutation in the ND6 gene [ 35 ]. The patient additionally presented 
with ataxia, optic atrophy, and epilepsy (see also section “ Ataxia ”) [ 35 ]. In a patient 
with Leigh syndrome due to a mutation in the ND3 gene, dystonia was an additional 
phenotypic characteristic [ 59 ]. Dystonia in addition to slowly progressive cognitive 
decline and visual impairment was also the clinical manifestation of a homozygous 
mutation in the TACO1 gene in fi ve individuals from a consanguineous family [ 60 ]. 
The disorder was classifi ed as Leigh syndrome after cerebral MRI had shown bilater-
ally symmetric lesions of the basal ganglia [ 60 ]. Dystonia is also a typical phenotypic 
feature of deafness-dystonia syndrome (DDS), also known as Mohr-Tranebjaerg syn-
drome [ 61 ]. DDS is characterized by early- onset deafness, dystonia, cortical blind-
ness, spasticity, and dementia [ 62 ]. DDS is due to mutations in the TIMM8a gene on 
chromosome X, which encodes a protein responsible for the transport and sorting of 
proteins to the inner mitochondrial membrane [ 61 ]. In a Turkish family with DYTCA 
syndrome, two affected siblings additionally presented with sensory neuropathy (see 
also section “ Ataxia ”) [ 39 ]. Dystonia manifested as torticollis in the affected female 
and regional leg dystonia in the affected male [ 39 ]. Biochemical investigations 
revealed a RCCIV defect and CoQ defi ciency [ 39 ]. The phenotype was due to a 
homozygous missense mutation in exon 2 of the COX20 gene [ 39 ]. A mutation in the 
COX20 gene was also the cause of ataxia and muscle hypotonia in another patient 
with a RCCIV defect [ 63 ]. In a patient with progressive cerebellar and cerebral atro-
phy, microcephaly, and epilepsy, PCH type 6 was diagnosed [ 40 ]. Additional 
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manifestations usually described in types 2 and 4, such as dystonia, optic atrophy, 
thinning of the corpus callosum, and lactic acidosis, were also present [ 40 ]. The phe-
notype was attributed to a mutation in the RARS2 gene, which encodes the mitochon-
drial arginyl-tRNA synthetase, a protein essential for translation of mitochondrially 
synthesized proteins [ 40 ]. Dystonia is a typical phenotypic manifestation of paroxys-
mal non- kinesigenic dyskinesia (PNKD), which is due to mutations in the myofi bril-
logenesis regulator 1 (MR1) gene (see also sections “ Athetosis ” and “ Chorea ”) [ 64 ].  

    Nonsyndromic MIDs 

 Slowly progressive dystonia with cognitive impairment and striatal lesions may be the 
dominant clinical feature in patients carrying mutations in the ND6 gene [ 65 ]. Muscle 
biopsy in these patients may show defi ciency of RCCI [ 65 ]. Progressive generalized 
dystonia was the main clinical presentation of a patient carrying a mutation in the 
ND6 gene [ 66 ]. He also showed bilateral striatal necrosis on MRI [ 66 ]. Dystonia was 
part of the phenotype also in four patients and two of their siblings carrying mutations 
in the CABC1/ADCK3 gene [ 50 ]. In addition to dystonia all patients presented with 
cerebellar ataxia, epilepsy, and myopathy and some of them with spasticity, tremor, 
migraine, and cognitive impairment (see also section “ Ataxia ”) [ 50 ]. Muscle biopsy 
showed lipid accumulation, mitochondrial proliferation, and COX-negative fi bers. 
RCC activities and CoQ were decreased [ 50 ]. In a consanguineous Israeli Bedouin 
family a mutation in the UQCRQ gene, encoding the ubiquinol-c-reductase complex 
III subunit 7, caused a nonlethal phenotype characterized by severe psychomotor 
retardation, dystonia, athetosis, ataxia, muscle hypotonia, and dementia (see also sec-
tions “ Ataxia ” and “ Athetosis ”) [ 51 ]. There was mild lactic acidosis, hyperintense 
putamen and hypointense caudate and lentiform nuclei on MRI and RCCIII defi -
ciency on muscle biopsy in affected individuals [ 51 ]. In three Korean children, a 
mutation in the ND3 gene manifested with childhood- onset, progressive generalized 
dystonia and in one of them with stroke- like episodes [ 67 ]. In a single patient, a muta-
tion in the NDUFV1 gene manifested clinically with CPEO, cerebellar ataxia, spastic-
ity, and dystonia [ 68 ]. Muscle biopsy revealed a RCCI defect. Ketogenic diet had a 
benefi cial effect on CPEO but not on the other manifestations [ 68 ]. In a patient with 
adult-onset dystonia, spasticity, and myopathy, a heteroplasmic missense mutation in 
the ND1 gene was causative [ 69 ]. Dystonia due to fumarase defi ciency was part of the 
phenotype in two siblings of consanguineous parents [ 70 ]. They additionally pre-
sented with progressive encephalopathy, leukopenia, and neutropenia [ 70 ]. A caus-
ative missense mutation was found in the fumarase gene [ 70 ].   

          Athetosis 

 Athetosis is a clinical characteristic of MIDs with CNS involvement but less fre-
quently appreciated than ataxia, parkinsonism, or dystonia. Usually, athetosis is 
associated with chorea. In a Korean family carrying a twinkle mutation, two family 
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members (infants) manifested as infantile-onset spinocerebellar ataxia (IOSCA) 
(see also section “ Ataxia ”) [ 29 ]. They developed normally until the age of 18 months 
and then developed athetosis, ataxia, hypoacusis, axonal polyneuropathy, and intel-
lectual decline afterwards [ 29 ]. Muscle biopsy showed multiple mtDNA mutations 
[ 29 ]. In another family with IOSCA, two members presented with ataxia, poly-
neuropathy, athetosis, seizures, hypoacusis, and ophthalmoplegia (see also section 
“ Ataxia ”) [ 30 ]. The phenotype was due to a novel twinkle mutation [ 30 ]. In a study 
of eight individuals from two unrelated families with a nonsyndromic, multisystem 
MID presenting with athetosis, truncal hypotonia, epilepsy, developmental delay, 
psychomotor retardation, optic and retinal atrophy, and visual loss, extensive diag-
nostic workup revealed progressive prominent cerebellar atrophy, thinning of the 
corpus callosum, cortical atrophy, and demyelination [ 71 ]. The cause of the abnor-
malities was a mutation in the ACO2 gene encoding the mitochondrial aconitase, a 
component of the Krebs cycle [ 71 ]. Paroxysmal non-kinesigenic dyskinesia (PNKD) 
is an autosomal dominant movement disorder characterized by attacks of dystonia, 
chorea, and athetosis (see also sections “ Dystonia ” and “ Chorea ”). The disorder is 
due to mutations in the MR1 gene [ 64 ]. Three isoforms of the gene product exist, 
MR1M, located on the Golgi apparatus, endoplasmatic reticulum, and plasma 
membrane, and MR1L and MR1S, both located in the mitochondrial matrix [ 64 ]. 
The two latter are imported via the N-terminal mitochondrial-targeting sequence 
(MTS) [ 64 ]. Athetosis was part of the phenotype also in two infants with early-onset 
encephalopathy, muscle hypotonia, sensory neuropathy, ataxia, hypoacusis, CPEO, 
intractable epilepsy, and hepatopathy (see also section “ Ataxia ”) [ 19 ]. The pheno-
type was classifi ed as Alpers syndrome due to mutations in the twinkle gene [ 19 ]. 
Dystonia was one among several other features in a consanguineous Israeli Bedouin 
family carrying a mutation in the UQCRQ gene resulting in RCCIII defi ciency (see 
also section “ Dystonia ”) [ 51 ].  

      Chorea 

 Chorea is a rather rare clinical manifestation of MIDs. Frequently, it is associ-
ated with athetosis. Patients with hydroxysteroid dehydrogenase 10 (HSD10) 
defi ciency may manifest with X-linked, metabolic acidosis, mental retardation, 
refractory epilepsy, and choreoathetosis [ 72 ]. HSD10 is a mitochondrial mul-
tifunctional enzyme encoded by the HSD17B10 gene on chromosome X [ 72 ]. 
Mutations in this gene result in elevated levels of 2-methyl-3-hydroxybutyrate 
and tiglylglycine in the urine organic acid profi le [ 72 ]. Choreoathetosis was also a 
phenotypic feature of 2-methyl-3-hydroxybutyryl-CoA dehydrogenase (MHBD) 
defi ciency in an infant with moderately delayed psychomotor development dur-
ing the fi rst year of life and progressive deterioration of mental and motor skills 
since the age of 2 years [ 73 ]. The patient developed marked restlessness, absence 
of directed hand movements, and marked hypotonia [ 73 ]. Urinary investigations 
revealed marked elevation of 2-methyl-3-hydroxybutyrate and tiglylglycine [ 73 ]. 
Biochemical investigations showed a mitochondrial β-oxidation defect, which 
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improved upon dietary isoleucine restriction [ 73 ]. Chorea is also a typical phe-
notypic manifestation of paroxysmal non-kinesigenic dyskinesia (PNKD), which 
is due to mutations in the MR1 gene (see also section “ Athetosis ”) [ 64 ]. In a 
30-month-old male, Leigh syndrome presented with failure to thrive, lethargy, 
hypotonia, choreoathetosis, lactic acidemia, and basal ganglia hypodensities on 
cerebral CT scan [ 74 ]. Activity of the PDH complex and RCCI was reduced to 
25 and 13 %, respectively [ 74 ].  

    Cerebral Palsy 

 Cerebral palsy (static encephalopathy) is a permanent, nonprogressive move-
ment disorder characterized by physical disability to carry out certain body 
movements; sensory disturbances, particularly depth perception; and commu-
nication disability [ 3 ]. In one third of the patients, cognitive decline and epi-
lepsy are part of the phenotype [ 3 ]. Other subtypes present with quadruspasticity 
and some with poor coordination [ 3 ]. Cerebral palsy has been only rarely 
reported in patients with MID. In a study of 44 patients with lactic acidosis, 
one patient presented with cerebral palsy and mental retardation due to a mito-
chondrial tRNA mutation [ 75 ]. Cerebral palsy was part of the phenotype also 
in an infant with PCH [ 76 ]. The causative mutation could not be detected. In 
two children aged 10 and 13 years, nonsyndromic, multisystem MID was ini-
tially misdiagnosed as cerebral palsy [ 77 ]. The causative mutation has not 
been reported [ 77 ]. Cerebral palsy was additionally observed in two girls with 
PDH deficiency due to a mutation in the E1-alpha gene [ 78 ]. One of the girls 
additionally presented with quadriplegia, microcephaly, hypocalcemia, and 
seizures [ 78 ]. Cerebral palsy was additionally described in a family with 
Leigh syndrome due to a NARP mutation [ 79 ]. In another patient cerebral 
palsy was associated with a RCCI defect [ 80 ]. In 14 patients with basal gan-
glia calcification, a typical finding in CNS involvement in MIDs, some patients 
presented with cerebral palsy [ 81 ]. Repeatedly it has been described that cere-
bral palsy had been misdiagnosed in patients who actually suffered from a 
multisystem MID. In an infant with leukoencephalopathy and lactic acidosis, 
an MID due to COX deficiency was diagnosed, which initially was misdiag-
nosed as cerebral palsy [ 82 ].  

      Non-Parkinson’s Tremor 

 Non-Parkinson’s tremor is a rare phenotypic manifestation of MIDs. In a 70-year- 
old male with ptosis, CPEO and orthostatic tremor with a frequency of 17.5 Hz 
since the age of 40 years, the phenotype was caused by a novel twinkle mutation 
[ 83 ]. Nerve conduction studies and electromyography additionally revealed mild 
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axonal neuropathy and myopathic features. Muscle biopsy confi rmed the myopathic 
changes and revealed ragged-red fi bers [ 83 ]. Resting tremor of the hands was one of 
the clinical manifestations in addition to polyneuropathy with sensory ataxia, gait 
disturbance with falls, blurred vision, CPEO, and dementia with defi cits in registra-
tion and construction in a patient with SANDO due to a POLG1 mutation (see also 
section “ Ataxia ”) [ 38 ]. POLG1 mutations may also manifest with palatal tremor and 
facial dyskinesia (see also section “ Dyskinesia ”) [ 84 ]. Essential tremor is one of the 
most frequent movement disorders although there is little agreement concerning the 
pathogenetic background and diagnostic criteria [ 85 ]. In a study of patients with 
essential tremor, mtDNA deletions not affecting the D-loop or the COXI region 
were detected in some of these patients [ 85 ].  

       Myoclonus 

 Myoclonus is a typical phenotypic feature of syndromic or nonsyndromic MIDs 
with myoclonic epilepsy, such as patients with MERRF syndrome, but may also 
occur in MIDs without epilepsy [ 86 ]. Severe myoclonus was reported in two 
Pakistani siblings from consanguineous parents carrying a novel mutation in the 
ADCK3/CABC1 gene (see also section “ Ataxia ”) [ 53 ]. The mutation resulted in 
primary coenzyme-Q defi ciency and supplementation of CoQ was benefi cial [ 53 ]. 
In a female child carrying a tRNA(Lys) mutation, the phenotype was classifi ed as 
Leigh syndrome manifesting with progressive ataxia, myoclonus, seizures, and 
cognitive decline (see also section “ Ataxia ”) [ 31 ]. Segmental myoclonus, which 
could be induced by chewing, was described in a patient with Leigh syndrome 
[ 87 ]. In two patients carrying a tRNA(Ser) mutation, myoclonus was part of the 
phenotype in addition to cerebellar ataxia, epilepsy, and progressive hypoacusis 
(see also section “ Ataxia ”) [ 46 ]. One patient additionally developed myopathy 
with appropriate histological and biochemical abnormalities on muscle biopsy 
[ 46 ]. Myoclonus together with recurrent stroke-like episodes and seizures were 
the clinical manifestations of a ND5 mutation in a patient with MELAS/MERRF 
overlap syndrome [ 88 ].  

     Restless Leg Syndrome 

 Only few data are available about the prevalence of restless leg syndrome in MIDs. 
A recent study of patients with CPEO has shown that one third of these patients 
develops restless leg syndrome [ 89 ]. Restless leg syndrome together with blurred 
vision may be even the presenting manifestation of a MID [ 90 ]. Restless leg syn-
drome has been also found in patients with Ekbom syndrome characterized by cer-
ebellar ataxia, photomyoclonus, skeletal deformities, and lipoma [ 42 ]. Ekbom 
syndrome is due to mutations in the mitochondrial tRNA(Lys) gene (see also sec-
tion “ Ataxia ”) [ 42 ].  

18 Genetics of Mitochondrial Disease with Focus on Movement Disorders



424

    Tic Disorders (Tic Phenotype) 

 Only few data are available about the prevalence of tic disorders in MIDs. Variations 
in the mitochondrial ribosomal protein L3 (MRPL3) gene have been shown to be 
associated with Tourette syndrome/chronic Tic phenotype [ 91 ]. Since disruption of 
the inner mitochondrial membrane peptidase 2-like (IMMP2L) gene by a chromo-
somal breakpoint has been recently described in a patient with Gilles de la Tourette 
syndrome, it cannot be excluded that mutations also in this gene cause tic pheno-
types [ 92 ].  

    Stereotypic Movement Disorder 

 Only few data are available about the prevalence of stereotypic movement disorder 
in MIDs. In a male child carrying a tRNA(Lys) mutation, the phenotype was ini-
tially characterized by autism [ 31 ]. During his second year of life, he lost language 
skills and developed hyperactivity with toe-walking, abnormal reciprocal social 
interaction, restricted interests, self-injurious behavior, seizures, and stereotyped 
mannerisms [ 31 ]. Cerebral MRI and CSF lactate were normal. His sister presented 
with a Leigh-like phenotype but did not develop stereotypies so far (see also section 
“ Ataxia ”). Stereotypies in MIDs may be associated with mental retardation and may 
favorably respond to escitalopram [ 93 ].  

     Dyskinesia 

 Dyskinesia has been only rarely reported as a clinical manifestation of MID. POLG1 
mutations may also manifest with palatal tremor and facial dyskinesia (see also sec-
tion “ Non-Parkinson’s tremor ”) [ 84 ]. 

 No reports have been published so far describing MIDs with clinical manifesta-
tions of akathisia, synkinesia, homolateral synkinesias, mirror movements, associated 
movements, geniospasm, paroxysmal kinesigenic dyskinesia, spasms, or ballism.  

    Discussion 

 This chapter shows that movement disorders in MIDs are more frequent than previ-
ously reported. Quite a number of cases, in which parkinsonism, ataxia, dystonia, 
athetosis, chorea, cerebral palsy, or tremor predominate, are in fact attributable to a 
MID. Frequently, not only a single movement disorder but several others may be 
simultaneously present in MIDs [ 29 ,  30 ]. In the majority of the cases, movement dis-
orders represent not only the sole aspect of the phenotype. In addition to movement 
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disorders, other CNS abnormalities may occur in MIDs with CNS involvement. 
Furthermore, other organs than the CNS are frequently affected in MIDs with move-
ment disorders. Since there is a huge phenotypic heterogeneity within a family and 
between families, it is not unusual that the index patient is the only one with parkin-
sonism in a family with other members presenting with a completely different pheno-
type. Particularly MIDs, which manifest also with parkinsonism, often show extensive 
intra-familial phenotypic heterogeneity, such that an affected member may present 
with a movement disorder, whereas another does not present with a movement disor-
der at all, or that one family member has a single movement disorder, whereas other 
family members present with two or more. The movement disorder most frequently 
found in MIDs is ataxia, followed by parkinsonism and dystonia. MIDs with move-
ment disorders are due to mutations in genes located in the mtDNA or the nDNA. These 
genes encode for proteins, tRNAs, or rRNAs involved in mitochondrial function, 
reproduction, and biogenesis. Genes most frequently mutated in MIDs with move-
ment disorders are POLG1, twinkle, tRNAs, or RCCI-subunit genes. Parkinsonism in 
MIDs is most frequently due to a POLG1 mutation if associated with other neurologi-
cal disease, in particular movement disorders. Treatment of movement disorders in 
MIDs is not at variance from treatment of movement disorders in non-MID patients. 
However, levodopa or dopamine-agonist therapy in MID-associated parkinsonism is 
often only marginally effective.  

    Conclusion 

 In patients with one or more movement disorders and other cerebral or non-cerebral 
abnormalities, MID should be suspected. Treatment of movement disorders in 
MIDs is not at variance from treatment of movement disorders in non-MID patients, 
but the therapeutic effect may be different in patients with MID and those without. 
Genes most frequently mutated in MIDs with movement disorders include POLG1, 
twinkle, tRNA, and RCCI-subunit genes. Despite increasing awareness about move-
ment disorders as a manifestation of MIDs, knowledge about movement disorders 
in MIDs is still limited. Only case reports or family studies are available. This is 
why more information about movement disorders in MIDs is warranted.     
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    Chapter 19   
 Genetic Testing, Interpretation of Genetic Test 
Reports and Genetic Counseling for Clinicians 

             Robin     L.     Bennett     

    Abstract     Genetic testing for hereditary movement disorders is complex. This 
chapter reviews the major patterns of inheritance of inherited movement disorders, 
clues in a family history to suggest an inherited movement disorder, and the pedi-
gree symbols used to record a family history. Some of the common genetic counsel-
ing issues facing individuals and their families with hereditary movement disorders 
are discussed. Pre- and post-test genetic counseling is important in the evaluation of 
the individual and family with a potential inherited movement disorder.  

  Keywords     Genetic testing   •   Interpretation of genetic test reports   •   Counseling   • 
  Genetic counseling   •   Patterns of inheritance   •   Pedigree   •   Anticipation   •   Genetic 
heterogeneity   •   Expressivity  

        Introduction 

 Genetic testing is becoming more routine to diagnose a growing number of heredi-
tary movement disorders. With this clinical application of testing, the spectrum of 
the symptoms ( phenotype ) that defi ne hereditary movement disorders is expanding; 
individuals with less classic disease symptoms are now diagnosed, whereas in the 
past, such individuals would have eluded diagnosis. Genetic testing can help distin-
guish the more rare inherited causes of movement disorders from the common spo-
radic forms which may be diffi cult to distinguish from neurological features alone. 
A classic example is Parkinson’s disease where there are several different genes 
following various patterns of inheritance and there may be little obvious difference 
in the clinical symptoms [ 10 ]. This is referred to as  genetic heterogeneity ; multiple 
genes give rise to similar phenotypes such as with hereditary ataxias and some of 
the hereditary Parkinson’s diseases [ 10 ]. There can also be the problem of  pheno-
copy  for conditions which are common; thus in the case of Parkinson’s disease, a 
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family with several relatives with a SNCA-associated (PARK1) mutation may have 
a relative who does not have the familial mutation but has a diagnosis of Parkinson’s 
disease. 

 Genetic testing for hereditary movement disorders may be offered throughout 
the life span, from newborn screening to pediatric and adolescent evaluations to 
adult-onset disorders and preconception and pregnancy testing. Therefore, it is 
important for clinicians to have a general understanding of genetic principles, how 
to document family history, and to recognize the importance of genetic counseling 
in conjunction with genetic testing.  

    Family History: The First Genetic Test 

 Documenting a three-or-more-generation family history is a fi rst step in recognizing 
a possible hereditary movement disorder. Clinical genetic tests do not replace the 
importance of a family history. In fact, genetic testing must be interpreted in the 
context of family history. For example, if a genetic test is inconclusive or a patho-
genic variant is not identifi ed, the family history can inform the interpretation. 

 Family history clues to an inherited movement disorder include

•    Relatives in one generation, or over more than one generation, with a neurologi-
cal condition (e.g., seizures, ataxia, dystonia, uncontrolled movements)  

•   Earlier than typical age of onset of symptoms (often before age 40), particularly 
if symptoms begin in childhood or adolescence  

•   Progression of neurological symptoms  
•   Cognitive decline (e.g., dementia, intellectual disability, personality change)  
•   Multiple signifi cant medical problems (e.g., hearing loss, vision loss, muscle 

weakness, ataxia, dysarthria)  
•   No obvious environmental factors (e.g., alcohol abuse, medication side effect, 

lead or mercury toxicity)  
•   No obvious occupational exposure (e.g. painter, working around batteries, furni-

ture fi nishing)  
•   Parents related as close relatives (such as fi rst cousins), which may be a clue to 

an autosomal recessively inherited condition    

 Family history forms are helpful for obtaining family history, but a multigenera-
tional pedigree is a quick, concise, and graphic way to document the health history 
of many relatives [ 1 ]. The collection and interpretation of a family health history is 
not only a diagnostic tool, but it can also serve as a way of establishing rapport with 
the patient, demonstrating variability of the disease within the family (e.g., relatives 
may have different manifestations of the disease or varying severity of symptoms). 
A pedigree can also serve as an educational tool to educate the patient about the 
hereditary movement disorder and as a visual reminder of who else is at risk for the 
condition in the family and who in turn might benefi t from genetic counseling and 
testing. Families may have misconceptions of how the disorder is inherited in the 

R.L. Bennett



435

family (e.g., only the oldest child is affected in a family, or every other child is 
affected); a pedigree can be used to help debunk family lore [ 1 ]. Standard pedigree 
nomenclature for documenting family history is shown in Fig.  19.1 .  

 Key information to record on a pedigree includes [ 4 ]

•    Age and/or year of birth  
•   Age and cause of death (year if known)  

  Fig. 19.1    Common pedigree symbols, defi nitions, and abbreviations (Adapted from Bennett et al. [ 4 ])           

4. individual’s lines

Definitions Comments
If possible, male partner should be to left of female
partner on relationship line.
Siblings should be listed from left to right in birth order
(oldest to youngest)
For pregnancies not carried to term (SABs and TOPs),
the individual's line is shortened.   

Relationships A break in a relationship line
indicates the relationship no 
longer exists.
Multiple previous partners
do not need to be shown if
they do not affect genetic
assessment.   

Consanguinity If degree of relationship not obvious from pedigree, it
should be stated (e.g., third cousins) above relationship
line.

Twins

Sperm donor (D)

No children by
choice or reason 
unknown 

Infertility

Adoption out

azcoospermia  endometriosis

in

or

or

P

P

D

tubalvasectomy

by relative

Monozygotic Dizygotic Unknown

1. relationship line

2. line of descent3. sibship line
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Male Female
Sex

Unknown 

Individual (assign gender by
phenotype)  

Multiple individuals, number
known

Multiple individuals, number
unknown 

Deceased individual

Stillbirth (SB)

Clinically affected individual
(define shading in key/legend)
Affected individual (> one
condition)  

Proband

Consultand

Documented evaluation,
records reviewed 

Obligate carrier (no obvious
clinical manifestations) 

Asymptomatic/presymptomatic
carrier (no clinical symptoms
now, but could later exhibit
symptoms)  

5 5 5

nnn

d. 35 y d. 4 mo SB
34 wk

SB
34 wk

SB
30 wk

SB
28 wk

P P

b. 4/29/59 35y

Fig. 19.1 (continued)

R.L. Bennett



437

•   Relevant health information and age of diagnosis (e.g., chorea, onset age 
40 years)  

•   Ethnic background/country of origin for each grandparent  
•   Any consanguinity (with degree of relationship noted, such as fi rst cousins)    

 Unless three generations of family history are recorded, it is diffi cult to observe 
patterns of inheritance; a good rule of thumb is two generations “up” (parents, 
grandparents, aunts and uncles) and two generations “down” (fi rst cousins, children, 
and grandchildren). Distinguishing full siblings from half-siblings is also important. 
An arrow is used to point to the  proband  (the fi rst affected person in the pedigree) 
or the  consultand  (the person who is seeking medical advice, who may be affected 
or not). Ancestry of the grandparents is noted because some genetic disorders are 
more common in certain populations (an example is Machado-Joseph/SCA3 in the 
Azores, DYT3 dystonia in Filipino or HDL2 in Black Africans) or there may be 
common  founder mutations  making certain pathogenic mutations more likely to be 
identifi ed. For example, the autosomal dominant Parkinson  LLRK2  gene mutation 
G2019S is common in the Ashkenazi population and in North African Arabs, 
whereas the R1441G variant is more common in persons of Hispanic or Spanish 
descent [ 6 ,  11 ,  12 ]. The autosomal dominant  TOR1A  pathogenic mutation is associ-
ated with early-onset dystonia in the Ashkenazi population. If the parents of the 
person who is being evaluated for a movement disorder are closely related (such as 
fi rst cousins), this can be a clue that an autosomal recessive movement disorder is in 
the differential diagnosis (see Table  19.1 ) [ 3 ,  8 ]. 

 Family history is dynamic—children are born, relatives die, and relatives become 
affected with new diseases over time. It is important to update family history every 

Fig. 19.1 (continued)

Male Female
Sex 

Unknown

Pregnancy (P)

Spontaneous abortion
(SAB), ectopic (ECT) 

Affected SAB

Termination of pregnancy
(TOP) 

Affected TOP
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few years. Noting who recorded the pedigree, the reason it was taken (e.g., family 
history of Huntington disease, family history of Parkinson’s disease), and the date it 
was recorded is essential to note [ 4 ].  

    Patterns of Inheritance for Hereditary Movement Disorders 

 Movement disorders are inherited in many different patterns. Knowledge of these 
patterns can assist with differential diagnosis and of course be used for genetic 
counseling regarding chance of disease occurrence and recurrence. These basic 
inheritance patterns and examples of some of the hereditary movement disorders are 
summarized in Table  19.1 .

   Recognizing patterns of inheritance requires recognition of the  phenotype  (out-
ward expression of the condition), which can be diffi cult for many reasons including 
 reduced penetrance  (not every person who has the pathogenic mutation(s) develops 
the condition) and  variable expressivity  (the relatives in the family may have very 
mild expression of the disease and therefore never be diagnosed with the hereditary 
movement disorders). 

    Autosomal Dominant 

 The majority of the currently recognized hereditary movement disorders follow this 
inheritance pattern. Autosomes refer to the 22 pairs of nonsex chromosomes, num-
bered from 1 to 22. With this pattern of vertical transmission, a person who has a 
disease-causing mutation has a 50:50 chance to pass the mutation to each son or 
daughter. Two major clues to autosomal dominant inheritance are recognition of the 
disease in more than one generation and male-to-male (i.e., father-to-son) transmis-
sion (mother-to-son transmission could be autosomal dominant or X linked). A per-
son can have a new autosomal dominant deleterious mutation (the mutation occurred 
in the egg or sperm, and neither parent is affected) and thus be the fi rst person with 
the disease in the family; their siblings would not be at risk for the disease, but he or 
she would have a 50 % chance to pass the mutation on to each son or daughter. 

 Gonadal mosaicism can occur with autosomal dominant conditions. This means 
that the mutation occurring in the testes or ovaries are mosaic for the pathogenic 
mutation and thus not all the progenitor cells have the mutation; the parent has no 
symptoms of the condition, but they are at risk to have children with the condition. 

 There are several autosomal dominant neurological disorders that show  anticipa-
tion . This is where relatives with the disease have more severe manifestations and 
often earlier age at onset with each generation. A classic example of this is 
Huntington’s disease. Anticipation in Huntington’s disease is explained by instability 
in the CAG expansion which can expand over successive generations, and relatives 
with larger CAG repeats can have earlier onset of symptoms (Chap.   8    ). Other exam-
ples are HDL2 (Chap.   8    ) and some of the spinocerebellar ataxias (Chap.   11    ).  
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    Autosomal Recessive 

 To have an autosomal recessive condition, the individual would have two pathogenic 
mutations, one inherited from each parent. The couple who each carry a mutation have 
a 25 % chance with each pregnancy to have an affected son or daughter. The person with 
the condition will always pass one copy of the pathogenic mutation to each offspring, 
but he or she would only have an affected child if his or her partner carried a mutation in 
the same gene. Usually, the likelihood that the offspring of an affected parent will have 
a child affected with the same condition is less than 1 %. The unaffected sibling of a 
person with an autosomal recessive condition has a 2/3 chance to be a carrier, but to have 
an affected child, their partner must also carry a pathogenic mutation for the condition, 
thus the a priori chance to have an affected child is usually in the range of 1 %. 

 Although it is rare for the offspring or unaffected siblings of a person with an auto-
somal recessive condition to in turn have a child affected with the hereditary movement 
disorder, it is important that carrier testing be offered to their partner. Some populations 
have a high carrier frequency for certain autosomal recessive disorders. A clue to a pos-
sible recessive disorder in the family includes if the parents are close “blood relatives” 
(such as fi rst cousins). This is referred to as  consanguinity . People who are closely 
related are more likely to have the same genetic variants in common [ 3 ,  8 ]. 

 There can be hundreds of pathogenic changes in a gene. If the person carries the 
same allele, then this is referred to as  homozygous . If the person carries two differ-
ent copies of the same gene, then this is  compound heterozygosity . Usually, the 
disease severity is not affected by whether a person is homozygous or a compound 
heterozygote, but there are some diseases where certain mutations may be associ-
ated with variable disease severity.  

    X-linked 

 With this pattern, the pathogenic mutation occurs on the X chromosome. Women 
generally do not show symptoms because the gene on the other X chromosome 
functions normally. If she has a male offspring, there is a 50 % chance he will inherit 
the pathogenic mutation and thus be affected, and for a female offspring, there is 
50 % chance that she has the pathogenic mutation, but she often has no symptoms 
or mild symptoms. Many X-linked conditions have a high rate of new mutation (if 
the males have limited reproductive fi tness).  

    Mitochondrial Inheritance 

 Mitochondria have their own genome with a circular DNA molecule A single cell 
can have hundreds of mitochondria. With mitochondrial inheritance, women are 
affected and can pass the mutation to sons or daughters; but sons cannot pass the 
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mitochondrial mutation to their children. Depending on the number of mitochondria 
that are randomly included in the cytoplasm during meiosis, it affects the offspring’s 
mitochondrial DNA component. Thus, offspring of a woman with a mitochondrial 
disease can have marked variability in the disease expression, and the chance the 
offspring will be affected ranges from 0 to 100 %. 

 Mitochondrial diseases can be inherited from nuclear DNA (usually autosomal 
recessive disorders) or mitochondrial DNA. The understanding of this distinction is 
essential for genetic counseling regarding disease occurrence and recurrence risks.  

    Multifactorial and Polygenic Disorders 

 Multifactorial conditions have both environmental and genetic components. 
Multiple genes may play a role in the expression of the condition (polygenic inheri-
tance). Many common neurological disorders have multiple genetic and environ-
mental factors at the root of their expression. For these conditions, “chance has a 
memory,” meaning the recurrence risk rises as the number of affected individuals 
within the family increases.   

    Genetic Counseling 

 The effects of a new diagnosis of an inherited movement disorder often ripple 
beyond the individual and extend to siblings, children, even grandchildren, the prior 
generation (parents, aunts, uncles), and distant cousins. Individuals with a new 
genetic diagnosis often have the similar emotional reactions at diagnosis as people 
with nongenetic disorders—grief, shock, denial, distress, depression, and anger. 
Reactions unique to a genetic diagnosis are parental guilt and survivor guilt (for 
relatives who test negative for the disorder). Alternatively, there are also many posi-
tive reactions to a confi rmatory genetic diagnosis which can include relief at having 
a diagnosis (particularly if there has been a long diagnostic odyssey), increased 
appreciation of life, and empowerment (e.g., the ability to participate in research, 
enroll in disease-specifi c registries, or enroll in clinical trials, some of which specifi -
cally recruit gene mutation carriers) [ 2 ,  5 ,  7 ]. 

 The permanent nature of genetic disease may bring a sense of fatalism or hope-
lessness accompanying the diagnosis or the results of genetic testing. Genetic disor-
ders are chronic diseases—there may be a continual array of new health and physical 
challenges over a person’s lifetime. The individual and the family may experience 
“chronic sorrow” for the healthy person who will never be. Results of genetic test-
ing may alter the person’s perception of health, self-concept, and self-esteem as 
well as their perceived genetic or social identity. A major difference in the diagnosis 
of an inherited movement disorder as compared to a nongenetic etiology is that the 
inherited disorder may alter reproductive options. 

 The diagnosis of a genetic condition may lead to alternation in reproductive 
plans for not just the initial person diagnosed with the condition but many other 
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relatives. The religious and ethical belief systems of couples and their families may 
be challenged, particularly as couples wrestle with core values on how they regard 
life and health and their relationship to the couple’s and their family’s views on 
biological parenting. Often, the perceived parental role is threatened by fi nding out 
genetic carrier status. Couples at risk to have offspring with a neurogenetic disorder 
face diffi cult decisions about adoption, assisted reproductive technologies (includ-
ing the use of donor egg or sperm including three-parent IVF which combines genes 
from three parents most recently approved of in England and preimplantation diag-
nosis), prenatal diagnosis and possible abortion of an affected fetus, or taking their 
spin at genetic roulette. 

 Genetic counselors are specifi cally trained to deal with the spectrum of scientifi c 
and psychosocial issues that are involved with genetic diagnosis and testing for indi-
viduals and their families as is evidenced by the defi nition of genetic counseling [ 13 ]: 

 Genetic counseling is the process of helping people understand and adapt to the 
medical, psychological, and family implications of genetic contributions to disease. 

 This process integrates

•    Collection and interpretation of family and medical histories to assess the chance 
of disease occurrence or recurrence  

•   Education about inheritance, testing, management, prevention, resources, and 
research  

•   Counseling to promote informed choices and adaptation to the risk of the condition    

 Genetic counseling has a tradition of not directing patient decision-making (nondi-
rective counseling), particularly with regard to reproductive choices and demonstrating 
respect for patient autonomy. The current approach to genetic counseling favors a psy-
chosocial approach that emphasizes shared deliberation and decision- making between 
the counselor and the client. The process of genetic counseling can help people under-
stand their options and make decisions that are appropriate in view of their perceptions 
of risk, religion, life beliefs, relationships, family beliefs, and life goals. This approach 
is designed to reduce the patient’s anxiety, enhance the client’s sense of control and 
mastery over life circumstances, increase his or her understanding of the genetic disor-
der and options for testing and disease management, and provide the client and family 
with the tools required to adjust to potential outcomes [ 2 ,  13 ]. 

 The internet can help to locate a genetic counselor, e.g.,   www.nsgc.org     for 
genetic counselors in the United States and   www. cagc-accg.ca     for genetic counsel-
ors in canada.  

    Approaches to Genetic Testing 

 It is always best to test the person in the family who is most severely affected (such 
as the youngest age at disease diagnosis or most severe symptoms). This is 
extremely important before testing unaffected at-risk relatives (presymptomatic 
testing; Table  19.2 ). If a disease-causing mutation is not identifi ed in the affected 
person, there is no reason to test the unaffected relative because a defi nitive genetic 
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diagnosis has not been made. If an affected person is not available to test in the 
family, testing can be initiated on the patient who is unaffected; the problem is the 
interpretation of a normal test result; is this test normal because the person has not 
inherited a disease-causing mutation that is in the family, or is the person still at 
risk for the movement disorder because it is some other inherited movement disor-
der and thus the puzzle of the disease diagnosis has not been solved? Take the 
example of patient A, who is healthy but has a parent, aunt, and grandparent with 
ataxia. This pattern suggests that patient A is at 50 % risk for ataxia. If the affected 
parent is tested and diagnosed with SCA3, then accurate and reliable testing is 
available for patient A and patient A’s siblings and extended family. If patient A is 
tested without testing an affected relative (perhaps testing for the common ataxias 
such as types 1, 2, 3, and 6); if patient A has CAG trinucleotide repeats in  ATXN3  
within the normal range, it is still possible that patient A is at risk for one of the 
other inherited ataxias (of which there are many) (e.g., [ 14 ] reported a case describ-
ing this scenario).

   Methods of genetic testing for inherited movement disorders is changing rapidly 
as are the number of diseases that can be tested for. If a patient had a negative 
genetic screen for movement disorders a few years ago, it is often reasonable to 
retest with new panels for inherited movement disorders. It is also important to 
update the family history with new information as this information may provide 
clues to new genetic tests that should be considered.  

    Types of Genetic Test and Interpreting Genetic Test Reports 

 There is no single type of genetic test that can be applied diagnostically to all hered-
itary movement disorders; but numerous methodologies for genetic testing are 
available (see Table  19.3 ). There are many different types of pathogenic mutations 
which can include single nucleotides, deletions, duplications, and trinucleotide 
repeat expansions. Different methodologies are needed to identify certain types of 
gene mutations, and different testing methodologies may be needed to identify 
mutations within the same gene. The descriptions of the various types of mutations 
are reviewed in detail in the disease-specifi c chapters. It is important to note that 
even whole genome and whole exome sequencing does not identify all types of 
mutations in all diseases. Patients often expect that genetic testing will always pro-
vide a defi nitive answer; informed consent before a patient is genetically tested is 
essential to assure that the patient has reasonable expectations about what questions 
genetic testing can address and what gaps still remain after testing.

   Many labs provide genetic testing (and the internet can help to locate a lab which 
offers the gene-required test, e.g.,   www.geneclinics.org    ), and currently there is no 
standard report format required. Some simple but important genetic facts and termi-
nology can be useful in interpreting these often lengthy and complex reports. First, 
the word  mutation  is not always used to refer to genetic variation that is “abnormal.” 
Mutation implies a change in the gene. The mutation then may be described as 
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pathogenic, deleterious, disease causing, or abnormal. These categories can also be 
described with less certainty (such as possibly pathogenic, possibly deleterious, 
etc.). The gene variation may also be described as a variation of uncertain signifi -
cance (VUS or VOUS). Finally, the normal variation may be described as wild type. 

 In providing genetic evaluation, it is always essential to obtain a copy of the 
actual genetic testing report. This cannot be emphasized enough.  

    Conclusion 

 Genetic testing provides powerful diagnostic tools for individuals with movement 
disorders. The tools of molecular genetics should be used in conjunction with docu-
mentation of family history and fi ndings of physical examination. Pre- and post-test 
genetic counseling is important for individuals undergoing genetic testing. The goal 
of genetic counseling is to facilitate patient decision-making to promote informed 
choices and adaptation to the condition. The implications of a genetic test result 
reach beyond the fi rst person tested in the family. Genetic counselors and other 
clinical genetic specialists are specifi cally trained to serve as a resource to health 
professionals and their patients with regard to genetic diagnosis and management 
and to provide psychological support for individuals and their families who face the 
many issues surrounding a diagnosis of a hereditary movement disorder.     
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    Chapter 20   
 Genetic Testing: An Industrial Perspective 

             Dirk     Hadaschik     ,     Yasmin     Singh     , and     Saskia     Biskup     

    Abstract     Modern genetic testing relies on a wide spectrum of cytogenetic and 
molecular genetic methods. The decision as to which method and application achieves 
the best diagnostic result is made by the medical expert based on a suspected diagno-
sis. Diverse processing steps have to be passed till a clinical diagnosis is fi nally 
secured, especially for genetically heterogeneous diseases like neuromuscular disor-
ders. The accomplished diagnostic pipeline may be carried out by multiple processing 
units or in one centralized facility offering the whole sample workfl ow. The chal-
lenges for such diagnostic units are diverse. On one side, they have to generate and 
maintain a validated, standardized workfl ow meeting the highest quality requirements. 
Additionally, the ability to adjust to the changing fi eld of genetic testing methods, to 
process urgent samples (e.g., from pregnant women), or to deal with uncommon sam-
ple material still has to be guaranteed. Here, we describe how methods for genetic 
testing are applied for diagnostics, the creation of a standardized sample workfl ow for 
next-generation sequencing (NGS)-based diagnostic gene panels, and how a high 
degree of automation and quality may be achieved while fl exibility is retained.  

  Keywords     Genetic testing   •   Sample workfl ow   •   Centralized unit   •   Automation   • 
  Next-generation sequencing   •   Diagnostic gene panels  

        Introduction 

 The elucidation of the human genome and the implementation of next-generation 
sequencing (NGS) have revolutionized the fi eld of modern molecular diagnostic test-
ing [ 1 ]. Since then, the applications for genetic testing are rapidly diversifying, and the 
resolution of the underlying molecular biology methods is constantly being refi ned. 
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As a consequence, it is today possible to quickly and reliably detect virtually all 
genetic alterations in single genes, panels of genes, or even the whole genome. These 
developments do not only provide immense chances for the genetic testing market but 
also lead to major challenges. Genetic counselors, for example, experience a great rise 
in demand but also require expert and up-to-date knowledge about the advantages and 
limitations of the wide spectrum of modern genetic testing methods in order to fi nd 
the best and most economic testing strategy. For diagnostic labs, a major challenge is 
to keep the pace implementing the constantly improving methods which inherently 
become more and more complex. Utilizing NGS, for example, does not only require 
expensive and complex apparatus like sequencers and liquid handling robots for sam-
ple and library preparation but also computational expertise to establish the required 
bioinformatics pipeline and server infrastructure for analyzing and storing the vast 
amount of sequencing data. Whole genome sequencing easily reveals hundreds of 
thousands to millions of genetic alterations in each newly analyzed case compared to 
the human reference genome. This enormous number complicates the identifi cation 
of those variants which are responsible for the observed phenotype. For small labs, it 
is therefore extremely challenging to meet all these requirements to establish such 
genetic tests. Furthermore, before offering these to the public market, they need to be 
thoroughly and laboriously validated for sensitivity, specifi city, precision, and repro-
ducibility to obtain approval by the local authorities like the FDA or CAP-CLIA in the 
USA. Ordering tests from centralized units offering the complete workfl ow from 
sample preparation to NGS data analysis including the identifi cation of potentially 
disease-causing variants and which operate in a highly regulated and controlled envi-
ronment provides a cost-effective and reliable way to address these needs in the future 
and to ensure the necessary data quality. Here, we provide an overview over the 
genetic testing methods and their applications. We also further discuss which advan-
tages centralized units may offer to health care providers and patients.  

    Genetic Testing Today 

 Altogether, for 2012, the size of the genetic testing market in the USA was esti-
mated to be around US$6 billion [ 2 ], and this is predicted to rapidly increase to 
US$15–25 billion till the year 2021 [ 3 ]. In summary, this includes tests identifying 
carriers of recessive or dominant mutations, tests applied for newborn screening, 
invasive and noninvasive prenatal aneuploidy, and pharmacogenomic tests. Genetic 
tests commonly detect one or more types of genetic alterations in human DNA like 
single or multiple nucleotide variants (SNVs, MNVs), copy number variations 
(CNVs) like insertions and deletions (Indels), aneuploidies, chromosomal translo-
cations, and gene fusions. If such genetic variants or mutated genes have been asso-
ciated with the susceptibility, inheritance, development, or progression of genetic 
diseases, their identifi cation may provide information for disease predisposition, 
prevention, monitoring, or potential treatment options. Genetic testing may also be 
useful to confi rm or rule out a diagnosis or to identify asymptomatic carriers poten-
tially harboring recessive mutations. In the hands of an experienced genetic 
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counselor, such genetic information may also be the basis to evaluate the risk of a 
couple to pass on disease alleles to their offspring. Also, NGS-based noninvasive 
prenatal testing (NIPT) of fetal aneuploidies like trisomies of chromosomes 13, 18, 
or 21 is gaining more and more importance as such tests are more sensitive than 
other traditionally applied noninvasive tests based on ultrasound and confer less risk 
to the fetus than invasive tests like amniocentesis or choriocentesis [ 4 ]. In newborns, 
genetic tests have a long history for the detection of diseases like phenylketonuria. 
Finally, so-called pharmacogenetics will have a huge impact in the future by provid-
ing genetic information indicating whether certain drugs will be effective or ineffec-
tive for the treatment of diseases like cancer [ 5 ]. Increasing knowledge in this fi eld 
will form the basis for the development of personalized therapies.  

    Genetic Testing Methods and Their Applications 

 The menu of cytogenetic and molecular genetic methods for the detection of genetic 
alterations is growing, and their resolution is constantly refi ned. This chapter aims 
to provide an overview over the most used methods and their applications with a 
special focus on NGS technology and its utilization for genetic testing. However, it 
is not intended to go into every technical detail. Which stepwise diagnostic strategy 
or single test is chosen by the medical practitioner or genetic counselor depends on 
how detailed the available patient information is, the family history, and the time 
requirements, which may be critical if the health complications prove to be substan-
tial and acute. This requires good knowledge about what kind of information each 
test may provide and which limitations it possesses. In general, genetic tests can be 
divided into methods detecting mainly larger structural variants (>100 nts) and tests 
identifying SNVs, MNVs, and shorter CNVs. 

    Methods Detecting Large Structural Variants 

 Structural variants (SVs) are duplications, deletions, inversions, and translocations 
of chromosomal fragments larger than 100 nts [ 6 ]. The 1,000 genome project has 
shown that such germline SVs are responsible for a greater share of sequence differ-
ences between two individuals than SNPs [ 7 ] and that they may have substantial 
effects on gene expression [ 8 ]. 

    Giemsa Banding 

 Metaphase chromosomes are incubated with Giemsa dye in order to stain AT-rich 
heterochromatic regions and less so GC-rich actively transcribed regions of the 
chromosome. The characteristic chromosomal banding is used to quickly and cost- 
effectively identify Indels (5–10 Mb) or genomic rearrangements like transloca-
tions, inversions, or reciprocal translocations [ 9 ,  10 ].  
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    Fluorescent In Situ Hybridization (FISH) 

 Fluorescent in situ hybridization (FISH) utilizes fl uorescently labeled DNA probes 
(>50 kb–2 Mb) to immunostain complementary chromosomal regions for micro-
scopic detection [ 9 ]. This low-cost cytogenetic method is able to detect large Indels 
and translocations and can be multiplexed (multiprobe FISH). It is relatively labor 
intensive, provides only a low resolution image, and requires an a priori hypothesis 
of which chromosomal location may be affected in a clinical phenotype.  

    Comparative Genomic Hybridization (CGH) 

 Comparative genomic hybridization (CGH) has traditionally been used to identify 
CNVs with a resolution of 5–10 Mb. The patient DNA and a reference DNA are 
labeled with two different fl uorescent dyes and are subsequently hybridized together 
to a spread of normal metaphase chromosomes. By fl uorescent microscopy, chro-
mosomal regions can be identifi ed in the patient DNA which show lower or higher 
copy numbers than the reference.  

   Array Comparative Genomic Hybridization (aCGH) 

 Array comparative genomic hybridization (aCGH) is based on the CGH principle but 
provides a higher resolution. Again, a reference DNA and the patient DNA under 
investigation are labeled with two different fl uorescent dyes and are subsequently 
competitively hybridized to numerous different probes immobilized on a microarray. 
By analyzing the ratio of the overlayed fl uorescent signals, conclusions can be 
derived about which regions of the patient genome show gain or loss of DNA copies. 
The resolution of aCGH analysis depends on the size of the probes and the space 
between them on a chromosome. Probe size may vary greatly between 1 Mb–10 kb 
(BACs) to 45–85 nts on high-resolution CGH arrays [ 9 ,  11 ]. Besides the detection of 
submicroscopic medium- to large-size CNVs, this technology allows the identifi ca-
tion of chromosomal rearrangements and uniparental disomy but not of balanced 
inversions and translocations which show no change in copy number [ 12 ].   

    Methods Detecting SNVs, MNVs, and Shorter CNVs 

   SNP Arrays 

 SNP arrays were originally developed to perform genome-wide linkage analysis in 
order to identify SNP markers which are associated with certain traits but which are 
not necessarily the cause of the phenotype. Such arrays may additionally be used to 
identify homozygous regions and loss of heterozygosity due to deletions or unipa-
rental disomy and may in general confi rm larger deletions and duplications [ 9 ]. 
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So-called SNP-CGH arrays combine the ability to detect SNPs, CNVs, and unbal-
anced chromosomal translocations. Exome arrays detecting all reported SNPs 
within the coding regions of patients and normal individuals may be used for detec-
tion of variants that may be relevant for disease status [ 12 ].  

   Multiplex Ligation-Dependent Probe Amplifi cation (MLPA) 

 For this molecular method, two oligonucleotides are designed in such a way that 
they anneal to adjacent genomic regions. Due to their close proximity, they can 
subsequently be ligated to each other. Both ligated oligonucleotides contain differ-
ent artifi cial primer binding sites to which the forward and reverse primers anneal 
during the following PCR amplifi cation. Multiplexing in one tube is possible if 
several ligation products of different sizes are ligated and amplifi ed using the same 
PCR primer pair. As one primer is fl uorescently labeled, the MLPA products can 
subsequently be resolved and quantifi ed by capillary electrophoresis. By relating 
the MLPA results of a patient sample to those of a normal reference sample pre-
pared in parallel, this technology allows the detection of SNVs, smaller-sized CNVs 
(e.g., deleted or duplicated exons), and aneuploidies. Balanced rearrangements like 
inversions or translocations are not identifi ed by this method.  

   Polymerase Chain Reaction (PCR) 

 Polymerase chain reaction (PCR) is used to confi rm the presence of SNVs or small 
CNVs. For this purpose, PCR primer design requires that at least one primer ends exactly 
at the mutated site. The unpaired last nucleotide at the 3′ end of the primer inhibits effec-
tively the extension by the polymerase. Often, standards or a reference DNA known to be 
not mutated at the respective site are amplifi ed in parallel to allow the calculation of the 
variant allele frequency. If the variant is heterozygous, the amount of completed ampli-
cons is decreased to roughly 50 % of the reference. If the site of interest is duplicated, the 
relative amount of PCR product is roughly 200 %. The resulting PCR products can either 
be quantifi ed by gel electrophoresis (limited cycle PCR) or more reliably by real-time 
PCR. PCR is relatively fast and cheap and can be easily performed on many samples in 
parallel. Furthermore, real-time PCR has a wide dynamic range, and its high sensitivity is 
ideal for variant detection. However, utilizing PCR often requires prior knowledge about 
the exact site of the variant. In that respect, it is used to screen for hot spots that are often 
mutated in a specifi c phenotype or to confi rm known variants.  

   Sanger Sequencing 

 This method is a highly sensitive and specifi c diagnostic tool if the phenotype pro-
vides a clear indication for the analysis of a small single gene, e.g., to detect variants 
responsible for monogenic diseases. Another application may be the confi rmation 
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of mutations which have been previously detected by NGS or which are known to 
be present in close relatives [ 12 ]. After the gene or exon of interest has been ampli-
fi ed by PCR, the chain termination reaction is performed in the presence of an 
excess of normal unlabeled desoxynucleotides and fl uorescently labeled didesoxy-
nucleotides. The latter are blocked at the 3′ end, and their random incorporation into 
the nascent strand ensures the synthesis of DNA strands of different lengths which 
after denaturation can be electrophoretically separated by size in polymer-fi lled 
capillaries of Sanger sequencers. The four differently fl uorescently labeled dides-
oxynucleotides at the end of each DNA molecule are detected when passing the end 
of the capillary. In the resulting electropherogram traces, SNVs with an allele fre-
quency between 5 and 15 % may still be detected [ 13 ,  14 ], but NGS (see next sec-
tion) is clearly superior in the detection of mosaicism. Sanger sequencing is also 
used to identify short Indels. However, this procedure is often insensitive with 
regard to structural variant detection [ 12 ].  

   Next-Generation Sequencing (NGS) 

 The recent improvements of NGS technologies from Illumina (Solexa), Life 
Technologies (IonTorrent), and Roche (454) led to a rapid decline in sequencing 
costs per base. These platforms are nowadays able to sequence from 100,000 to 2 
billion DNA fragments in parallel and deliver relatively short sequences of 100–
1,000 nts. In total, this leads to a sequencing output of 70 Mb–500 Gb per run, 
which may be doubled if paired-end sequencing is employed. 

 The short reads generated by NGS allow for the sensitive detection of SNVs, 
MNVs, and small-sized Indels. Though the latter is more diffi cult, great progress 
has been made developing better algorithms for short Indel calling [ 6 ]. As the 
amount of reads per sample can be individually scaled, NGS has an extremely high 
dynamic range. With increasing number of reads produced per sample, the amount 
of reads representing each nucleotide in the patient DNA (coverage) is rising, lead-
ing to a higher confi dence and sensitivity of variant detection. This is extremely 
important for genetic analysis of tumor samples which are often very heterogeneous 
due to contamination with surrounding healthy tissue or because the tumor itself is 
subdivided into several subclones harboring differing mutations. By increasing the 
overall mean coverage to 1,000-fold, heterozygous variants may still be reliably 
detected in samples with as low as 20 % tumor content [ 15 ] and allele frequencies 
down to 2 % (personal communication). The high sensitivity of NGS also helps 
identify cases of mosaicism. However, larger structural variants (>100 nts) like 
chromosome translocations, inversions, and large Indels are intrinsically hard to 
detect with short NGS reads, and detection is nearly impossible adjacent to repeat 
regions which are often causal for chromosomal rearrangements [ 6 ]. Mate pair 
sequencing with short paired-end reads may be helpful to detect some structural 
variants within a range of 5–10 kb. Besides, third-generation sequencers allowing 
longer read lengths like those of Pacifi c Bioscience or nanopore-based single- 
molecule sequencers of Oxford Nanopores may prove to be more informative 
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 concerning identifi cation of genomic structural variants or repetitive regions. Those 
may also provide haplotype information about variants in relatively close proximity 
on the same chromosome.   

    NGS Applications 

 By multiplexing several patient samples within one sequencing run, the sample 
throughput may be increased, and the costs per sample are lowered, which is desir-
able in a diagnostic setting. To further increase cost-effi ciency, sequencing can be 
exclusively focused on a group of genes which are known to be involved in the 
development or progression of the observed disease or phenotype. For this purpose, 
the respective regions of the DNA are enriched by hybridization to oligonucleotide 
probes (which are either supplied in solution or immobilized onto microarrays) or 
by multiplex PCR prior to sequencing. 

   Whole Genome Sequencing 

 Whole genome sequencing provides the most complete picture of all variants pres-
ent in the investigated genome. This is benefi cial in case that only limited patient 
information is available for genetic diagnosis, for example, to identify the causes of 
rare or orphan diseases. Also, if other genetic tests fail to provide clues for the cause 
of a clinical phenotype, whole genome sequencing may help to elucidate the under-
lying mechanism. However, the many hundreds of thousands to millions of variants 
which are easily obtained using this approach are still hard to be interpreted. The 
pure sequencing costs are a few thousand Euros per genome; a genome suitable for 
diagnostic purposes costs Euros 4,000 upward. In addition to the sequencing costs, 
the analysis and medical interpretation of the data may cost another 4,000 or even 
5,000 Euros. Taking also into account the expense and effort necessary to handle 
and store such large data sets makes exome sequencing often the more economical 
way to diagnose such patients.  

   Exome Sequencing 

 Exome sequencing focuses only on the protein coding regions accounting for 
approximately 1 % of the human genome. Compared to variants in noncoding 
regions, mutations in exons are often more revealing as effects on protein function 
or integrity are either known or may be predicted from the altered amino acid 
sequence and their functional consequences are often more obvious. The pure 
sequencing costs range from 500 to 3,500 Euros per exome; an exome suitable for 
diagnostic purposes costs Euro 1,500 upward. In addition to the sequencing costs, 
the analysis and medical interpretation of the data may cost another low four-digit 
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Euro amount. A full trio exome analysis, which includes examination of the index 
patient and both parents, can be conducted for approximately 6,000 Euros.  

   Diagnostic Panels 

 Diagnostic panels enable to sequence and analyze exclusively genes that are associ-
ated with a certain disease. This approach is particularly applied to genetically het-
erogeneous diseases. Compared to classical single-gene testing methods like Sanger 
sequencing, the probability of identifying the causative genetic variant is strongly 
enhanced. In comparison to whole genome or exome sequencing, the use of diagnos-
tic gene panels allows increasing the coverage while reducing the overall amount of 
sequencing reads due to the smaller target region. This strongly enhances the diag-
nostic reliability of the results gained by panel sequencing. Therefore, exome analy-
sis should only be conducted when no panel is available or for diseases with complex 
and diverse symptoms. Furthermore, the speed for sequencing and subsequent data 
analysis for variant detection is drastically faster for diagnostic panels resulting in an 
overall reduction in time. However, it is required that the list of candidate genes 
included in a diagnostic panel is updated on a regular basis according to the current 
literature. The costs for panel diagnostics are slightly below that of exome analyses.    

    Sample Workfl ow in Centralized Units (Panel Diagnostics 
for Neuromuscular Diseases at CeGaT) 

 The cause of neuromuscular diseases (NMDs) is most often genetic. Hundreds of 
disease-related genes harboring different types of mutations have been identifi ed so 
far [ 16 ]. In order to deal with this great genetic complexity and to enhance the 
chances to detect the pathogenic mutation, a standardized sample workfl ow for 
panel diagnostics has been applied to patients with NMD. The developed NMD 
panel comprises in total 187 genes which are assigned to different subpanels 
depending on the clinical phenotype (such as spinal muscular atrophy, Charcot-
Marie-Tooth and sensory neuropathies, myopathies, muscular dystrophies, myas-
thenic syndromes, and myotonias). In terms of a stepwise diagnostic procedure, the 
most common mutations are excluded by single gene testing prior to panel diagnos-
tics. The conducted procedures include all steps from sample preparation to writing 
of the medical report (see Fig.  20.1 ).  

 In Step 1, received patient samples are being prepared for sequencing. Depending 
on the type of disease, this includes handling of different types of samples, usually 
blood but also fresh frozen tissue, formalin-fi xed paraffi n-embedded (FFPE) tissue, 
plasma, sputum, and others. After gDNA isolation and quality control, a shot-gun DNA 
library is prepared. For this purpose, gDNA is randomly sheared, and sequencing plat-
form specifi c adapters are ligated to both ends of each DNA fragment. All DNA regions 
of interest are subsequently enriched after hybridization to a custom- made pool of 
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probes ensuring that only disease-related genes are analyzed. For each library, indi-
vidual barcodes are introduced into the adapters by PCR allowing to pool several sam-
ples from different patients in one NGS run (Step 2). The sequencing data are further 
processed using an established bioinformatics pipeline (Step 3). Here, the sequencing 
reads are assigned to the corresponding patient samples using their respective barcode 
(demultiplexing), adapters are clipped, reads are mapped to the reference genome, and 
variants are called and annotated. The detected genetic variants (SNVs, small Indels, 
and CNVs) are further evaluated by experts of the respective medical area (e.g., neuro-
muscular diseases) regarding their potential pathogenicity (Step 4). To validate the 
sequencing data, the identifi ed potentially disease-causing variants are resequenced by 
Sanger (Step 5). The results are fi nally summarized in a medical report and directly 
sent to the clinician (Step 6). 

 Diagnostic results from 330 patients analyzed using the NMD panel were statisti-
cally evaluated. In 28 % of the cases, the genetic cause of the disease could be clearly 
identifi ed by panel diagnostics, and in additional 20 % likely pathogenic variants were 
detected. Pathogenic mutations were found in 34 different genes, unclear variants in 
further 27 genes emphasizing the enormous genetic heterogeneity among NMD 
patients. Therefore, applying NGS-based diagnostic gene panels to NMD patients is 
strongly recommended. The same holds true for many other neurological diseases like 
ataxias, epilepsies, dementia, neurodegenerative diseases, movement disorders, neuro-
metabolic diseases, and mitochondrial diseases as prominent examples.  

    Advantages of Centralized Units 

 Genetic testing comprises a multistep process that starts with a certain request and 
may end with a sequencing result or a clinical diagnosis. Providing all steps in one 
centralized facility is certainly both challenging and advantageous. In order to ful-
fi ll the high quality standards, each process has to be defi ned, validated, and regu-
larly optimized. The possibility to perform all processing steps under one roof 
allows to thoroughly control each step and thereby to enhance the quality of the 
sample workfl ow. Thus, for example, exact barcoding of samples before sequenc-
ing ensures that sequencing results are assigned to the corresponding sample. 

 Modern molecular genetic testing methods like NGS require expensive and com-
plex lab machines like robots and sequencers. Only if suffi cient samples are 
 available, these can be utilized to their full capacity, which is important for 
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  Fig. 20.1    Sample workfl ow for NGS-based diagnostic panels at CeGaT       
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 cost-effi cient processing. Of note, using smaller-sized bench-top sequencers which 
allow to multiplex less samples per run than high-capacity sequencers leads to a 
large increase in sequencing costs per sample. 

 Preparing samples for NGS is a laborious multistep process. To increase the 
speed, quality, and reproducibility, it is recommended to highly automate the whole 
workfl ow on liquid handling robots. Besides, the implementation of a laboratory 
information management system (LIMS) recording all protocols used and their 
intermediate results is vital to track and quality control all samples while they pass 
through the different steps. A LIMS also allows to retrospectively identify devia-
tions from the standard protocol if the fi nal results are not satisfactory and thereby 
facilitates elimination of such mistakes. 

 Higher utilization of robots and high-capacity sequencers reduces the costs for 
offered services and subsequently leads to substantial cost savings for the health 
care providers, the health care system, and the patient. Furthermore, medical doc-
tors and patients have a central access point for all upcoming questions regarding 
offered services, processing times, sending of samples, available methods, or inter-
pretation of genetic results. The spatial proximity and the close teamwork of differ-
ent departments also allow a high degree of fl exibility to changing needs. This may 
include the demand for additional analysis, receiving of urgent patient samples, or 
adjustments of methods and equipment when required by technological progress. 
Those challenges might be harder to meet for small diagnostic labs. 

 A more time-effi cient pipeline also delivers earlier diagnostic results for clinicians 
to secure or exclude a suspected diagnosis. Thereby, patients may benefi t directly 
from earlier information about their disease, its prognosis, and the possibilities regard-
ing targeted therapy. Many diseases are genetically and phenotypically heterogeneous 
and their diagnosis complex and diffi cult. These disorders are a challenge for small 
genetic laboratories. In order to secure a clinical diagnosis, a broad range of methods 
is required to be able to detect different types of mutations. For example, deletions and 
duplications in certain NMD-related genes are excluded prior to panel diagnostics. At 
the moment, the detection of CNVs by NGS is bioinformatically challenging, and 
therefore centralized units should offer additional methods for this purpose like MLPA 
or qPCR analysis while working at the same time on improved algorithms to detect 
CNVs from NGS data. The application of different approaches and the interpretation 
of the detected genetic variants also require qualifi ed and experienced staff. On that 
account, the creation of an in-house database that collects information about detected 
variants and clinical phenotypes facilitates the genetic evaluation. It helps to discrimi-
nate between patient-specifi c variants and those with a high frequency in the normal 
population, which are most likely not causal for the investigated phenotype.  

    Conclusion 

 Small laboratories that offer genetic testing are faced with great challenges: on the 
one hand, they have to be able to offer a broad spectrum of methods, expensive 
equipment, and skilled staff not only for operating technical devices but also with 
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knowledge and experience in bioinformatics analyses and interpretation of genetic 
data. On the other hand, fl exibility is required for changing needs, e.g., to handle the 
continuous technical progress in this fi eld and to deal with upcoming individual 
requests. At the same time, genetic testing also demands a high level of quality to 
ensure reliable diagnostic results. Standardized sample workfl ows enable fast and 
effi cient processing, which is refl ected in reduced costs for offered services. At the 
moment, whole genome sequencing is rather a research approach in diagnostics but 
a promising method in the future, and only centralized laboratories are able to 
sequence whole genomes for a reasonable amount of money. But the costs are still 
too high to use it in a routine diagnostic setting and the diagnostic reliability cannot 
be insured if the coverage per relevant base is not high enough. Ideally, there will be 
one single method to detect all types of relevant mutations within the human genome. 
NGS seems to be the obvious technology having the capacity to identify all types of 
genetic alterations in the near futute. As there is continuous progress in this fi eld, it 
will ultimately replace currently available technologies including microarrays to 
detect copy number variations and other methods used for genetic testing (i.e., meth-
ods to detect repeats and epigenetic signatures). There will also be a need for the 
industry to adjust to this changing situation. Utilizing NGS for the analysis of diag-
nostic gene panels on the other hand provides for now a quick and cost-effective way 
to fi nd the cause of genetically heterogeneous phenotypes like those found in neuro-
muscular diseases. As genetic counseling is at the beginning of each diagnostic pro-
cedure, it is the essential step to decide which diagnostic test is applied for the patient. 
In contrary to other countries, genetic counseling in Germany is not only mandatory 
prior to diagnostic testing but also has to be carried out by a clinician with further 
education in human genetics. This procedure is governed by the German Act of Gene 
Diagnostics or so-called Gendiagnostikgesetz. When considering that the genetic 
counselor is responsible for informing the patient about the applied diagnostic 
method, this is a reasonable settlement. Furthermore, the constant scientifi c develop-
ment and the growing amount of generated data makes the proper interpretation of 
diagnostic reports more and more challenging. Yet, this issue has already been known 
before the application of genome-wide arrays and the introduction of NGS. Taken 
together, to ensure best possible patient care and to save costs for following diagnos-
tics, counseling should be conducted in local medical practices by experienced and 
trained personnel, and the diagnostic genetic testing should then be passed to experi-
enced centralized units. 

 Taken together, centralized facilities have the capacity to cope with all tasks that 
are necessary for high-quality genetic testing and thereby ensure the overall advan-
tages for the health care system, clinicians, and patients.   
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    Chapter 21   
 Direct-to-Consumer DNA Genetic 
and Genomic Testing 

             Ronald     J.     Trent     

    Abstract     Direct-to-consumer (DTC) DNA genetic and genomic testing refers to 
the provision of DNA testing services by a laboratory directly to the public. The 
DTC industry emerged in the early 2000s and offered a range of DNA testing 
options for medical and other applications. The DTC approach is possible because 
DNA can be transported by mail, and the expanding role of the Internet in everyday 
life allows products to be advertised widely. The media and some in the scientifi c 
community helped the industry by highlighting new discoveries in genetic knowl-
edge which were research-in-progress although packaged as having immediate ben-
efi ts to health and well-being. The DTC industry has undergone a number of changes 
and is at a defi ning moment as regulators and the courts are asking questions about 
the product for sale. The model of care exemplifi ed by the DTC approach is attrac-
tive and likely to grow although the role of a medical practitioner in DTC DNA 
testing remains uncertain.  
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          Introduction 

 During the early 2000s, a handful of laboratories started to sell DNA genetic tests 
directly to the public. In the case of DNA genetic testing for  medical  purposes, there 
was no requirement for a medical practitioner to order the test or receive its report. 
The Internet was crucial in delivering this service as it allowed the customer to 
access DTC advertising. The customer would then decide what DNA genetic test to 
purchase. As the industry evolved, the customer would be offered a panel of tests for 
a range of health issues from predisposition to cancer to less serious conditions such 
as the restless leg syndrome. Since third parties including medical practitioners 
were excluded, it was claimed the DTC route would provide greater security par-
ticularly for privacy. DTC DNA genetic testing was feasible because specimens 
containing DNA could be easily transported by mail. 

 The mechanics of DTC medical DNA genetic testing are relatively simple. A 
customer decides what test to order or more likely a battery of tests advertised over 
the Internet. Forms are fi lled including consent, and a payment is made. A kit arrives 
in the mail or by courier and will allow DNA to be collected from saliva or a buccal 
scraping. The collection kit with customer DNA is returned to the company. The 
customer receives a copy of the results or can access them from the Internet. In 
some cases, the DTC genetic testing laboratory provides links to genetic counseling 
services which can also be purchased DTC.  

    Justifi cation 

 Some reasons given to justify the use of DTC  medical  DNA genetic testing included 
(1) Empowering individuals to access genetic information to improve health and 
well-being and (2) Facilitating rapid diagnosis of disorders when healthcare 
resources are in short supply [ 1 ]. 

 There were also counterarguments put forward raising serious concerns about 
DTC  medical  DNA testing service (Table  21.1 ). The ongoing debates led to a num-
ber of recommendations being formulated (Table 1 in [ 2 ]) while in Germany some 
types of DTC  medical  DNA genetic testing were banned [ 3 ].

   DTC companies introduced innovative advertising strategies. For example, they 
made effective use of social media to facilitate connections with “genetically” simi-
lar friends. One company hosted a celebrity “spit” party to highlight this new type 
of testing. In 2008,  Time  magazine announced that the DTC DNA genetic test was 
the invention of the year [ 2 ]. Public interest in knowing about genetic discoveries 
and the potential for estimating health risk was considered signifi cant, for example, 
~75 % in one survey said they would be prepared to pay for this type of testing [ 2 ]. 
Apart from the media hype touting new genetic discoveries, there were optimistic 
estimates of the potential size of the DTC DNA testing market with one in 2007 
predicting it would generate >$730 million annually with a 20 % growth rate. 

R.J. Trent



465

Subsequent predictions were more realistic although commercially viable such as 
the market in 2010 was worth ~$10–$20 million annually [ 2 ].  

    Medical Research 

 The DTC industry took advantage of the public’s interest in medical research to link 
DTC testing services with opportunities to allow the same DNA sample to be added 
to a DNA research bank. Justifi cation was given as a way to obtain the large cohorts 
required for genetic research studies. Nevertheless, even with consent, there 
remained concerns such as (1) How did oversight or community expectations for 
medical research compare between different jurisdictions as samples to DTC labo-
ratories came from multiple sources including offshore ones? This was particularly 
important for privacy. (2) What happened if the DTC DNA testing laboratory was 
sold or went into receivership? This became reality when the Icelandic company 
deCODE got into fi nancial diffi culties in 2009 and fi led for bankruptcy. Apart from 
providing a DTC DNA testing service, deCODE had a very valuable commercial 
asset in its DNA biobank of 140,000 specimens linked to medical records [ 4 ]. At the 
time, there was concern that the DNA and medical information resource might be 
sold to pay creditors. Eventually, deCODE was sold, its DTC service discontinued, 
and the DNA biobank preserved for ongoing research.  

    Table 21.1    Concerns about DTC medical DNA genetic testing [ 1 ,  2 ]   

 Providing the individual with greater  autonomy  is a worthwhile goal although it is relevant to 
all aspects of clinical medicine, not only genetics. To say that genetics is  different  because 
genes somehow represent a more personal part of the individual is misleading as geneticists 
have tried to avoid this view with its implications for genetic determinism and stigmatization. 
There is little doubt that genetics, particularly in relationship to DNA and genetics, is complex, 
but whether it is different is arguable. 
 Making a  decision  on what tests are clinically useful is not easy with genetic DNA tests. Even more 
of an issue would be how to  interpret the results,  some of which will require considerable expertise 
which is unlikely to be possible without access to expert opinion including genetic counseling. 
 DTC DNA testing is a  commercial venture,  and so members of the community may be 
disadvantaged by not having access to these tests because of costs, availability of the Internet, or 
understanding what is for sale. 
  Evidence  that results provided would lead to useful clinical interventions or decision-making is 
uncertain. 
  Protection  for the individual, particularly in relation to privacy, may be compromised with DTC 
DNA testing conducted in overseas laboratories. 
 The  consequences  of DTC DNA testing on the individual (and family members) remain 
unknown including the potential for false-positive and false-negative results. The effects on the 
healthcare system should be considered. 
 DTC  advertising  can be misleading if the product sold appeared to have direct relevance to 
health and well-being, yet the accompanying disclaimer focused on the product as information 
which should not be used for medical decision-making. 
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    Sales Product 

 DTC DNA testing services provided a range of services for (1) medical (health- 
related) disorders, (2) recreational purposes, (3) identifi cation of human traits, and 
(4) forensic or legal testing. The  medical  testing services have been the subject of 
much debate and are the topic of this chapter. The other products particularly those 
for recreational purposes including family tracing (genealogy) and DNA testing to 
select better diets (nutrigenetics) or skin products (dermatogenetics) are much less 
controversial as  caveat emptor  applies like other commercial transactions. Debate 
continues on the ethical and societal implications of DNA genetic testing for human 
traits such as the prediction of athletic performance particularly in children, or iden-
tifying fetal sex during pregnancy for family balancing [ 2 ]. 

 A key question with DTC DNA genetic testing is what actually is being sold? 
When viewing the companies’ Internet sites, the “average” reader might assume 
that medical-type DNA genetic tests are being advertised and so provide a result 
that could be used in personalized healthcare. Based on the result, some interven-
tions would be possible leading to better health and well-being. Alternatively, when 
reading the various product disclaimers on the same Internet sites, the product for 
sale is described as “information” provided for this purpose alone. 

 Legally, there is some leeway in terms of what can be claimed in advertising. For 
example, saying that “product X is the best available” may not be entirely true, but 
in contemporary marketing, it might be reasonable to expect the “average” person 
will take this with a degree of cynicism and buy or not buy the product with this in 
mind. At worse, the person will lose money. On the other hand, the same fl exibility 
may be problematic with health issues where the consequences for error are more 
signifi cant.  

    Oversight 

 Some regulatory bodies struggled when it came to dealing with the somewhat vague 
concept of “information” because their governing Acts referred to more tangible 
products such as medical devices, drugs, and so on. Nevertheless, the claim that 
only “information” was being sold was criticized on ethical grounds if information 
was not guaranteed to have scientifi c relevance and/or even of being correct, unless 
these facts were clearly known at the time of purchase or consent. 

 It is important to distinguish DTC DNA genetic testing provided  locally,  i.e., by 
laboratories within the same regulatory or legal jurisdiction as the customer. In 
these circumstances the customer has a better understanding of and access to the 
relevant consumer protection laws including those relating to privacy. Should some-
thing go wrong, the customer can seek legal redress. In contrast, DTC offered in 
different jurisdictions particularly  offshore  laboratories places the customer at a sig-
nifi cant disadvantage when things go wrong. Some might say the customer has little 
if any legal protection unless he or she understands the legal environment that the 
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DTC testing company operates in and/or can afford to take legal action in that juris-
diction. Most DTC DNA testing providers are located within the USA [ 5 ].  

    Measuring the Clinical Value of a DNA Genetic Test 

 For a medical DNA genetic test (and any type of clinical investigational test), a 
number of criteria should be assessed before the test becomes a component of clini-
cal care. The evaluative process can be demanding and time consuming but neces-
sary to provide the evidence for decision-making. The same rigor is not required for 
DNA tests discovered as part of research activities as these tests are subject to ongo-
ing scrutiny such as peer review. With accumulation of suffi cient data, their clinical 
value would become apparent, at which time they could be discarded or moved into 
the more regulated clinical service. Various parameters listed below are used to 
assess the clinical value of laboratory tests. For genetic tests, there is also consider-
ation of the ethical, legal, and social implications (ELSI). 

    Clinical Utility 

 An acceptable medical test should have clinical utility, i.e., the test should provide 
information from which health-related decisions/interventions can be made, and 
health-related risks should not occur as a consequence of the testing [ 6 ,  7 ]. Measuring 
clinical utility in mainstream medical practice is not always easy. 

 Some DTC product disclosure brochures are ambiguous when it comes to clini-
cal utility. For example, one company’s Terms and Conditions for genetic  predispo-
sition  testing states,  (i) All materials and products ……..are provided for 
informational and educational purposes only. (ii) I agree not to hold ……liable for 
any damages caused as a result of the use of the information or products contained 
herein, and (iii) The purpose of the molecular genetic test is to ascertain if I, my 
child or an individual for ………………..are carrying mutation(s) predisposing to or 
causing the specifi c diseases or conditions covered in the ordered test  [ 8 ]. 

 In the above disclaimer, the consumer has confl icting information. First, the 
product is described as  genetic predisposition testing . To a geneticist, this terminol-
ogy means the DNA genetic test will provide information in the form of a risk 
estimate that in the future, a particular disease or trait will develop (or it will not 
develop) based on changes detected in a gene. So the product for sale seems to be a 
DNA genetic test providing information for medical decision-making as is further 
implied in part (iii) of the company’s disclaimer. 

 However, the disclaimer also states that the DNA genetic test is for  informational 
and educational purposes only , which implies the product should not be used for 
medical decision-making. This ambiguity could be resolved with “truth in 
 advertising” although, like the laboratory test, it would be diffi cult to regulate when 
it was provided through the Internet particularly offshore locations.  
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    Clinical Validity 

 This measure describes the accuracy with which a test identifi es a particular clinical 
condition [ 6 ]. For a number of DNA genetic tests for Mendelian-type genetic disor-
ders such as Huntington’s disease (HD), the result is very accurate at detecting those 
with this disorder (sensitivity) or excluding those without the disorder (specifi city). 
The DNA test itself measures the number of CAG repeats associated with the  HTT  
gene. Those with ≥40 repeats have or will get this autosomal dominant disorder 
because the penetrance is 100 %. There is now suffi cient clinical experience to 
allow reasonable interpretations to be made for different CAG repeat numbers 
(Fig.  21.1 ). Setting aside important considerations like the pre- and post-test genetic 
counseling requirements and ELSI associated with the HD predictive test, the clini-
cal validity for this test is high even if offered DTC. In contrast, the clinical validity 
for more complex genetic disorders will be poor as illustrated below under Genetics 
to Genomics.   

aaggccttcgagtccctcaagtccttc

AGCAGCAGCAGCAGCAG

caacagccgccaCCGCCGCCGCCGCCGCCGcctcctcagcttcctcagccg

5' -

- 3'
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≤ 26

27–39

Will develop Huntington disease

Normal - no progression to Huntington disease

Might develop Huntington disease at an older age

Offspring might be at risk if repeats increase in size

CAGCAGCAGCAGCAG

CAGCAGCAGCAGCAGC

ccgccg

atg

  Fig. 21.1    Huntington’s disease (HD) DNA genetic testing. Although testing for a rare genetic 
disorder, the HD test is technically straightforward as it measures CAG repeat numbers located at 
the 5′ end of  HHT . The start of the gene is depicted as an atg which is followed by a variable num-
ber of CAG repeats (capitalized). The interpretation of the result is unequivocal for normal or 
abnormal while results in the so-called intermediate range 27–39 require more care in understand-
ing clinical signifi cance for the person being tested and family members. This DNA test illustrates 
two different purposes for the same test. The  diagnostic  test is used to confi rm that an individual 
presenting with a neurological disorder such as dementia or a movement disorder like chorea has 
HD. ELSI for this test is less of an issue as the patient has an existing medical problem and the test 
is simply confi rming a clinical suspicion. In contrast, the same DNA test can be used to assess risk 
in family members and so becomes a  predictive  DNA test. ELSI is more signifi cant because 
 asymptomatic  individuals are now tested. Whether the result comes back positive or negative has 
widespread implications for all, including risks to offspring and the possibility of not being able to 
access life (and in some jurisdictions health) insurance       
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    Analytic Validity 

 This describes the technical ability of the DNA testing laboratory to carry out the test 
accurately. As shown in one study, analytic validity was not an issue in DTC DNA 
testing [ 9 ]. This can be attributed to the sophisticated analytic platforms now avail-
able for testing, many of which are automated. It is likely most laboratories that have 
undergone appropriate accreditation will be able to carry out DNA genetic testing 
satisfactorily. Therefore, the customer, when selecting a DTC DNA testing service, 
should know something of the accreditation standards, and this is more likely to be 
possible if the test is ordered from a local laboratory rather than an offshore one. The 
DTC company example quoted earlier is accredited to the international standard ISO 
17025 [ 8 ]. However, in some jurisdictions such as Australia, this standard is not 
acceptable for  medical  DNA testing, and a higher one ISO 15189 is required [ 10 ]. 

 Analytic validity is directed to the laboratory component of the test. However, 
there is an equally important second component to any DNA genetic test, and that 
is the  result  and what it means in the context of that individual’s health. As shown 
in the same publication which confi rmed satisfactory performance for analytic 
validity in two USA-based DTC DNA testing companies, the  interpretation  of some 
laboratory results by these companies was poor since they reported different risks - 
both high and low for the same genetic disorder in the same customer [ 9 ]!  

    Ethical, Legal, and Social Implications (ELSI) 

 Another measure for the value of a DNA genetic test is its ELSI. Although more 
diffi cult to evaluate, ELSI should be considered particularly for DNA tests associ-
ated with signifi cant risk [ 7 ]. For DTC DNA genetic testing, the following ELSI are 
relevant [ 2 ,  5 ,  7 ]: (1) Marketing, especially truth in advertising and consumer trust, 
(2) Psychosocial impact on the customer (and potentially family members), (3) 
Implications for the healthcare system, and (4) Privacy. 

 One complexity when considering the ELSI component of a DNA genetic test is 
the understanding that the  same test  can be used for  different purposes . Therefore, 
potential advantages, disadvantages, and risks need to be considered for each test 
 and  the purpose of that test. Table 3.7 in reference [ 7 ] provides a classifi cation of 
DNA genetic tests based on purpose. Further information may also be found in 
Chap.   10     in this book. Examples of three different tests follow to highlight consid-
erations around ELSI. 

 First is the DNA  diagnostic  test, which would be relatively low risk from the 
ELSI perspective. In this scenario, the medical practitioner is dealing with a patient 
who has certain signs and/or symptoms consistent with an established clinical prob-
lem. The diagnostic DNA test forms part of the medical workup to identify the 
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 clinical problem. Even if the wrong DNA test is selected or the result of the DNA 
test is incorrect, it is likely the medical practitioner will, in the course of time, repeat 
the test or query its result because it will be inconsistent with the clinical phenotype. 
This type of follow-up is not likely in the DTC approach. 

 The second example is the  predictive  DNA test, which lies at the other end of the 
risk spectrum because it is looking into the future and assessing risk. The accuracy 
of this prediction may not be straightforward as it can be infl uenced by other genetic 
and/or environmental factors involved in pathogenesis. As well as accuracy, there is 
always the possibility of error with any laboratory test, and this should be discussed 
in the pretest counseling. Errors with predictive DNA tests (ordered by the medical 
practitioner or DTC) are particularly problematic because the patient is asymptom-
atic and so errors may not become apparent for years, by which time the patient and 
relatives will have made important life decisions based on incorrect DNA test 
information. 

 A third type of test offered DTC is based on  research  fi ndings that may or may 
not have been confi rmed. Internationally, there is strong interest in expediting the 
translation of medical research into clinical practice. While praiseworthy, this goal 
is problematic if research discoveries are used for clinical decision-making before 
suffi cient evidence accumulates. The overlapping of research into clinical care is 
evident in the DTC industry which frequently promises the latest fi ndings. One 
DTC DNA testing company advertised its medical testing products as (1) Established 
research reports (earlier described by the company as  Clinical reports ) and (2) pre-
liminary research reports [ 7 ].  

    Genetics to Genomics 

 The evaluation of DNA  genetic  tests is demanding even when single or few genes 
are involved. Not surprisingly, the evaluation of  genomic  tests to assess many or all 
human genes is particularly problematic. With few exceptions, traditional DNA 
genetic testing services do not offer DNA  genomic  tests for clinical decision- making 
in the complex genetic disorders since there is some way to go before they can be 
shown to have clinical utility and validity, i.e., these tests still represent research in 
progress. Nevertheless, DTC companies are offering genomic tests as shown by a 
complex disorder such as type 2 diabetes (T2D) suspected to have many disease- 
causing genes as well as environmental contributors [ 7 ]. 

 One of the fi rst high-profi le genomics-based tests was publicly announced in 
2007, when James Watson of Watson and Crick fame allowed his whole genome 
sequence (WGS) (minus a few genes with neuropsychiatric relevance) to be pub-
lished for all to see. Subsequently, the cost for a WGS dropped dramatically from 
the estimated $1 million for Watson’s WGS to a few thousand dollars today. The era 
of looking for multiple changes in many or all human genes had started. The DTC 
DNA genetic testing industry was quick to move in this direction, promising, for a 
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relatively small amount of money, that a comprehensive profi le for various genetic 
risk factors could be provided. 

 DTC genomic testing is usually carried out with a large panel of DNA polymor-
phisms called SNPs (single-nucleotide polymorphisms). For this analysis, it is nec-
essary to have population-based data, e.g., the SNP profi le for thousands of 
individuals with T2D versus the SNP profi le for a similar number without T2D. The 
SNP profi le for the individual who has purchased the DTC test is then compared 
with the population data, and from this, a relative or absolute risk is calculated. 
Reference [ 9 ] shows how these calculations are made. 

 There are a number of problems using SNP markers for DTC DNA testing in a 
complex genetic disorder like T2D: (1) The DNA test does not take into consider-
ation environmental factors associated with this disorder, (2) An assumption is 
made that population-based data from research studies can be directly compared 
with an individual’s profi le to generate a personal risk, (3) Important variables might 
not have been adequately controlled in the original research study including how a 
phenotype was defi ned and/or the possibility of population stratifi cation based on 
ethnicity [ 7 ]. 

 Finally, customers and health professionals (medical practitioners and genetic 
counselors) may not be familiar with the way risk is calculated. For example, a 
change in risk from the population-based 1 % to a customer’s 1.6 % might look 
impressive since it represents a 60 % increase. But to the individual, this risk can be 
meaningless. One study showed only around 7 % health professionals who had spe-
cialized in genetics were comfortable with the interpretation of DTC DNA genetic 
testing [ 11 ].   

    Models of Care with DNA Genetic Testing 

    Traditional Approach 

 The medical DNA genetic test has been available since the mid-1970s, and medical 
practitioners can order these tests for different clinical indications as described ear-
lier. Although arguably outdated, the traditional model of care places the medical 
practitioner in the central role to discuss with the patient the options for DNA 
genetic testing and then working with the testing laboratory to have the test under-
taken. The medical practitioner gets the result and explains its signifi cance to the 
patient. 

 This model is criticized by those in the DTC industry because (1) it can be seen 
to be paternalistic, (2) it takes away autonomy from the individual, and (3) genetics 
is “special” since data generated are particularly sensitive. However, the later view 
is not necessarily correct as genetic information is generally considered to be no 
different to other types of medical information although it can be more complex 
(Table  21.1 ) [ 12 ]. 
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 The three steps involved in having a DNA genetic test are summarized below. 
Each requires input from an expert. This helps to ensure the consent is informed so 
that appropriate decisions can be made. Should anything go wrong, someone can be 
held accountable. 

 Step 1 is to select the right test for the right clinical circumstance. In some cases, 
this will not be diffi cult, but in others, it is a challenge particularly when the cus-
tomer is offered a panel of DNA tests. These considerations  before  ordering a DNA 
genetic test are important but diffi cult unless there is access to a professional who 
preferably has some knowledge of the individual’s relevant medical and family 
history. 

 Step 2 involves the assessment of risk for a DNA genetic test. Two questions are 
needed at this stage. Can the laboratory deliver the test advertised? Will the result(s) 
cause more harm than good for the customer (and family members)? For the former, 
the customer will need to have some knowledge of the laboratory’s performance 
and accreditation status. For the latter, ELSI will depend on the test ordered and its 
purpose. 

 Duty of care and confi dentiality are key requirements in the patient/medical 
practitioner relationship. However, they are challenging with genetic testing involv-
ing germline (inherited) DNA because results might have signifi cance for family 
members particularly when testing for serious genetic disorders when another issue 
(duty to warn) arises. This dilemma can be exemplifi ed with the HD model dis-
cussed earlier. A person being tested for this serious neurodegenerative disorder and 
shown to have a positive result means other members of the family (siblings and 
offspring) are now at 50 % chance of getting HD. In this circumstance, does the 
medical practitioner have a duty of care or a duty to warn the relatives? How can this 
risk be conveyed to family members without infringing their privacy, assuming that 
the family members want to know? There have been some legal cases in the USA 
starting to explore this aspect of the patient/family/medical practitioner relation-
ships in genetic practice. The courts have confi rmed the medical practitioner has a 
duty of care to family members although they differ in the requirements for duty to 
warn (Table  21.2 ).

   Some jurisdictions have attempted to resolve the complex issue around privacy 
and duty of care/duty to warn in predictive DNA testing for serious genetic disor-
ders. One model allows exemptions in the privacy laws so the medical practitioner 
can disclose DNA test results to relatives in certain circumstances [ 14 ]. These 
aspects of ELSI remain work in progress. They are not addressed when DNA genetic 
testing is delivered DTC. 

 Step 3 What does the result mean? The degree of diffi culty in understanding the 
DTC result is a spectrum from a relatively straightforward yes-or-no-type result, for 
example, the patient has or does not have sickle cell disease because the one DNA 
mutation causing this disorder is or is not present to the other extreme where the 
understanding of risk or the signifi cance of a change in the DNA sequence will 
require expert input. At times, the expert will have to admit that a fi rm conclusion 
cannot be made as shown by new terminology emerging to describe changes in the 
DNA sequence that cannot be classifi ed as causative or noncausative of disease. 
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These are called VUS (variant of unknown signifi cance). In a disorder like breast 
cancer, the frequency of VUS fi ndings in genes like  BRCA1  and  BRCA2  is around 
15 % of results [ 15 ].  

    DTC DNA Testing as a Model of Care 

 An alternative and to some extent attractive model of care has been developed 
through DTC DNA testing. Attractive because it places the consumer in the driving 
seat and builds on the public interest in the Internet as exemplifi ed by the rise in 
online shopping. A bonus is the ease of buying the DNA test in the comfort of the 
home compared to the more complex and expensive practice or hospital environ-
ment. Examples of some tests offered DTC are found in Table  21.3  with comments 
on the potential usefulness of these products.

   A leading USA-based DTC DNA genetic testing company is 23AndMe [ 16 ]. A 
little over a year ago, it was offering a wide range of DNA genetic tests covering 
>200 medical conditions and traits including T2D, arthritis, cancer (breast, prostate, 
and colon), heart and bone diseases, Parkinson’s disease, Crohn’s and Coeliac dis-
eases, and many others – all for a special price of $99! Today, it is only selling 
ancestry DNA genetic tests until it has satisfi ed a number of concerns from the 
USA’s FDA (Food and Drug Administration) [ 17 ]. 

   Table 21.2    Case studies on the  duty to warn  relatives of risk following DNA genetic testing [ 13 ]   

 Case  Circumstances  Court ruling 

 Pate v 
Threlkel 
1995 

 Appellant fi led a suit against a medical 
practitioner who had treated her mother for 
an autosomal dominant form of genetic 
thyroid cancer but had not warned the 
appellant she was at risk. Subsequently, the 
appellant developed thyroid cancer which 
she claimed could have been avoided had 
she been warned. 

 It was suffi cient for the medical 
practitioner to advise the mother to 
inform her daughter (appellant) in 
terms of his duty to warn. 

 Safer v 
Estate of 
Pack 1996 

 The appellant sued the estate of the 
medical practitioner who had treated her 
father 30 years earlier for an autosomal 
dominant form of genetic colon cancer. 
She claimed after developing colon cancer 
that she would have avoided this treatable 
cancer if she had been warned when her 
father had been treated. 

 In a different decision, the court 
stated that it was insuffi cient for the 
medical practitioner to ask the 
father to tell his daughter. He 
should have taken “reasonable 
steps” to ensure that immediate 
family members were warned. 

 Molloy v 
Meier 2004 

 A child had the fragile X form of mental 
retardation, but this information did not 
reach the biological parents. Ten years 
later, the mother had another child with 
fragile X. She sued the medical 
practitioners who had cared for her fi rst 
child for not warning her of this risk. 

 The court ruled that a medical 
practitioner had a duty to warn 
biological parents of risks for 
genetic disorders even though the 
patient was an affected child and 
not the parents. 
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 Like most of the regulatory agencies, the FDA maintained a low-key approach to 
DTC DNA testing despite adverse reports and publicity (Table  21.4 ). Two US states, 
New York and Maryland, had made it diffi cult for their residents to access health- 
related DNA DTC tests [ 20 ]. So the regulatory landscape was confusing until the FDA 
took action in late 2013 to demand resolution of some issues that it had highlighted 
earlier to 23andMe. The FDA put a hold on that company’s DTC medical DNA test-
ing service until these were addressed. In early 2014, the 23andMe company pub-
lished an update on its website explaining that it was working with the FDA to resolve 
these issues and until then it was no longer providing a medical testing service [ 21 ]. 
In Feb 2015 the FDA gave approval for 23 and Me to market one DNA genetic test 
DTC. This was to detect carriers for the rare genetic disorder Bloom syndrome.   www.
fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm435003.htm    

   A further development in 2013 was the class action lawsuit fi led in California 
alleging that 23andMe (1) falsely and misleadingly advertises their saliva collection 
kit/personal genomic service as providing health reports on 240+ conditions and 
traits, drug response, and carrier status among other things when there is no analyti-
cal or clinical validation for the personal genomic service for its advertised uses, 
(2) uses the information it collects from the DNA tests consumers pay to take to 

   Table 21.3    Examples of DTC DNA genetic testing   

 Testing for  Comment 

 Medical testing  There are a whole range of tests sold DTC that are linked to medical 
conditions. Particularly concerning are those involving serious disorders 
such as cancer. Whether it is acceptable that these tests can be advertised as 
simply providing “information” will become more evident when the current 
FDA review and a class action are concluded. 

 Recreational 
testing 

 An example would be genealogy with many having a strong interest in 
tracing their ancestry. Although there are DNA genetic markers like SNPs 
that are found in particular ethnic groups, it would be expecting a lot of a 
DTC DNA genetic test to identify distant relatives as is claimed in some 
advertisements. Other types of recreational testing involve the use of DNA 
genetic markers to identify optimal diets for well-being or products to 
improve skin aging. 

 Testing for traits  A test widely advertised DTC looks at athletic ability based on a number of 
research studies showing genes contribute to this trait. The same studies also 
acknowledge that the elite athlete phenotype is complex with important 
genetic (often multiple) and environmental factors playing a role. These 
interactions are not taken into consideration by having a single genetic test 
so the information provided would be limited. It is particularly concerning 
when these tests are ordered on children as it is not clear what the results 
will mean to the children’s long-term development or involvement in sport. 

 Forensic or legal 
testing 

 The usual test ordered here would be paternity testing although some DTC 
services are advertising for infi delity testing which assays various objects for 
DNA from third parties. Another relationship test would involve immigration 
disputes where proving a blood relationship might prove benefi cial. How 
useful these DNA tests are in the legal process will depend on whether the 
laboratory has obtained the appropriate court accreditation. Chain of custody 
would need to be proven, and this might be diffi cult in the DTC context. 
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generate databases and statistical information that it then markets to other sources 
and the scientifi c community in general even though the test results are meaning-
less, and (3) despite 23andMe’s failure to receive marketing authorization or 
approval from the FDA, the defendant has slowly increased its list of indications for 
the personal genomic service and initiated new marketing campaigns including TV 
advertisements in violation of the Federal Food, Drug, and Cosmetic Act [ 22 ]. This 
legal challenge is underway in the USA and will infl uence the future direction of the 
DTC DNA testing industry.  

    Genetic Counseling 

 The importance of genetic counseling as an adjunct to DNA genetic testing has 
always been accepted. Who gives this counseling and how intensive it needs to be 
will ultimately depend on the seriousness of the underlying disorder  and  the type of 
DNA genetic test ordered. For example, DNA testing for genetic predisposition to 
breast cancer should be accompanied by intensive and professional counseling 
because the genetics of this disorder are complex, and even mutations found within 
known causative genes may demonstrate variable penetrance, e.g., 40–70 % depend-
ing on the mutation found as well as other risk factors such as the population being 
tested [ 7 ]. Options for intervention involve major surgery such as prophylactic mas-
tectomy. Thus, the patient must have all the relevant information including accurate 
risk estimations so appropriate decision-making becomes possible. 

   Table 21.4    Adverse reports and publicity involving DTC DNA genetic testing [ 2 ,  18 ,  19 ]   

 Report/incident  Findings 

 2006 US Government Accountability Offi ce 
(GAO) report looked at nutrigenetic 
applications of DTC DNA testing with the 
GAO sending samples to four testing 
laboratories that had advertised through the 
Internet. Fourteen samples of DNA 
purporting to represent 14 adult males and 
females were referred although in reality 12 
of the samples had come from a 9-month-old 
female and 2 from a 48-year-old male. 

 The GAO received different DTC DNA testing 
results for these samples. In some cases, 
companies offered to sell the customer expensive 
supplements that had been made based on his or 
her DNA results. The GAO expressed concern 
that different fi ctitious adults seemed to be 
getting different advice (yet the DNA came from 
the same person). When supplements were 
analyzed, they contained various vitamins that 
could also be found in cheaper generic products. 

 A second GAO study in 2010 was broader 
and targeted some of the large companies 
that had been advertising a range of products 
including what appeared to be DNA testing 
for medical purposes. 

 The GAO’s conclusions were sobering; for 
example, it stated that  10 of the 15 companies 
we investigated engaged in some form of 
fraudulent, deceptive, or otherwise questionable 
marketing practices.  

 There was further adverse publicity in 2010 
when the 23andMe company had to 
apologize for 96 incorrect results because 
DNA samples had been inserted in the wrong 
orientation when tested. 

 This incident also showed that the company was 
not actually doing the test but referring DNA 
samples to another laboratory which would have 
made it diffi cult for customers to access the 
accreditation status of the testing laboratory. 
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 In response to criticism that consumers have no support or counseling, some 
companies formed partnerships with DTC genetic counseling services accessible by 
phone or through the Internet. Some of these are located overseas so there are limi-
tations on knowing how good they are or having access to the courts should prob-
lems arise.   

    Evolution of DTC DNA Genetic and Genomic Testing 

    Uptake and Growth 

 Debate about the DTC DNA testing industry has been diffi cult because it is not 
known how many members of the public are buying this product. One study esti-
mated ~20,000–30,000 customers had purchased tests from the three largest compa-
nies in 2009 (23andMe, Navigenics and deCODEme) [ 23 ]. If correct, then the 
impact of DTC DNA testing on the healthcare system needing to deal with the 
consequences might not be that signifi cant [ 2 ]. A preliminary report in 2011 sug-
gested that there were no short-term changes in psychological health, diet, exercise, 
or the use of screening tests following DTC testing [ 24 ]. 

 At its peak, there were around 30 DTC DNA testing companies in operation. The 
numbers and their products were closely monitored by the USA-based Genetics & 
Public Policy Center, which periodically updated a table and published it on its web-
site [ 25 ]. This table listed the companies offering this service and their products. The 
latest version in 2011 changed format as it subdivided tests into those DTC and those 
“DTC” but ordered by a medical practitioner. Thus, as the industry evolved, there was 
a move back to include the medical practitioner at least to order the test. 

 As mentioned earlier, a number of national committees responded to the devel-
opments in DTC DNA genetic testing and proposed guidelines including codes of 
conduct on how this new model for medical DNA testing might be regulated. 
Although laudable and perhaps the only way forward given the regulatory complex-
ity particularly with overseas-based laboratories, many of these recommendations 
were voluntary and did not identify the means by which they might be enforced or 
acted on should there be problems [ 26 ].  

    Future 

 If the legal and regulatory environment continues to toughen, the move to include 
medical practitioners will increase. In this way, companies can continue DTC 
advertising and the profi ts from testing while the responsibility for ordering and 
interpreting reports shifts to the medical practitioner. It would be important, if this 
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trend continued, for the relevant colleges or associations to develop policies on this 
new model of care. 

 Some insight into what the DTC DNA testing industry might look like in the 
future is provided by the USA-based company KNOME. Originally, this company 
offered a WGS to the few who could afford it [ 27 ]. Subsequently, the company 
evolved from a DNA  testing  service to a DNA  interpretation  service which allows 
customers to bring along their WGS and obtain a regular update on any new fi nd-
ings that had emerged of relevance to the customer’s DNA profi le [ 28 ]. Commercially, 
this made sense as it was likely that when WGS became a routine test, it might only 
be needed once per lifetime as germline DNA would not change. However, the re- 
examination of the sequence data is potentially a lifetime activity as more informa-
tion became available or the individual develops or becomes at risk for new disorders 
allowing a genetic component or cause to be sought in the WGS. 

 It is likely that different permutations of the DTC model will continue to emerge to 
provide an alternative product competing with or even replacing the more traditional 
approach to DNA genetic testing. In parallel with this, it would be necessary to ensure 
measures of the tests’ clinical value including ELSI are taken on by the industry.      
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        Introduction 

 The Human Genome Project, a global collaborative effort aimed at sequencing the 
entire human genome, cost over $2.7 billion and took more than 10 years to com-
plete. The fi rst draft of the human genome was published in 2001 [ 1 ]. Since then, 
rapid advancements in  next-generation  sequencing technologies (NGS, i.e., new 
high-throughput and massively parallel DNA-sequencing technologies) have led to 
a drastic decrease in both the price and time needed for genome sequencing. As of 
2014, the National Human Genome Research Institute estimates the average cost of 
whole-genome sequencing (WGS) at approximately $4,000–5,000 [ 2 ], while the 
time required for this (without interpretation of variants) has been reduced to several 
days [ 3 ]. For over a decade now, the target price of $1,000 per genome has been 
discussed, and recently some companies have announced having reached this goal, 
or of being very close to it [ 4 ]. Moreover, whole-exome sequencing (WES), which 
analyzes only 1 % of the genome, the protein-coding sections [ 5 ], entails lower 
costs, and for now appears to be preferred in the clinical diagnostic setting [ 6 ]. 

 The decreasing cost and time of sequencing have led to the expectation that 
WES/WGS will become commonplace in medical practice, including diagnostics, 
as well as in population screening [ 7 ,  8 ]. In the past few years, both WES and WGS 
have been successfully used to identify causative mutations in some highly selected 
patients with rare or undiagnosed diseases of genetic origin [ 7 ,  9 – 12 ]. Although the 
relatively high costs of WES/WGS currently preclude large-scale adoption of 
genome sequencing in the clinical setting, it has been suggested that rapidly dimin-
ishing sequencing costs may soon make the techniques cost-effective in a broader 
range of clinical cases such as personalized diagnosis and personalized drug ther-
apy. Moreover, some have predicted that sequencing technologies will also be 
applied in public health programs, such as newborn screening programs [ 13 ]. 

 Despite the potential promises of WES/WGS in clinical practice, a number of 
challenges have been identifi ed with regard to the potential implementation 
of sequencing technologies in health care. Firstly, even though the analytic validity of 
WES/WGS has improved dramatically, current sequencing techniques remain 
imperfect. For example, a recent study reported that, depending on the sequencing 
platform used, WGS failed to suffi ciently cover from 10 to 19 % of inherited disease 
genes of interest [ 5 ,  14 ]. Imperfect analytic validity of WGS is worrisome, since 
given the large scale of the human genome (>3 billion base pairs), even a very small 
percentage of erroneous results would translate into a high number of incorrect vari-
ants in absolute terms [ 12 ]. 

 Secondly, owing to the present limited understanding of the human genome, 
many variants currently identifi ed through WES/WGS are unclassifi ed; that is to say 
that they are variants of unknown signifi cance, and their potential effect or impact 
on an individual’s health is has yet to be determined [ 7 ]. Indeed, debates have been 
ongoing regarding to what extent such fi ndings should be reported to patients. 
Although unknown or unclassifi ed variants may be valuable for research purposes, 
in the healthcare setting, they might offer little benefi t to the individual patient as 
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long as their true meaning has not been correctly understood. Furthermore, a large 
number of genetic variants, when combined with other genetic variants or environ-
mental factors, may be suspected of playing a role in an individual’s predisposition 
to multifactorial conditions, such as cancer, diabetes, and cardiovascular diseases. 
However, the predictive value of such results may be low [ 8 ]. Although this is not 
specifi c to the technique of WGS/WES, given the large amounts of data generated 
with these approaches, one could predict that there will be more of these variants 
found with uncertain meaning. Moreover, the use of WES/WGS may reveal variants 
unrelated to the primary indication for sequencing (i.e., unsolicited or incidental 
fi ndings) and lead to the question of which fi ndings should be communicated to 
patients [ 7 ], how, and by whom [ 15 ]. This issue becomes even more knotty when 
the individual tested is a child, and fi ndings may be relevant only later in life or may 
be predominantly informative (at the time of testing) for family members (but not 
necessarily for the child being tested). 

 Thirdly, the amount and variety of information obtained through WES/WGS 
have important implications for information provision and counseling to the patients 
undergoing the procedure. Due to the complexity of the procedure – including tech-
nical aspects of WES/WGS, diagnostic value, likelihood of unsolicited/incidental 
fi ndings, and implications of the test results for other family members – pretest 
counseling involving the informed consent procedure could drastically increase the 
time of the counseling process [ 16 ,  17 ]. Such counseling sessions should, ideally, 
clearly distinguish among the types of expected results in order to facilitate an 
informed decision by the patient [ 18 ]. Notably, post-test counseling may be equally 
time-consuming, especially if the patient chooses to receive extensive information 
on incidental fi ndings [ 7 ]. Furthermore, additional counseling and consent sessions 
may be required in those cases where either the patient’s biological sample or data 
derived through WES/WGS are to be retained for future research purposes. 

 Evidently, there are several concerns with respect to the implementation of 
WGS/WES; herein, we outline four important ethical challenges to the implemen-
tation of these approaches in clinical care (and the related commercial context). 
To begin with, the issues related to unsolicited fi ndings and opportunistic screen-
ing in WES/WGS will be discussed: fi rst in more general terms and secondly with 
respect to a pediatric population. Next, problems with informed consent will be 
covered. Finally, ethical issues regarding direct-to-consumer genetic testing will be 
considered.  

    Unsolicited Findings and the Duty to Hunt 

 As alluded to above, the increasing use of high-throughput technologies and 
approaches in genomics, both in the research and clinical contexts, has increased 
stakeholders’ focus on the topic of unsolicited fi ndings. Unsolicited fi ndings have 
also been referred to as incidental fi ndings, unsolicited variants, unanticipated 
results, secondary variants, unexpected or off-target results, unsought results, or 
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unrelated fi ndings [ 19 ], as well as non-incidental secondary fi ndings, serendipitous, 
or iatrogenic fi ndings [ 20 ]. The exact meaning of each term as well as their merits 
has, to some extent, been debated and could, arguably, be even further discussed 
[ 19 ,  21 ,  22 ]. However, for the purpose of this chapter, we will use the term unsolic-
ited fi nding to mean a result found during research or clinical testing that is beyond 
the aims of the study or the original reason to conduct clinical testing. 

 Although unsolicited fi ndings are not specifi c to genomics, the phenomenon is 
viewed as needing particular attention given the fact that we can now generate 
unprecedentedly large quantities of sequencing data in a very short time and there-
fore have access to a lot of information, whether or not it is related to the initial 
question posed [ 23 ]. Many authors have discussed whether or how unsolicited 
results should be returned to patients in the clinic [ 24 ] or to research participants in 
a research study [ 25 ]. Although there remains a lot of discussion regarding details, 
there appears to be a consensus taking shape: should a clinician or researcher dis-
cover a medically actionable variant with established health impact, this informa-
tion should be returned to patients/participants [ 26 ,  27 ]. For example, the European 
Society of Human Genetics recommends “If the detection of an unsolicited genetic 
variant is indicative of serious health problems (either in the person tested or his or 
her close relatives) that allow for treatment or prevention, in principle, a health-care 
professional should report such genetic variants” [ 18 ]. This being said, the details 
regarding which variants have utility or impact and the criteria needed to make these 
decisions are still being debated [ 23 ]. 

 Closely related to this topic is the notion of the “duty to hunt” for genomic vari-
ants that may have a health impact for patients; that is to say, when performing 
WES/WGS, do physicians and/or researchers have a duty to actively search the 
sequence data for variants known to have a health impact but that are not necessarily 
related to the indication for performing the sequencing in the fi rst place? Although 
some authors have referred to the fi ndings obtained through this “hunt” as incidental 
fi ndings [ 20 ], others have commented that such intentional “hunting” or searching 
could not be described as “incidental,” at least not in the “usual sense of the term” 
and have described the phenomenon as “opportunistic screening” [ 28 ,  29 ]. The dis-
cussion regarding the return of results, including the duty to hunt, differs somewhat 
depending on the context, clinical, or research [ 30 ]; herein, we focus on the issue of 
the duty to hunt in the clinical context. 

 Perhaps, the most well-known stance supporting a duty to hunt in the clinical 
context comes from the American College of Medical Genetics and Genomics 
(ACMG) which, in the fi rst half of 2013, published recommendations supporting 
“that laboratories performing clinical sequencing seek and report mutations of the 
specifi ed classes or types in the genes listed here. This evaluation and reporting 
should be performed for all clinical germline (constitutional) exome and genome 
sequencing, including the “normal” of tumor-normal subtractive analyses in all sub-
jects, irrespective of age but excluding fetal samples” [ 20 ]. The ACMG provided a 
list of 56 genes associated with 24 inherited conditions that should be screened 
whenever a patient (of any age) is offered sequencing. The list was developed based 
on what the ACMG called a “consensus-driven assessment of clinical validity and 
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utility” and focuses on conditions with relatively high penetrance and for which an 
intervention may be possible. Importantly, the list does not include conditions that 
are already part of newborn screening. The initial recommendations proposed that 
patients could not refuse the testing of these 56 genes without also forfeiting the 
access to WES/WGS. However, in the face of criticisms concerning the lack of sup-
port for patient autonomy, shared decision-making, and for patients’ right “not to 
know” [ 28 ,  31 ,  32 ], the ACMG changed their stance on this point the following year 
[ 33 ]. The rationale for opportunistic screening is based mainly on the medical ben-
efi t for patients and their families, where the identifi cation of a genetic risk could 
allow for the early adoption of prevention or treatment measures. Furthermore, it is 
based on the fi duciary duty of clinicians and laboratory personnel to prevent harm. 
It should be noted, however, that these recommendations are not meant for sequenc-
ing done in the context of preconception, prenatal, or newborn sequencing, nor do 
they apply to the sequencing of healthy children and adults [ 20 ]. 

 A number of concerns have been raised in reaction to these recommendations, 
including a lack of evidence for establishing the list of genes and the lack of infor-
mation about frequencies of variants in healthy or not-at-risk populations [ 28 ]. Such 
a lack of information could subsequently lead to erroneous classifi cations of vari-
ants as pathogenic, which could cause needless anxiety and cause patients to seek 
inappropriate and costly follow-up medical procedures [ 34 ]. The fact that important 
stakeholders, such as members of the public and primary care physicians, were 
absent from the discussion [ 32 ] has also been mentioned as a weakness. Of major 
concern is also the potentially extremely high costs in terms of time, resources, 
effort, and money to conduct such screening [ 32 ]. Furthermore, there has been criti-
cism regarding the screening of children in this context, especially for adult-onset 
disorders (see below). 

 Although other professional associations’ and policy groups’ guidelines have 
mentioned opportunistic screening, they have not outright recommended it [ 29 ,  35 ]. 
Moreover, the European Society of Human Genetics’ guidelines on the use of WGS 
in health care advise that approaches such as targeting and fi ltering be used employed 
to reduce the chances of even encountering unsolicited fi ndings: “When in the clini-
cal setting either targeted sequencing or analysis of genome data is possible, it is 
preferable to use a targeted approach fi rst in order to avoid unsolicited fi ndings or 
fi ndings that cannot be interpreted. Filtering should limit the analysis to specifi c 
(sets of) genes. Known genetic variants with limited or no clinical utility should be 
fi ltered out (if possible neither analyzed nor reported)” [ 18 ]. Although only indi-
rectly addressed within the context of the management of incidental fi ndings in the 
clinical context, the Presidential Commission for the Study of Bioethical Issues 
recommends that “Medical educators, both in the classroom and clinic, should con-
tinue to cultivate ‘diagnostic elegance’ and ‘therapeutic parsimony’ amongst practi-
tioners—ordering and conducting only tests and interventions necessary for 
addressing health concerns related to their patient” [ 36 ]. 

 In conclusion, currently, there is no general agreement regarding whether clini-
cians who use WGS or WES for diagnostic purposes also have a duty to hunt for other 
variants with health impacts. There is, however, a large consensus that much more 
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evidence is needed [ 20 ,  28 ,  34 ] regarding opportunistic screening and its potential 
impact on the healthcare system and on patients. Even the ACMG recognizes that 
“there are insuffi cient data on penetrance and clinical utility to fully support these 
recommendations, and we encourage the creation of an ongoing process for updating 
these recommendations at least annually as further data are  collected” [ 20 ].  

    Opportunistic Screening in Children 

 As previously mentioned, the introduction of WES/WGS in the clinic may revolu-
tionize the potential for fi nding the (molecular) diagnosis of genetic conditions, 
including movement disorders. Although this may confer benefi ts in terms of reduc-
ing the diagnostic odyssey, and/or improving patient management [ 7 ] as well as 
revealing potential risks for relatives, it also raises ethical issues in relation to 
genetic testing in children. 

 Consider this scenario:  8-year-old Jack is referred to your clinic for investigation 
of the genetic cause of his progressive ataxia. His parents, who are considering hav-
ing a second child, are keen to fi nd out the genetic basis of his condition in order to 
avoid having a second affected child. Given there are several candidate genes, you 
decide whole-genome sequencing will be most cost-effective. Following testing, you 
receive the laboratory report which reveals the genetic cause for Jack’s progressive 
ataxia, as well as a result unrelated to diagnosing the ataxia – that he carries a 
variant in BRCA1. This variant is expected to be pathogenic and therefore has 
health implications for Jack, one of his parents, and potentially their extended fam-
ily members.  

 As described in the previous section, the use of WES/WGS raises the question as 
to whether laboratories should limit their reporting of results only to the fi ndings 
that are relevant to the clinical question at stake or to “hunt” for other variants 
known to have a health impact. The previously mentioned ACMG guidelines, which 
recommend the active search of a selected group of genes, including those for con-
ditions with adult onset, have led to a heated debate regarding whether these recom-
mendations should also apply to children. The ACMG states that “masking or 
tailoring the reporting of such information according to the age of the patient could 
place an unrealistic burden upon laboratories facing increasing volumes of clinical 
sequencing. The Working Group also felt that the ethical concerns about providing 
children with genetic risk information about adult-onset diseases were outweighed 
by the potential benefi t to the future health of the child and the child’s parent of 
discovering an incidental fi nding where intervention might be possible. Therefore, 
the Working Group recommended that recommendations for seeking and reporting 
incidental fi ndings not be limited by the age of the person being sequenced” [ 20 ]. 

 These recommendations appear to be in stark contrast to previous recommenda-
tions for predictive testing in children as well as to a set of guidelines which were 
jointly released by the American Academy of Pediatrics (AAP) and the ACMG in 
2013 [ 37 ,  38 ]. The AAP/ACMG guidelines recommend that children should gener-

P. Borry et al.



487

ally not receive genetic testing for adult-onset disorders, particularly where no treat-
ment is available [ 37 ,  38 ]. It should be noted, however, that the contextual 
background of testing differs somewhat for each set of guidelines. The AAP/ACMG 
guidelines are generally situated in a clinical setting where parents may request 
predictive testing for their child for an adult-onset condition that is already known 
in the family [ 37 ,  38 ]; no particular strategy or tool for testing is mentioned nor do 
they mention a situation of opportunistic screening. The ACMG guidelines, on the 
other hand, relate specifi cally to a situation such as Jack’s, described above, where 
WES/WGS is used as a diagnostic approach [ 20 ]. 

 This contextual difference translates to two important distinctions between the 
WES/WGS diagnostic approach from the standard predictive testing context [ 39 ]. 
First, the nature of the tools or approach used for diagnostic purposes in Jack’s case 
means that the sequence data is already available for the “hunt” rather than a spe-
cifi c test being performed only for the reason of testing an adult-onset condition. 
Second, the genetic predisposition Jack carries for BRCA1 may not have been iden-
tifi ed previously in the family, and reporting of the variant could, therefore, poten-
tially lead to early detection of risk and implementation of screening for both Jack 
in the future and also for relatives. These are the primary drivers of the ACMG’s 
recommendations for reporting these variants [ 20 ]. 

 Although the reporting of results from opportunistic screening might result in 
health benefi ts for the children or their family, we must also consider the potential 
(harmful) impact when one of these variants is identifi ed in a child and disclosed to 
the family. Standard genetic guidelines for predictive testing in children often indi-
cate that when there is no medical benefi t from performing predictive testing, then 
it is in the child’s best interests to postpone testing until the child is able to make an 
autonomous decision [ 37 ,  38 ,  40 – 42 ]. That being said, the AAP/ACMG guidelines 
also leave some room for alternate routes when they state that “…after careful 
genetic counseling, it may be ethically acceptable to proceed with predictive genetic 
testing to resolve disabling parental anxiety or to support life-planning decisions 
that parents sincerely believe to be in the child’s best interest” [ 38 ]. One of the chal-
lenges in the context of genetic testing is that there are many different views regard-
ing exactly what constitutes as being in the child’s best interests [ 43 ]. 

 One way of determining what is in the child’s best interests might be to assess the 
harms of reporting and not reporting the results from opportunistic screening (or 
unsolicited fi ndings). Some authors have proposed that the harms of reporting such 
results in children are limited to the imposition of undesired genetic information on 
the child and their family [ 44 ]. They argue that this is outweighed by the potential 
harm of removing family members’ opportunities to avoid illness through screening 
[ 44 ]. Although genetic guidelines generally recommend against providing predic-
tive testing in young children, few studies have investigated the psychological 
impact of testing [ 40 – 42 ,  45 ]. There is, therefore, little in the way of evidence to 
suggest that identifi cation of an unsolicited fi nding (or results from opportunistic 
screening) predisposing a child to a genetic condition would cause psychological 
harm. However, lack of evidence does not equate to evidence of a lack of harm, and 
therefore, additional empirical studies to investigate this are required. 
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 The ACMG has taken a more family-based approach to what is in the child’s best 
interests. They argue that identifi cation of these pathogenic variants in children ben-
efi ts the child, fi rst by providing them with important information about their future 
health risks and, second, through the potential health benefi ts to their parents should 
they be detected prior to displaying symptoms of the genetic condition for which 
a mutation was detected. Therefore, the ACMG believes that the ethical concerns 
are outweighed by the “potential benefi t to the future health of the child and the 
child’s parents” [ 20 ]. For this reason, their follow-up recommendations indicated 
that it could be viewed as unethical if laboratories do not report these unsolicited 
fi ndings, because they are failing to allow parents to act in their child’s best interests 
and avoid preventable harm [ 44 ,  46 ]. This is in line with literature acknowledging 
that parents are best placed to consider all the factors that impact on their family 
and should therefore be allowed to make decisions in a way that takes the family’s 
best interests into account [ 47 ]. This being said, whether parents will be suffi ciently 
informed regarding the unsolicited information they might receive in order to make 
decisions on behalf of their children and their broader family is unclear. 

 One should consider what else is at stake for the child if we report the results 
of opportunistic screening (or unsolicited results). A commonly stated argument 
against predictive testing in children is that, as well as removing their right to pri-
vacy (regarding their genetic result), it impinges on their future autonomy, specifi -
cally the child’s ability to make his/her own decisions about whether they want to 
know their genetic status when they are older [ 42 ]. This concept has been referred 
to as “the child’s right to an open future” and rests on the notion that genetic test-
ing would narrow the child’s future options [ 48 ,  49 ]. Likewise, when the results 
of opportunistic screening are reported to the clinician and subsequently to Jack’s 
parents and Jack, we are removing the child’s right not to know whether he has a 
 BRCA1  mutation. From this perspective, preservation of the child’s future auton-
omy would involve either not conducting the screening at all for adult-onset disor-
ders or, in the case of a truly “stumbled upon” incidental fi nding, to not report it to 
the clinician. Alternatively, the result could be reported to the clinician and held in 
trust until the child is able to make an autonomous decision. However, one might 
also view that by disclosing the results of opportunistic screening to the family, we 
are in fact broadening the options available to Jack and his family by providing them 
with opportunities for further screening and preventative care. 

 Debate continues as to whether laboratories should “hunt for” and report back 
results for a preset list of genes when WES/WGS is conducted in the clinical setting 
in children or whether reporting should be restricted to fi ndings relevant to the quest 
for a diagnosis. Ultimately, it depends on the importance one places on the preserva-
tion of the child’s right not to know information about their genetic risks compared 
to the potential health benefi ts for the family. Given that once information is known, 
it cannot be “unknown,” perhaps the initial premise should be to remain cautious 
until more evidence is amassed regarding the impact of returning results to children 
for adult-onset disorders and limit reporting to the original clinical question and, in 
doing so, promote the child’s future autonomy.  
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    Informed Consent for WES and WGS in Diagnostics 

 Informed consent in clinical practice functions as a permission given for the per-
formance of a medical procedure by a capacitated patient to whom the informa-
tion about the procedure has been given, who understands it fully, and voluntarily 
consents to it. Informed consent has been integrated in most jurisdictions as a legal 
requirement and supported ethically as ultimate respect for the autonomy of indi-
viduals and their right to self-determination [ 17 ]. It has been argued that in order 
to obtain genuine informed consent, the information about the procedure (or in this 
context the genetic test) presented to a patient should be accurate, relevant, and 
understandable, and the patient should have the opportunity to freely withdraw con-
sent [ 17 ,  50 ]. Yet, obtaining valid and adequate informed consent for some medical 
procedures poses challenges such as those related to proper communication of the 
information and its comprehension, which is particularly relevant for informed con-
sent for genetic testing. The fact that clinical genetic testing is usually offered with 
both pre- and post-test genetic counseling is an indication of how important and 
potentially complex communication can be in this context. Herein, we offer a list of 
issues that should be considered when planning for the informed consent procedure 
for WES/WGS. 

 Indeed, the implementation of WES and WGS adds further challenges and 
amplifi es those already existing related to the informed consent procedure for “tra-
ditional” genetic tests. This is primarily caused by the vast amount of complex 
information that may be extracted from whole-exome or whole-genome sequence 
data. This information varies with respect to the clinical signifi cance and predictive 
value, which may infl uence the individual’s desire to obtain particular results [ 51 ]. 
Related to this, the potential for unsolicited fi ndings is of particular concern in the 
informed consent process. Among others, they raise a question about the categories 
or types of genetic variants (i.e., those with high penetrance or clinical utility or 
health impact) that should be retrieved from a whole-genome sequence [ 18 ,  20 ] and 
what should be reported to patients. Even if sequencing is targeted and fi lters are 
applied to WES/WGS with the aim of obtaining only fi ndings relevant to the medi-
cal indication in question, unsolicited fi ndings may nevertheless appear in the pro-
cess of sequence analysis and interpretation. Although unsolicited fi ndings exceed 
the initial scope of the test, they may be clinically actionable, which poses questions 
about the obligation to disclose them [ 36 ]. Additionally, the signifi cance of sequenc-
ing data may change with time as our understanding of variants progresses through 
genomics research. Therefore, the storage of the data should be considered as well 
as the possibility of reanalyzing and reinterpreting data in the light of new scientifi c 
fi ndings and whether the patient agrees to be recontacted for this information (or 
for any incidental fi nding). Furthermore, in the case where clinical  whole- genome 
sequencing is coupled with research, this subject, including the issue of data shar-
ing, should be discussed during the informed consent process [ 52 ]. Finally, as with 
other genetic tests, some of the outcomes of WES/WGS for hereditary diseases 
concern not only the patient but also the relatives or future offspring; thus, this 
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introduces the dilemma of potential obligation to disclose some information to fam-
ily members [ 25 ]. Additional diffi culties appear in case of WES/WGS offered for 
children, whose “right not to know” regarding health prospects should be retained 
as much as possible [ 51 ] in the case of testing for adult-onset conditions. All of the 
issues outlined above make the process of designing appropriate informed consent 
procedures in the context of WES/WGS particularly challenging. It is crucial to 
communicate with the patient regarding these factors and, in particular, to commu-
nicate the meaning and implications of the different types of expected fi ndings in an 
understandable way that would allow truly informed decision-making. 

 Given these challenges, many societies and experts have attempted to face 
or overcome the diffi culties of informed consent in this new context of WES/
WGS. Ayuso et al. specifi cally analyzed publications and guidelines concerning 
or related to informed consent for WGS in the clinical context [ 53 ]. The authors 
found a relatively high level of consistency among the guidelines and proposed a 
minimum list of information that should be provided to the patient, which are the 
management of incidental fi ndings, the scope, a description indicating the kind of 
information to be obtained, the possible benefi ts and risks, the availability of alter-
native tests, the voluntary nature of the test, the possibility of refusal, the future use 
of the data, and the confi dentiality of the outcomes. Pretest counseling has been 
underlined by the authors of the abovementioned publication as well as by other 
experts in various recommendations as a crucial element of informed consent [ 53 ]. 
Pretest counseling should prevent informed consent from being reduced to the mere 
signing of a document. It should be ensured through dialogue that the patient truly 
understands the information provided and is competent to make a choice. Fulfi lling 
these requirements in the context of WES/WGS will demand time- consuming coun-
seling sessions provided by properly trained  professionals [ 55 ]. 

 Various authors have also suggested new strategies of informed consent that 
may minimize information overload by introducing clinically relevant categories 
of diseases and traits, layers of indispensable and additional information, and infor-
mational and decisional phases of consent that require it to be stretched in time 
[ 56 – 59 ]. Dynamic models of consent, where the use of information technology 
interfaces places patients at the center of the decision-making process and allows 
them to be more engaged over the entire time span of use of their sample/informa-
tion, may also help to ease the challenges of consent for WGS/WES [ 60 ]. These 
different strategies may facilitate the counseling and informed decision-making of 
the patient regarding the type of test they want to consent to and categories of results 
that will be returned. 

 Concluding, informed consent is just one of the elements related to the ethical 
issues around WES/WGS. Its adequacy may not resolve the other ethical issues 
related to data handling and return of results; however, efforts should be made to 
implement the proposed recommendations and new strategies of informed consent 
for WES/WGS into clinical practice. Thereafter, studies may be conducted toward 
optimizing informed consent procedures so that it may fulfi ll its functions more 
adequately.  
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    Genetic Testing Beyond the Clinic: Commercialization 
of Genetic Tests 

 Although not, strictly speaking, a part of the realm of “clinical” genetics per se, direct-
to-consumer (DTC) genetic testing, in many ways, brushes up to the activities of clini-
cal genetics (e.g., some of the types of tests being offered and the inclusion of healthcare 
professionals in the process). Furthermore, as a relatively new phenomenon, which 
has sparked a great deal of debate in the last years, we chose to address these activities 
and their ethical dimensions herein. Unlike the previous sections, however, we do not 
confi ne the discussion only to WES/WGS and the companies offering these services 
DTC, as these are fairly recent, and the ethical issues surrounding companies offering 
genome-wide testing are very similar to those offering WES/WGS. Furthermore, it is 
important to note that all three previous topics discussed are relevant concerns, albeit 
with some variations, for companies offering WES/WGS DTC. 

 For more than a decade now, several for-profi t companies have been commercial-
izing genetic tests through the Internet, often without involving a healthcare profes-
sional in their services [ 61 ]. Such tests are advertised directly to the public, and 
consumers may order and receive the tests themselves, or through a healthcare pro-
vider [ 62 ]. The majority of direct-to-consumer (DTC) genetic testing companies are 
based in the USA, although the number of companies established in Europe and 
Asia is also growing [ 63 ]. The DTC genetic testing market comprises a very hetero-
geneous spectrum of companies and products, while its size is still unspecifi ed [ 64 ]. 

 Currently, a wide variety of genetic tests is available DTC, including tests for 
recreational purposes, such as athletic performance and ancestry tests and tests for 
health-related purposes such as tests for multifactorial or monogenic disorders, test 
for carrier status, and nutrigenomics and pharmacogenomics tests. While in previous 
years the most comprehensive testing was offered mostly by companies genotyping 
hundreds of thousands to millions of SNPs, more recently companies are now also 
offering whole-genome and whole-exome sequencing directly to the public. 

 Specifi cally for conditions under the umbrella of movement disorders, various con-
sumers might be able to fi nd tests DTC, including tests for susceptibility to Parkinson’s 
disease [ 65 ], Tourette syndrome [ 66 ], and restless legs syndrome [ 67 ], as well as carrier 
tests for ataxia-telangiectasia (ATM) [ 68 ] and rare diseases such as myoclonus dys-
tonia (DYT11) and Rett syndrome (MECP2) [ 68 ]. In the past, some companies have 
also offered susceptibility tests for essential tremor, tardive dyskinesia, and progressive 
supranuclear palsy [ 69 ]. Indeed, DTC genetic tests on offer are frequently subject to 
changes, as the DTC genetic testing market is a particularly dynamic fi eld. 

 Supporters of DTC genetic testing claim that such tests promote genetic educa-
tion of consumers, empower them to improve their health by making their own 
healthcare decisions, and enhance their autonomy [ 70 ]. In addition, given that DTC 
genetic testing may potentially enable consumers to control who has access to their 
test results, this type of testing is considered, by some, to protect privacy of genetic 
information toward employers and insurance companies [ 71 ]. 
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 Nevertheless, DTC genetic testing has also been subject to a lot of criticism over 
the past years, and concerns have been raised by several authors and professional 
organizations regarding the potential risks stemming from such tests. One of the 
main concerns regarding this type of testing has to do with the uncertain clinical 
validity and utility of many of the tests offered DTC. When it comes to susceptibil-
ity testing for common complex disorders, such as Parkinson’s disease, where the 
development of the disorder is usually the result of several genetic mutations acting 
in combination with other nongenetic factors [ 72 ], the predictive value of individual 
genetic variants remains low [ 72 ], and the commercialization of such tests is often 
considered to be premature [ 73 ]. The clinical utility of such tests is also question-
able in many cases, since the test results are often not clinically actionable, and the 
health advice provided along with them is usually generic [ 74 ]. When thinking of 
rare monogenetic disorders, some concerns also exist about the extent to which the 
pathogenicity of variants is known, as well as penetrance and expressivity, espe-
cially in healthy populations, which have traditionally not been studied for such 
disorders. Moreover, when using WES/WGS, the problems of reporting (or not) 
variants of unknown signifi cance remain. 

 In addition, it has been claimed that without genetic counseling and individu-
alized supervision from a healthcare professional, consumers are more likely to 
misinterpret the test results and potentially take inappropriate healthcare actions 
or experience unnecessary anxiety [ 71 ]. The importance of medical supervision 
and pre- and post-test genetic counseling in the context of genetic testing for 
movement disorders is often underlined, since the test results are, in many cases, 
inconclusive, and their interpretation requires a high level of expertise in genet-
ics [ 75 ,  76 ]. Furthermore, in light of the limited clinical interventions available 
for disorders like Parkinson’s disease, performing the appropriate test for the 
appropriate person is particularly important, in order to avoid unnecessary dis-
tress and redundant visits to healthcare professionals [ 75 ]. It is important, there-
fore, that this type of testing is performed in the context of genetic counseling 
and that it is based on an informed decision of the patient [ 75 ]. Despite the fact 
that lately, many DTC genetic testing companies tend to involve healthcare pro-
fessionals in their services, various concerns remain. Including a medical pre-
scription on paper for genetic tests is not a guarantee of an adequate informed 
consent procedure and pretest counseling. In most cases, any physician seems to 
be allowed to order genetic tests regardless of whether he/she has adequate train-
ing to do so. Finally, some healthcare professionals may be employed or other-
wise collaborating or linked with some companies, raising doubts about their 
impartiality [ 62 ]. 

 Several professional organizations, genetic societies, and bioethics committees 
have addressed concerns related to DTC genetic testing, stressing in guidelines 
and recommendations the importance of medical supervision, genetic counseling, 
and informed consent and ensuring the quality of the tests [ 72 ,  77 ,  78 ]. 
Nevertheless, the effective regulation of this fi eld remains a challenge, since the 
regulatory landscape both in Europe and the USA is rather fragmented and 
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 complex, leaving some important gaps [ 63 ]. Furthermore, the idea of a “one size 
fi ts all” regulation for all types of tests (e.g., ancestry, health related, etc.) may not 
be the most coherent approach. Finally, enforcement of national legislation may 
be problematic, given the global character of this industry which operates mostly 
through the Internet [ 79 ].  

    Conclusion 

 We have briefl y discussed herein four of the many aspects that raise concerns in the 
context of implementation of whole-exome and whole-genome sequencing (mainly) 
in the clinical realm. Namely, we addressed issues surrounding (1) the duty to hunt 
for variants known to have a health impact, (2) such “hunting” or opportunistic 
screening in children, (3) challenges to the consent process, and (4) the commercial-
ization of genetic testing direct to consumer. Indeed, none of these are new issues 
per se, but each issue when brought into the context of WES/WGS has new particu-
larities and appears to be exacerbated by these high-throughput approaches. 
Furthermore, it is clear that the ethical and procedural frameworks previously cre-
ated to deal with these aspects for “traditional” clinical genetic testing (i.e., where 
one or few genetic tests were performed usually sequentially) are, at best being 
challenged by the use of WES/WGS, and at worse, completely inept to properly 
manage these areas and concerns. 

 It is evident that, overall, more evidence is needed in order to pave the route to 
responsibly manage the implementation of WES/WGS in clinical care. Regarding 
the return of incidental fi ndings and/or opportunistic screening, it will be important 
to closely study centers and pilot projects that currently offer these services to 
patients and to study the impact on patients. Additionally, with respect to programs 
for opportunistic screening, like that proposed by the ACMG, evidence is needed 
regarding the penetrance and mutagenicity of the 56 genes in healthy populations. 
Evidence is also needed specifi cally regarding the return of results for children, 
especially for adult- onset disorders. Are children negatively impacted by such 
information? Is there a benefi t to them knowing? With respect to the ACMG guide-
lines, there is also a need to discuss and reconcile the discrepancies between tradi-
tional guidelines that suggest no testing in children for adult-onset disorders unless 
action can be taken to reduce the chances of developing the disorder. This discus-
sion should also address the fact that DTC genetic testing companies can, and do, 
test children for adult-onset disorders. Regarding consent, new models and proce-
dures of consent need to be carefully planned to integrate all the aspects and infor-
mation needed to obtain proper informed consent in the context of WES/WGS. These 
then need to be tested on patient populations and the impact on patients measured. 
Finally, the DTC offer of genetic testing should continue to be monitored, as this 
group of actors has tended to offer services that go well beyond what we have been 
used to in the traditional clinical context.     
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    Chapter 23   
 Implications for Health and Life Insurances 
and Other Legal Aspects of Genetic Testing 

             Ida     Ngueng Feze     ,     Shahad     Salman     , and     Yann     Joly     

    Abstract     Scientifi c breakthroughs have fostered the development of new genomic 
tools, which are generating an unprecedented amount of genetic data. This informa-
tion has been a catalyst in the transition towards personalized medicine by rapidly 
becoming integrated to the health care and the research settings but also through the 
use of direct-to-consumer genetic services. Despite the wealth of perceived benefi ts 
in improved diagnosis, treatments, and preventive measures, concerns continue to 
be raised about the use of genetic information for nontherapeutic purposes and 
genetic discrimination in the context of insurance. As various neurologists and 
researchers in movement disorder genetics are increasingly being solicited to assist 
patients to deal with these concerns, they are confronted with the changing land-
scape of ethical and legal issues and facing a need for additional knowledge and 
resources about the implications that genetics may have on the insurability of 
patients and their family members.  

  Keywords     Direct-to-consumer   •   Duty to disclose   •   Family history   •   Genetic 
 discrimination   •   Genetic testing   •   Insurance   •   Movement disorders  

        Introduction 

 As research progresses, scientifi c breakthroughs in genetics and related fi elds and 
the developments of new genomic tools such as next-generation sequencing or 
genome-wide association studies have generated an unprecedented amount of 
genetic information. This important volume of genetic data has been a catalyst force 
for the transition towards personalized medicine, thereby contributing to further our 
understanding of the nature and causes of diseases, improving current tools, and 
developing new instruments to prevent, screen, and treat diseases [ 15 ,  42 ,  68 ,  92 ]. 
This information has also been facilitating the prediction of risks for future diseases, 
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providing valuable information to patients for their reproductive decision-making 
and assisting in the development, selection, and dosing of newer, improved, or alter-
native medications [ 20 ,  54 ,  68 ,  106 ]. 

 There are currently more than 1,500 single and multifactorial conditions that can 
be genetically tested, with most developments concerning common diseases [ 20 ]. 
Among those, some genetic tests are capable of detecting gene mutations responsi-
ble for a number of late-onset neurodegenerative conditions and can even be used to 
predict the future health status of individuals at risk before they develop a condition 
[ 43 ]. With proper translation into practice, the data derived from recent develop-
ments may potentially have further signifi cant implications in the context of neuro-
genetics research and thereby foster an accelerated availability of newer 
neuropreventive, neuroprotective, neurorestorative, and gene-specifi c diagnostic 
instruments and treatments [ 56 ,  103 ]. 

 Despite these perceived benefi ts, the use of genetic information by third parties 
outside of the clinical or research context has been at the heart of an ongoing ethical 
and legal debate for the past three decades, since the publication of the fi rst report 
by Billings et al. in the late 1980s [ 7 ,  27 ,  49 ]. With the unprecedented amount of 
genetic data being generated and its increasing availability, concerns have brought 
further attention to the potential occurrence of “genetic discrimination.” Genetic 
discrimination is the possibility that genetic information used for nontherapeutic 
purposes may serve to discriminate against an individual or a segment of the popu-
lation based on their genetic makeup, thereby preventing them from accessing 
important social goods such as insurance, employment, or housing. 

 Patients have expressed concerns that their genetic information may be used by 
insurers to discriminate them or their family members and have consequently 
declined recommended clinical genetic testing or participation in genomic research 
[ 4 ,  34 ,  39 ,  55 ]. Reports on the fear of genetic discrimination have emerged interna-
tionally [ 34 ,  80 ,  90 ,  93 ,  95 ,  115 ]. Instances of discriminatory practices against indi-
viduals tested for or with a family history of Huntington’s disease (Huntington) 
have been widely documented [ 10 ,  24 ,  51 ,  64 ]. This may also explain, in part, why 
the number of individuals undertaking presymptomatic genetic testing for 
Huntington has remained low [ 78 ]. Similar reports of perceived discrimination or 
fear thereof have also been noted with patients at risk for Alzheimer’s disease [ 24 , 
 61 ,  117 ] and other autosomal dominant adult-onset neuromuscular disorders [ 12 ]. 
Genetic information derived from genetic tests capable of indicating or predicting a 
major neurological disorder or a susceptibility to a neurological disorder has been 
considered highly sensitive so to require specifi c written consent from patients to 
prevent potential violation of confi dentiality and protect privacy [ 30 ]. In this con-
text, given the highly invasive nature of these types of disorders, genetic test results 
may be a signifi cant source of additional psychosocial harm due to knowledge of 
diagnosis, carrier status, or the risk for potential stigmatization or discrimination 
[ 43 ,  104 ]. However, aside from few well-known highly penetrant, adult-onset 
monogenic conditions, data supporting a systemic discriminatory use of genetic 
information in life insurance and other forms of personal insurance (except for 
health insurance) has been scarce or diffi cult to interpret [ 51 ]. 
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 The fear of genetic discrimination is a complex, multifaceted ethical, 
 psychosocial, and legal phenomenon that health professionals are increasingly 
being called to address. For example, genetic counselors have been recommended 
to address matters concerning personal insurance with their patients [ 98 ]. The inci-
dence and fear of genetic discrimination may create signifi cant barriers to clinical 
care and genetic research. This can potentially compromise the prospect of a fair 
and equitable delivery of personalized medicine, if selected individuals are excluded 
from these benefi ts due to genetic discrimination. 

 This chapter presents an overview of some of the issues and practical consider-
ations that health professionals in the context of movement disorders may encounter 
or take into account when being called to address concerns or incidents related to 
genetics and personal insurance.  

    Context 

    Concepts and Defi nitions 

 Genetic information may be derived and given differing considerations and values 
depending on a country’s particular sociocultural and legal context. Consequently, 
defi ning genetic information has also proven to be a challenging task for health 
professionals, researchers, and policymakers alike as it may result in defi nitions 
being too narrow and restrictive or too broad [ 99 ]. For instance, the  Genetic 
Information Nondiscrimination Act  (GINA) adopted in the United States defi nes 
genetic information broadly as information about an individual’s genetic tests, the 
genetic tests of family members, or the occurrence of a disease in family members 
of an individual [ 32 ]. The relevance of genetic information for insurance underwrit-
ing may also be infl uenced by the context from which the information is derived, 
including family history, DNA test, and genetic test results derived in the context of 
clinical care, research, or through the use of direct-to-consumer (DTC) Internet ser-
vices [ 100 ]. These sources of genetic data have varying degrees of reliability. For 
example, genetic information obtained in the context of research may not meet ana-
lytical validity, clinical validity, and utility or raise substantial ethical or legal issues 
[ 23 ,  59 ]. DTC genetic services also seem to suffer from the same lack of validity or 
raise additional ethical questions [ 14 ,  25 ,  45 ,  114 ]. 

 It has been apprehended that genetic information could be used outside of the 
therapeutic context to discriminate against individuals. This has been commonly 
referred to as genetic discrimination, which may be defi ned as the differential 
treatment of an individual on the basis of her/his genetic makeup [ 94 ]. Genetic 
discrimination has also been defi ned differently based on a social, ethical, legal, 
cultural, or scholarly context or perspective [ 51 ]. In the legal context, for exam-
ple, differential treatment is referred to as “legal-illegal (illicit) discrimination” 
[ 89 ]. It is important to note here that genetic discrimination in the context of 
personal insurance is not necessarily illegal as the use of questions related to 
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health, family history, or genetic information may be permitted by national laws 
in some countries [ 58 ,  66 ]. Moreover, from the perspectives of insurers, “ratio-
nal actuarial discrimination” or the differential treatment of individuals based 
on their health risks is considered an integral part of the underwriting process 
through which insurability (the eligibility to insurance coverage) and premium 
amounts are established [ 73 ,  86 ]. Given that such treatment must also be justifi ed 
by actuarial data applied objectively and consistently [ 2 ], it could be argued that 
not integrating genetic data may in itself constitute or result in actuarial inaccu-
racies or improper discrimination [ 50 ]. Insurers claim that preventing them from 
requesting or accessing such information, when available to patients, may result 
in adverse selection and could potentially threaten the viability of the insurance 
market. 

 Essentially, adverse selection occurs when companies incur higher costs than 
anticipated due to an important number of high-risk applicants purchasing insur-
ance without disclosing their risk information or when insurers have the information 
but are not able to require that such applicants pay higher premiums [ 35 ,  67 ]. In 
spite of the concerns raised by the industry, multiple reports have demonstrated that 
preventing insurers from having access to genetic data has or will have no signifi -
cant economic impact on the insurance market [ 44 ,  71 ,  72 ]. 

 Differential treatments based on genetic information may potentially expose 
patients to stressful situations including being found ineligible for insurance cover-
age, required to pay higher premium amount, or presented with exclusionary clauses 
in their insurance contracts. Genetic discrimination, real, perceived, or anticipated, 
may also constitute an additional source of anxiety and psychosocial harms for 
patients and their family members [ 11 ,  12 ,  31 ,  80 ]. The risk of being exposed to 
genetic discrimination may affect patients differently depending on their insurance 
needs and presence of siblings or children but also according to the type of insur-
ance they presently have or seek (life, health, disability, etc.) and the type of plan 
concerned (life term, specifi c term, etc.) [ 94 ]. Ultimately, when confronted with 
issues of genetics and personal insurance, patients and sometimes family members 
at risk will turn to health professionals for assistance on how to cope, deal with, or 
avoid genetic discrimination.  

    Strategies Addressing Patients’ Concerns about Genetic 
Discrimination 

 Due to numerous concerns about the potential impact that genetic test results and 
pharmacogenetics testing may have on their patient’s insurability, health profes-
sionals have proposed a variety of coping strategies aimed at assisting patients with 
concerns, fears, or incidence of genetic discrimination. These include paying out of 
pocket rather than billing the insurer for genetic testing or undergoing anonymous 
genetic testing [ 74 ,  94 ,  116 ]. Given the signifi cant number of those strategies, this 
section will review three main approaches from which ethical and legal issues may 
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arise: advising patients to secure insurance coverage before testing, withholding 
information from third parties, and the issues that health professionals may face 
when patients ask them about genetic profi les obtained through the use of DTC 
genetic services. 

 It is important to note that strategies aimed to avoid genetic discrimination or 
alleviate patients’ concerns will be most relevant in countries where no laws, poli-
cies, or voluntary agreements exist to prevent or prohibit genetic discrimination. 
These strategies may nevertheless be of relevance in countries such as the United 
States, where specifi c legal protections against genetic discrimination are limited to 
a particular insurance type or context. 

    Securing Insurance Before Undergoing Genetic Testing 

 A frequent suggestion made by health professionals to patients concerned with how 
genetic testing may impact their insurability is to secure all insurance needs espe-
cially life, disability, and long-term care before undergoing genetic testing [ 35 ,  52 , 
 57 ,  94 ]. This strategy has been used to assist patients concerned about potential 
genetic discrimination or negative impacts on their insurability or that of their fam-
ily members to avoid negative differential treatments. Nonetheless, studies on insur-
ance application forms have revealed that insurers routinely ask applicants about 
test results, their visits to health professionals, and advice received about certain 
diseases, including recommendations to undergo genetic testing, pending testing, 
and even testing being contemplated [ 70 ,  75 ,  76 ,  84 ]. In fact, as genetic information 
has been increasingly more available, insurance application forms have started to 
include questions that are more “searching” notably by seeking information about 
the test that the applicant has been recommended to undergo and visits that the 
applicant has made to other health professionals aside from physicians (this may 
include genetic counselors or geneticists). This new line of questioning from insur-
ers may be used to deter applicants from purchasing insurance before test results 
are available or, when applicable, to prevent applicants from escaping their duty to 
disclose test results [ 87 ,  88 ]. 

 Patients advised to secure insurance needs before undergoing genetic testing 
may have to declare on insurance proposition forms that they have been advised to 
undergo such test, thereby potentially defeating the anticipated aim of the strategy. 
These types of questions have been criticized for their intrusiveness and the poten-
tial confl ict they may create by deterring patients from seeking valuable medical 
advice for fear of having to declare it on an insurance application form and seeing 
their insurability being negatively impacted [ 70 ,  84 ]. In fact, the Council of Europe 
has expressed its opposition to questions that are too vague and that may result in 
insurance applicants disclosing more than what would be needed for insurance 
underwriting purposes [ 22 ]. As we will see in greater detail in our section discuss-
ing the duty to disclose, the legal framework has an important impact on what insur-
ers can ask and whether they are allowed to collect genetic information depending 
on applicable laws and policies. 
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 Thus, health professionals should be cognizant, when advising patients to secure 
insurance needs before testing, that patients may be required to disclose to the 
insurer that they have been recommended to undergo genetic testing as insurance 
questionnaires ought to be answered truthfully.  

    Withholding Information from Insurers 

 Electronic health records have been increasingly used by clinicians to ensure that 
patients receive the full benefi ts that personalized medicine has to offer and to 
facilitate a more effi cient collection, documentation, and interpretation of genetic 
information for clinical decision-making, disease risk assessment and diagnosis, 
drug therapy, and dose selection [ 85 ]. With this standardization of data collection, 
issues surrounding the use of, security of, and access to genetic information and 
family history have remained a concern for patients and health professionals alike, 
notably in the apprehension of genetic discrimination [ 102 ]. Genetic data is often 
kept separate from other clinical data and is therefore most frequently sent to 
clinicians in separate narrative reports requiring a manual search for information 
outside the electronic health record [ 111 ]. Since information entered into elec-
tronic health medical records is virtually impossible to remove, patients and their 
support groups have been requesting physicians and other health professionals to 
exclude genetic information from the medical record and/or to use “shadow 
charts” (parallel medical charts not integrated in the patient’s medical record) [ 12 , 
 57 ,  94 ]. Responding to patients’ concerns as well as their own, health profession-
als have used different approaches to withhold information from third parties 
including voluntarily excluding information from medical records, keeping sepa-
rate fi les, or even encoding information using broad generic terms rather than 
specifi c diagnoses [ 33 ]. These practices have also raised additional ethical ques-
tions including the scope and signifi cance of the genetic information being 
excluded (e.g., whether family member’s genetic test results and risks be 
excluded), how such exclusion should be done, whether it should be documented, 
and whether insurers should be informed that data has been excluded from the 
medical record [ 57 ]. 

 While excluding information from the health record may seem to address con-
cerns of privacy and fear of genetic discrimination, it also poses some medical risks 
for the patient and exposes health professionals to ethical and legal sanctions. 
Indeed, for movement disorders such as myotonic dystrophy or other rare condi-
tions, if a patient is treated by another physician who does not have access to the 
information excluded from the medical record, this withholding may lead to clini-
cians potentially missing a diagnosis, ordering unnecessary tests, or even jeopardiz-
ing the patient’s treatment in case of an emergency situation [ 29 ,  57 ]. By excluding 
or disguising information in the medical records, health professionals may be 
 reinforcing the fear that genetic test results are indeed a cause for discrimination. 
This directly undermines the principle function of the medical record, which is to 
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serve as a vehicle for continued care for patients [ 57 ]. Moreover, disguising or 
excluding genetic information from the medical record may also have some dire 
repercussions for health professionals as such conduct raises some ethical and pro-
fessional issues as well as potential legal liability depending on institutional proto-
cols and local laws [ 28 ,  57 ]. The risk for professional and legal sanctions may cause 
some physicians to insist on documenting medical results and refuse patients’ 
requests that genetic information be omitted from their medical records [ 57 ]. In 
turn, such potential refusal may lead patients to turn to DTC genetic services.  

    Impact of Genetic Profi les from Direct-to-Consumer Testing 

 The democratization of scientifi c knowledge to the general public has seen the 
recent sprawling of companies offering low-cost, DTC genetic testing via the 
Internet [ 103 ]. These services include testing for movement disorders that are not 
currently offered in some national health services [ 8 ]. For instance, the company 
23andMe offers a variety of tests (carrier status or disease risk) for disorders includ-
ing restless leg syndrome, Tourette syndrome, essential tremor, tardive dyskinesia, 
and Parkinson disease [ 104 ]. Regulatory pressures to regulate these new services 
have called for the requirement that physicians be more involved [ 19 ]. The wide-
spread availability of DTC services has also brought awareness about genetics 
among specialist physicians outside of primary care providers [ 81 ]. 

 As DTC companies are directing patients to seek assistance from their healthcare 
providers to discuss their genetic profi le, physicians, genetic counselors, or even 
neurologists and other health professionals may have a responsibility to discuss this 
information with their patients [ 96 ]. However, a signifi cant number of health profes-
sionals have reported lacking suffi cient knowledge about genetics, genetic testing, 
genetic counseling, and whole-genome scanning and do not feel prepared to answer 
patients’ questions about DTC genetic testing [ 36 ,  38 ,  96 ,  108 ]. Moreover, it should 
be remembered that the vast majority of DTC results currently available do not meet 
the threshold of analytical validity, clinical validity, and utility. In this context, inter-
preting or fi ltering the actionable results from the rest of the data will be challenging 
even for experts [ 104 ,  112 ]. 

 While adequate training and additional resources will be required to properly 
evaluate the validity and relevance of genetic profi les obtained from DTC genetic 
testing, health professionals should advise patients that obtaining such information 
may also have an impact on their insurability. In fact, these DTC genetic profi les may 
not only have an impact on a patient’s ability to obtain personal insurance but may 
also have implications for the insurability of other family members [ 77 ]. Genetic 
information, even when obtained in the context of DTC genetic services, may be 
considered part of family history, which is taken into consideration when assessing 
an application’s health risk through insurance underwriting (for more details, see 
infra Section “The Impact of Family History Versus Genetic Test Results” on the 
implications of family history).    
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    Points to Consider when Addressing Concerns About Genetics 
and Personal Insurance 

 In light of the genetic discrimination debate, some countries have adopted a variety 
of laws and policies to prevent insurers from having access to genetic information, 
while others have preferred to maintain the status quo by not adopting any legisla-
tion specifi c to genetic discrimination [ 49 ]. Issues about genetics and personal 
insurance are thus specifi c to the national legal context where health professionals 
practice. Consequently, physicians and healthcare providers in general should have 
a good understanding of current applicable national and regional legal protections 
and of their limitations. 

    Introduction to the Applicable Legal Frameworks and Principles 

 Countries have adopted a plethora of laws and various strategies to address genetic 
discrimination that fall into fi ve main approaches: human rights, prohibitive, limita-
tive, moratorium, and status quo [ 101 ]. On the international and regional levels, dif-
ferent institutions such as the Council of Europe have adopted human rights norms 
including genetic characteristics as an unlawful ground of discrimination [ 21 ]. At 
the national level, for instance, countries such as France, Belgium, Germany, and 
Norway have adopted laws that prohibit or limit insurers’ access or use of genetic 
information [ 105 ]. In the United States, a similar restrictive approach has also been 
adopted but only in health insurance and employment, not applicable to life, disabil-
ity, or critical illness types of coverage [ 32 ]. Other countries, such as Sweden, have 
opted for legislation aiming to limit the use of genetic information by insurers only 
for insurance policies beyond a certain value provided in the legislation, thereby 
following a limitative or a “fair limits” approach [ 49 ,  109 ]. Other countries have 
also implemented alternative or mixed approaches. The United Kingdom provided 
an alternative to legislation by implementing voluntary agreements (i.e., moratoria 
and concordat) between the government and the insurance industry limiting the 
use of genetic data in insurance underwriting [ 90 ]. Lastly, some countries, such as 
Canada and Australia, have maintained a legal status quo and chose not to adopt any 
specifi c legislation addressing genetic discrimination, as they presently consider 
genetic information like any other type of medical data and rely on general nondis-
crimination and privacy mechanisms to address potential issues [ 49 ]. 

 In sum, countries have opted for different legislative or policy options to pro-
hibit or mitigate the consequences of the use of genetic information by insurers. 
However, limited data or legal cases are available in these countries to assess the 
effectiveness of the different avenues they have adopted [ 101 ]. Meanwhile, health 
professionals need accurate and up-to-date information about their local legal con-
text in order to provide patients with adequate help and understand the available 
alternatives that can guide their patients through the fear of genetic discrimination, 
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especially in countries that have maintained a status quo approach and have not 
provided specifi c protections. 

    Understanding the Local Legal Context 

 Legal protections and policies are unique to the jurisdiction where the health pro-
fessional is located. A lack of knowledge about genetic discrimination and appli-
cable legal protections may have an impact on physicians’ perspective and attitude 
towards genetic discrimination and willingness to refer patients for genetic testing 
[ 27 ,  46 ]. Therefore, it is important that physicians be familiar with current local 
legislation in their country (and/or state) in order to be in a position to explain 
and discuss them with patients considering genetic testing. Relevant points include 
information about current legal protections against genetic discrimination and their 
limitations and the uncertainty related to other applicable protections (privacy laws 
or human rights instruments) that have not yet been tested or could become prob-
lematic in the near future [ 94 ,  98 ,  110 ]. Voluntary policies adopted by the insur-
ance industry may also be relevant to such discussions [ 26 ]. In Canada, where no 
specifi c anti-genetic discrimination laws exist, the insurance industry has adopted a 
policy not to require insurance applicants to undergo genetic testing. However, the 
applicants are still required to disclose the results of any genetic test already under-
taken at the time of the conclusion of the contract [ 16 ]. In the United Kingdom, 
the industry has adopted a voluntary moratorium not to use genetic information for 
insurance policies under a certain value; this agreement has been sanctioned by the 
government [ 49 ,  101 ]. 

 Local laws may have a direct impact on patients’ rights but also on physicians’ 
ethical and legal duties. For instance, the  Code of Medical Ethics of the American 
Medical Association  states that physicians may have to maintain separate fi les for 
genetic testing results in order to ensure that such results are not sent to health insur-
ance companies and, that in such cases, the insurer should be notifi ed that some data 
have been withheld [ 3 ]. Engaging in practices that depart from the code of ethics 
may trigger sanctions of varying degrees from institutional or professional disci-
plinary actions to legal liability (malpractice) depending on the local legal context 
[ 57 ]. This is especially relevant when patients concerned by genetic discrimination 
request that information be withheld from insurers or from medical records. 

 Nongenetic health specialists are often less knowledgeable about legal protections 
in place in their country or state, but even genetic health professionals have also been 
reported to lack knowledge of applicable protection and their limitations [ 46 ,  60 ]. 
For example, in the United States, despite the major debate surrounding genetic dis-
crimination and the adoption of GINA, many health professionals still lack basic 
knowledge about the enactment, content, and limits of the legislation [ 91 ]. This 
denotes the need for further continued training and additional resources and tools for 
all professionals as well as patients [ 96 ]. Incomplete, inaccurate, or misleading infor-
mation may have signifi cant consequences for patients, especially in jurisdictions 
where patients are required to disclose certain information to insurers.  
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   Patients and Research Participants’ Duty to Disclose Information 
to Insurers 

 Generally, the duty to disclose requires that patients applying for insurance pro-
vide all relevant information known to them at the time of the application to the 
insurer in order for the latter to provide coverage amount based on a fair assess-
ment of the applicant’s risk. When applicable, this duty has been expressed in a 
similar manner in different jurisdictions. For example, in Canada, provincial 
insurance laws have similar requirements that an insurance applicant ought to 
disclose all the facts known to him which are likely to materially infl uence an 
insurer’s decision to cover the health risk [ 47 ,  97 ]. In Australia, the  Insurance 
Contracts Act  requires “to disclose to the insurer every matter that you know, or 
could reasonably be expected to know, that is relevant to the insurer’s decision…” 
[ 48 ]. The disclosure process is facilitated by the insurance proposition form but is 
not limited to this document as applicants may have to share additional informa-
tion through other means such as conversations with the insurance representative. 
Additionally, applicants who have knowledge concerning health risk not specifi -
cally asked about on an application form may nevertheless be required to disclose 
it to the insurer. 

 Health professionals have often had diffi culties translating the full extent of 
this obligation to their patients. For example, some patients have been told not 
to disclose test results or that they could lie on application forms, while others 
were reminded that lying on insurance forms may be considered fraudulent 
behavior [ 4 ,  94 ]. 

 Patients who fail to comply with their insurance disclosure obligation may see 
their life insurance contract annulled by the courts at the request of the insurer. 
Some may argue that there is room to debate about whether genetic information can 
be deemed relevant for insurance underwriting [ 35 ,  57 ]. While it may well be the 
case, particularly for genetic information obtained from genetic research or DTC 
genetic services, in the context of clinical genetic testing for monogenic conditions 
such as Huntington, the relevance of the genetic results for underwriting could be 
more easily argued. However, from an ethical standpoint, barring access to a vulner-
able population group (individuals at risk of developing Huntington) from the pool 
of insurable individuals is problematic given the increasingly important social role 
played by insurance in contemporary society. 

 An illustration of a contract cancelation due to a failure to disclose genetic 
information has been seen in the Province of Quebec, Canada, in the case of  Audet 
c. Industrielle-Alliance  [ 5 ]. In this matter, Mr. Tremblay was identifi ed as a muta-
tion gene carrier for Steinert’s disease (myotonic dystrophy type 1) in 1980. Upon 
learning of his carrier status and in light of the fact that his father and brother had 
both been affected by the disease, Mr. Tremblay and his wife decided not to have 
any children for fear they could transmit the gene. When he went to purchase a life 
insurance policy 7 years later, Mr. Tremblay failed to disclose his carrier status 
to the insurance broker and negatively responded to a question on the insurance 
application form asking whether he had any physical or mental anomalies. A year 
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later, Mr. Tremblay passed away in a car accident, and the payment of the insur-
ance benefi ts became the object of a court dispute about whether fraud or a fail-
ure to disclose had rendered the contract null and void. The Court sided with the 
insurer in a brief opinion that considered the following facts: Mr. Tremblay failed 
to disclose his carrier status, was already symptomatic when he applied for insur-
ance, and had personal knowledge of the particularities of the disease having two 
affected family members. The court estimated that these elements were suffi cient 
to amount to a failure on Mr. Tremblay’s part to meet the requirements of the duty 
to disclose. While this is the only case in Canada attesting of the annulment of an 
insurance contract on such basis, this case also provides some indication as to how 
neurological diseases were considered by insurers at the time. Indeed, during this 
trial, two insurers declared that if they had had knowledge of his carrier status for 
Steinert’s disease or the fact that he was affected by the disease at the time of the 
application, he would have been denied coverage or imposed a premium higher by 
at least 300 %. 

 Genetic testing was also at the center of a more recent Canadian case involv-
ing, Ms. Adacsi, a surviving guest at a house that caught fi re, killing three per-
sons. In the matter of  Adacsi  v  Amin , when Ms. Adacsi requested that her injuries 
and inability to return to work be compensated under the house owner’s insurance 
for damages, genetic testing became at issue. Given Ms. Adacsi’s family history 
of Huntington, the insurer requested that she submit to a genetic test to determine 
the appropriate amount of damages that should be paid. Upon her refusal to sub-
mit to the test, the courts held that it was in fact proper for an insurer to require a 
benefi ciary to submit to a genetic test when her health status is in direct relation 
with the amount of damages to be paid. Ms. Adacsi appealed the judgment requir-
ing her to undergo genetic testing. When confi rming the previous decision to 
require her to undergo testing, the appellate court judge noted that while the 
genetic test could not determine whether her symptoms could be attributed to 
Huntington rather than the fi re, it would nevertheless indicate whether Huntington 
could be ruled out as a possible contributor [ 1 ]. Ms Adacsi’s appeal of this later 
decision was not entertained by the Supreme Court of Canada. This case also 
illustrates how issues of genetics can manifest in a variety of ways and may 
involve different types of insurance products. 

 These two cases are vivid examples of the importance of genetic information in 
insurance processes. The  Audet  case particularly illustrates how the duty to disclose 
is related to the personal knowledge that the applicant has when applying for insur-
ance (this may also be the case at the time of renewal depending on the insurance 
contract). So while some patients may turn to DTC services in order to avoid having 
their genetic profi le included in their medical record, obtaining genetic information 
that way may nevertheless place them at risk to be required to disclose such genetic 
information on some insurance forms [ 19 ,  84 ,  115 ]. Indeed, studies have demon-
strated that insurers use broad open-ended questions that may require the disclosure 
of genetic information obtained outside of clinical care (which could include DTC 
test results) [ 70 ,  84 ]. These types of questions are aimed at soliciting a broad disclo-
sure of information. 
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 Knowledge of genomic information may also bring unwanted ethical dilemmas 
about sharing such information with family members and other relatives not geneti-
cally related (i.e., spouse, dependents) as such information may also have an impact 
on their health and insurability [ 19 ]. For example, insurance forms may also assess 
the health risks of additional individuals included on the request for coverage such 
as a spouse or dependents who are not genetically related to the applicant [ 84 ]. 
Thus, a spouse who learns of a genetic risk may be required to disclose it to his/her 
spouse when they apply for insurance or when being added to an existing policy. In 
this respect, the duty to disclose may constitute an important barrier to the sharing 
of information among family members, especially in cases such as Huntington 
where incidence of insurance discrimination has been widely documented [ 9 ,  24 , 
 51 ,  63 ]. These concerns may require that health professionals, such as neurologists, 
adapt their clinical interaction. From an approach traditionally exclusively focused 
on the individual patient, they should adopt a broader perspective to improve family 
communication by viewing the family and not just the patient as the unit of care in 
the context of genetics [ 82 ]. 

 The local legal context provides the framework for the ongoing provision of 
genetic services in compliance with patients’ and health professionals’ rights and 
obligations. The growing interest and utilization of personalized medicine by clini-
cians outside the fi eld of genetics will be accompanied by more discussions con-
cerning the socio-ethical issues related to genetics and personal insurance [ 46 ]. 
Hence, health professionals ought to be cautious when discussing patients’ legal 
rights and obligations as providing them with imprecise, inaccurate, or incomplete 
information could have some legal repercussions on their insurance contract and 
could even result in their policy being canceled. 

 Ultimately, when in doubt, genetic counselors have suggested seeking advice 
from other health professionals (physician-geneticists, experienced genetic coun-
selors, or ethics committee) or refer patients to other professionals, such as insur-
ance broker when patients have additional questions or concerns [ 12 ,  79 ]. While 
referring patients to seek assistance from insurance brokers may enable them to 
obtain and compare insurance information, they should be reminded that brokers 
represent the insurer’s interests. Alternatively, concerned patients may also be 
referred to seek the advice of an attorney even if this option may be costly. 

 It is primordial that health professionals have reliable and up-to-date information 
in order to comprehend and address their patients’ concerns. This requires that 
appropriate, practical resource tools on genetic and insurance are developed and 
made available to all stakeholders. Without the availability of such toolbox, health 
professionals will face a number of challenges trying to stay abreast of relevant 
applicable legal developments in their country, and the anxiety of patients and their 
family members may not be effectively reduced. Equipped with the proper tools, 
health professionals will be in a position to ensure that patients seeking genetic 
services are made aware of their duty to disclose, the available legal protections and 
remedies, as well as the potential limitations of the laws. This will avoid legal 
imbroglio and uncertainties that could make patients and research participants more 
anxious towards genetic testing.   
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    Before and Beyond Genetic Testing: Other Implications 
of Genetics and Personal Insurance 

   The Fear of Genetic Discrimination 

 The fear of genetic discrimination is an important psychosocial factor that must be 
taken into consideration by health professionals being called to assist patients con-
cerned about genetics and personal insurance [ 113 ]. This fear has been well docu-
mented in various reports attesting that it causes patients to decline clinically 
recommended testing or participation in genomic research or even lead them to 
undergo testing anonymously [ 4 ,  6 ,  34 ,  40 ,  41 ,  53 ]. The fear of genetic discrimina-
tion may not be related only to the actual incidence of discrimination. Media such 
as television, radio, magazines, and newspapers have the ability to infl uence the 
public’s perception of the benefi ts or risks associated with genetics [ 18 ]. For exam-
ple, the phenomenon called “genohype” captures the potential that media have to 
distort the risks and benefi ts of genetic research and create infl ated public percep-
tions, which has been suggested to have an impact on the public’s ability to partici-
pate in policy discussions or to utilize genetic services [ 13 ]. The fear of genetic 
discrimination may also stem from the narratives of past incidents being shared and 
passed on in families or communities. For example, in the Netherlands where a 
moratorium has been in place since the early 1990s and where test results from 
medical examination do not have to be disclosed in order to acquire life or disability 
insurance below a certain value [ 100 ], a recent study attested that these narratives of 
past incidents of discrimination may play a part in the persistence of the fear of 
discrimination [ 31 ]. Genetic counselors have often had to inform patients about the 
actual documented incidence of discrimination, which is usually rather low, to alle-
viate their anxiety [ 94 ]. 

 When addressing issues of genetics and personal insurance, perceptions and 
knowledge of health professionals may also play an important role in evaluating the 
risk of discrimination or referring patients for genetic testing, which may either 
reassure or further underline patients’ concerns. Nongenetics clinicians may have a 
gap in knowledge compared to genetics practitioners, and their practice could be 
infl uenced by their perception of genetic discrimination and their knowledge of 
legislative protections and published cases of insurance discrimination [ 46 ]. For 
example, primary care providers and other non-cancer professionals who had lim-
ited knowledge of legislative protection estimate the risk of genetic discrimination 
to be high in comparison with health professionals within the genetics fi eld who are 
knowledgeable about these issues [ 27 ,  69 ,  83 ]. Health professionals therefore need 
access to proper training and appropriate tools about the incidence of genetic 
 discrimination in their country in order to be able to more effi ciently evaluate 
patients’ fear and provide them with up-to-date, accessible information. 

 The fear of genetic discrimination, or concerns about genetic testing, may also 
create additional anxiety and psychosocial harms [ 103 ]. It is thus important that 
health professionals have an understanding of how the fear of genetic discrimina-
tion may affect their patients from a practical perspective as well as an emotional 
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stand [ 20 ]. This psychological assessment may even require the assistance of other 
health professionals such as psychologists [ 12 ,  43 ,  79 ].  

   The Impact of Family History Versus Genetic Test Results 

 While patients may focus their attention on the potential negative impacts that 
genetic testing may have on their insurability, they are often not aware that family 
history may be even more informative when estimating health risks for insurance 
underwriting purposes. For example, personal and family medical history informa-
tion can be used to determine whether an individual/family has an average, modest, 
or increased health risk for a range of specifi c conditions or diseases (i.e., Huntington) 
[ 98 ,  103 ]. In fact, insurers consider detailed family history as an important source of 
genetic information which, in some cases, may constitute a more accurate predic-
tion of future health than the results of many current genetic tests, and most of their 
actuarial models are derived from family history rather than genetic test results [ 37 , 
 62 ,  107 ]. Hence, a genetic test may therefore be used to confi rm health risks already 
underlined by family history disclosed in the patient’s insurance application ques-
tionnaire. This is especially relevant in the context of neurodegenerative disorders 
where genetic test results are often inconclusive [ 103 ]. Certain countries that have 
adopted legislation restricting insurers’ access to genetic test results continue to 
allow insurers to ask questions about family history in their insurance forms [ 65 ]. 
This underlines the legal, ethical, and practical challenges of attempting to segre-
gate genetic information from other types of medical data [ 84 ]. Indeed, this chal-
lenge resides in the combination of several intricate elements: fi rst, all medical 
information (including family history) may be considered to be in part related to 
genetics; second, suggesting that genetic information should require additional pro-
tection may lead to foster genetic exceptionalism (the notion that genetic informa-
tion should be treated differently from other medical data) [ 99 ]; and third, 
considering a protection solely based on genetic information would be unfair to 
patients or persons with health risks related to family history or environmental fac-
tors rather than genetic information. Moreover, little is actually known as to how 
family history is being integrated in insurance underwriting processes in light of 
recent genomic developments in treatments, tools, and preventive measures. Experts 
have proposed that actuarial risk stratifi cation models integrate genetic data from 
population biobank projects with other medical data (e.g., clinical trials and cohort 
studies) in order to refi ne and update current risk assessment models [ 50 ].    

    Conclusion 

 The current genomic era has seen unprecedented advances in the quantity and qual-
ity of genetic information being generated. These recent discoveries are expected 
to have a more signifi cant impact in the context of movement disorders (beyond 
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the few late-onset, highly penetrant monogenic conditions such as Huntington) in 
the years to come. As genomic profi ling and genetic information are integrated in 
health records and routine care, it is inevitable that a growing number of health pro-
fessionals including physicians outside the fi eld of genetics, genetic counselors, or 
even neurologists be requested to assist with the interpretation of genetic informa-
tion and genetic profi les as well as its potential implications on patients’ insurability 
[ 46 ,  17 ,  19 ]. 

 This chapter has provided an overview of some of the main ethical and legal issues 
that nongenetics health professionals may be faced with or have to consider when 
patients call upon them for assistance with concerns about genetic discrimination and 
personal insurance. First, the weakness of strategies commonly used to cope with or 
avoid discrimination based on genetic information such as advising patients to secure 
insurance before genetic testing or withholding information from third parties or med-
ical records has been highlighted as they may no longer afford the benefi ts anticipated. 
Indeed, in the context where insurers are not barred from requesting genetic informa-
tion, questionnaires have become much more searching, and information-withholding 
techniques may have signifi cant detrimental impact on patients’ care. In addition, the 
growing use of DTC genetic services has engaged health professionals outside of the 
fi eld of genetics to deal with the clinical utility and validity of genomic profi les 
obtained in such context. Second, the availability of basic resources on the occurrence 
of genetic discrimination and the local legal context is paramount to ensure that health 
professionals and patients receive accurate and complete information about existing 
applicable legal protections and their limitations. These resource tools should also 
include information about available nonlegal alternatives, such as seeking additional 
guidance from an ethics committee or referring patients to other specialists (i.e., insur-
ance broker, genetic counselor, or attorney). Patients should be made aware of the 
potentially more signifi cant impact that other medical data such as family history may 
have on their insurability. Thus, the intricate expansion of genomics in the context of 
movement disorders will require, as with other areas of personalized medicine, the 
availability of professional training and well-conceived resource tools to prepare 
health professionals, physicians and neurologists in particular, to meet the multifac-
eted challenges of genetics and personal insurance.     
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