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Abstract

In this thesis | used of a range of genetic methodologies and strategies to unravel the
genetic bases of Parkinson disease (RDpclonusdystonia (MD), and chorea.

First, | detail the work | performed in PD, including (1) the screenin@GBA in a
cohort of earlyonset PD cases, which led to the identificationthaf allele E326K
(p.Glu365Lys)as the single mogtequent,clinically relevant risk variant forPD; (2) a
detailed genetic analysis in a large cohortRid cases who underwent debmin
stimulation treatment and a longitudinal comparison of the phenotypic features of
carriers of mutations in different genes; (3) thesabation that raré&SCH1 coding
variants, known to be responsible for the childroadet disorder DOPAesponsive

dystonia,are a novel risk factdor PD.

Then | describe the work performed to identify novel causes of including (1) the
discovery of the missensep.Argl45His mutation in KCTD17 as a novel cause of
autosomal dominant ND; (2) the identification of tyrosineydroxylase deficiencys a
novel treatable cause of recessiveD; and (3) the conclusive disproalf the
pathogenic role of thep.Arg1389HSs variant InCACNA1Bas a cause of AD.

Finally, | detail my work in the field of choreic syndromes, including (1) gemetic
screening ofNKX2-1 in the Queen Square cohort of benign hereditary chorea (BHC)
cases; (2) the identification &flDCY5mutations, the gene thought to be responsible for
the conditiorfamilial dyskinesias with facial myokymia, as an importaaiuse of BHC;

and (3) the identification afle novomutations inPDE10Aas a novel genetic cause of

chorea

These findings arediscussed in light of the recent literature. Following my analysis, |
suggest future directions for the identification of novel genetic causes of movement

disorders, in light of my recent findings and ongoing research
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Chapter 1. General Introduction

1.1 Thesis Aim

Movement disorders comprise a large group of clinically and genetically heterogeneous
conditions which may be subdivided ito various clinical entities, includingarkinson
disease (PD), tremor, dystonia, myoclonus aimbrea. Mendelian disorders are
disordersin which inheritance of one (dominant) or two (recessive) mutations in a

single gene leato the development of a disease phenotype.

Many movement disorders such as Hu n (HD)nog spmnocérsbellat i s e a
ataxias (SCAs) are transmitted as Mendelian diseases. Furthermore, a small but
significant percentage of patients with diseases traditionally considered sp@radic

PD or dystonia)are inherited adMendelian traits. Despite their raritjlendelian

disease providefertile ground for understanding a large number of essential biological
processethat arecritically involved in the pathogenesis of thesenplexdisordersand

represent fitting targefer the development of future treatments.

Although, overall, monogenic causes are ramgre thar?00 genes are known to cause
either an isolated movement disorder or a syndromic form of movement disorder when
mutated(Klein, 2014, Spatola and Wider, 201@ardineret al, 2015) However, in

total, mutations in these genes only explain a small proportion of cases, suggesting that

mutations in more genes await discovery.

The introduction and seguercings(NGSechnolbgies)ine x t
particular whole-exome sequencing(WES) and micrearray based genotypindas
made the time and cesffective generation of vast amounts of sequenaata
increasingly easyallowing an exponential increase in the understanding of thetige

bases of human diseases.

In the work outlined in this thesjd used a combination of various genetic techniques

and strategiewo try and identifynovel diseaseausing genes or risk factors for familial

and sporadic forms of PD, dystonia and chofidee results of this work represent an
example of how genetics can both guide the clinical practice and facilitate the
understanding of the cellular pathways implicated in the pathogenesis of these diseases,

paving the way for the development of futureatiments.
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1.2 Summary of Relevant Techniques in Genetics

What follows is a summary of the genetiechniqueghat lused for the work detailed in

this thesis.

1.2.1 Dideoxynucleotide ®quencing

Dideoxynucleotide equencing, commonly ferred to as Sanger sequerngimamed
after Frederick Sangevho pioneerd this technique in 197 has been the most widely
used sequencing method for the last three ded&@egeret al, 1977)

Sanger sequencing still represents the most reliable and accurate method for variant
detection and relevant NGS results are regularly validated by Sanger sequencing for the

exclusion of artefact@ittman and Hardy, 2013)

The method relies on the principle of random inhibition of the DNA polymerase,
creating newly synthesised DNA strandsddferent lengths that can be subsequently
separated by capillary electiopresis depending on the siZéae DNA chain elongation

is randomly inhibited bythe inclusionin the reaction mixof a small quantity of
dideoxynucleotides (ddNTPs)These differ from the normal deoxyribonucleotide
(dNTP) as they Il ack the hydsitonsyhis feature up a
prevents the formation of a phosphodiester bond with the subsequent dNTP, stopping

DNA from extending the chain elongation any further

The input DNA sample for Sanger sequencing is a population of identical molecules of
DNA obtained bypolymerase chain reaction (PCRinplification. PCR primers are
designed to target and amplify individually the portions of the genome of interest, such

as the coding exons and the exotron boundaries.

Each of the fragments produced during th
end (determined by the sequencing primer
insertion of the appropriate ddNTRto any one of the different positions that will

match that base). As the different ddNTPs are combined with fluorescent dyes with
different emission wavelengths, automated DNA sequencing machines, which use laser
excitation during electrophoresis, are ealtb construct the DNA sequence from the

intensity profiles of the four different fluorophores.
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1.2.2 Next Generation Squencing

In the last 510 yearsNGS technologies have completely transformed the hunt for
Mendelian disease genes due to a dramatic rextucticost and commensurate increase
in the speed of DNA sequenci(graset al, 2012)

NGS is applied to three main techniques: wheaienome sequencingMGS; for
sequencing all coding and nonding portions of the genomea)ES or sequencing
only thecoding portions of the genome) and targeted gene sequeifieicapturing

and sequencing of a more limited set of genes or specific genomic regions).

AlthoughWGS certainly represents the most comprehensive appresadar its use has
been limited by soe important factors, including the cost and the capacity required to
store the data. Furth@ore, interpreting variants in the neproteincoding portion of

the genome is extremely challenging.

Proteircoding genes, which constitute approximatel®94 of the human genome (the
6exomed) , har bor -calsieg rmatjorgForn thisyreasoMWESIhass e a s e
become the most widely used NGS technique for the identification of genes underlying
Mendelian disorders.

Differently from Sanger sequencing, whishbased on conventional capillamased
sequencingNGSrelies on massively parallel sequencing of DNA molecules, which are
spatially separated in a flow cellhis enables the automated processing of millions of
sequence reads ahdndreds of gigabases mficleotidesequence outpur parallel in a

time and coseffective mannemDifferent NGS chemistriesechnologiesand platforms
differing in specific technical details with respect to cost, accuracy, read length and
multiplexing capability are currentl available(Metzker, 2010) but the details of this

are beyond the scope of this chapter

The main technical steps of thN&GS process are summarisedFigure 1-1. In brief,
genomic DNA isfirst broken up into small fragments. Thaequence adaptors, which
are platformspecific andallow each fragment to be hybridized to the flowcell where the
sequening occurs, ar@added to both ends of each fragme&iNES protocols proceed

with the hybridization of the fragments to probes that are complimentary to all the
known exons in the genome, which are then captured while the remaining DNA is
washed away, leavina pool of fragments containing exoM¥GS requires no extra

steps following the addition of adaptors and the library is ready to be sequenced at that
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point. The raw sequencing data is subsequently analysed through a bioinformatic
pipeline, composeaf a series of software tools, which allow the production of the
sequence reads, quality scassessment of the reads, alignment of the reads to the

reference genome, variant calling and annotation of the called variants.

Whole-exome sequencing Whole-genome sequencing

Al P

<+ | Break up DNA into short! ————s

v fragments (~350 bp) v
- —]
pe——mg _ ¢
e — Repair ends; | >
add adaptors
o " = —_— »n -2 " = = »
a —3 n o = o — = o n
o n - & =

Capture fragments

€ containing exons

-3 B = p—s] =

'/:," —

e | Wash uncaptured DNA

- Sequence .
 J '
Alignment, variant calling Alignment, variant calling
Final datais ~10 GB Final datais ~150 GB

Figure 1-1 Schematic representation othe main technical steps oNGS
Reproduced from (Bras et al., 2012)
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One of the first steps and most important aspects for understanding and interpreting the
results of WES is tohe dedea@dti ooan®ifddrhab
exists regarding which portions of the human genome truly encode for proteins. Initially,
exomecapture kits used the CCDS (Consensus Coding Sequence Project) definition
(Pruitt et al., 2009), which is subset ofnge determined to be coding with high
confidence. Currently, most of the available commercial kits target all of the genes
contained in Refseq (Pruitt et al., 2014) and an increasingly large number of intronic
promoter regions, hypothetical proteins andn-noding RNAs. This aspect is
particularly important as mutations may be missed if theyomaged in portions of the

genome not targeted by thieedexomecapture kit

1.2.3 Linkage Analysis

As | will discuss in the next sectisrof this chaptereven in theage of NGS, linkage
analysis which enables thedentification of areas of the genome where the causal
varians are more likely to lie, remains of invaluable importance to narrow down the

number of possible candidate variants under consideration.

Briefly, genetic linkage analysis is a statistical method that is used to associate a
phenotype and the chromosomal lematof the causative mutatiaipawn Teare and
Barrett, 2005) Linkage analysiselies on the principle that genes or genetic markers,
which arelocated proximal to each other on a chromosdere] to be inherited
together duringneiosis. The greater the frequency of recombination between two
genetic markers, the further apart they are likely to be. Conversely, the lower the
frequency of recombinain of two markers, the closer they afderefore the position

of a disease gene can be inferred by finding markers that tend not to recombine in all
affected individuals.

The markers generallgssesseth linkage analysis ar®n the one hand, traetectable
phenotypeof interest,and on the otherDNA markersevenly spread throughout the

genome

In the past microsatellitegracts of repetitive INA in which certain DNA motifs
(ranging in lenth from 2'5 base pairsire repeatedised to be the most widely adopted
genetic markers for linkage analysis. However, sizing of hundreds of microsatellites is a
time-consuming and laborious process. Consequently, the use gevidenarrays,

which enable the simultaneous detection of thodsaof singlenucleotide
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polymorphisms in an automated way, has become the most popular way to generate

genetic markers for linkage analysis.

Linkage analysis may be either parametric (if the pattern of transmission of the trait of
interest is known) or meparametric. Parametric linkage analysis is the traditional

approach in the study of pedigree with Mendelian diseases.

The proportion of offspring in which two parental alleles are separated by
recombination is the r ec o ationfradidnivasies frdmr a c t
0 (for adjacent loci) to 0.5 (for distant loci) and may serve as a measure of the distance
between the lociThe probability that a causative gene is linked to a genetic marker is
assessed through the LOD se@logarithm-base 0- of odds),whichi s a f uncti o
The LOD score isa value that results from comparing the likelihood of obtaining the
data if the two loci are indeed linked, to the likelihood oferbig the same data by
chance.In order b calculatethe LOD score,a model for diseasmust be specified,

which includes the frequency of the disease alleld mode of inheritance (dominant
versus recessive), marker allele frequencies, and a full marker map for each

chromosome.

Large positivescores are evidence flinkage, anchegative scores are evidence against
it. By conventiona LOD score greater than 3@quivalent tgp=0-0QL) is considered
significant evidence for linkag€®n the other hand, a LOD scoxe-2.0, indicating a
probabilty against linkage of 10@o 1, is considered enough evidence to exclude

linkage.

A monogenic mode of inheritance edisired by segregation analysis and@rect
phenotypic designation of affected and unaffected staings the two essential

requirementg$or successful gneticmapping using linkage analysis.
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1.3 Models and Strategies to Study the Genetic Architecture
of Diseases

Three main models are thought to describe the genetic basis of human diseases and,
depending on the postulated underlying model, different sets of gednetg and

strategies are necessary to unravel the architecture of a diSeagetonet al, 2010)
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Figure 1-2 Scheme illustrating the necessary methods for gene discovery depending on the
hypothesised mderlying architecture of disease.
Image reproduced froigsingletonet al, 2010)

MendelianDiseaseModel

Mendelian diseases are caused by very rare and highly penetrant variants (minor allele
frequency [MAF] far below 1%) that often, but not always (i.e. sporadic cases with
recessive orde novomutations) affect multiple individuals in a family. The most
effective way of identifying these types of mutations is based on mapping strategies (e.g.
linkage analysis or homozygosity mapping). However, as | will discuss more in the next
section, WES has revolutionised this field, introducing a series of potential new

approaches.

Common Diseas€ommonVariant Model
Genetically omplex diseasesay beinfluenced by single variants or by a combination
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of variants that are common in the general population (MAlran 5%), but exert only
a small role in increasing the disease risk. Genatde association studies (GWAS)
havebeen showio be arexcellentresourcdor identifyingthese types of variants

Common Diseas®are Variant Model
Genetically omplex disease mayalso be caused or influenced by rare variants that

exert a moderate effect on disease risk.

Detection of these types of variants is notoriously difficult because they do not have a
strong enough effect to be transmitted as Mendelian traits andiotteeedude mapping
strategies, such as linkage analysis. Furthermmrdtiple variants at the same locus
may contribute to disease risk a cumulative waynd individual variants tend not be
frequent enough to be detected through GWAS and associatadagsts. For these
reasons, rare variants with intermediate effect represent a major challenge for genetic

studies currently and in the near future.
Currently, there are two main approaches for the detection of these types of variants:

1) A candidate genapproach, whereby researchers assess the role of variants in genes
that are plausibly involved in the biology of a disease. Interestingly, most of the genes
identified to date through this approach had initially been suspected thanks to astute
clinical observations (e.gGBA mutations in PD ofTREM2 variants in Alzheimer
disease]Sidransky and Lopez, 2012, Guerregtoal, 2013)

(2) A hypothesidree exome (or genom&jide approach, based on the comparison of
NGS data obtained from large cohorts of cases and controls. This approach requires the
assembly of very large cohorts of cases and controls and, to date, no novel risk genes
for movement disorders have been identifiddwever, this approachasrecently led

to the identification of TUBA4A and TBK1 mutations in amyotrophic lateral
sclerosis/frontdéemporal dementiéSmithet al, 2014, Cirulliet al, 2015)

The architecture focomplex diseases, such as PD, may be composed of a combination
of various types of causative variants, and some genes may contain multiple types of

variants contributing to the disease risk (pleomorphic gene loci).

For the purposes of this thesis, | haalected to focus only on the discovery of rare

Mendelian variants and rare variants with intermediate effect.
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1.4 Strategies for Gene Identification in Mendelian Diseases

When attemptindgo identify pathogenic variantsesearchershould selecthe correct
technological and anaigal approactbased on the most likely genetic architecture of
the disease of intereghe suspected type of variants, the frequency of the disease of
interest, the inheritance pattern, and the penetrance of the mutations. Tdwpestrimr

gene identification in the NGS era are schematically summarigadune1-3.

Traditional strategies B
NGS not required, but convenient

A C

‘ é ‘ ﬁ Gene A
[
o & b & ¢ B o Homozygosity
_ mapping @.
[ ¢ 0 B ] L -
Linkage mapping Candidate gene

Novel strategies
NGS required

D

Identification
of novel
disease gene

o U M

Direct sequencing Double-hit approach

of distant relatives (recessive inheritance)
F % ’ | &

A "R GO0

N 3 2 PERRERR L0
PRRRRED

o e L % e o

Multiple unrelated
patients or families

Figure 1-3 NGS strategiesfor gene identification
Reproduced fronfOlgiati et al, 2016)

The identification of mutations causing Mendelian diseases has traditionally relied on
the use of mapping strategies (e.g. linkage analysis or homozygosity mapping),
followed by gene identifiation through positional cloning or candidate gene approach

(i.e. prioritising genes for Sanger sequencing within the mapped genomic region, based
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on the biological plausibility or possible relevance to the disease of interest).

While in theory the powenf NGS would not be absolutely necessary for this approach,
NGS has made gene discovery tremendously easier when used in combination with
traditional mapping strategies. When informative families with several affected
individuals from the same family aevailable, the disease locus can be narrowed down
significantly and then NGS can be used to interrogate all the coding exons and splicing
regions of the genes contained within the locus for the presence of the causative

mutations.

For dominant traits, lirkge analysis (discussed in detail in secfich3d represents the

gold standard for genetic mappirfgdure1-3A). Howeverfamilies that argeneically
informative enough for linkage analysis are exceedingly rare. Thus, application of this
approach for gene discovery is becoming harder by the day, as there are not many

families left which may be suitable for this analysis.

For the study of reces® disorders where a homozygous variant is suspected (e.g.
study of consanguineous families), NGS can be complemented by the use of
homozygosity mappinéfFigure 1-3B), which relieson the identification of regions that

are identical by descent in affected individuals qAlikuraya, 2013)

As discussed previously, NGS can be also used to rapidly screen candidate disease
causing or predisposing genes, selected basethein biological plausibility or on
grounds of clinical observations hinting towards a possible genetic assokitgare

1-3C).

As discussed in more detail in theext chapter, applications of these traditional
strategies in combination with NGS has been already successfully used in multiple

occasions for the discovery of novel genes causing movement disorders.

Besidesfacilitating traditional mapping strategies, NGS has also offered the opportunity
to identify novel diseaseausing gene mutations in ways that simply were not possible
before the advent of NG®Igiati et al, 2016)

For the study of dominant familiesahare too small for the application of linkage
analysis, one novel approach is sequencing the exomes (or genomes) of several distant

affected individuals belonging to the same famiyg(re 1-3D) and look for shared
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variants after applying filtering criteria to prioritise the likely pathogenic variants (see
next section for details of prioritisation strategies). Depending on the number of family
members available f@equencing and their distance in the pedigree, this approach can
result in the identification of relatively small lists of candidate variants that can be then
used for replication studies in additional families or cohorts of similarly affected

subjects.

For the study of recessive families where homozygosity mapping is not applicable (e.qg.
nonconsanguineougedigrees), the double hit strate@ygure 1-3E) may be applied to

look for compound heterozygous mutations. Here, the exomes of siblings affected by
the same condition are interrogated for the presence of at least two separate, likely
pahogenic, mutations in the same gene. With this strategy, when the number of affected
individuals is small (i.e. only two affected siblings), it is useful to sequence also the
DNA of the healthy parents, as this makes it possible to exclude genes caryiipde
mutations inherited from the same parent (and therefore located on the same allele), a
mode of inheritance not compatible with a recessive disease.

Another important novel approach is the study of family trios by NGS, looking for the
presence ofle novomutations Figure 1-3F). These are mutations present in the DNA

of the affected subject, but not in the DNA of the parents. This type of approach is
generally used for individuals without a family history with severe neurological
phenotypes that reduce the fithess to procreate. To date, this approach has been
incredibly successful for the study of autismectrum disorders, schizophrenia and
intellectual disabity (Rauchet al, 2012, Xuet al, 2012, Gulsuneet al, 2013,
Genome of the Netherlands Consortium, 2014, losstal, 2014)

Finally, NGS can also be used studya cohortof unrelated patientdpoking for the
presence of causative mutationghe same gend-(gure 1-3G). This strategyis more

likely to be effectivefor identifying the diseaseausing gene when théiseaseof

interest is rareand highly spefic (e.g. presence of radiological hallmarkgs this

would significantly reduce the possibility of genetic heterogeneity (i.e. multiple genes
responsible for the same phenotype). This approach has been proven to be successful
even with relatively smaktohort of carefully characterised patiefitiacket al, 2012,
Simonset al, 2013)
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1.5 Identifying Causal Alleles: How to Prioritise Variants?

The key challenge in NGS is the interpretation of the large numbeariaints that are
routinely detectedAnaver age O6exomed woul d r edirgal t |
and splicesite variants in individuals of African origin and ~20,000 variants in
individuals of European origi(Bamshacet al, 2011) Of these, o average;- 98%are
known benign polymorphismsnd about ~50% are synonymousariants, meaning
that they not lead to an amino acid chang®wever, hundreds of novel non
synonymous variants are found in the exome of each individuadng theseonly one

(in case of dominant disease) or two (inessive diseases) variamtgl be causative in
most families witha Mendelian diseaseTherefore, lte crucialand more challenging
step in thesearch of THE diseasmusingmutationis recognising and differentiating
the true diseaseelated alleles amonthe myriad of benign common and ra@vel

variants and sequencing artefacts.

I will describe in the next section the strategies that are commonly used to filter and
reduce the number of possible pathogenic variants, schematically summaftsgarén
1-4.

@ _%o
@ | 70'000-90°000 |@
Q WES variants
S —
~2’000-5'000 I) Rare in databases
s (MAF<0.5%)
S
’% I1) Exonic or splicing
%
% I1I) Nonsynonymous

IV) Predicted to be pathogenic

@ V) Mode of inheritance
9@ V1) Experimental strategies (see figui
U VIl) Functional studies

Disease-causing
variant

Figure 1-4 Prioritization of NGS candidate variants.
Image reproduced frof®lgiati et al, 2016)
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1.5.1 Filtering Based on the Inheritance Mode and Pedigree
Information

In the case of Mendelian disorders, a correct understanding of the mode of inheritance
can effectively reduce the search space for candidate pathogenic ciAengesziously
explainedthe pattern of inhé@ance of a monogenic disordeill greatly influenceboth

the experimental desige.g.the number of cases to sequenod the most informative

casego selecfor sequencing) and the analytical approach.

Generally, family studies will examine variantthat are shared between multiple
affected relatives and consequenitlys preferable to select for sequencing subjects that
are as distantly related as possikie they will share a smaller number of genes. Where
a dominant mode of inheritance is sugpdconly shared heterozygous variants are
consideredunless there is the suspicion that recessive mutations are transmitted in a
pseudedominant way due to multiple loops of consanguinity in the pedigken a
recessive inheritances suspectedhomozyous or compound heterozygous variants
should beconsideredRecessive inheritanoar de novodominantmutationsshould be
suspected in sporadic casklwever, an increasing number of reports indicate deat
novomutations can also be inherited by muéindividuals in the same family due to
germinal mosaicism in one of the unaffected parents, leading to pesreksive

presentationgKancheveet al, 2015)

Segregation of candidate variantssually by Sanger sequencing, in other affected
family membes can furher refine the list of variantdJnaffected individuals can be

also of great help in reducing the number of candidate variants, as variants carried by
these subjects are less likely to be responsible for the phenotype. However, two caveats
shoull be kept in mind when using unaffected subjects to filter out variants: (i)
pathogenic variants may be associated witbomplete penetrancémeaning that
carriers of the variants may not manifest the disease); (ii) carriers of pathogenic variants
may betoo young at the time of the genetic study to firmly exclude that they will not

develop the disease.

Importantly,segregation analysis aloirea single familycannot definitively implicate a
variant as diseasgausing, as there is the possibilityat a separate, unobserved
pathogenic mutation may lie on the same byple as the candidate variant.

Finally, it is important to mention that phenocopiesses with the familial phenotype or
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closelymimicking it but notcarrying the causative variant, may be present in pedigree,

greatly complicating the correct interpretation of the pedigree structure

In summary,a substantiahumberof benign variants can be excluded from the list of
diseasecausing candidates usingfdters the pedigree structure and the assumed mode

of inheritance of the disease.

1.5.2 Filtering Based on Rarity

Filtering the list of variants against a variety miblicly available datasets, which
contain NGS data fromthousands of individuals originatnfrom different human
populations,is essential taoemoving common benign variations andrrowng the

fraction ofcandidaterariants down to a workable number.

The list of the most widely used datasets of genetic variatiwwladesthe Exome

Aggregation Consortium (ExXAC; http://exac.broadinstitute.org/), doSNP version 129
and 137 (www.ncbi.nim.nih.gov/projects/SNP), 1000 Genomes project (1kGP;
www.1000genomes.org), NHLBI Exome Variant Server (EVS; evs.gs.washington.edu)

and Complete Genomics 6&Ww.completegenomics.com/publiata/69Genomeks

Furthermore, variants should also be filtered agadeit from large cohorts of
individuals sequenced -{mouse. This step is particularly important for excluding
sequencing artifacts and false positive calls, which tend to be specific for the

sequencing chemistry and the pipeline used in the analysis of the NGS data.

The population frequency of a variantparticdarly important as it would be expected
that Mendelian disease ang alleles are extremely rare, if not absenthm general
population. For dominant disordeit is sensibleto consider only novebr extremely

rare variants. Reles causative for eéassive diseaseare usually presenin the
population aMAF of < 0.01. However, it is essential to remember that these are largely
arbitrary cutoffs. The frequency filteshould besetdepending on th&equency of the
disease of interest in the genemabpulation, the clinical presentatiofi.e. early
onset/aggressiveersuslate onset/indolent phenotypednd the expected penetrance of

the putatively diseaseausing variants

There are other two important issues that should be considered duringitned step.
First, the frequency of both benign and pathogenic variants can vary substantially

among different ethnicities and certain variants are found exclusively in certain specific
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populations. This means that variants that are completely abserm popualation could
be much more frequent in another. Therefore, it is essential to filter the WES results
against data derived from ethnicityatched populations.

Secondly, it is important to consider that weditablisheghathogenic mutation®.g. the
LRRK2 mutations p.G/2019%r causing autosomal dominant Piay be presenin
population variant databasedthough at low frequencieBeing too strict with filtering
based on MAF may therefore sometimes resulhaexclusion of pathogenic alleles
from the analysis. This is particularly true for diseases sucRxswhich tend to
manifest later in life and thus nenanifesting carriers of pathogenic alleles may be

present in large control populations.

1.5.3 Filtering Based on Deleteriousness and Conservation

Further stratification of variants can be undertaken based on predictions of their
deleteriousness$Synonymous variants are generally excluded from the analysis, as it is
expected that causative alleles for Mendelian diseases will be missense, nonsense,
frameshift or splice site variants. Importantly, although in rare instances, synonymous
varians can potentially affect splicgtes and therefore result in logd-function alleles
(Korvatskaet al, 2013) In addition, variantsocatedin deepintronic andin other non

coding genomic regions agenerallyremoved from the lisbf candidate under the
assumption that diseassausingmutations would affect the coding region of the
genome However, one should be aware that this assumption is basedfanttihat, as

a matter of feasibility, in the Sanger sequencing era only the coding portion of the genes
were screened. It is hence plausible that a significant proportion of the missing

variability responsible for Mendelian diseases is located in the intregiarr.

Greaterimportancemay be given tdossof-function variants (i.eframeshiff stop

codons andariants disruptinganonical splice sit¢sthan to missense variants.

Additional strategies can be used to further prioritize the remaining cansat&ats
especially if they are misseng® powerful approach usethe quantitative estimates of
mammalian evaition at the nucleotide level. This approaeheson the principle that
deleterous mutations generally presehigh sequence conservation asresult of
purifying selectionTherefore, highly conserved nucleotides and amino acids are likely
to be very relevant for the function of the gene and the encoded piexaimples of

toolsused in this thesis fasseswment and quantification advolutionary conservation
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arePhiloP(Pollardet al, 2010)and GERP+«{Davydovet al, 2010)

The predicted deleteriousness of amino acid substitutions can also be assessed using
silico tools such asSIFT (http://sift.jcvi.org/) (Kumar et al, 2009) PolyPhen2
(http://genetics.bwh.harvard.edu/pph2/ (Adzhubei et al, 2010) Provean
(http://provean.jcvi.org/ (Choi et al, 2012) MutationTaster
(http://www.mutationtaster.oryy/ (Schwarz et al, 2014) and CADD
(http://cadd.gs.washington.edu/hon(i€ircher et al,, 2014)

Some of these tools (e.g. SIFT or Provean) relyspacific biological aspects of
deleterious mutations (often conservation) to classify variants in discrete classes of
pathogenicity first-principles approachgs Another group (e.g. Polyphet2 or
MutationTaster) consistsf classifiers that are trained thstinguish between a set of

known deleterious mutatioragjainsta setof benign polymorphismgtrained classifiers).

Importantly, these methods are particulareful whenassessing the pathogenicaf
putatively lossof-function variants, either caung recessive diseases or causing
dominant diseases through hapisufficiency or dominant negative effects. However,
the in silico tools are less reliable for the assessment of dominant variants that are

pathogenic through a gaof-function mechanism.

1.6 Limitations of Next-Generation Sequencing

Despitemany successful reports of diseassociated novel genes identifiedW§ES, it
is not precisely known how often this appch fails, as negative resuttisenot reported
most of the timesThe experience inur department teaches that failure in the analysis

of kindreds with suspected Mendelian diseasemfortunately not uncommon.

NGS bears a number of important limitations, which have to be kept in mind when the

causative variant is not identified.

1. Qurrent NGS technologies easily detect single nucleotide variants or small deletions
are, but there remain significant issues with the identification of large deletions and

copy number varianf€CNVs).

2. The currently used short read librarie250bp) led to particular problems with the
detection of repeat expansions, which not uncommonly are the responsible cause for

neurodegenerative diseasgschas the dominarfCAsor HD.
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3. Variable coverage of the targeted regions, as mutations may be missed if they are

located in poorly covered areas.

4. The causative gene is not in the exome capture kit target definition (for instance, it is

not a known gene, or there is a failurehe tlesign)

Finally, evenoncea single or few promising candidate variant are found givan
pedigree, the significant genetic heterogeneity that exists many inherited
neurological conditions, canamperthe confirmation of the finding, which gendyal

relies onthe identification of other mutations in the same gene in unrghetdidrees
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Chapter 2. Overview on Genetics of Selected

Movement Disorders

2.1 The Genetics of Parkinson disease

2.1.1 Introduction
PD is the second most common neurodegenerative disease afteximér disease,

affecting >2% of those over 75 yedkayeuxet al, 1995)

The main clinical features of PD and clinical diagnostic criteria include bradykinesia

and at least one other sign amongst muscular rigidity, rest tremor, or postural instability
(Figure 2-1). A progressive course, unilateral presentation with asymmetrical signs, a
classic pill rolling tremor, good sustained response to levodoiOPA) anda number

of nonrmotor symptoms accompanying or preceding the motor onset (eg. hyposmia,
constipation, genitarinary symptoms, REMbehavioural sleep disorders) generally

support the diagnos{teeset al, 2009, Noyceet al, 2016)

Figure 2-1 Typical appearance of a patient with Parkinson disease.
Reproduced fronfLeeset al, 2009)
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The pathological signature of PD is a selective loss of pigmented dopaminergic neurons
from the pars compactaf ahe substantia nigraF{gure 2-2A). Nigral neuron
degeneration and consequent decrease in dopaminergic striatal innervation result in
classic PD motor symptoms. Bhinerve cell loss is accompanied by three distinctive
intraneuronal inclusions: Lewy bodies (LB3gure2-2B), the pale body, and the Lewy

neurite.

Us y n u c tsym)iisthe (miin component &Bs (Spillantini et al, 1997) According

to the model pr op o s e dsynlpatholBgy may lspreadnadcendingl | e
from the dorsal motor nucleus of the vagus and involving progressively, the lower
brainstem, the olfactory bulb, the midbrain and finally the cqBeaaket d., 2003)

g

A B

Figure 2-2 Pathological features of Parkinson disease
(A) Cross section of the midbrain showing the pigmented substantia nigra in a normal brain (bottom) and
depigmented nigra in a brain with RDpper). (B) Microscopic section of a substantia nigra pigmented
neuron containing neuromelanin (white arrow) and a Lewy body (black arrow) within the cytoplasm of
the neuron. The Lewy body has a dense core and a lighter halo.
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The aetiology of PD is poorlunderstood and, similarly to other neurodegenerative
conditions, age is the major risk factor. However, 10% of people with the disease are
younger than 45 years of age (eashsetPD).

PD was long thought to be a sporadic disorder without genetic mausath most of
the research interest focused on the identification of environmental risk factors

(reviewed in(Noyceet al, 2012)

Several studies estimating the genetic contribution to PDpgetiesis using twins have
shownlow concordance rates in mazygotic and dizygotic twinfDuvoisinet al, 1981,
Ward et al, 1983, Marttilaet al, 1988) However,in studies based on PET scan data,
rather than simple crosectional observance of the phenotype, the concordance rate
was significantly higher for monozygotic twins, than for dizygotic twins (55% versus
18%), suggesting a substantial genetic contributiothéoPD pathogenes{®iccini et

al., 1999) It is estimated that approximatelyl®% of people with PD have a positive
family history in a first degreeelative.

Over the last 25 years, since the identification of tegyraiclein SNCA locus, the
views o the aetiology of PD have profoundly changed. Mutations in a growing list of
genes have been incontrovertibly linked to monogenic forms of PD (recently reviewed
in (Hernandezet al, 2016) Furthermore, genomeide-association studies (GWAS)
have succeedein identifying many common, low risk variants that are likely to play a
direct role in the aetiology of the common sporadic disease agNadl$ et al, 2014)

In addition, rare variants with intermedisgffiect have been identified as important risk
factors (e.gGBA). A schematic overview of the frequency and penetrance of the genes
linked to PD is shown ifigure2-3.
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RIT2  GCH1*  HLA-DQBL
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MOBP  geappy VPS13C MIRA697 TMEMI175-GAK-DGKQ
STX6  SNCA* MCCCL  BSTL  RAB7LI-NUCKS1
APOE  MAPT INPPSF FGF20  BCKDK-STX1B

>

Variant frequency

Figure 2-3. Schematic representation of the frequency and penetranaé the Parkinson disease
genes
*Pleiotropic loci.Figure adapted frorf\/erstraeteret al, 2015)

2.1.2 Monogenic Causesof Parkinson Disease
The genes associated with monogenic forms of PD are listabla2-1.

Mendelian forms of PD are overall rare and generally have an earlier disease
manifestation tAn sporadic PD. Mutations in genes identified as causing Mendelian
forms of PD explain 30% of familial PD and only 3% of patients with sporadic
disease occurrencéKumar et al, 2011) In the next section | will describe the main
clinical and biologichfeatures of the most relevant Mendelian genes that have been

shown to cause PD.
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Table 2-1 Monogenic causes of Parkison disease

Locus Gene Features Inheritance Mutational spectrum Pathology
_ . Missense and gene )
PARK1/PARK4 SNCA Early and lateonset, fast progression, severe dementia, AD d Synucleinopathy
osage
) ) ) _ _ Missensetruncating and Synucleinopathy
PARK2 Parkin Juvenile or youngonset parkinsonism, slow progression AR )
gene dosage (occasionally)
PARKG PINKL AR Missense, truncating an Synucleinopathy
Early-onset parkinsonism, slow progression gene dosage (occasionally)
i i iatri Missense, truncating an
PARK7 DI-1 Early-onset parkinsonism, p_sychlatnc features, AR Synucleinopathy
slow progression gene dosage
. . . i Synucleinopathy,
PARKS8 LRRK2 Late onset parkinsonism, slow progression AD Missense
tauopathy
PARK9 ATP13A2 Juvenile and early onset, atypical, fast progression AR Missense, truncating Not known
PARK14 PLA2G6 Juvenile and early onset, atypical, fast progression AR Missense, truncating Synucleinopathy
PARK15 FBXO07 Juvenile and early onset, atypical, fast progression AR Missense, truncating Not known
PARK17 VPS35 Late onseparkinsonism, slow progression AD Missense Not known
PARK17 DNAJC6 Juvenile and early onset, atypical, fast progression AR Missense, truncating Not known
PARK20 SYNJ1 Juvenile and early onset, atypical, fast progression AR Missense, truncating Tauopathy
NA DNAJC13 Late-onset, typical, slow progression AD Missense Synucleinopathy
NA RAB39B Early onset, intellectual disability X-linked Missense, truncating an Synucleinopathy
gene dosage
NA CHCHD2 Late onset parkinsonism, slow progression AD Missense Synucleinopathy?
NA VPS13C Early onset, fast progression AR Truncating Synucleinopathy
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Autosomal Dominant Parkinson Disease
SNCA(PARK1, PARK4)

The identification in 1997 of the pl&3Thr missense mutation SNCAas a cause of
autosomal dominant PD in families of Greek and Southern Italian origin was the first
proof for a genetic aetiology in a subset of PD cdBedymeropouloset al, 1997)
Furthermore soon after the identificationSMCAmutations in familiaPD cases it was

di s c ov e +Sgnds the maar cotdponent of LBs, the pathological hallmark of PD,
therefore linking familial to sporadic P(3pillantiniet al, 1997)

Subsequently, whoilwcus duplication and triplication oSENCA were identified,

provi ng that not o nsynuclem,tbut also simpleaovetexpressibntok r e «
the wildtype protein is pathogeni(Singletonet al, 2003, Karaet al, 2014) The
p.Ala30Ro and p.Glud46Lysnutations have been detected in a single family of German

and Spanish ancestry, respectiv@ifruger et al, 1998, Zarranzt al, 2004) Only

recently, three additionalSNCA point mutations [{.His50GIn p.Gly51Asp and
Ala53Glu) have been discoverdHiely et al, 2013, Proukakiget al, 2013, Pasanegt

al., 2014)

The missense mutations are pathogenic through a toxic gain of function, whereby they
i ncrease t h-8yh et d-pldawey smeeth, which, in turn, are thought to
pr edi sSgnacsfam tbe aggregates that are localised in([Bvineet al, 2011)

Patients withSNCAmissense mutations usually have EOPD with initial good response
to L-DOPA. The disease tends to be aggressive, with dementia often complicating early

onthe clinical picture.

A dose r el at i-Byn devels mndsbveritywk thenclinidal phenotype is
observed. IENCAmultiplications families, duplications (three copiesSMCA are not

fully penetrant and lead to laset dopaesponsive PD, as seen in typical sporadic

PD (lbanezet al, 2009) triplications (bur copies ofSNCA are conversely fully
penetrant and cause a much more aggressive phenotype with earlier onset and severe
rapidly progression, almost inevitably complicated by early dementia and additional
features such as dysautonorgiarreret al, 2004, Fuchst al, 2007)

Brain pathology in patients witEBNCAmut ati ons i s char-8mteri z
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positive neuronal inclusions.

LRRK2Mutations (PARKS)

The PARKS8 locus was first mapped on chromosome 12pi{133l1 in a large
Japanese family wh autosomal dominant PFunayameet al, 2002) A few years

later two independent groups identified the causative mutations underlying the PARKS8
locus in theLRRK2gene(PaisarRuiz et al, 2004, Zimprichet al, 2004)

Mutations inLRRK2have been simcthen recognized as the most common Mendelian
cause of PD. A large number of variants have then been described in PD cases. However,
based on segregation with disease in families and frequency in population controls, only
few of these variants are firmlyonsideredpathogenic: p.Arty441QGy, p.Argl441Gys,
p.Argl441Hs, p.Tyrl699Gys, p.Gly2019%r and p.11e2020Thr (Di Fonzoet al, 2005,

Gilks et al, 2005, Zabetiaet al, 2005)

The most frequent mutation is by far the c.6055G>A;ly2G19%r which is found in
up to 40% of cases of PD in North African populatigbssageet al, 2006) in about
20% of Ashkenazi Jewish patien®zeliuset al, 2006)and 7% of PD patients of
European origifDi Fonzoet al, 2005, Clarket al, 2006, Zabetiaet al, 2006)

The p.Ardl441Gss is the second most common mutation and has been identified
worldwide (Nuytemans et al, 2008) Conversely the p.Ad#41Q@y and the
p.11e2020Thr are very rare and populatispecific, being the first mainly found in the
Bagjues (SimonSanchezet al, 2006) and the second in the Japanese population

(Tomiyamaet al, 2006)

The penetrance of tHERRK2p.Gly2019%r mutation has been established to be ~28%

in subjects younger than 60 years of age, but increases up to 74%edrgof age
(Healyet al, 2008) Of note, there has been a recent report of two monozygotic twins in
their 70s with thg.Gly2019%r but discordant for the presence of PD, suggesting that
the variability in onset and penetrance betwkBRK2Z maybe largely nogenetic in

origin (e.g. stochastic; environmentéiromerisiouet al, 2012) Furthermore, a recent
report suggested that the penetrance in the Ashkenazi Jewish population could be as low
as 25% by the age of 80, a figure much loweant in other ethnic background,
suggesting the existence of genetic or environmental factors which affect the penetrance

of thep.Gly2019%r mutation in this populatio(Marderet al, 2015)
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The majority of patients withRRK2mutations presents with latsset asymmetric-
DOPAresponsive tremepredominant PD, clinically indistinguishable from RBealy

et al, 2008) Neuropathological findings showed pleiomorphic pathologies overlapping
with other neurodegenerative diseases, including LBs, dad ubigitin-containing
inclusions and pure nigral degeneration without IBsnprich et al, 2004, Giassoet

al., 2006)

LRRK2is a large gene that consists of 51 exons and encodes thea@%RY acid
protein leucineich repeat kinase 2. The physiological grathological functions of
LRRK2 have not yet been fully characterized. Several pathog&RiK2mutations
cluster in functionally important dormes and impair their function: p.Atg41Gy/s,
p.Argl441Qy, and p.Ard441Hs reduce protein GTPase activity, whas the
p.Gly2019%r and p.l1e2020Thr mutations in the kinase domain have been shown to

increase its activitySimonSanchezt al, 2006)

VPS35PARK17)

A single missense mutation WPS35,p.Asp620Asnhas been identified by two groups
through WES as an important cause of autosatoaiinant PD(Vilarino-Guell et al,
2011, Zimprichet al, 2011) Several other studies in which the sequencing of the entire
VPS35 coding region was performed has disclosedhandful of other missense
mutations  (p.&51%r, p.Mett7lle, p.Thr82Arg p.le241Met p.R0316Ser,
p.Arg524Trp and p.leu7r74Mef). However, none of these additional mutations have
been proven to be pathogenically relevfrgsageet al, 2012, Sharmat d., 2012,
Nuytemanset al, 2013) Overall, VPS35the p.Asp620Asnmutation is a rare cause of
PD accounting for only about 1% of familial parkinsonism and 0.2% of sporadic PD.
VPS35%encodes highly-conserved component of the retromer, a complex that teedia
reterograde transport of transmembrane cargo from endosomes back to H@otgans
network (Seaman, 2005, Bonifacino and Rojas, 20@®)nically VPS35related PD
appears to be similar to idiopathic PEheeriret al, 2012)

DNAJC13

WES and linkage raalysis identified the missense mutatipAsn855Ser ilDNAJC13
in a Saskatchewan autosordi@minant family affected by muiggenerational PD with
evidencelLB pathology. Subsequent genotyping in 2928 patients and 2676 control

subjects from Canada, Norwakgiwan, Tunisia, and the USA identified four additional
44



patients carrying the same mutation, of which two had familial parkinsonism, but none
in controls(Vilarino-Guell et al, 2014) DNAJC13regulates the dynamics of clathrin
coats on early endosomes. Cellular analysis shows that the mutation confers a toxic
gain-of-function and impairs endosomal transport. Subsequent studies have shown that
the DNAJC13p.Asn855Ser substitution is not a commause of PD among Caucasian

populationgGustavssort al, 2015, LorenzeéBetancoret al, 2015)

CHCHD2

Funayama and colleagues used linkage analysis and WES to successfully identify in a
Japanese dominant PD famdymissense variant in tt@HCHD2 gene encoding the
mitochondrial  protein  coiledoil-helix-coiled-coil-helix ~ domaincontaining 2
(Funayamaet al, 2015) Screening of a further 340 index patients with autosomal
dominant PD identified three additional pathogenic missense and-sijdicautaibns,
p.Thr6llle, p.Argl45GIn, andc.300+5G>A. Subsequently, other independent groups
have confirmed that coding mutations @HCHD2 represent a rare genetic cause of
autosomal dominant PD and may also represent a risk factor for sporadic PD and other
synwcleinopathiegJanseret al, 2015, Ogaket al, 2015, Koschmiddegt al, 2016, Shi

et al, 2016, Zhangt al, 2016)

Autosomal Recessive Parkinson Disease
PARK?2

Mutations inPARK2 firstly identified by positional cloning in Japanese families
(Matsumineet al, 1997, Kitadeet al, 1998) are the most common cause of autosomal
recessive, EOPCRPARK2mutations ara@letected in up to ~50% of cases with recessive
familial EOPD (Lucking et al, 2000) as well as ~10% of sporadic cases with onset
before the age of 4&lein and LohmansHedrich, 2007) A range of los®f-function
variants are detected including missense, truncating mutations and wiealen

deletions or duplications, most commonly in the compound heterozygous state.

Whether heterozygs mutations ilPARK2represent a risk factor for PD is still a matter
of debate(Klein et al, 2007)and circumstantial evidence suggests that eapwber
variants may increase the disease rfbsluttenlocheret al, 2015) but not point
mutationgKay etal., 2007, Kayet al, 2010)

PARKZ2related disease usually shows a slowly progressive course with a dramatic
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response to dopaminergic treatment. No specific features differeRfi&I€2mutation

carriers from other EOPD forms; however, symmetrical ondgstonia at onset,
hyperreflexia, slower progression of the disease, a tendency toward a better response
toL-DOPA, and preservation of olfaction might be more frequent among patients
with PARK2mutationg(Khanet al, 2003, Alcalayet al, 2011)

Postmortem examination oPARK2mutated cases shows a more restricted distribution
of the pathology than in classic sporadic PD, with severe but selective ventral nigral

degeneration and absent or scarce LB pathdlDghertyet al, 2013)

PARK2encodegarkin, aproteinthatfunctions as an E3 ubiquitin ligase in the process

of ubiquitination, a form of podtanslational modification that conjugates ubiquitin
proteins to lysine residues of target proteins, in order to address them towards
proteosomatlegradation. ModPARK2mutations lead to loss of its E3 ligase function.
Disturbed elimination of damaged mitochondria, which is an important cellular process
called mitophagy, appears to be one of the most important mechanisms for neuronal
death in parka deficiency(Deaset al, 2011)

PINK1 (PARKG6)

Mutations in phosphatase and tensin homahalyiced putative kinase PINK1) are

the secondnost common cause of autosomal recessive EOPD, accounting for ~1% to 8%
of recessive familial EOPD and ~1% of spdic EOPD casefHealy et al, 2004,
Rogaeveet al, 2004, Valenteet al, 2004, Bonifatiet al, 2005) Mutations are found

across different populations and one mutation with a founder effect is particularly
frequent in the Philipping®Bonifati et al, 2005)

PINK1 is a 581 amino acid ubiquitously expressed protein kinase. It consists of an
aminoterminal mitochondrial targeting motif, a conserved seti@®nine kinase
domain, and a carboxgrminal autoregulatory domain. Twtbirds of the reported
pathaenic mutations determine a lesfunction of the PINK1 kinase domain,
supporting the relevance of PINK1 enzymatic activity in the pathogenesis of PD. More
than 90% of the reported mutationsAHMNK1are missense mutations, whereas the
remaining are copgumber mutations or truncating mutations. Similarl{PARKIN the

role of heterozygouBINK1 mutations is debatg@dbou-Sleimanet al, 2006)

Clinically, PINK1 mutation carriers present with eadpset, slowly progressive-L
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DOPA-responsivearkinsonisminitial gait impairment and often psychiatric symptoms,
such as depression and anxi€ggnitive involvement is rardifferently from PARK2

mutated cases, olfactory dysfunction is commoRINK1 (Ferrariset al, 2009)

The first postmortem analysig a case witlPINK1-linked PD showed neuronal loss in
the substantia nigra and the presence of (snaranclet al, 2010) However a more

recent report showed absence of LB pathold@kanashet al, 2016)

PINK1 and Parkin function in a common patyfor detecting mitochondrial damage
and selectively eliminating corrupted mitochondria. PINK1 is stabilized on
mitochondria with lower membrane potential and recruits Parkin from the cytosol. Once
recruited to mitochondria, Parkin becomes enzymaticatifive and initiates the
autophagic clearance of mitochondria by lysosomes (i.e., mitoph@afyle and
Narendra, 2011)

DJ-1 (PARKY)

Bonifati and colleagues identified mutations3-1 as an additional cause of EOPD
(Bonifati et al, 2003) DJ-1 mutations aremore rarethan PARK2 and PINK1, being
found in only ~1% of EOPD cas€8bou-Sleimanet al, 2003, Pankratet al, 2006)

The clinical phenotype is similar to that BARK2 andPINK1-related EOPD(Abou-
Sleiman et al, 2003) Dementia and fetures of motorneuron disease have been
described in individual cases with-dlielic DJ-1 mutations (Annesi et al, 2005,

Hanagaset al, 2016)

DJ-1 encodes for a protein working as a cellular sensor of oxidative §@asstAviles
et al, 2004, Junret al, 2005) Recently, the first neuropathological assessmentaF a
1 mutated case has been reported, indicatingDid@tmut at i ons ar e- asso

syn aggregation and depositifraipaet al., 2016)

RAB39B

Genetic analysis of an Australian and of an American family with a combination of
EOPD and intellectual disability with an-liked pattern of inheritancelentified a
large deletion and a missense mutation (p.Thrl68Ly#HhaiRAB39Bgene(Wilson et
al., 2014) All affected cases initially presented in childhood with various degrees of

intellectual disability, including developmental delay, cognitive impairment,
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macroencephaly, and, seizures. EOPD appeared later on, with tremor as the first
symptom. Posiortem studies show th&®&AB39Bmutations causes extensive nigral
dopaminergic neuronal loss with widespread LB pathology.

Other groups have subsequently replicated this finding and feRAB89Bmutations in
individuals affected by classic EOPD, in absent¢he atypical signs observed in the

families where the gene was first identifigesageet al, 2015, Mataet al, 2015)

Interestingly, previous work had identifiéAB39Bas a cause of -Xnked intellectual
disability in absence of parkinsonian sgiGiannandreat al, 2010) indicating that
RAB39B mutations cause a spectrum of overlapping syndromes. Furthermore, this
suggests that shared pathogenic mechanisms may exist linking PD to developmental
disorders. Rab proteins are small molecular weggianosine triphosphatases involved

in the regulation of vesicular traffickinghenget al, 2002)

VPS13C

Very recently,VPS13Closs of function variants have been recognised as a novel cause
of autosomalecessive EOPD(Lesage et al, 2016) Homozygous or compound
heterozygous truncating mutations were detected in three isolated PD subjects. The
phenotype associated witiPS13Cmutations is characterised by rapid and severe
disease progression and early cognitive decline. Neuropathologszgdsaent showed
evidenceof diffuse LB pathology Functional work demonstrated that VPS13C krock
down leads to a severe mitochondrial pathology and exacerbation of PINK1/AParkin

dependent mitophagy.

Complex Forms of Autosomal Recessive Parkinsonism

Mutations in the genes described in this section are generally associated with more rare
and aggressive forms of recessive parkinsonism, characterised by vergreat\(<30

years) and usually additional, atypical features (pyramidal, dystonic, ocular movement,
and cognitive disturbances). However, in spite of the different phenotypic presentation,
several biological evidences link the pathogenic mechanisms of these conditions to that
of PD. Furthermore, several recent observations indicate that mutatiomstiof these

genes can leatd more typical forms of autosomal recessive EOPD.

ATP13A2PARK9)

Recessive losef-function of ATP13A2cause KufoiRakeb syndrome, a rare, juvenile
48



onset disorder characterized by severe parkinsonism, dementia, pyramidalnglgns a
supranuclear gaze palgfRamirez et al, 2006) SubsequentlyATP13A2recessive
mutations have been detected in cases with a broader phenotype, including isolated
juvenile-parkinsonism(Di Fonzoet al, 2007, Martincet al, 2015) parkinsonism with

bran iron accumulation(Schneideret al, 2010) and, more recently, also neuronal

ceroidal lipofuscinosis (a severe infantile neurodegenerative disgBlaget al, 2012)

ATP13A2is a large gene encoding for a protein normally located in the lysosomal
membrangRamirezet al, 2006) Loss of ATP13A2 leads to lysosomal dysfunction and

s u b s e gyreaccumuldtioTsunemi and Krainc, 2014)

PLA2G6Mutations (PARK14)

A broad range of truncating recessive mutations in the phospholipase A2 group VI
(PLA2G6H gene, encoding for a phospholipase involved in metabolism of phospholipids
to free fatty acids, were first described as the cause of infantile neuroaxonal dystrophy

and neurodegeneration associated with brain iron accumu(&timian et al, 2008)

PLA2G6 mutations were subsequently detected also in subjects with a different
presentation, featuring-DOPA-responsive dystoniparkinsonism, pyramidal signs and
cognitive/psychiatric features, with onset in early adulthood, without evidence of iron
accumuléion (PaisarRuiz et al, 2009) More recently, ballelic missense mutations,
more likely to have a milder effect on protein function, have also been identified in
cases with uncomplicated EOFKie et al, 2015, Giriet al, 2016)

LBs have been described in association VAtbPA2G6 mutations(PaisarRuiz et al,
2012) Functional work performed in a Drosophila modePaiA2G6deficiency shows
that loss of normal gene activity leads to lipid peroxidation and mitochondrial
dysfunction(Kinghornet al, 2015)

FBOX7(PARK15)

FBXO7mutations were first described in a Persian family and then in an Italian family
with severe juvenil®nset parkinsonism associated with spasticity and prominent
pyramidal signgNajim alDin et al, 1994, Di Bnzoet al, 2009) More recently a
homozygousFBXO7 missense mutation was described also in a family with more
classic EOPOLohmannet al, 2015) FBXOY7, like Parkin, is part of an E3 ubiquitin
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ligase complex necessary for the correct initiation of th@phagy proces¢Laman,
2006, Burchelkt al, 2013)

SYNJ1

The same homozygous mutation Y NJ1(p.Arg258GIn was identified by WES, in
two unrelated consanguineous kindredos,
parkinsonian syndroméKrebs et al., 2013, Quadriet al, 2013) The phenotype
includes aggressive parkinsonism with severe levodughaced dystonia. Additional
features are generalized seizures, cognitive decline, dysarthria, eyelid apraxia and

supranuclear gaze palsy.

SYNJlencodes waptojanin 1, a phosphoinositide phosphatase protein involved in
clathrirmediated endocytosis in the adult bréidrouet and Lesage, 2014A recent
report showed that 4llelic loss of synaptojanin 1 cause severe infantile epileptic
encephalopathy withrain accumulation of tau protefPymentet al, 2015, Dymengt

al., 2015)

DNAJC6

Recessive truncating mutations BPNAJC6 cause juvenile onset parkinsonism with
rapid progression. Associated features include dysarthria, generalised seizures and brain
atrophy on MRI(Edvardsoret al, 2012, Korogluet al, 2013) The group of Bonifati
recently described NAJC6 mutations in cases with a milder presentation, consistent
with classic EOPOlgiati et al, 2016) DNAJC6encodes the protein auxilin, which is

a clathrinrassociated protein enriched in nerve terminals and may play a role in synaptic

vesicle recyclingdAhle and Ungewickell, 1990)

2.1.3 Rare Variants Predisposing to PD

GBA

Homozygous or compound heterozygous Hos&unction mutations inGBA are the
genetic abnormality wunderlying Gaucher 6s
storage disorder. GD has a prevalence of 1/40,000 to 1/50,000 in all ethnicities and is
particulaly frequent in the Ashkenazi Jewish population, where it affects 1/800 to
1/1,000 live birthgCox, 2001, Grabowski, 2008)

GD is an autosomal recessive disorder and more than 300 different caBtive
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mutations spanning the entire coding region hawn ldescribedRigure2-4), including
insertions, deletions, point mutations and complex alleles resulting from recombination

events with the neighbouring pseudog@mAP (Hruskaet al, 2008)
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Figure 2-4 GBA gene structure and distribution of pathogenic mtations across the coding exons
Imagereproducedrom (Hruskaet al,, 2008)

GD is caused by an insufficient activity of glucocerebrosidase (GCase), the lysosomal
enzyme coded b¥BA Pat hogenic mutations affect
cellular stability and/or subcellular trafficking, resulting in intracellular bujdd
GCasebs main substrate, glucosyl cerami de
system of the spleen, liver and bone marrow, and often resulting in organomegaly
(Grabowski, 2008)

Clinically, GD presents with a spectrum of manifestations, #neergy of which
partially depend on the deleteriousness of the mutation on GCase activity: type 1 GD,
the nonneuronopathic, most common and mildest form of GD; type 2 (GD2) the acute
neuronopathic, most severe form associated with a complete deficien@®Case
activity and short lifeexpectancy; and type 3 (GD3) the chronically neuronopathic form

which has a later onset and longer-gfgpectancy than GD2.
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The main clinical features of GD are summarised in the panel below taken from
(Sidransky and Lope2012)
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In the past decade a previously unexpected link between GD and PD has been
recognised. The first findings were based on isolated clinic observations of GD cases
presenting a parkinsonian picture with clinical features very similar to thosecalbss

seen in patients with sporadic PD (Neudorfer et al., 1996, Tayebi et al., 2001, Tayebi et
al., 2003). These observations were subsequently extended to the G@ednest
relatives, obligate carriers GBAheterozygous mutations (Gok&lpan et al, 2004).

Then, nany independent cas®ntrol studies, performed in PEases from different
ethnical backgroundgeviewed in(Sidransky and Lopez, 201d)ave then consistently
observed a higher frequency @BA mutations in PD patient$-igure2-5), indicating a

causal relationship between GD and PD.

GBA mutations are now considered the most relevant genetic risk factors for PD
(Neumanret al, 2009, Sidranskegt al, 2009) Among Ashkenazi Jewish subjed&BA
mutation are found in ~15% of patients and among-Asinkenazi Jewish subjects
mutations are identified in ~7%, with an odds ratio for &BA mutation in patients

versus controls of5.

Neuropathological analysis of brains from parkinsonian patients with GD or carriers of
heterozygousGBAmut at i ons reveal ed t-dyrepositiveeBse n c e
(Bembiet al, 2003, Neumanet al, 2009)

Clinically, patients with PD an&BA mutatiors (both homozygous and heterozygous
carriers) present with a classic clinical picture, indistisgable from that of sporadic

PD. Patients areharacterized by asymmetric resting tremor, rigidity and bradykinesia
and a good response telOPA treatment. Mst series of patients witBBA mutations

report a lower mean age at onset and a higher incidence of cognitive and behavioural
symptoms, such as dementia and visual hallucinations, compared to wild type cases
(Alcalayet al, 2012, WindeiRhodeset al, 2013).

Importantly, the replacement therapy used to treat GD casesndoenodify the risk of
PD. Itis not clear thouglwvhetherthe drug simply does not cross the bldwdin barrier
or whetherenzyme replacement is not targeting the pathogenic mechacisicel for
PD (Rosenbloonet al, 2011)
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Figure 2-5 Map showing the countries where the frequency of GBA mutations in Parkinsonisease patients was assessed
Image taken fron(Sidransky and Lopez, 2012)
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Despite the numerous investigations that followed from the discovery of this association,
the molecular nature of the link betwe&BAmut at i o n s-syn &§egationd U
remains largely unexplained. Furthermore there exists a deepening debate as to whether
the mutantGBA protein acts by a losor toxic-gainof-function mechanisngGoldin,

2010)

As previously mentionediD is causeé by a drastic reduction in the activity of the
encoded | y s 0 s egiueoterebresidasy nf@Case) and a consequent
accumulation of substrates, mainly glucosylceramide and glucosysphingosine, in the

tissues where GD is associated with lysosomal storagardsin.

However, while it would seem likely that GCdess of enzymatic activitgontribute to
the risk of PD, many elements argue against this view, suggesting the GiEAnt

could instead increase the risk of PD through other mechanisms.

Most patientsvith GBAmutations and PD are heterozygous carriers, which implies that
at least 50% of residuanzymatic activity is conserved. Thislargely sufficient to

avoid the pdtogenic build up of substrates, @szymatic activityneeds tde reduced

by at least 7090% beforesubstrate accumulatiomccurs However it is possible that

GBA has other distinct unidentified regulatory functions of lysosomal activity the loss
of whi ch c-syn hggreghtiarnvamdineurobal cell death. Furthermore, studies
assssing agespecific penetrance and estimated life cumulative risk for PD in GD
patients and heterozygous carriers have demonstrated that the risk is similar in the two
groups (from 9 to 12% by the age of 80), thus arguing against the presence of a gene
dosae effect, which is a typical gfurelossof-functionmutations(Rosenbloonret al,

2011, McNeillet al, 2012, Rana&t al, 2013, Alcalayet al, 2014)

On the other hand, there is growing evidence of a direct relationship between the
severity of the mution, in terms of GCase activity reduction, and PD risk. For instance,
GanOr et al. found that carriers of severe mutations had a considerably higher disease
risk and reduced age ahsetcompared to carriers of mild mutatio(GanOr et al,

2008, GarOr et al, 2015) Moreover, Lesage et al. found that the PD onset tended to
occur earlier in carriers of seve@BA mutations(Lesageet al, 2011) Finally, recent

work by Barrett and colleagues determined in a cohort of relatives of GD1 patients that
nonN370S mutations (severe or null mutations) conferred a higher risk for PD
compared to the mild N370S mutati(Barrettet al, 2013)
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Different investigations carried out in cell and animal models of GD and
synucleinopathies support the idea that bothhraeisms, toxic gain of function due to
misfolded mutant proteins and loss of enzymatic activity, are likedgt@lly contribute

to the complex | ysosomal d-gys fggregatiom and t h
ultimately to nigral neuronal deafullenet al, 2011, Mazzulliet al, 2011, Sardet

al., 2011)

SPMD1

SMPD1encodes sphingomyelin phosphodiesterase 1, a lysosomal enzyme that cleaves
the phosphocholine head group of sphingomyelin to generate ceramiddeliBi
mutations in the gene are the cause of NierRick type A, another mulsystemic
lysosomal disorde particularly frequent in the Ashkenazi Jewish population
(Schuchman, 2007)

GanOr and colleagues recently suggested that a heterozygous missense mutation in this
gene, p.ew230R0, could be a risk factor for the development of PD in the Ashkenazi
Jewish population, with an odds ratio of {@anOr et al, 2013) Importantly, other
groups have subsequently replicated this finding in populations of different ethnical
background(Foo et al, 2013, Wuet al, 2014) strongly supporting the view that

dysfunctionallysosomala c t i vi t y -sym accumilation aral PD pgathogdmhesis.

2.1.4 Common Low-Risk Variants Predisposing to PD

Candidate gene association studies have been used in the past to try and identify
common loci that increase the risk for PD. Tugb this approach common variability at

the SNCAlocus (Kruger et al., 1999and at theMIAPT locus were shown to contribute

to the risk of diseas@olbe et al., 2001)

However, it is mainly thanks tonbiased GWAS that in recent years a growing number

of susceptibility genes and risk loci have been undoubtedly associated with increased
risk of PD. These studies rely on the comnadiseasecommon variant hypothesis,
according to which common genetic variants of small effect size can increase the risk of
diseass, such as PD, that are frequent in the general population. GNé&& been

made possible by the development of platforms that allow the assessment of genetic
variability (usually singlenucleotide polymorphisms; SNPs) across the genome with
the diseasen the order of 500,000 to 1 million variaffg&ardy and Singleton, 2009)
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While the first GWAS in PD were underpowered and therefore yielded negative results
(Fung et al, 2006) larger GWASidentified that common variability in several loci,
including SNCA MAPT, LRRK2, PARK16, BST1, HIDRB5, and GAK, increase PD

risk in independent population@ankratzet al, 2009, Satakeet al, 2009, Simon
Sanchezet al, 2009, Edwardst al, 2010, Saacet al, 2011, Spenceet al, 2011,
Sharmeet al, 2012)

Sulsequently, thanks to imputation of variants and a rap#dysis of different GWAS
datasetsadditional genes were identified, includiAGMSD, STK39, MCCC1/LAMP3,
SYT11andCCDC62/HIP1R(Nallset al, 2011)

The largest and most recanetaanalysis of all existing GWAS, which includagotal
of ~13,000 PD ases and ~95,000 controls, shovthdt 24 risk loci containing 28
independent risk variants are associated with an increased risk gN&IB et al,
2014) The Manhattanplot showng the results of this metanalysisis represented in
Figure2-6.

Importantly, nostof the SNPs associated with increased PD risk arequating and the
functional ole of the vast majority ahemis far from being understooé&urthermore,
the effect size of the individual risk variants is l@aithoughinitial evidencesuggests
that the risk conferred by the combination rafiltiple risk variants may be more

substarnifil.

It is of interest to note that some of the most robustly associated SNPs are located in
close proximity of genes that also contain high penetrant mutations causing Mendelian
forms of familial PD, such aSNCA LRRK2and VPS13C Importantly, thissuggests

that there could be a substantial overlap in the pathogenic mechanisms underlying rare
Mendelian forms of PD and the more common sporadic forms, reinforcing the crucial

importance of dissecting the bases of PD with Mendelian transmission.
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Figure 2-6 Manhattan plot from the latest GWAS meta-analysis for Parkinson disease
Image reproduced froifiNalls et al, 2014)

58



2.2 Overview on the Geneticsof Dystonia

2.2.1 Introduction

The dystonias are a clinically and genetically heterogesiegroup of movement
disorders In 2013, an international panel of experts provided a consensus update on
definition, phenomenology and classification of dysto(ddbaneseet al, 2013)
Dystonia was d e f i n e d mowement alisorder characterized Isystained or
intermittent muscle contractions causirgpnormal, often repetitive, movements,
postures, orboth. Dystonic movements are typically patterngdsting, and may be
tremulous. Dystonia is often initiatem worsened by voluntary action and associated

with overflow muscle activation.

Dystonia is the third most comon movement disorder worldwide aagproximately
70,000 people are affected by dystonia in the UK a({Baeidelet al, 2012)

Dystoniahas been traditionallgiassified based on tlieur mainfeatureqTable2-2): (1)
age of onsefearly onset vs. adult onsg(R) dstribution d affected body partéfocal,
segmental or generalisedB) aetiology (primary vs secondary dystoni§}) special
clinical features (paroxysmal, exercisgluced, tasispecific or dopa
responsivegAlbanese et al., 2011). Given the existendeseveral problems and
confusion with this system, a new classificati@s beemecently proposedyhich uses

two axedo define dystonialAlbaneseet al, 2013)

Axis | describes the clinical featured dystoniaand includes age at onset, body
distribution, temporal pattern, coexistence of other movement disorders and other

neurological manifestations.

Axis Il focuses on the presumed aetiology; the two classifying criteria are the presence
of nervous system patlogy (evidence of degeneration vs staual lesions vs absence

of any pathology and a differentiatioramong inherited dystonia (when a precise
genetic cause is recognizea)dacquireddystonia(e.g. perinatal brain injury, infections,
drugs among others) or idiopathic dystonighe old and e new classification are
shown and compared in the figufgure2-7.
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Table 2-2 Traditional clinical c lassification of dystonia

A) Aetiology

1. Primary dystonia

No underlying structural, pharmacological or metabolic cause can b
identified

1.1) Primaryisolated
dystonia

Dystonia is the only clinical sign (apart from tremor) and there is no
identifiable exogenous causeather inherited or degenerative disease

1.2) Primary plus
dystonia

Dystonia is a prominent sign but is associated with another moveme
disorder, gg. myoclonus or parkinsonism.

1.3) Primary paroxysmal
dystonia

Torsion dystonia occurs in briepisodes with normalcy in between.

2. Heredodegenerative
dystonia

Dystonia is a feature, among other neurological signs, of a genetical
determined neurodegenerative disorder

3. Secondary dystonia

Dystonia is a symptom of an identified neurological dtbod, e.g. a focal
brain lesiongxposure to drugs or chemicals

B) By age at onset

1. Early onset

(<30 years of age)

Usually starts in a leg or arm and frequently progresses to involve otf
limbs and the trunk

2. Late onset

Usually starts in thaeck (including the larynx), the cranial muscles or o
arm. Tends to remain localized with restricted progression to adjace
muscles

C) By distribution of affected body parts

1. Focal Single body region (e.g. wri
2. Segmenta Contiguous body regions (e.g. cranial and cervical, cervical and upper
Non-contiguous body regions (e.g. upper and lower limb, cranial and u

3. Multifocal limb)

4. Generalised

Both legs and at least one other body region (usually one oahot)

5. Hemidystonia

Half of the body (usually secondary to a lesion in the contralateral ba
ganglia)
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Figure 2-7 Schematic comparison of the old and the newassification system of dystonia
Tablereproduced fornfBalint and Bhatia, 2014)
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The pathophysiology basig dystonia is poorly understoott. has been proposed that
dystoniamay derivefrom a functional impairment of the neural circuits underlying the
control and coordination of voluntargovementgFigure 2-8). These include the basal
ganglia, the cerebellum, the sensorimotor cortex, and the interactions between these
regions of the braifNeychevet d., 2011) The impairment of these circuits may occur

as a consequence of structural lesions of these brain areas (either focal lesions or
degeneration), as a consequence of a pharmacological treatment altering the activity of
the neurons constituting theegpathways (e.g IDOPA treatment in PD patients or
antipsychotic treatments blocking the dopamine receptors), or, most frequently, in
absence of any overt brain pathology, which defines the primary dystonias. This last
group of conditions is thought to dex from anatomicallypreservedbut functionally
abnormalpasal gangliand cerebellar circuits.

Motor and premotor cortices

Thalamus
Putamen

Globus pallidus

Subthalamic nucleus

Cerebellum Dentate nucleus

Pontine nuclei

Figure 2-8 The circuits of dystmia
Reproduced fronfBerman and Jinnah, 2015)
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2.2.2 Overview of Monogenic Formsof Dystonia

Genetic factors largely contribute to the pathogenesis of dystonia. A positive family
history in firstdegree family members is reported in a very high proportion of patients
with primary dystonia, ranging from 18 to 50% of cageabio-Agusti et al, 2013)
Moreover, in a small but defined subset of families, dystonia can be transmitted across

generations as a clear Mendelteaat.

Mutations in a growing number of genes are responsibl¢htoMendelian forms of
dystonia. Importantly, he identification of these genekas allowed the initial
recognition of different cellular pathwaykat could beinvolved in the molecular
pathogenesis ofprimary dystonia, including perturbed synaptic transmissi@md
plasticity (in particular of the dopamingystem) abnormal transcription and celcle

regulation and endoplasmic reticulum (ER) dysfuncfieedouxet al, 2013)
Thegenes that have beassociated with dystonia are summarisetable2-3.
This overview will only focus on genes that cause primary dystonia.

The PrimarylsolatedDystonias
This term defines a group of syndromes in which dystonia is the only clinical feature
(exeept for tremo of the arms or head and nechk)ithout any evidence of

neurodegeneration or any obvious secondary cause.

TOR1AMutations(DYT1-related Dystonia)

In 1997 an iAframe 3 base pairs (CAG) deletion in exon 5 of Tli@R1Agene, was
identified asthe genetic abnormalitynderlying the DYT1 locugOzeliuset al, 1997)

This mutation is responsible for approximately 50% of cases with early onset
generalized dystonia across different ethnicifl@sameret al, 1994) Due to a founder
mutation, the DYT1 mutation is particularly frequentamong Ashkenazi Jewish
population, where it accounts for 80% of early onset dystonia.

Clinically, TOR1Arelated dystoniavould presentn childhood with dystonic posturing

of lower limbs andsubsequent generalisatiddystonia can nevertheless begin in any
part of the body, with usual sparing of the neck and face. Late onset forms and atypical
presentation of the disorder are not infrequently recogn{dachoraet al, 2006,

Stamelouet al, 2013) Most casesvould report a family history consistent with
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autosomal dominant inheritanddowever, he penetrance of the mutation is markedly
reduced(~30%), which explainsthe frequent observation of psetsigoradic cases
(Hjermind et al, 2002) A small number of other vents have beemlescribedin
sporadic cases with various forms of dystonia, but none of them has been convincingly
shown to be pathogenic due to lack aéar segregation in other family members
(Leunget al, 2001, Kabakcet al, 2004, Vulinovicet al, 2014)

TorsinA is a member of the AAA+ superfamily (ATPases associated with different
cellular activities)with multiple functions in the celTOR1Ais exclusively expressed in
neurons and the protein localizes in the endoplasmic reticulum (ER). Cetlatils
havedemonstratethat mutant torsinA is displacefiom the ER to the nuclear envelope
(Goodchild and Dauer, 2004)he abnormal localisatiomay result indysfunctionof

the secretory pathway and synaptic vesicle machinegy f@nsportatiorof dopamine
vesicles and/or dopamine receptors to the -prand posisynaptic membrane,

respectively (Warneret al, 2010)

Recently the fist mouse model of DYTFdlystonia, exhibiting a motor phenotype
closely resembling the humaiseasehas beenescribedLianget al, 2014)
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Table 2-3 Monogenic causs of dystonia

Locus Gene locus Features Inheritance Mutational
spectrum
Only anin-frame
. 3 base pairs
DYT1 TOR1A Early-onset primary torsion dystonia AD with reduced (CAG) deletion
penetrance . .
in exon 5is
pathogenic
DYT2 HPCA Early-onset primary dy{stoma with prominent AR Missense
craniocervical involvement
Whispering dystonia (adult onset spasmodic
DYT4 TUBB4A dysphoniajvi t h generalisati  ,nneng Missense
gait Hypomyelination of basal ganglia and
cerebellum (HABC). Spastic paraparesis
Missense,
DYT5a GCH1 Doparesponsive dystonia AD/AR truncatmg and
large deletions o
duplications
AR Missense and
DYT5b TH Doparesponsive dystonia truncating
NA SPR Doparesponsive dystonia AR Mlssens_e and
truncating
Adult-onset torsion dystonia with prominent| AD with reduced| Missense and
DYT6 THAP1 . . , _
craniocervical and laryngeal involvement penetrance truncating
DYT8 MR1 Paroxysmal notkinesigenic dyskinesia AD Missense
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Mainly

DYT10 PRRT2 Paroxysmal kinesigenic dyskinesia AD truncating and
large deletions
Myoclonic dystonia (often with alcohol Mainly
DYT11 SGCE responsiveness) AD truncating and
P largedeletions
DYT12 ATP1A3 Rapid onset dystonia parkinsonism and | p /40 1ovq Missense
alternating hemiplegia of childhood
DYT16 PRKRA Early-onset dystonigarkinsonism AR Missense
DYT18 SLC2AL Paroxysmal exerC|§mduced dyskinesia +/ AD M|ssens§and
epilepsy truncating
DYT23 Clz1 Adult onset cervical dystonia AD Missense
Tremulous craniaervical dystonia
DYT24 ANO3 AD Missense
+/- upper limb tremor
AD with reduced Missense and
DYT25 GNAL Adult onset cervical dystonia penetrancede

novo

truncating




THAP1mutations (DYT6)

In 2009 mutations inthe THAP1 gene, coding for theéhanatosassociated protein
domaircontaining apoptosiassociated proteid, were identified in two Mennonite
families aghe genetic abnormalityesponsibldor the DYT6 locugAlmasyet al, 1997,
Fuchset al, 2009) A range ofmissense, nonsense and frameshift mutatgprsad
throughout the coding portion of the gene are associated with digeas®veral
genetically diverse populationshe nheritanceof DYT6-related gstonia is autosomal
dominant with a penetrance ©60% (Saundergullmanet al, 2007, Fuchet al, 2009,
Houldenet al, 2010)

Clinically, mutation carrierstend to develop symptoms later than DY-pbsitive
patients,with an onset in adolescence or adulthood. DYJ&itive patients usually
presentwith a predominant involvement of the upper body, in particular severe
oromandibular, cranigervical, laryngeal or upper limhsvolvement, and subsequent

generalisatiorfXiromerisou et al, 2012)

THAPL1 is an atypical zinc finger protewith DNA binding propertiesinvolved in the
regulation of gene transcriptiqgiRoussigneet al, 2003) One hypothetical mechanism
whereby THAP Isubstitutionscouldlead to dystonia is by dysrelgted transcription of
strategic genes. Mutations TTHAP1have been shown to disrupt binding to T@R1A
promoter andesult indecreaseé TOR1Ageneexpression, suggesting that under normal
conditionsTOR1Ais negatively regulated by THARKaiseret al, 2010)

TUBB4A (DYT4-related Dystonia)

The DYT4 familyis a large kindred of British origioharacterised bgnset inthe third

decade ofa severe form of dominantly inheritggneralized dystoniéParker, 1985)

Several affected family membespread acroséive generationdave been described.
Affected members would presentith a laryngeal dysphoniavhich progresses to a
generalized dystonia. Some patients displayedu ni que 6 h gWiltoyetd.,or s e €
2011) To date, no other pedigreatiwsimilar clinical features has been published.

Through a combination of linkage analysis and exome sequencing, the missense
mutation p.Arg2Gly in th&UBB4Agene was independently identified as causal in the
DYT4 kindredbyour and K (Hershsanet al.g261@, ghmanet al, 2012)
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TUBB4Aencoded-tubulin-4a, a constituent aixonal microtubules. fle mutation lies

in the highly conserved autoregulatory MREI (Methioindegininei Glutamic acid
Isoleucine) domain of the protein. The MREI tptptide sequence at the start of the N
terminal domain is known t o betubuiemmRNASs ar y
levels andin vitro studies using sitdirected mutagenesis have previously shown that
mutations in this domain abrogatee autorgulatory ability(Yenet al, 1988, Yeret al,

1988)

Screeningof the gene ira cohort of 394 unrelated dystonia patients revealed one further
possibly pathogenic variant (p.Ala271Thr) in an individual who exhibited autosomal
dominant spasmodic dysphanfLohmannet al, 2012) We could not detect other
mutation carriers in a cohort of ~200 dystorsases with prominent laryngeal
involvement(Hershesoret al, 2013) A morerecent study investigating 575 subjects
with primary laryngeal, segmental or geslezed dystonidailed to detect any further
TUBB4Amutations(Vemulaet al, 2014) indicating overall thaTUBB4Amutationsare
anexceptionallyrare cause of dystonia

Importantly, it was subsequently recognised ttehovomutationsin TUBB4Aare also

the cause dfiypomyelination with atrophy of the basal ganglia and cerebelluhRH
syndromé (Simons et al, 2013, Hamilton et al, 2014) H-ABC is a rare
neurodegenerative disordefith onset ininfancy and childhood, characterised by the
spedfic combination of hypomyelination, cerebellar atrophy, and absence or
disappearance of the putam@mn der Knaapet al, 2002) Clinically, H-ABC cases
show a combination of severe dystonia, cerebellar ataxia, and variable degrees of
intellectual disabity. There is ongoing debat&boutwhether DYT4dystonia and H
ABC are distinct allelic conditions (brain imaging of members of the DTY4 kindred
does not show the classicABC findings) or whether the DY TFgphenotype simply
represents a milder clinical ggentation of the same disease, possibly questioning
TUBB4Aas a primarylystonia gen¢Erroet al, 2015)

ClZ1 mutations (DYT23)

Linkage analysis anWES were recently used to identify a missense mutatioGl#i

(c.790A>G p.8r2644dy) as the possible causal variant in a large Caucasian kindred

with adultonsetautosomal dominant cervical dystoiiiiao et al, 2012) Screening of

other unrelated cases with adatiset dystonia identified 2 additional missense
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mutations in 3 individual (p.Ro47Ser and pArg672Met, segregation not confirmed for

any of these mutations), but also a similar number of novel variants in matched controls.
Two subsequent studies have failed to identify additional mutatio@8&Zih (Ma et al,

2013, Dufkeet al, 2015) This finding is still awaiting independent confirmation and
several concerngave beemaisedquestioning the real contribution @fiZ1 mutations

to the pathogenesis of dystoifidein et al, 2012)

ClZ1encodes Cipinderacting zinc finger pretn 1 and is a p2¥*"@™.interacting zinc
finger protein, expressed in brain and involved in DNA synthesis andya control.

The work detailing the features ofG1Z1 knock-out mouse model has been recently
published(Xiao et al, 2016) Ciz1showed the highest expression in the cerebellum and
Cizl-/- mice did not display featuresof dystonia, but exhibited mild motoric
abnormalities on balance, op&eld activity, and gaitWhole-genome gene expression
analysis based on RNA extracted frometmilumsuggess that CIZ1 may be involved

in the postmitotic differentiation of neurons in response to external sigixa et al,
2016)

ANO3mutations (DYT24)

Our groupidentified a segregating missenseutation inANO3in a threegeneration
British family with autosomal dominant crangervical dystonigCharlesworthet al,

2012) Five further novel variants were detected by a subsequent screening of the gene
in 188probands with dystonigCharlesworttet al, 2012)

Clinically, patients withrANO3mutations exhibit focal or segmental tremulous dystonia,
variably affecting the cranioervical, laryngeal and brachial regions. Some individuals
showed isolated upper limb tremor and had been misclassified as essential tremor.
Furthermorewo patients elibited myoclonic jerks of the head or the arf8samelou

et al, 2014)

A recent screening in a large German cohort of sporadic cases with cervical dystonia
identified two novel mutations in cases, but also a similar number of novel variants in
controls, indicating that caution should be posdgen assigning pathogenicity of
individual variantgZechet al, 2014) However, a screening conducted in the Chinese
population identified two additional dominant families with cramervical dystonia

that carried a segregatiddNO3mutation(Ma et al, 2015) confirming the contribution
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of ANO3to dystonia pathogenesis.

ANO3 is very high and selectively expressed in the stmatua key brain region in
dystonia pathogenesi&lNO3 encode a protein called anoctamin 3 ahedlongs to a
family of closely related gene®ANOL10) with different tissue expression patterns.
ANO1 and ANO2 encode for C&-activated chloride channels. Hendeis postulated
that ANO3 may function in the same wagnd regulate striatal neurons excitability
(Caputoet al, 2008)

GNAL mutationgDYT25-related dystonia)

In 2012 heterozygoumutations inGNAL were identified in two unrelatedominant
families as a novel cause of familiadultonsetcervical dystonigFuchset al, 2013)
Screening of further 39 familiesevealed6 additional segregating novel mutations,
suggesting thatGNAL mutationscould be a relatively common cause for familial

dystonia.

However,a number of subsequentutational screenindgnave shown a much lower
mutational yield with a reportefilequency across different populatsoof around 0.5

1%. Several los®f-function mutationshave been described, including missense and
truncatingmutations,(Dobricic et al, 2014, Dufkeet al, 2014, Kumaret al, 2014,
Zechet al, 2014) GNAL mutations are most frequently transmitted as a dominant trait,
although de novo mutations have been found in sporadic (@ebsicic et al, 2014,
Kumaret al, 2014, Ziegaret al, 2014, Carecchiet al, 2016) More recently a family
with severe childhootnset dystonia harboring a recessive homozygGUSAL

mutation has also been repor{dthsuhoet al, 2016)

Clinically, most GNAL mutation carriersoresent the first symptom the cervical
region. Progression to othbody segments is observed ~50% of casesalthougha

frank generalisation afystoniais rare(Fuchset al, 2013)

GNAL encodes @, the alpha subunit of triheteromeric G protésg;, a striatal
protein involved in dopamine (D1) signalling. & is responsible for coupling D1
receptors to adenylyl cycladdn striatal neurons and&gys is required for Dimediated
behaviour and biochemical effe¢tderveet al, 1993, Zhuangt al, 2000, Corvokt al,
2001)
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HPCArelated dystoniédDYT?2)

Our group has recently identified homozygous and compound heterozi#iRDA
mutations in two pedigrees with autosomal recessive generalised dystBda were

initially identified throughhomozygosity mapping and WES in a pedigree with three
affected subjects, product of a consanguineous marriage (parents are first cousins),
presenting with earbpnset generalised dystoniéCharlesworth et al, 2015)
Subsequently, compousiteterozygous mations in HPCA were also identified ira

second independent kindred affected by AR isolated dystonia.

HPCA are likely to represent an extremely rare cause of dystonia, as a recent study
assessingiPCA mutation frequency in large cohort of primary dystacages, failed to
identify any additional mutatiofDobricicet al, 2016)

HPCA encodes hippocalcina neuronal calcium sensor protepresent almost
exclusively in the brain anexpressedat particularly high levels in the striatum
(Charleswortlet al, 2015)

Primary Dystoniaplus

The dystoniaplus syndromegalso known as combined dystonias, according to the most
recent nomenclature systemgpresent a heterogeneous groupafneurodegenerative
diseases, whereadditional neurological features(non-epileptic myoclonus or
parkinsonismpaccompany dystonighsmus and Gasser, 2010)

DOPA-responsive gstonia(DYT5)

The term DOPAresponsive dystonia (DRDQJefines a group of rare conditignghich
share the clinic characteristic of a dramatic improget in symptoms in response to
treatment with oral tdopa (Kurian et al, 2011) Mutations inthree genes have
incontrovertibly been shown to ause DRD:GCH1 (GTP Cyclohydrolase 1)TH
(Tyrosine Hydroxylase) an®&PR (Sepiapterin Reductasg)chinose et al, 1994,
Brautigamet al, 1998, Bonafeet al, 2001) All three genes encode enzymes that are
critically involved in the biosynthesis of dopamine in nigrostriatal @alid pathogenic

mutations result in a dramatic decrease in dopamine synthéagisg2-9).
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Figure 2-9 Schematic illustration of the cellular pathway involved in dopamie synthesis in nigral
neurons
Reproduced froniCharlesworttet al, 2013)

HeterozygoussCH1 mutations are by far the most common cause of DRD, accounting
for 60-80% of autosomal dominamRD pedigreeg(Furukawa, 2004)Penetrance is
incomplete being lower for males40-50%) than ferales 80%)(Wider et al, 2008)

Clinical presentation is typically with lower limb dystonia and gait disturbance, with a
variable degree of generalisation over tifNggaardet al, 1990) The response even to
low doses of EDOPA is excellent, sustainednd not generally associated with
dyskinesias that often follow chronic use eDIOPAiIn PD (Clot et al, 2009) As | will
discuss in more detail in chapt##, parkinsonism may occur in the later stages of the

disease.

TH and SPR mutations are associated with autosomal recessiveqlDidéckeet al,
1996, Blauet al, 2001) Typically, patients with mutations in thesgo genes present
with a severecombination & dystonia, parkinsonism, ptosis, seizures and truncal
hypotonia in infancyThe clinical picture is overall more sevahan inGCH1-related

DRD and esponse to IDOPA treatment is often less satisfactory.
Recently mutations inATM, the geneusually mutéed in ataxia telangiectasiahave
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been identified in an Indian pedigree with recessive D@#23fonsive cervical dystonia
(Charlesworthet al, 2013) The mechanisms wherey M mutationsmay lead to this

phenotype are unknown.

SGCErelated Myoclonuystonia(DYT11)

M-D clinical and genetic aspects will be discussed in detail in chay&er

ATP1A3Mutations (DYT12)

Mutations in ATP1A3 were initially reported a the cause of rapionsetdystonia
parkinsonism (RDP), eare autosomal dominant condition characterized by abrupt onset
in adolescents or young adults of fixed dystonic and parkinsonian symgtns
Carvalho Aguiaet al, 2004, Brasheast al, 2007)

It was subsequently recognized that de nav®1A3mutations are also responsible for
alternating hemiplegia of childhood (AHGMHeinzenet al, 2012, Rosewiclet al,

2012) AHC is an infantile disorder characterized by a fluctuating course and recurrent,
and alternating, hemiplegic or hemidystonic episodes, followed in most cases by the
development of permanent neurological symptoms (i.e. epilepsy, neurodevelopmental
delay with intellectual disability, chorea, dystonia, parkinsonism, bulbar symptoms and

cerebellar ataxialHeinzenet al, 2014)

More recently, a single missense mutation was shown to cause another distinct
autosomal dominant condition, featuring progressive cerebellar atrophy with relapsing
episodes of cerebellar ataxia, areflexia, pesusaoptic atrophy, and sensoeural
deafness (CAPOSPemoset al, 2014)

Importantly, agrowing number of cases with overlapping RDP/AHRDubergueet al,
2013, Rosewichet al, 2014, Rosewichet al, 2014, Panagiotakaket al, 2015,
Termsarasabt al, 2015)and CAPOS/AHQRosewichet al, 2014)havebeen reported

in the literature

ATP1A3encodes the catalytic unit of the sodium pump that uses ATP hydrolysis to

exchange Na+ and K+ across the cell membrane to maintain ionic gradients.
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PRKRAMutations (DYT16)

Mutations inPRKRAa rare cause of autosomal recessive dysfpaikinsonism, were
initially identified in two apparently unrelated consanguineous Brazilian families
featuring young onset generalised dystonia with additional parkinsdeetunres
(Camargoset al, 2008) Autozygosity mapping and subsequent mutational screening
revealed thePRKRA homozygous missense mutation neZ22Leu in both families
(Camargoset al, 2008) Only recently three more families with-silelic PRKRA
mutaton have been report€¢dechet al, 2014, de Carvalho Aguiat al, 2015, Quadri

et al, 2016) confirming the contributory role ?#dRKRAto dystonia pathogenesis. Two
European families (one Italian and one Polish) carried the same homozygous missense
change, while the third family carried two novel mutations, p.Cys77Ser and p.Cys213Ph,

in the compound heterozygous state.

PRKRAencodesprotein kinase, interferemducible doublestranded RNAdependent
activator a protein involved in signal transductiae]l differentiation, cell proliferation,
antiviral response and apopto@atelet al., 2000)

The Primary Paroxysmal Dystonias

The paroxysral dystonias are a clinically and genetically heterogenous group of
movement disorders characterizeg temporally defined dyskineti@pisodeswith
interictal neurological normalityParoxysmal dyskinesia can be subdivided into three
main clinical syndromes: paroxysmal kinesigenic dyskires{KD) paroxysmal
exerciseinduced dyskinesg@ (PED) and paroxysmal nornkinesigenic dyskinessa
(PNKD) (Erroet al, 2014)

Paroxysmal kinesigenic dyskinesias

Mutations in PRRT2 encodingfor the synaptic proteimproline-rich transmembrane
protein 2, were identified as tlwauseof PKD in 2011(Chenet al, 2011, Wanget al,
2011)

Affected individuals havdrequent (up to 100 times per daghd short (seconds to
minutes) dyskineticattacks,triggered by suddenmovements. PKD attacksespond

dramaticallyto anticonvulsant therapyith carbamazepine
PRRT2mutations havelso been describeds the cause dfenign familial infantile
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epilepsy and of otherchildhoodonset movement disorder§.e. episodic ataxia
paroxysmal torticollis of childhood)headache disorders, and intellectual disability
(EbrahimiFakhariet al, 2015)

Most PRRT2pathogenianutations are truncating aiy farthe most commomutation
is the recurrent frameshific.649dupC which is present in ~890% of the cases
described to datéCaoet al, 2012, Friedmaset al, 2012, Hederat al, 2012, Steinlein
et al, 2012)

The PRRT2 protein is highly expressed in the developing nervous systdotaliged

to the synapsélLee et al, 2012) Truncating mutations result inpaotein lacking the
transmembrane domaieading to altered subdtilar localization The subsequent
reduction ofPRRT2protein may lead to altered synaptic neurotransmitter release and

dysregulated neuronal excitabilg€henet al, 2011)

More recently, asingle missense mutation (p.Glul1483)Lya SCN8A encoding a
voltage gated Na&hannel subunit widely expressed in the CNS, has recently been
linked to paroxysmal kinesigenic dyskinesia and benign familial infantile seizures
(Gardellaet al, 2016) This observation expands the phenotypic spectrum assdci

with mutations in this gene, which also includes severe epileptic encephalopathy and a

neurodevelopmental disord@rarsenet al, 2015)

Paroxysmal on-kinesigenic dyskinesia

Paroxysmal nofkinesigenic dyskinesia (PNKD¥ymptoms classicallgtartsin the first
two decades of life, featuringttacks ofdystonic and choreatic dyskinesiasten
triggeredby stress omlcoholandbr caffeineconsumption(Bruno et al, 2007) PNKD
episodes usually last from minutes to hours and occur avitlequencytha can vary

between 20 att&s per day to only few attacks per year.

PNKD is caused by heterozygomtations in thenyofribillogenesis regulatofMR-1)
geneand mutations are inheriteg an autosomal dominant trait. Only three mutations
have been destrd to date, all clustered in thet&rminus of the protein: pla7Val,
p.Ala9Val and p.Aa33Ro (Lee et al, 2004, Rainieret al, 2004, Cheret al, 2005,
Djarmatiet al, 2005, Hempelmanet al, 2006, Ghezzet al, 2009)

PRRT2 mutations have been found in small number of patients witRN&KD
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presentatiorfGardineret al, 2015)

Paroxysmal egrciseinduced dyskinesia

Mutations in theSLC2A1gene, which codes fdhe glucose transporter GLUTdause
paroxysmal e@rciseinduced gskinesia (PED).PED is characterized by attacks of
combinedchorea, athetosis, and dystonaich tend tolast from a few minutes to an
hour (Brunoet al, 2004) GLUT1 is the main glucose transporter in the brain and PED
may be causedly reduced glucostransport into the brain, particularly when energy

demand is high after prolonged exercise.
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2.3 Genetics of Qoreas

2.3.1 Introduction

Chorea (from the Greek word 66 UaU =dan
characterized by continuous and brief involuntargvements. Chorea can affect any
body segment, including limbs, trunk, neck, face, and mouth. Typically choreic
movements flow from one body part to another and are unpredictable in terms of timing,
speed and direction. Differefitom dystonia, choreic m@ments are not repetitive or
patterned. Chorea is usually worsened by anxiety and execution of voluntary
movements, and it is absent during sleep. When chorea is accompanied by athetosis, a
term defining slower and continuous writhing involuntary movesients referred to

as choreeathetosis. Chorea is commonly observed in combination with other
hyperkinesias, such as dystofizonaldsoret al, 2012)

Focal lesions of the striatum and degeneration and/or functional dysregulation of
medium spiny neurons (MSNSs), whichnstitute ~95% of the striatal cells and form the
striatal output projectionsgre considered to underlie the pathophysiology of choreic

movement$2].

Chorea is a major feature of several neurological disorders thaeoaither genetically

inherited or acquired.

There are many neimherited causes of chorea. These include focal lesions of the
striatum (e.g. strokes, occupyhsgace lesions), infection/immumelated conditions
(e.g. Sydenhamoés cythamatesas, or apphasphelipid sygndromep u s
use of drugs such ds-DOPA, neuroleptics, antiemetics and oral contraception, and
several metabolic, haematological, or endocrinological disorders (e.g. polycythaemia
rubra vera, hyperthyroidism, hypo/hyperghsaoidism and hypo/hyperglycemi@jvild

and Tabrizi, 2007)Acquired causes of chorea will not be further discussed in this

chapter.

Clinically, inherited choreas may be classified according to the age at onset of
symptoms, as mutations in different geniesd to cause disease with onset either in
childhood/juvenile years (< 20 years) or in adatid A further important distinction

can be made between progressive (i.e. neurodegenerative) apdogosssive causes

of inherited chorea.
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From a clinical pait of view, it is also important to establish whether chorea is the only
or the predominant neurological feature or whether other accompanying features are
present. This is essentiédr guiding genetic diagnostic testing. Other neurological
features thashould be looked for in patients with chorea are cognitive impairment,
ataxia, epilepsy, myoclonus, dystonia, peripheral neuropathy, spasticity, and eye

movement disorders.

Of relevance, a number of childhcodset metabolic (g. LeschNyhan Syndrome,
glutaric aciduria, propionic acidemia) or mitochondrial disordexs (geigh syndrome,
MELAS) can present with a movement disorder (most frequently dystonia, followed by
chorea), though typically in the context of a complex meysitemic neurologic
presenation(Hermann and Walker, 2015)

The genes that have been associated with choreic syndromes are summaratse
2-4. Mitochondrial diseases and inborn errors of metabolism associatea withreic

presentation are not listed imetable
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Table 2-4 Monogenic causes of chorea

Gene Main associated phenotypel  Gene product Inheritance Age of onset Diagnostic clues
Childhood to Cognitive decline, psychiatridisturbances
HTT Huntington disease Huntingtin AD (CAG expansion) Progressive course
late adulthood .
MRI: caudate nucleus head atrophy
. . Dementia, seizures and psychiatric features
PRNP .HDL_l/ Prion protein AD (octapepude_codmg "€PEY  Adulthood Possible parkinsonism at onset and longer surviy
Prion disease expansion) than HD
JPH3 HDL2 Junctophilin 3 | AD (CAGICTG expansion) | Adulthood | .. .Farkinsonism may be first manifestation
High frequency in people with black African ances
HDL4/ Ataxia, epilepsy and cognitive decline
TBP Spinocerebellar ataxia typg TATA box—plndlng AD (CAG expansion) Childhoodto Frequent parkinsonism
17 protein adulthood ;
MRI: cerebellar atrophy
Seizures, myoclonus and cognitive decline
Dentaterubraltpallido- : . Childhood to | MRI: Cerebellarand brainstem atrophy (especially
ATN1 luysian atrophy Atrophin-1 AD (CAG expansion) adulthood pons)
High frequency in Japan
Chromosome 9 Childhood to Prominent cognitive and psychiatric features
C9orf72 FTD/MND Open Reading AD (GGGGCC expansion) Pyramidal signs
adulthood .
Frame 72 MRI: diffuse cerebral atrophy
Action-specific facial dystonia
. N . Teenage to Reduced ferritin plasma levels
FTL Neuroferritinopathy Feritin light chain AD late adulthood| MRI: iron deposition in basal ganglia and cortica
pencil lining
Severe oromandibular dystonia with lip and tongu
biting
. . Early Head drops
VPS13A Choreaacanthocytosis Chorein AR adulthood Peripheral axonal neuropathy
Elevated serum CK
MRI: caudate nucleus head atrophy
Kell blood arou Peripheral sensorimotoreuropathy
XK Macleod syndrome group X-linked recessive Adulthood Cardiomyopathy

protein

Elevated serum CK
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Ataxia-

Oculocutaneous telangiectases
Sensorimotor neuropathy

ATM Ataxia-telangiectasia telangiectasia AR Childhood to Elevated serum alpkatoprotein
adulthood ; L )
mutated gene Predisposition to malignancy
MRI: cerebellar atrophy
APTX Aprataxin Sensorimotor neuropathy
Ataxia with ocdomotor . Childhood to Hypoalbuminemia n .AOAl
SETX apraxia (AOA) type 1, 2 Senataxin AR adulthood Hypercholesterolem@ in AOAl
' Elevated alphdetoprotein in AOA2
MRI: cerebellar atrophy
FRDA Friedreich.l Erataxin AR Childhood to | Cardiac involvement, d_|abet_es, skeletal deformiti
adulthood Pyramidal signs
Ring finaer protein Behavioural problems, and sevelementia
RNF216 | GordorrHolmes syndrome g fingerp AR Adulthood Hypogonadism
216 L )
MRI: white matter lesions and cerebellar atrophy
Thyroid Non-progressive course
. NKX2-1-related chorea o Hypotonia and early falls
NKX21 (Benign Hereditary Choreal transcrlpltlon factor AD/De novo Infancy Learning difficulties

Frequent pulmonary and thyroid involvement

AD: autosomal dominanR: autosomal recessivBfIS: Benign familial infantile seizure$jDL :

Hunt i ngtlikenos

di sease
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232Hunti ngtonds di sease
HD is by far themost commoncause of chorea and represents the archetype of
progressive forms of chorea.

HD is a fatal neurodegenerative disorder inherited as an autosomal dominant trait and is
caused by heterozygous expansion of a CAG trinucleotide repeat iATthegene
(encoding the tintingtin protein). In healthy individuals the CAG repeat ranges between

10 and 29 copies on normal chromosomes, whereas is expandedl®l 36 HD
patients. CAG repeats equal or above 40 are fully penetrant, whereas expansion between

36 and 39 are associated with reduced penetrance.

Clinically, HD features a triad of relentlessly progressive motor, cognitive and
psychiatric symptoms, generally with onset in adult years, and inevitably leading to
death after ~120 years of diseaséRoss and Tabrizi, 2011)0Onset of disease is
typically in adult years, with less than 10% of patients presenting at an age below 20
(Koutsiset al, 2013) Juvenile HD (Westphal variant) tends to be assodiatgh little
choreic movements, whilegidity, parkinsonism, dystonic features, myoclonus and

cognitive impairmentvould dominate the phenotyg®uinn and Schrag, 1998)

Most of the current research efforts in HD genetics are aimed at identifying disease
modifiers, which may influence the disease pesgion and determine the age at onset
(AAO) of motor symptoms(Gusellaet al, 2014) Thelength of the CAG expansion is

well known to be the most relevant determinant of the age at onset, with longer repeats
associated with an earlier ongéindrew et al, 1993) However, the CAG repeat size
accounts for only ~50% of the variation in age at ofisahgbehnet al, 2004)and a
substantial portion of the remaining variance in age at onset is highly heritable, strongly
indicating the existence of other ordl genetic determining factof§&usellaet al,

2014) Neither the size of the neexpandeddTT allele, nor the presence of a second
smaller CAG pathological expansion, is able to significantly influence age at(baset

et al, 2012) A recent study showed that a variant (rs13102260; G>A) inH{RE
promoter, located in the site that regulates binding of the transcription facter BNF
exerts a bidirectional effect on HD age at or(@scanovicet al, 2015) The authors
showedin vitro andin vivothat the presence of the A allele determined a lowes N8~
mediatedHTT transcriptional activity, resulting in delayed age at onset when inherited

on the same allele of the pathological expansion (reduced expression of the pathological
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allele). On the contrary, the A allele was associated with an earlier age at onset when
located on the neexpanded allele (reduced expression of the norHiEl). An
important corollary of these results is that therapeutic strategies aimed at lowering the
expression of the pathological CAG expansion should take into account that non allele
specific silencing oHTT could bear undesired effects by decreasing the expression of
the normal alleleThe most relevant advance toward the discovery of HD genetic
modifiers is the recent publication &WAS performed by the Genetic Modifiers of
Huntington Disease (GedMHD) Consortium(Lee et al, 2015) The authors identified

two GWASsignificant locj one on chromosome 15 and one on chromosome 8 that
significantly modifiedthe age at onsedf motor symptoms as predicted solely by the
CAG expansion length. Other suggestive associations, though not passing the stringent
GWAS-significance threshold, were observed chromosomes 3, 5 and 2&enes
locatedon chromosome 15 locus aMTMR10and FAN1 and on the chromosome 8
locus areRRM2Band UBRS Pathway analysis of the GWAS resduhtidicates that HD
modifiers may beinvolved in control of DNA handling and repair mechanisms.
Supporting this viewthe chromosom 3 locus centred oMLH1, a gene previously
identified in a HD mouse model as a modifier of somiastability of the CAG repeats
(Pintoet al, 2013)

233Hunt i ngt o-iké syndiomese a s e

~1% of families with a HElike clinical presentation do not carpathogenic expansion
in the HD gene and are therefdabelledas HD phenocopies or HBokalike (HDL)
disordergSchneideet al, 2007)

Importantly, HD phenocopies are clinically and genetically heterogeneous and a
conclusive genetic diagnosis is amtly possible in only a small minority of cases. In

the Queen Square series, a genetic diagnosis could be achieved in only 8/285 HDL cases
(2.8%) (Wild et al, 2008) Other studies report even lower diagnostic yi¢iigvanin

et al, 2003, Keckarevietal., 2005, Costa Mdet al, 2006, Koutsi®t al, 2012)

HDL1

HDL1 is an exceptionally rare autosomal dominant neurodegenerative disorder, caused
by an 8octapeptide repeats expansion in the prion protein (PrP) B&MH (Mooreet

al., 2001)
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The clinical features of carriers of tHRRNP octapeptide repeats are indistinguishable
from classic HD and include chorea, personality changes, psychiatric symptoms and
cognitive decline. Moreover, few members of a very large British pedigree WwiRiNg
6-octapepide repeats expansion presented with a combination of chorea and cognitive
decline, mimicking HD(Meadet al, 2006) In the Queen Square series only one HDL
case was found to carry RRNP mutation, and was subsequently recognized to be a
member of the lge family previously reported by Mead and colleag(Wgd et al,

2008)

HDL2

HDL2 is caused by a CTGAG triplet repeat expansion in the junctophilinJ®K3)
gene(Holmeset al, 2001) The expansion is virtually absent in Caucasian population
(Margolis et al, 2004) but is common in patients of black South Africans of-sub
Saharan descent, where the expansion is responsible for up to ~50% of patients with a
HDL presentationStevaninet al, 2003, Krauseet al, 2015) Abnormally expanded
repeat expansions range from 40 to 59 triplets and the penetrance of the expansion is
high (Govert and Schneider, 2013)lost HDL2 patients are clinically indistinguishable

from HD casegMargolis et al, 2001) However, Schneider armblleagues reported a

large AfricanAmerican kindred carrying dPH3 expansion and presenting with a
progressive akinetidgid syndrome and severe dementia but very little chorea. This
indicates thatlPH3 should be considered in the differential diageosi earlyonset
dementia and hypokinetitgid syndromes in individuals of African descé8thneider

et al, 2012)

HDL3

The HDL3 locus was mapped to 4p15.3 in a single consanguineous pedigree from Saudi
Arabia with a recessive HDL presentati@fambours et al, 2000) However no other
pedigrees mapping to this locus have been subsequently identified and the causative
genehas not been reported as.yet

HDL4

HDL4 is caused by heterozygous CAG triplet repeat expansions in the TATA box
binding protein (TBPgene located on chromosome 6d&ievanin and Brice, 2008)
The same triplet expansion is also responsibl&€@Atype 17 (SCAL17)Stevaniret al,
2003) SCA17 expansions account for approximately 1% of the HDL cases, which
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makes it one of the most imgant genetic mutations found in HDL Caucasian subjects
(Wild and Tabrizi, 2007)However, chorea is present only in 20% of SCA17 patients,
with ataxia, seizures, dementia and parkinsonism being the most frequently detected
featuregZuhlke and Burk, 2007)nterestingly, within given SCA17 positive pedigrees,
homogenous HDL presentation can be observed in multiple individuals, suggesting that
other ceinherited genetic factors may influence he presentation (HDL vs ataxic)
(Schneideet al,, 2006)

Global rtical atrophy, putaminal enhancement or cerebellar atrophy can be
inconsistently found in SCAl&ssociated HDL. Importantly, other SCA expansions, in
particular those associated with SCA1, SCA2, and SCA3, can cause hyperkinetic
movement disorders thatrcaometimes include choréacholset al, 2000, van Gaalen

et al, 2011)

Dentatorubral-pallido-luysian atrophy

Dentaterubratpallido-luysian atrophy (DRPLA) is an autosomal dominant
neurodegenerative disease. DRPLA is caused by CAG triplet repeasExsaim the

gene encoding atrophih (Nagafuchiet al, 1994) DRPLA is particularly frequent in
Japan, where it is almost as frequent as HD, but is exceptionally rare in other ethnicities.
Clinically, DRPLA presents wit a variable combination of choreataxia, cognitive
decline, and, especially in young individuals with larger expansions, progressive
myoclonic epilepsyBecheret al, 1997)

C9orf72-Related HDL

A hexanucleotide repeat expansion in a-soding portion of theC9orf72 gene was
recently iown to be the most important cause of familial and sporadic frontotemporal
lobar degeneration and amyotrophic lateral scler@&slesuddernandezt al, 2011,
Rentonet al, 2011) Hensman Moss and colleagues recently screened a cohort of 514
HDL patierts for the presence of th€9orf72 expansion and 10 subjects (1.95%)
carrying the expansion, making this mutation the most common identified cause of HDL
syndromes in a UK coho(Hensman Mosst al, 2014) Not surprisingly, a movement
disorder was a proment feature in these cases, with 3 exhibiting chorea, 4 dystonia, 4
myoclonus, and 3 tremor. Furthermore, 6 cases had rigidity and 5 bradykinesia.
Although, none of the cases had been formally diagnosed with fremiooral
dementiabehavioural psychidric and cognitive difficulties were observed in most of
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the carriers. Upper motorneuron signs were present in 4 of the 10 subjects, while lower

motorneuron signs were not detected.

Other groupshave been subsequently confirm€@orf72 expansiondo be a relevant
cause of HDL in othegpopulationgKostic et al, 2014, Koutsi®t al, 2015)

ChoreaAcanthocytosis

Bi-allelic mutations ifnvPS13Agcoding forthe large protein chorein, are responsible for

the neurodegenerative condition cheasanthoctosis (CA) (Rampoldiet al, 2001)

CA is mainly characterized by orofacial and cervical dyskinesias (chorea, dystonia and
tics) combined with abnormal erythrocyte morphology (acanthocytosis) that can be
detected with blood film microscopic examinationghly classical neurological signs

are tongue protrusion, biting of the tongue and lips and neck and trunk flexion drops and
extension spasmn(&chneideet al, 2010) Progressive cognitive decline and psychiatric
features are often prominent as in HD. 8888, ataxia, and a peripheral neuropathy
with distal amyotrophy and increased serum creatine kinase are also common features

that should prompt a diagnosis of C3chneideet al, 2007)

Macleod §ndrome

Macleod syndrome is a recessivelidked neureacanthocytosis syndrome caused by
mutations in XK encoding Kell antigemfethoff et al, 2014. Clinical presentation is
similar to CA, though often with a later onset and milder and longer course. Rystoni
tends to be less pronounced than in CA and cardiomyopathy and haemolytic anaemia

may be relevant distinctive featur@¥alkeret al, 2007)

Neurodegeneration with Brain Iron Acumulation

Neurodegeneration with brain iron accumulation (NBIA) is a group of inherited
neurological disorders in which iron accumulates in the basal ganglia, which classically
present with movement disorders and cognitive dedlara et al, 2013) Brain
magneticresonance imaging (MRI) usually shows the presence of iron deposition in the
basal ganglia allowing the diagnosis. Most of the NBIA syndromes are recessive and

start early in life and therefore are easily distinguishable from HD.

However, mutations in ¢WFTL1 gene, encoding ferritin light chain, are an exception to
this rule as they cause a lateset dominant disease, called neuroferritinopathy, which

may be often misdiagnosed as KiCurtiset al, 2001) So far, only a small number of
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FTL1 mutations hae been reported and the frameshift insertion ¢.460InsA by far the

most common in UK cohorts.

Neuroferritinopathy typically presents with chorea and/or dystonia. Other clinical
features are variably reported, including parkinsonism, cerebellar signsthdgsa
frontal lobe syndrome and dementia. An actspecific facial dystonia is reported in
~65% of the patient&hinneryet al, 2007) Our group has recently shown tleattical
pencil lining,which reflecting excessive cortical iron depositisnauseful radiological

sign of neuroferritinopath{Batlaet al, 2015)

Other recessive NBIAs (in particulacexuloplasminemijashould be considered too,
although chorea alone is rarely a sole prominent feature of these con(\ialker,
2016)

Chorea inPatients with Mutations in Cerebellar Ataxikelated &nes

Hyperkinetic movement disorders, including both chorea and dystonia, are frequently
observed in a range of genetic neurodegenerative disorders usually presenting with
predominant cerebellar ataxi@ther than the aforementioned SCA17 and DRPLA).

Ataxia-telangiectasia (A) is an autosomal recessive mugyistem disorder caused by
mutation in the ataxitelangiectasia mutated gen&T(M). A-T is usually characterized

by progressive cerebellar ataxiaculocutaneous telangiectasia, oculomotor apraxia,
immunodeficiency with recurrent lung infections, and increased risk for c&tateznts

with bi-allelic ATM mutations, the cause of atateangiectasia (A), may present

with a broad spectrum of mowent disorders, including choréKlein et al, 1996,
Hardy and Singleton, 2009, Wor¢h al, 2013) isolated dystoniéSaundergPullmanet

al.,, 2012, Claest al, 2013) DOPAresponsive dystoniéCharlesworthet al, 2013)

and myoclonuslystonia(Chenget al, 2002, Cummingt al, 2013, Termsarasad al,

2015) Meneret and colleagues recently reported a total of 14 consecutive adults with
variant AT and compared them to patients with typicall AMeneretet al, 2014)
Patients with variant A' have milder mutations, which allow a degree of residual
protein activity(Gilad et al, 1998) and clinically present with a later age at onset, a
milder disease course and longer survival. Dystonia and subcortical myoclonus were the
most common movement distars observed (84%), followed by tremor (48%)
(Meneretet al, 2014) Of relevance, patients witATM-related chorea and dystonia

may completely lack the classic clinical features of Kuhmet al, 2015)
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Friedrich ataxia (FA) is the most common formrecesively inherited ataxiaFA is

caused by mutations in the frataxin gene; 98% of cases have homozygous expansions of
a GAA trinucleotide in intron 1 of the frataxin ge(farkinsonet al, 2013) Rarely,

chorea can be observed indlielic carriersof frataxin mutations, sometimes preceding

the onset of frank cerebellar sympto(hrannaet al, 1998, Zhwet al, 2002, Wildet al,

2008) Chorea has been rarely described also in cases with ataxia with oculomotor
apraxia type 1 and 2, caused respegsivsl mutation in the genes encoding aprataxin

and senataxi{Salvatoreet al, 2008, Anheirret al,, 2009)

Recessive mutations irRNF216 have recently been found in families with
hypogonadotropic hypogonadism and cerebellar atgkargolin et al, 2013)
Expanding the phenotype dRNF216 mutationsassociated diseases, Santens and
colleagues identified kallelic mutations in th&NF216in 2 recessive pedigrees with a
HDL presentation, including chorelaehaviouraproblems, and severe dementia. In the
affected cases rain imaging showed white matter lesions and subclinical evidence of
hypogonadotropic hypogonadism was dete¢Bahtenst al, 2015)

2.3.4 Benign Hereditary Chorea
Clinical and genetic aspects of benign hereditary chorea will be discussedilinndeta
chapter6.2
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Chapter 3. Materials and Methods

3.1 DNA Extraction

3.1.1 Extraction from Whole Blood
Genomic DNA was extracted from whole blood (taken in ethylenediaminetetcaacet
acid bottles) in the Diagnostic Genetics Laboratory in the UCL Institute ofologyr

using a FlexiGene®© kit (l@gen), according to manufacerinstructions.

In brief, 300ismi éd wwiotl e D% @®ld of buffer
cells. The samples centrifuged for 20 seconds at 10,000xg and then the supernatant
was discarded. 1 which dontan$ a pBotedse) esraddédRoGle pellet

and the tube vortexed until the pellet was homogenized. The s@nuibsequently
centrifuged for 5 seconds and then placed for 5 minutes in a heating block at 65°C.
150¢l of I s 0 p lisdhera added arld thé fulReOirdgried several times,
allowing the DNA to precipitate. The sampgecentrifuged for 3 minutes at 10,000xg

and then the qernatant wasids c ar de d . 1 50 ¢ hdded &ind th® SAampéet h a r
vortexed for 5 seconds and centrifuged for 3 minutes at 10,000xg. The supesiatant
discardd and the pellet air dried. 26Q of B u isfadded agdFil&3sample
vortexed at 5 secais. The DNAIs then dissolved by heating the sample at 65°C in a
heating block.

3.1.2 Extraction from Saliva
Genomic DNA was extracted from saliva samples using the Oragene© DNA kit

according to the manufacturénsstructions.

Briefly, the saliva sample ar@ragene solutioareincubated at 50°C in an air incubator

for 2 hours. T h e nis tranSf@r@detd a 1dbmL michoeentrsfugd tube | 0 n
and 20¢l of Or asgpededeandDhiér vonexed forf ai feavrseconds. The
sampleis then incubated o ice for 10 minutes and subsequently centrifuged at room
temperature for 15 minutes at 13,000 rpm. The clear supernat@ansferred into a
fresh microcentrifuge tube and the pelle
ethanolis added to the solution and inverted 10 times. The sammpieen left at room

temperature for 10 minutes allowing the DNA to precipitate. The samagthen
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centrifuged at room temperature for 2 minutes at 13,000 rpm and the supeihatant
removed and dsar d e d . 250¢ | of 70 % e tihalowedlto wa s
stand at room temperature for 1 minute. The ethartben removed, taking care not to

di sturb the pellet. 100c¢l of DNA buffer

After extraction, tle concentration of DNA samples was then measured ubieg

Nanodrop (Thermo Scientific).

3.2 PolymeraseChain Reaction

PCR primers were designed using Primeltp(//primer3.ut.e@/ The nucleotide

sequence form each exadpng with flanking ~200 down and gream intronic base
pairs, was inputted in the program. DNA sequence of each exon was obtained from a
suitable transcript (generally the longest coding transcript available with a consensus
CDS (CCDS) identifiery dowpaded from UCSC Genome Browser

(https://genome.ucsc.edu/

PCR was performed using 10 ¢l Faststart |
forward and reverse pri mer s aidtillecawawriahdut i o
genomic DNA at a final concentration of -30ng. DMSO was added to the mix for
amplification of amplicons G@ich. Each PCR reaction was performed using a program

that had been demonstrated to optimally amplify the product.

3.3 Agarose Gel Bectrophoresis

Agarose gel electrophoresis was used to check whether the PCR reactsuteessful

and verify the quality and size of PCR amplification product. 10x TBE-lforate

EDTA solution) solutionwas prepared using 121.1g of Trizma base (Sigma), 61.8g
Boric Acid (Sigma), 7.4g of Ethylenediaminetetraacetic acid (EDTA) (Sigma) and
dissolved in 1 litre of distilled water. A 1.5% gel was prepared using Ultrapure Agarose
(Invitrogen) and TBE 1X buffea nd st ai ned with gel red (C
PCR product and 3¢l of X6 Orange DNA | oa
together and loaded into one well of the gel. A DNA ladder (Midrange2000 bp)

(Qiagen) was run alongside each lamehe gel and then the samples were run at 100

mV for 45 minutes. DNA fragments are visualized using UV light.
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3.4 PCR Purification

PCR cleanup was performed using an enzymatic method. The enzymatic cleanup
solution was pr ep a+Alkatine phosghatasg (THeONO scientific)f F a
which removes unused dNTPs, 50¢l Exonucl
single strand DNA from PCR products, and
was added to 2¢gl of t he nathemaihgderat37Cdol ut i

30 minutes followed by 80°C for 15 minutes.

3.5 Sanger ®quencing

The sequencing Reaction mix was prepared
(Applied Biosystems), 2¢l 5x Sequencing
reverse primers at 5 pmol /[ ¢l and 3¢l of
water. The standard therregcler program recommended by Applied Biosystems was
used to run the Sequencing reaction. Sequencing purification was performed through
the Sepadex method. A hydrated solution of Sephadex was prepared mixing 40ml of
autoclaved water and 2.9 grams of Sephad®0@owder (Sigmaldrich). It was then
vigorously mixed and allowed to hydrate, resting for at least 30 minutes at room
temperature. Next 350 ¢ | of the Sephadex solution
Corning FiltrEXTM 96 well filter plates (0.66 mm glass fibre filter). The Corning
FiltrEXTM filter plate was placed on top of an empty collection plate and centrifuged

for 3 minutes at 750xdrhe Corning FiltrEXTM was then placed on top of a new PCR
plate. The entire sequencing reaction volume was then pipetted onto the Sephadex
columns and the plates were then centrifuged again for 5 minutes at 910xg.

Sanger sequencing reaction products wieea read on a 3730 DNA analyser (Applied
Biosystems, Foster City, CA, USA) and electropherograms were visualised using

Sequencher software (Gene Codes Corporation, MI, USA, version 5.0.1).

3.6 Multiplex Ligation -Dependent Probe Amplification

Multiplex Ligation-Dependent Probe Amplification (MLPA) analysis is is a multiplex

PCR method used to determine exon copy number of genes of interest.
In this thesis | used the MLPA probemix PEB1 (MRC-Holland, Amsterdam, the
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Netherlands), which screens for the preseotexon deletions and duplications in
SNCA, PARK2, PINKIPARKY7 (Djarmati et al, 2007) In addition, it contains probes
that will only generate a signal when t88ICAp.Ala30R0 and LRRK2p.Gly2019%r

mutation are present.

1. Denaturation and Hybridization

PCR primer sequence X PCR primer sequence Y

Hybridization sequence (left) Hybridization sequence (right)
2. Ligation

' : v {

3. PCR with universal primers X and Y

exponential amplification of ligated probes only

>
|
=<

4. Fragment analysis

I‘ '
| H] HI !’ll ‘Ii.“ .' l'[{l ' ’.. 1]y |

Figure 3-1 Steps of the MLPA reaction
Reproduced from mlpa.com

The MLPA reaction can be divided in five major stepdgqre 3-1): 1) DNA
denaturéion and hybridisation of MLPA probes. During this step, the DNA of the
probands is first denatured at 98°C and then incubated overnight with a mixture of
MLPA probes and MLPA buffer. MLPA probes consist of two separate oligonucleotides,
each containing anof the PCR primer sequences. 2) Ligation reaction; this reaction can
occur only if the two probe oligonucleotides are both hybridised to their adjacent targets.
3) PCR reaction; because only ligated probes will be exponentially amplified during this
readion, the number of probe ligation products is a measure for the number of target
sequences in the sample. 4) Separation of PCR amplification products, after combining
it with a mix of HiDi Formamide (Thermo Fisher Scientific) and marker Liz500

(Thermo Fsher Scientific) by electrophoresis on the 3730 DNA analyser. 5) Data
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analysis; the results of the analysis are checked and interpreted using Genemarker

software (Softgenetics).

3.7 Analysis of Microsatellites

Microsatellites are DNA sequences located in-noding genomic regions and formed

by mono, di, tri or tetranucleotides repeated in multiple tandem copies. Microsatellites
are abundant and dispersed through the genome. The number of repeats is highly
variable amongst different individuals in a populafivhereas they tend to be stable
between generations and are transmitted in a Mendelian fashion. Microsatellites are
therefore widely used as genetic markers in genetic familial study. In this thesis
microsatellites were used to define and compare théotypp surrounding specific
mutations in different families. Microsatellites were selected in UCSC genome browser.
Primers to amplify the regions containing the microsatellite of interest were designed
using Primer3. One primer for each reaction was letdelith a fluorescent dye {6
FAM) . PCR reactions were performed as pr
product was mi x-Bid Mot mani2de | amd ™. 3¢l of
98°C for 3 minutes and analysed by electrophoresis on/tB@ BNA analyser. The size

of the microsatellites was assessed using the GeneMapper software (Thermo Fisher

Scientific).

3.8 DNA Array SNP Analysis

Two types of DNA array SNP beadchips were used. For whole genome linkage analysis,
| used Human CytoSNP beadchiglllumina), which contains probes for ~220,000
markers. For detection of copy number variants or small chromosomal rearrangements,
| used HumanOmni2:B BeadChips (lllumina), which contains probes for ~2,500,000

markers

For each s ampataconcénbatianbf ~fg//IDNwver e prepar ec
were processed, hybridized and scanned in accordance with the manufacturers
instructions at UCL Genomics. Clustering, normalization and genotype calls were

performed using Genome Studio 2010.3 Genotypiodule (lllumina).
A Genome Studio project was created for each family project with default parameters.

CNVs analysis was performed using the plugin CNV partition 2.4.4 und results were
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applied as bookmarks in genome viewer. PLINK output files, to be imsedhole

genome linkage analysis, were created in Genome Studio through the PLINK report

plugin.
3.9 GenomeWide Parametric Multipoint Linkage A nalysis

Quality control checks were performed through PLINK. SNPs with low call rates
(<90%) and monomorphic SNRBIAF <0.5%) were removed using the commainds
maf 0.05i -geno 0.1. ~6000 single nucleotide polymorphisms (SNP) equally distributed

across the genome were then randomly selected using the cortiand

Linkage  analysis was  performed using the  software ERUIN
(http://www.sph.umich.edu/csg/abecasis/merlin/tour/linkage)htrfAbecasis et al,
2002)

A .ped, .dat, .map and .model files were generated following the instruclioasped

file contains information about the affection status of each individual included in the
analysis (specified with a number: 1=unaffected and 2=affected O=unknown), the sex of
the individual (1=male, 2=female). Furthermore, the .ped file contaiiesmation

about the pedigree structure, indicated by assigning every individual a unique number
and specifying for each subject the identifiers of his/her father and mother. The .map
files contains the list of SNP markers used for the linkage analysishaidgenetic
position expressed in centimorgans (cM). The model file contains information regarding
the assumed mode of inheritance (autosomal dominant vs recessive) together with the
estimated disease allele frequency and the probability of being dffiectendividuals

with 0, 1 and 2 copies of the disease allele (penetrances).

The PEDSTATS function (http://csg.sph.umich.edu//abecasis/PedStats/) was used to

validate the input formats and pedigree consistency using the command:
pedstatsi d file.dati p file.ped

To identify Mendelian errors (genotyping errors), which can lead to misleading
inferences about gene flow in pedigrees and reduce the power of pedigree analysis, |

used the command:

merlin-d file.dat-p file.ped-m file.mapi error

93


http://www.sph.umich.edu/csg/abecasis/merlin/tour/linkage.html

Then, to erase from the input files the genotypes flagged as problematic | run the

command:
pedwipe-d error.dat-p error.ped

MERLIN was then used to perform genome wide parametric linkage analysis using the

command:

merlin id file.datip file.pedim file.mapimodel file.model markernames -pdf i -
tabulate

This produces an output file containing LOD scores for each marker and a PDF
graphical representation of the results. At least three randomly generated sets of markers

were generated to perform liage analysis.

Haplotype analysis allows to reconstructing the haplotype of a region of interest and
checking segregation in the pedigree of the disaaseciated haplotypes with disease
status. Furthermore, it allows to possibly identifying recombinaignt, which could

further narrow down the genomic intervals (fine mapping).

Fine mapping and haplotype reconstruction were performed for chromosomal loci
identified by linkage analysis with LOD scores >0. First, for each locus, a list of SNPs
spanning thdinked region was compiled and this was used to generate a new of input

files (.ped, .map, and .dat) using PLINK.
Haplotype analysis was then performed using the MERLIN command:

merlin-d haplo.datp haplo.pedm haplo.map -besti -horizontal

3.10Whole-Exome Squencing

WES was performed using the negéneration sequencing platform at Institute of
Neurology. WES experiments were performed by Deborah Hughes and preliminary
bioinformatics analysis by Dr Alan Pittman. The Truseq Exome Enrichment Kit
(llumina) was used for WES and run on an lllumina Hiseq 2000. This kit targets 64Mb
of genomic sequence, including exons, exion®ns boundaries and UTRs and micro
RNAs. This kit offers on average more than 90% coverage of the exons, as defined in

the latest ersion of the CCDS and Refseq database.
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The first of WES is the library preparatioRigure 3-2) . Il n brief, 3¢eg
must be sheared to form fragmentsheit by mechanical (Covaris) or enzymatic
methods. This was followed by blunting of ragged ends of the DNA fragments and
binding of the sequencing adapters. The latters contain unique indexes, which are
unique for each sample and are essential in the teps of the data analysis. After a
series of PCR amplification, purification steps (to eliminate leftover adapters, enzymes
and primers) and normalization (to ensure equal coverage of each sample in the total

data), the libraries are ready for the enrichtaestage.

Shear Genomic DA or begin with cONA
End Repair {Blunt ends)
v
$ Add 3 ATail
A
A

N v "
”~ b ™

v Enrich/Linearize with PCR

A 4

Sequencing

Figure 3-2 Scheme of the library preparationusing the Truseq lllumina kit
Reproduced from (http://tugenomics.tufts.edu/home/faq)

The first step of enrichment is hybridization, during which the DNA fragments are first
denatured to single strands and then bound to Hmibielled probes specific for the
target exome region. This is flowed by a series of capture and washing stegé throu
magnetic beads system and then the library is amplified through a final PCR step. After

a last washing step, the libraries are ready for cluster generation, which is completed
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within the Illlumina cBOT. To form the clusters, the singteanded, singtmolecule
template are primed and extended and subsequently the immobilized templates undergo

bridge amplification with immediately adjacent primefg(re3-3).

A flow cell consists of eight lanes and is covered with a lawn of specific oligos to
capture libraries as they are passed through the flow cell. Multiple samples can be
pooled together and loaded in the same lane. The more libraries are pooled together the

poorer will be the coverage.

DNA
(ug) 0
®e
®
©
T— 6
°®
e ©
Sample .
preparation g
Sequencing

Image acquisition Base calling

Figure 3-3 Cluster generation, bridge amplification and imaging
Reproduced from Openwetware.org

Following cluster generation and bridge amplification, the flow cell is loadedthe
HiSeq 2000 for sequencing and imaging. After sequencing and imagingraneated,
the individual sampleeadsare demultiplexed based on their unique indeX€asava
1.8.2)

3.11Bioinformatic A nalysis of Whole-Exome Sequencing

In order to obtain a final list of variants the WES raw data was run and analysed through
a bioinformatics pipeline, constructed by Dr. Vincent Plagnol and optimized by Dr Alan

Pittman. The pipeline is schematically representdednre3-4.
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The WES data generated by the HiSeq 2000 is stored in a FASTQ file-lzasext

format for storing nucleotide sequence.

Pairedend sequence reads are aligned with Novodigmv.novocraft.com) against the
reference human genome (UCSC hgl19). Generation of duplicate DNA sequencing reads,
which are due to PChkiduced duplication, is one of the most relevant technical
artifacts of the captursequencing procedure. Duplicate reskds to be removed so

that they do not influence variant calling and this step is performed with Picard software

package fittp://picard.sourceforge.ngt/

FASTQC
FastQ
Novoalign '-
Picard ‘
UNIQUE \,
\_BAM
Samtools, /4_,__ ——
™
VCFtools VCE /\
Annovar <

Figure 3-4. Bioinformatic pipeline for WES analysis.

Information regarding the project, the genome and an alignment section, which includes
mapping position and information on mismatches, are contained indeliatitated

text files, called SAM files (.sampA BAM file (.bam) is the binary version of a SAM

file. BAM files, rather than SAM, are the recommended format Visualisation

softwae.

After the alignment is completed, variant calling is performed comparing at each
genomic position the aligned SAMAB/ file to the reference genome. SAMTOOLS

package lfttp://samtools.sourceforge.neté used to recalibrate base quality scores,

perform local realignments around possible indels, and to call and filter tizatea
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The outcome of the analysis is a Variant Call Format (VCF) file, which holds the list of
identified genetic variants and the associated quality scores that take into account both
base calling and mapping scores.

ANNOVAR software is used to perforfunctional annotation the varianf@/anget al,

2010) Annotated variant files are generated including a comparison to several publicly
available reference databases of genetic variation, including the Exome Aggregation
Consortium (EXAC; http://exac.bromdtitute.org/), dbSNP version 129 and 137
(www.ncbi.nlm.nih.gov/projects/SNP), 1000 Genomes project (1kGP;
www.1000genomes.org), NHLBI Exome Variant Server (EVS; evs.gs.washington.edu)

and Complete Genomics 6&Ww.completegenomics.com/publiata/69Genomeks

In silico prediction of pathogenicity is assessed using SIFT (http:/sift.jcvi.@Gtgmar
et al, 2009) PolyPhen2Http://geretics.bwh.harvard.edu/pphZAdzhubeiet al, 2010)
Provean [ittp://provean.jcvi.org/ (Choi et al, 2012) MutationTaster
(http://www.mutationtaster.orpy/ (Schwarz et al, 2014) and CADD

(http://cadd.gs.washington.edu/hontKircher et al, 2014) Evolutionary conservation

of nucleotides involved by variants is score using Ph{le8llard et al, 2010)and
GERP++Dawydov et al, 2010)

Copy number variants (CNV) were called in WES data using the Exome depth
algorithm(Plagnolet al, 2012)

3.12Regional Gene Expression Profiling in Brain Tssue

To add further support to the causal role of newly identified gene vaniagisnal gene
expression profile across various brain regions in humans was assessed usig an in
house and other publicly available datasets. THeouse dataset originated from the
work of Dr Mina Ryten and Dr Daniah Trabzurihis dataset was generatading
Affymetrix Exon 1.0 ST Arrays and brain tissue originating from 134 control
individuals, collected by the Medical Research Council (MRC) Sudden Death Brain and
Tissue Bank, Edinburgh, UK, and the Sun Health Research Institute (SHRI), an affiliate
of Sun Health Corporation, USA. Ten brain regions were analyzed: putamen (PUTM),
frontal cortex (FCTX), temporal cortex (TCTX), hippocampus (HIPP), substantia nigra
(SNIG), medulla (specifically inferior olivary nucleus, MEDU), intralobular white
matter (WHMT), thalamus (THAL), and cerebellar cortex (CRBA)ull description of
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the samples used and the methods of RNA isolation and processing can be found in
(Trabzuniet al, 2011)

As described therein, all arrays were preprocessed using Robustaiailti Aserage

(RMA) quantile normalisation with GC background correction and log2 transformation
in Partekés Genomics Suite v6.6 (Partek
genelevel expression were investigated using Partek's mxedel ANOVA with

gencer and batch effects (date of hybridization and brain bank) includedfastocs.

RNA expression changes during the course of human brain development were assessed
accessing the data available through the Human Brain Transcriptome (HBT) database
(Johnsoret al, 2009, Kanget al, 2011) The brain regions analyzed are the striatum
(STR), amygdala (AMY), neocortex (NCX), hippocampus (HIP), mediodorsal nucleus

of the thalamus (MD), and cerebellar cortex (CBC). The data is publicly available
accessing the HBwebsite [ittp://hbatlas.org/
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Chapter 4. Exploring the Genetics 6

Parkinson Disease

4.1 Outline Of The Chapter

This chapter describes the work | conducted to expand our knowledge of #te gen
bass of PD.

The specific aims of the study were:

1) To assess the contribution of genetic variatioGBAIn the Queen Square cohort of

early-onset PD

2) To characterise genetically the Queen square cohort of PD patients who underwent
treatment withDBS andassessvhether the genetic status influence the outcome of the

treatment and disease progression;

3) To assess the relationship between mutatiol@dhri1, the gene responsible for the

childhoodonset disease DOP#sponsive dystonia, and PD.

4.2 GBA Mutational Analysis In Early Onset Parkinson

Disease

4.2.1 Statement Of Contribution

| participated to the design of this study and ascertained the cases to be included in this
study. | performed th&BA sangersequencing analysis in the PD cases. Dr Raquel
Duran performed th&BA sangeisequencing analysis ithe Gaucher disease (GD)

cohort andn controlsamples

4.2.2 Background

Patients with EOPD, in comparison to patient with -ateet PD (LOPD) tend to
progress more slowly in terms of motor features and generally have a longer disease
course, often with preservation of cognitive function. On the other hamDRA
induced complications, including motor fluctuations and dyskinesias, tend to appear

earlierand be more seve(8chrag and Schott, 2006)
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As previousy discussed in this thesimutations in several genes have been associated
with EOPD, in particular autosomal recessive genes, incluBAigK2 PINK1 and
PARKY (Bonifati, 2012) PARK2is by far e most commonly mutated gene in EOPD,
whereas mutations iIRINK1 and PARK7are significantly more rarAbou-Sleimanet

al., 2003, Healyet al, 2004, Alcalayet al, 2010)

PARK2mutations are particularly common (frequency ~50%) in familial cases and in
patients with very early onset (e.g. onset at age < 30), whereas their frequency drops
(frequency ~1615%) in sporadic cases and patients with later onset (e.g. onset at age >
30and < 50)Luckinget al, 2000)

The different clinical course of EOPD, together with pathological reports showing in
most PARK2 mutations carriers the absence of the charactetifgc(Dohertyet al,

2013) suggest that EOPD may represent a distimaicall and pathological entity.

Lossoff uncti on mutations in theGBA awhidhar® gl u
responsible for the autosomal recessive lysosomal dis@@e(Grabowski, 2008)
represent the most prevalent genetic risk factoPdridenified to date(Sidranskyet

al., 2009) So far genetic analysis has suggested thabBA mutations causing GD

can equally predispose to PD, the assumption being that variants that do not cause GD

in the homozygous would not predispose to PD.

In this ths study, a complete sequence analysis of the open reading fra@aiAatas
performed in a cohort of 185 PD cases with early onset PD (EOPD; defined by an age at
onset of O50 weaexompared with thess ebtaidea fraan 283 controls
and 73 patients with type 1 GD from the same geographic réQimanet al, 2012)

This study had two main aims; first, to assess and quantify the contributiGBAf
mutations in EOPD; second, to compé#te spectrum oGBA mutations found in PD

cases versus that of GD cases. Indeed, possible differences in the type of mutations
found in the two disease groups may shed light onto the underlying pathogenic
mechanisms responsible for PD and GD.

4.2.3 Subjects, Matrials and Methods

Subjects
The cohort included in this study was formed by 185 unrelated PD cases with an onset

age O 50 who attended the Movement Disor
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Square.They were all diagnosed with PD following the UKraiBh Bank Clinical
Criteria, presenting with at least 2 of 3 cardinal signs of tremor, rigidity, and
bradykinesia, as well as a positive response-OPA therapy(Hugheset al, 1992)

The ageatonset was on average 40 £ 7.2 years (rangé 56). A postive family
history compatible with PD in at least a first or secdedree relative was reported in
27.5% of patients (51/185) reported.

Controls were agenatched subjects. This series of controls has been previously
described(Neumannet al, 2009)with the addition of twentgix agematched spouse
controls. Controls were neurologically intact. All cases and controls were of UK
Caucasian origin with no reported Jewish Ashkenazim background. GD patients were
73 unrelated subjects, affected with thpeyl form of the disease (noeuronopathic),
attending the National GD clinics at the Royal Free and Addenbrookes Hospitals. 16
were Ashkenazi Jewish (22%) and 4 had Eastern European ancestry (5.7%); the
remainder were white UK citizens without Ashkenazcestry. The results of tii@BA
mutational screening of this cohort have been published independPuotign et al,

2012) Written informed consent was taken from each participant.
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Genetic Analysis

The open reading frame (11 exons) of BBA gene (ReBeq accession number
NM_000157.3) was entirely sequenced in cases and coitool®CR amplification of
GBA three different longange PCR reactions were performed. To avoid amplification
of the pseudogene, primers were designed to bind to DNA regiohssieety present
within GBA Primer sequences are listed in the appendix. Allele names refer to the
processed protein, excluding the-i@idue signal peptide.

Statistical Aalysis

Frequencies of coding and splisike GBAvariants in cases and controlene compared

by means of Fi sherds exact (statist-i cal
tailed test) and odds ratios (OR) and 95% confidence intervals (Cl) were calculated.

Analyses were performed using the statistical analysis progranmttg:/fvww.r
project.org).

4.2.4 Results

The results of the genetic analysis are summarisdalite 4-1. In this population of
early-onset PD, a surprisingly high proportion of cases carrié@Avariant (25.94 %;
48/185 individuals; odds ratio for carriers of any variant in cases versus con®p85%
confidence interva#t.1 - 15.4 P < 0.0001). 14 othe GBA mutation carriers (29.7%)

had a positive family history for PD, though we could not check segregation of the
mutations in other affected family members due to unavailability of genetic material.

Among the GBA mutation carriers, 22 cases had a kno®D-causing pathogenic
mutation (20 carried one mutation and teachcarried two mutations), a proportion
significantly higher than in a latenset PD cohort from the same population reported by
our group (11.9%; 22/185 individuals versus 3.8%; 30/7200®001)(Neumanret al,
2009)

The most frequent GRausing mutations found in the PD cohort was the N370S
(p.Asn409Serjhat was observed in 5 cases, followed by R488rg502Cys)and the
recombinant allele Ré&il (L444P [p.Leud483Pro]+ A456P [p.Ala495Pro]+ V460V
[p.Val499Val]), which were each present in 3 cases, and by L4g4Ru483Proand
R131C(p.Arg170Cys) each found in 2 cases. All the other -G&using mutations were
each found in single individuals. In the control group the N3pO&sn409Ser)and the
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R257Q(p.Arg314GIn) each found in 1 subject, were the only -G&using mutations

detected.

Of relevance, one PD casearried the N370S (p.Asn409Ser)mutation in the
homozygous state analthoughthis genotypeas known to cause GD, he did not display

any feature of GD. This is not entirely surprising, as the clinical spectrum in GD is wide
and there are studies suggesting that patients homozygous for mild mutations, such as
N370S, may actually never develop theedisg(Cormandet al, 1997) Furthermore,
individuals with two pathogeniGBA variants, presenting with typical PD but showing

no signs of GD, have already been reported in the literitesagect al, 2011)

The second important finding is that thegtenmost common mutation in the PD group
was E326K(p.Glu365Lys) which was detected at a frequency of 7.57% in cases
(14/185 individuals; 12 were heterozygote, including one in combination with L444P
and 2 homozygote) versus 2.47% in controls (7/283 iddals). To confirm this
observation, a further 202 controls were screened for this variant and the frequency in
this new cohort was 2.97 % (6/202). Taking into account both sets, the total frequency
in controls was 2.68% (13/485 individuals), indicatingignificant association of this
variant with PD (p = 0.0059, odds ratio 2.97, 95 % confidence intervab 1.3

However, despite the high frequency in both PD and control groBB26K
(p.Glu365Lys)was not detected at all in the GD coh@uranet al, 2012) Consistent

with previous reportgParket al, 2002) this finding clearly indicates that this variant
does not cause GD. Further supporting this conclusion, the two PD cases homozygote
for the E326K did not have any of the clinical or haemaioldgeatures of GD and

their white blood cellGCaseenzymatic activity was at the lower limit of normal range.
Interestingly, a number of other variants, not present in GD group and never associated
with GD, were also detected in the PD cohort. Of the3®8K (p.Glu427Lys) G113A
(p.Glyl52Ala) T369M (p.Thr408Met) S465P (p.Ser504Pro)have been previously
reported in both PD cases or controls, whereasld)y (p.Leu25Val) V172L
(p.Val21llLeu) S177T (p.Ser216Thr) L217P (p.Leu256Pra) L354P (p.Leu393Pro)
V375G (p.Val414Gly) ¢.15064 C>T, ¢.150612 C>T are novel. Collectively, these
variants of undetermined clinical significance were more frequent in cases than in
controls (OR 7.0 confidence interval 1-81.6; p = 0.001).
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Table 4-1 Proportion of cases and controls withGBA mutations

) % in PD % in controls % in type 1 OR
GBAvariants
(n=185) (n=283) GD (n=73) (95%ClI)*
7.8
N370S 2.70 (5) 0.35(1) 86.30 (63)
(0.967.6)
Red\cil
1.6 (3) 0 (0) 10.96 (8) 1]
(L444P+A456P+V460V)
R463C 1.62 (3) 0 (0) 5.48 (4) @
L444P 1.08 (2) 0 (0) 24.66 (18) @
Ot her Gawuche 5 16.1
, 5.4 (10) 0.35 (1} 45.2 (33)
mutations (2.04126.97)
3.2
E326K 7.57 (14) 2.47 (7} 0 (0)
(1.28.1)
Other variants with unprover 70
pathogenicity 7.03 (13 1.06 (3§ 0 (0) (1.831.6)
7.9
Total 25.94 (48) 4.24 (12) 100 (100)
(4.1-15.4)

The number of carriers for each GBA variant is in brackets

*OR: Odds ratio calculated for PD patients versus controls. CI: confidence interval. @: OR cannot be

calculated, as all carriers were cases

1Additionally further 202 individuals were screened for just this variant and the frequency in these
additional senples was 2.97 % (6/202). The total frequency, taking into account both sets of controls, was

2.68% (13/485 individuals).

2 IVS2+1 (1), R131C (2), W184R (1), N188S (1), H255Q (1), R257Q (1), D409H (2), RecTL (1)

3R257Q (1)

4 E388K (1), G113A (2), T369ML), S465P (1), L{14)V (1), V172L (2), S177T (1), L217P (1), L317L

(1), L354P (1), V375G (1), IVSta C>T(1), IVS1612 C>T(1).
5 E340A (1), T369M (1) and V458L (1).

10t




4.2.5 Discussion

This study reports the largest series of earlget PD cases in which tdBAgene was
entirely sequenced and shethat the frequency d6BA mutations is much higher than

in lateonset patients from the same geographic area. Prior to this work, only one study
had screened the enti@BA openreading frame in EOPD cases, but in acim smaller
cohort (Clark et al, 2007) Consistent with the results of this project, Clark and
colleagues found that the frequency ®BA mutations was 22.2% in subjects with
EOPD, compared with 9.7% in cases with classic LOPD. This indicatesGiBAt
mutations represent by far the most common genetic alteration in EOPD, in particular in
subjects with an onset of symptoms at ages between 30 and 50 years. As will be
discussed more extensively in the next chapter, this finding bears important clinical
consegences. It has been reported that EOPD cases often have a more benign disease
course, in particular with regard to the risk of developing demgadilaraget al, 1998)
However, this may not be true for carriers@BA mutations, as it is how recognized

that the risk of progression both to dementia and major motor difficulties (i.e. balance
loss) is significantly greater iGBA mutation carriergAlcalay et al, 2012, Winder
Rhode<set al, 2013)

Importantly, theGBAvariant E326K was by far the most commmaariant found in this
cohort (7.5% of cases screened), indicating that in north European populations this
mutation may be the single most frequent predisposing factor for PD.

The possibility that the E326K could be a risk factor for PD was raised before, but
discarded as in previous studies it veapriori considered a benign polymorphism or

the association with PD was not as robust as we describe in this(slictgls et al,

2009, Lesageet al, 2011) These data confirm those initial observations and put
uncertainty beyond doubt, demonstrating that indeed this variant does increase the risk
of PD. Consistent with this results, similar data were presented by Pankratz and
colleagues as part of a large matelysis of the existing available PD GWAS datasets,

in which the E326K reached genomvide significance (OR=1.71; p=5 x ¥pand

hence was highlighted as a susceptibility allele fo{P&nkratzt al, 2012)

These resultare in apparent contrast with th&ge metaanalysis of GBA in PD
performed by Sidranskgt al, which failed to demonstrate this associat{Sdransky

et al, 2009) This difference could be due to the heterogeneity of populations included
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in that study. Indeed, it was enriched with subjects from populations (e.g. Asian, Jewish,
Portuguese) in which the E326K is absent or very (@tark et al, 2007, Brat al,
2009, Mitsuiet al, 2009)

Although biochemical observations have demomestrahat the E326K is a subtle less
of-function variant(Montfort et al, 2004, Horowitzet al, 2011) this reduction of the
activity is clearly not severe enough to lead to disease in the tissues where GD is
associated with lysosomal storage dysfunctidowever, when E326K is detected on

the same allele with another mutant variant (e.g. L444P, N188S, or N370S), it does not
act as a neutral allele, and instead contributes to GD severity by further reducing the
residual enzymatic activityGraceet al, 199, Chabast al, 2005, Rozenbergt al,

2006, Liou and Grabowski, 2012)

The association of the E326K with PD and its absence in the GD cohort, together with
the presence of many other novel r@f@Avariants in the PD group not associated with
GD, maysuggest a possible dissociation of the pathogenic molecular mechanisms that
underlie these two diseases.

However, it is not clear whether the mild lasfsfunction of the allele E326K is the
cause of the increased risk for PD or whether other, still umdigted, effects of the
mutation on lysosomal function are contributing to nigral neuron degeneration. Recent
studies suggest that heterozyg@BA mutations may contribute to the pathogenesis of
PD through a gain of function effect that may include endwmpia reticular stress
(Gegget al, 2012)

Interestingly, an overall enrichment of variants of undetermined clinical relevance was
detected in the PD group. Although further population studies and functional analyses
are warranted to substantiate this observation, these data indicate that thbecatiney
GBAvariants that predispose to PD but are not associated with GD. It is also possible
that, as PD is a frequent disorder and a higher number of PD cases, compared to GD,
are screened foGBA mutations, some of these variants are actually-daiéng

mutations, simply not observed yet in GD cases.

In conclusion, his study shows thaGBA mutations are the most common genetic
abnormality in patients with PD with an age at onset below 50. These results strongly
link the pathogenesis of EOPD to th&al®@PD and suggest that both forms peat of

the disease spectrumassociated withthe sameunderlying pathogenic process.
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Furthermore, these results incontrovertibly establish a pathogenic role for the allele
E326K. The latter extends the relevanc&8A dysfunction to a much larger number of

PD patients than previously thought, bearing crucial implications for the development
and application of future treatment targeting lysosomal dysfunction in PD. Finally, these
data reflects the need to accuratelplere the contribution of alGBArare variants to

the increased risk of PD and not just alleles that have been previously assodaed to
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4.3 GenotypePhenotype Correlation n A Cohort Of
Parkinson Disease Patients Treated With DeeBrain

Stimulation

4.3.1 Statement of Contribution
| performed all the genetic experiments and analysed the genetic data. Dr Aikaterini
Angeli performed the clinical assessment and Dr Thomas Foltynie performed the

clinical data analysis.

4.3.2 Background

Patients with PD may present sigo#nt heterogeneity in their clinical features, in
particular with relation to their motor phenotype, their rate of disease progression and
the development of nemotor symptoms (e.g. cognitive declir{€pltynie et al, 2002)

From a clinical viewpoint, t purpose of identifying PD subtypes is to aid individually
tailored prognosis and to understand whether different subtypes of PD may show

different responses to treatments.

Previous authors have attempted to classify subgroups of PD patients basaicah cli
features, such as ATr e-RoQgi D@amkdvoaa, t199® DO o0 |

However, despite the recognition of the existence of PD heterogeneity, there has been
little translation of theories into practice, largely because of the lackol$ensus
regarding how best to stdbassify PD based on clinical phenotype. Techniques other
than clinical examination have been used to help explore PD heterogeneity, including
neurephysiological techniqguegMorganteet al, 2006) CSF examinatior{Jelinger,

2012) structural(Jubaultet al, 2011)& functional imaging(Brooks and Pavese, 2011)
biomarkers as well as clinigeathological correlations have all been explored
(Selikhova et al, 2009) However, to datethere have been no convincing

demonstrations that any of these methods can reliably distinguish subtypes of disease.

It is possible that some features of PD phenotype heterogeneity could depend on the
underlying genetic background, with superimposed eftécbther environmental or
stochastic inteindividual modifiers. A number of studies have described the phenotype
of specific genetic mutations carriers and compared it tocaomers(Lesageet al,

2011, Marraset al, 2011) but a direct comparisasf PD phenotype between carriers of
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mutations in different genes are fé@anOr et al, 2010)

Functional neurosurgery has embraced PD heterogeneity wtody practice for
many years. PD tremor responds very well to Deep Brain Stimulation (DBS) of the
motor thalamugBenabidet al, 1993) severe disabling dyskinesia responds very well

to Globus Pallidum pars interna (GPi) DBSack et al, 1998) whereas the Akinesia/
Rigidity of PD is best relieved through targeting the Subthalamic nucleus (STN)
(Limousin et al, 1995) Given that the risks of neurosurgery become higher with
advancing age, patients undergoing DBS are a very skewed group of PD patients,
necessarily having had many years of PD but nevertheless still remaining young and
judged fit enougho undergo neurosurgery. Consequently PD patients undergoing DBS
tend to have relatively young onset disease and may contain arepwesentation of
genetic forms of PD. Furthermore, as part of thegmerative workup, patients undergo

a systematic evaation of PD severity both in the absence and presence of medication,

as their drug responsiveness is a helpful predictor of subsequent DBS response.

| performed an extensive genetic characterization of a series of patients with PD
undergoing DBS surgerin a single centre. Cases were screened for point mutations in
PARK2, GBAfor exonic rearrangements 8NCAand PARK2and for the presence of
theLRRK2variants c.6055 G>A; p.l$2019%r.

The clinical phenotype among the carriers of different genetic ongaboth on and off
dopaminergic medication, as well as assessing the range of responses to DBS, was
compared. In addition, a subgroup of these patients with complete longitudinal follow
up assessments allows us to evaluate the natural history of PRifgilBDBS according

to genotype with respect to, perhaps the most important long term outcome, cognitive

decline.

4.3.3 Subjects, Materials and Methods

Subjects

94 patients who underwent DBS for PD were included in the study. The mean age at PD
onset of the cohld was 40.4+8.2 (range-58). Of these 31 (32.9%) had a positive
family history for PD in a first or second degree relative.

Clinical assessment

All patients included in this series were followep at the National Hospital for
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Neurology and NeurosurgeryNHNN), Queen Square. As part of their routine
assessment, details were recorded regarding their basic demographics such as age at
onset, initial symptoms and disease duration. T40PA equivalent dose was derived

using standard formulg@omlinsonet al, 2010)

As part of the decision making process regarding appropriateness of DBS, all patients
underwent detailed assessments including a formBIOPA challenge comparing
scores on motor part of the Unified Parl
practical |l y d@vernighefee ffoi@ tldpammergictmedication) and the
AOn st at eDOPAxhalierge (220md-of oral dispersibleDIOPA). Additional
assessments included a detailed battery of Neuropsychological assessments including
the Mattis Dementia Rating Scale (DR From the UPDRS motor scale, sstores

were derived to quantify tremor (based on the sum of items 20 and 21), akinesia and
rigidity (based on the sums of items-2@ and 31), and axial features (based on the sum

of Items 18, 19, & 2-80). Part 4 of the UPDRS was divided into 2-sgbres; items 32

to 34 for dyskinesia and items-38 to reflect OFF periods.

The optimal DBS target was chosen according to the frequency and severity -of OFF
symptoms, dyskinesias, tremapeechintelligibility, and cognition. STN was targeted

in the majority of patients requiring DBS. However, the presence of severe dyskinesias
was an indication to target the bilateral internal globus pallidus (GPi), whereas severe
tremor, especially if aresponsive to IDOPA and in the absence of other disabling PD

symptoms, is an indication for DBS of motor thalamus (VIM DBS).

Postoperative assessments were performed at 12 months after DBS implantation. A
subgroup of patients with longer follewp after DBS surgery was recruited to repeat
cognitive assessment, including the DRSTheir mean annual change in cognitive
performance between baseline and follow up was calculated as followsAB&8e at

baseling DRS-2 score at follow up)/ number géars between assessments.

Genetic analysis

The coding regions and the flanking intronic sequence®ARK2 and GBA were
analysed by PCR amplification and subsequent direct Sanger sequencing, as described
in Materials and Methods. Primer sequences aredlish the appendix. Exonic
rearrangements (deletions/duplications) SNCA, PARK2, PINK1, PARKZnd the

presence of the pl&019%r mutation in LRRK2 were screened using a multiplex
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ligation-dependent probe amplification (MLPA), as described in MatesiiasMethods.
Patients found by MLPA to be positive faRRK2 p.Gy2019%r mutation had this
result confirmed by Sanger sequencing.

Statistical analysis

Chi-squared test was used to make comparisons between categorical data. Continuous
data were checked rfonormality using Shapirwvilk test. For nomally distributed
variables, oneway analysis of variance (ANOVA) was used to compare genetic
subgroups. Post hoc pair wise comparison
nortnormally distributed variable&ruskalWallis & nonparametric post hoc pair wise
comparisons were used. Analyses were performed using the statistical analysis program
R (http://www.I-project.org).

4.3.4 Results

Genetic results
27 out 94 patients included in the study (29%) carried at least one mutation in the genes

| tested. The results of the genetic screening are summarisedl@#-2.

Eight individuals (8.5% of the cohort) had at least one pathogenic mutatRARK?2

Of these six had homozygous or compound heterozygous mutations (phase of the
mutations unknown), while two patients had a single mutation only (one of whom also
had aGBA T369M mutation). Given the controversial role of single heterozygous
PARK2 mutations(Klein et al, 2007) only patients with ballelic PARK2 mutations

were included in the phenotypic analysis.

Eighteen patients (19.1% of the cohort) had at least onatiomw in theGBA gene.
Amongst theGBA mutation carriers, ten carried Gfausing mutations (of these one
had the L444P combined with E326K) and five carried the pathogenic common risk
factor E326K (four bterozygotes and one homozygosee previous seom of this
chapter for further discussion about this variant). One case carried the novel variant
L271P, predicted pathogenic loy silico prediction scores and therefore likely to be a
deleterious variant. Two cases carried the variants T369M and E388pectively.
Given the uncertainty regarding the clinical relevance of the two va(\fat&eret al,

2003) (Paciotti et al, 2012) these two cases were excluded as well from further

phenotypic analysis.
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Five patients (5% of the cohort) carried the coom pathogenic mutatiom LRRK2
p.Gly2019Ser One of the cases witp.Gly2019Seralso carried the E326KGBA
mutation.This patient developed PD symptom at agetl3s youngest age at onset from
the group ofLRRK2 positive patients reported in this study and overalich earlier

than the average age at onset of tR&RK2mutation carriergHealy et al,, 2008) This
finding possibly suggests a synergistic effect of the two variants on the onset
anticipation.

The ramaining 67 patients had no mutation detected using the genetic tests performed.

Phenotypes

The mean age at onset of theabelic PARK2 carriers (26.6 years) was significantly
lower thanGBA mutation carriers (p=0.0009),RRK2p.Gly2019Ser mutation caais
(p=0.0008) and gene negative (p=0.006) patiefablé 4-3). There was no significant

difference in the age at onset between the other groups.

The mean duration of PD in patients undergoing DBS surgery was 15.0+6.6 years
(range 3.838.0 years). Patients witPARK2mutations had a longer duration of disease

at the time of surgery than all other subgroups (p=0.007). On the cor@B#,
mutation cariers had a significantly shorter mean duration of disease at the time they
needed DBS surgery compared to all othergudups (p=0.001)Table4-3). There was

no diference in duration of disease between ttRRRK2 p.Gy2019%r and gene

negative groups.
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Table 4-2 Description of the genetic mutations inPARK2 GBA and LRRK2 in a cohort of PD

patients with DBS surgery.

Age at symptom

Geretic test results n Description
onset + SD
Homozygous ¢.101_102delA( 30
PARK? p.Gly430Asp4.Arg275Trp 20
(Compound heterozygotes/ A €.337_376dele.465_466del 36
homozygotes) Homozygous del exons48 27
p.Arg275Trprhet dup of exon € 7
€.337_376del +p.fa82Glu 39
(Mean 26.5%11.6)
PARK2 p.Arg334Qys 41
2
(Single mutation carriers) p.Pro437Leu+ GBAT369M 39
R463C 45
L444P+E326K 34
N370S 45
D409H 39
red\cil 40
GBA* R463C 45
16
N188S 49
R275Q 42
IVS2+1 G>A 41
L444P 45
E326K/E326K 42
E326K 36
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E326K 51

E326K 58
E326K+LRRK2p.Gly2019%F 35
L217P 39

(Mean 42.9+6.2)

p.Gy2019%r 40
p.Gy2019%r 36
p.Gy2019%r 49
LRRK2 5
p.Gy2019%r 55
p.Gy2019%r +GBAE326K 35
(Mean 43+8.7)
No mutation found 67 (Mean 40.8+7.2)

Numbers add up t86 since 2 individuals marked wiftare represented twice in the table in view of their
carrying 2 mutations.
* Allele names refer to the processed protein, excluding tiresd8ue signal peptide
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As part of the preoperative assessment for DBS, alematiunderwent an-DOPA
challenge. All patients in this series had a good respons®RA (mean UPDRS part

3 improvement of 68% in the group as a whole), independently from the mutational
status. This is not surprising, as a positiv®QPA challenge epresents an essential
part of the basis for predicting a beneficial response from DBS surgery and therefore

only patients with an excellentROPA responsiveness were included in the cohort.

Dyskinesia scores were higher in #&RK2bi-allelic mutationscarriers, in spite of the

lower doses of tDOPA they were taking.

All patients in this series had baseline neuropsychological performance that was judged

to be clinically acceptable for DBS surgery.

During preoperative assessment in the off phase etlhere no overt differences in the
motor phenotype according to mutational status. Tremor was present in all subgroups,
and the proportion of tremor compared with akinesia/rigidity or axial features was

similar in each group.

Chi-squaredanalysis showed significant difference in targeted brain region for DBS
according to mutational status (p<0.001), with an exce$3ABK2and GBA patients
that received bilateral GPi DBS rather than STN DBS.

There were no significant differences in the level of improvenodtained with STN
DBS between gene negative patients and patients RARKZ2 GBA or LRRK2

mutations.

Longitudinal 5year follow up data regarding cognitive performances were available for
35 subjects, all treated with STN DBS, and amongst them six @GBv& mutations
carriers. The mean reduction in Mattis DRScores in patients with GBA mutations
was 4.4+7.3 points per year, compared with 0.5£0.9 points per year among gene

negative patients, although this did not reach threshold for significance.
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Table 4-3 Pre-operative UPDRS scoreand response to l-dopa according to genetic subgroup

Duration of ELJS/%F?:nt UPDRS UZ?tRZS UPDRS | UPDRS | UPDRS Percentage | oons part | UPDRS
. PD at DBS q . P part 2 On | Part 3 Off | part 3 On improvement L
Genetic results assessment yrs Dose; part 1 OFF meds meds meds UPDRS part 3 4 Dyskinesia Part 4
(SD) meds . | score(SD) Off Score
(SD) mg (SD) (SD) (SD) (SD) (SD) with L -dopa
PARK2(N=6) 25.2 (12.8) 960 (611) 1.7(2.0) | 243(4.0)| 6(6.2) (ig) 21.0 (6.4) 61.0 (18.3) 5.3(3.9) 3.5(1.3)
GBA(N=16) 11.2 (5.0) 1143 (540) 1.5(1.5) (ﬁg) &gg) (?4118) (122) 66.9 (18.6) 3.2(2.7) 4.9 (1.9)
LRRK2(N=5) 12.1(1.8) 1317 (803) 1.3(1.3) | 26.8(7.9)| 454.3) (?2'3) 10.8 (5.1) 84.9 (5.5) 3.5(@3.1) 4.8 (0.9)
No mutations found 474 15.6
15.1 (5.5) 1280 (548) 20@.7) | 22.7(7.9)| 8.0(7.3) (14.7) (11.3) 68.5 (19.3) 3.2(2.3) 45 (1.2)
N=67 ' '




4.3.5 Discussion

This study shows the usefulness of studying a cohort of cases undergoing DBS as a
valuable resource for detecting genetic forms of PD. DBS is usually performed in
patients with advanced PD that has been refractory tanvasive therapies, and yet
patients are also selected on the basis that they are still young enough to tolerate
invasive neurosurgery. Therefore, it is not surprising that EOPD argeesented in

this cohort.

While some of the Mendelian forms of PD gamesent in later decades, it is indeed well
established that, overall, mutations in most Mendelian genes tend to be associated with
an earlier onset of symptonfalicalay et al, 2010) This could explain in part why the
frequency of PD genes mutation d¢ars is much higher in this cohort (27/94 patients;
29%), than in population representative cohorts of (AlnderRhodeset al, 2013)
Although it is widely known that botlGBA mutations(Sidranskyet al, 2009) and
LRRK2mutations(Ozeliuset al, 2006)are more common in Jewish populations, this

was not the reason for the high rate of gene positive subjects in our cohort.

While the use of DBS cohorts represents a clear advantage in terms of facilitating a
rapid identification of gene positive patientseite are some biases to consider that may
impact on the relevance of these data to the broader PD population. Patients with major
cognitive, main psychiatric problems or lack 6DIOPA response are excluded during

the selection process, and therefore timsts the ability to comment whether these
features are more or less frequent according to mutational status. However, in this study
it was therefore possible to explore the underlying PD phenotype and disease
progression in patients undergoing with DB&hwdifferent genetic forms of PD,
without the major bias of dopamine replacement. Patients were indeed routinely
systematically evaluated On and Off medication as part of their DBS-uypyrind thus

it was possible to observe and evaluate their Off madic@henotype.

Apart from confirming the knowfARKZ2related feature of younger age at onset and
earlier and more severe-DOPA induced dyskinesiaéDoherty et al, 2013) any
consistent phenotypic difference between carriers of mutations in differees gewl
gene negative cases were not identie@ single time pointThis includes evaluating

the relative distribution of tremor, akinesia/rigidity and axial features as well as the

degree of EDOPA responsiveness.
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However, a number of interesting obsgions were made through analysis of the
longitudinal data. Duration of disease at time of needing DBS surgery was significantly
different between genetic subgroups. As mentiom&®RK2 mutation carriers had an
earlier age at onset of disease and eadlyskinesias, however they also have a longer
duration until requiring DBS, which indicates a more benign form of disease. As
observed in this studiPARK2patients have been previously reported to respond well to
DBS (Capecciet al, 2004, Romitoet al, 2005, Lohmanret al, 2008, Moroet al,

2008) though these series restricted their reports to response to STN DBS. In this series

the GPi target was favoured, given the greater severity of dyskineflaRK2cases.

Importantly, PD patients carryinGBA mutations needed DBS significantly earlier in
their disease course than any other mutation group. At the time of needingsBBS,
mutations carriers presented-affedication comparable clinical features to other groups,
while with a significantly shorteduration of disease. This suggests a more aggressive
form of the disease in PD patients wilBA mutations. This is in keeping with data
obtained from an unselected population of PD cases from the UK showing that PD
patients withGBA mutations have a fasteates of progression to major motor end
points (Hoehn and Yahr stage 3) in cases followed longitudifidigderRhode<et al,

2013) At oneyear followup, the response to both STN DBS and GPi DBS was not
different betweenGBA patients and the other ayps. However, longer follow up
showed that patients undergoing STN DBS w&BA mutations may develop far
greater cognitive impairment than any other group. This possibly suggests there may be
an interaction betweeGBA status and risk of subsequent deelifollowing DBS.
Consistent with this observation, a previous report of tBB&A patients undergoing

STN DBS also identified a more aggressive process that lead to both cognitive

impairment and axial impairmenfg/eisset al, 2012)

Patients withLRRK2mutations have been previously shown to have a good response to
STN DBS (Schupbackhet al, 2007, GomeEstebanet al, 2008, Breitet al, 2010)
Consistent with previous data, this study confirms that G2019S mutation carriers have
indeed an excellent nesnse to STN DBS, without risk of major cognitive decline. The
particular suitability oLRRK2G2019S mutation carriers to DBS treatment may explain
the surprisingly high frequency of the mutation in this cohort (~5%), compared to
unselected PD case fromet UK (~1%)(Healyet al, 2008)
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In conclusions, rom a longitudinal perspective, differences in phenotype between
carriers of mutations in different genes appear to clearly emE&RK2 mutation
carriers have a younger onset of disease and more sBgkinesias, but overall a more
indolent disease course. On the other hand, patientsGthmutations have a more
aggressive motor disease needing earlier intervention with therapies such as DBS and

are likely to have more rapid cognitive impairmentdaling STN DBS implantation.
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4.4 Mutational A nalysis of the GTP cyclohydrolasel Gene in

Parkinson Disease

4.4.1 Statement ofContribution

| designed the researclperformed the genetic analysis andllected the clinical
information concerning the four pedigreesported in the first section of the study,
performed clinical assessment and DNA and RNA analysis in family 1, and analysed the
whole-exome sequencing data, generated and provided by the International Parkinson
Disease Genetic Consortium (IPDGC) and U&bmes.Dr loannis Isaias performed

the analysis and quantification of the dopaminergic imaging data.

4.4.2 Background

GTP cyclohydrolase 1 (GTPCH), encoded by &@H1 gene (14922:522.2; OMIM
600229, is the enzyme controlling the first and Fiteiting stepof the biosynthesis of
tetrahydrobiopterin (Bl), the essential cofactor for the activity of tyrosine hydroxylase,
and for dopamine production in nigrostriatal cé{sirianet al, 2011)

Mutations inGCH1 are the commonest cause of dopsponsive dystoa (DRD) (Clot

et al, 2009) a disorder that presents typically in childhood with lower limb dystonia
and subsequent generalisatidtygaard, 1993)An excellent and sustained response to
small doses ofL-DOPA, generally without the occurrence of motductuations
generally observed in patients with FB the classic hallmark of the diseg3eender
Gerhardet al, 2009)

The diagnosis of GTPCldeficiency may be supported by low cerebrospinal fluid (CSF)
levels of pterins, dopamine and serotonin metabo{#assmannet al, 2003)or by an
abnormal phenylalanirl®ading (PLT)(Bandmanret al, 2003)

Inheritance is usuallgutosomal dominant with incomplete penetraffagukawa et al.,
1998) though recessive cases have been desc(Dpthdenet al, 2011) Dominant
GCH1 mutations result in a significant reduction of GTPCH activity through a
dominant negative effect of tmsutant protein on the normal enzyiiéwvu et al, 2000).

Neuropathological examination, in a limited number of DRD cases, revealed marked

reduction of melanin pigment and dopamine content in nigrostriatal neurons, but no
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evidence of nigral cell loss or degwation(Furukawaet al, 1999)

Parkinsonian features are common in patients with OR&ssinet al, 2000) and
carriers of GCH1 mutations may develop adidhset parkinsonism in absence of
dystonia(Nygaardet al, 1990) Based on previous studies, theevailing hypothesis
was that parkinsonism represented an atypical;spgeific, presentation of DRD

without nigral degeneratiofiNygaard and Wooten, 1998)

The aim of this work was to explore the relationship betweBCH1 mutations and
parkinsonism andnvestigate whether adulBCH1 mutation carriers aractually at

increased risk of developingie neurodegenerativeD.

4.4.3 Subjects, Materials and Methods
Family Study
Pedigrees

DRD pedigrees were included in the study, where family members affected with ad
onset parkinsonism were available for clinical and genetic examination and in whom
dopaminergic studies had been performed. Local ethics committees approved the study

and informed consent for genetic testing was obtained in all cases.

Genetic Avalysis

Probands were screened f&CH1 mutations (NCBI transcript NM_000161.2) by
standard bdirectional Sanger sequencing of all 6 coding exons and -iexam
boundaries. Dosage analysis f@CH1 exonic deletions and duplications was
performed byMLPA. Sanger sequencing and MLPA were performed as described in the

Materials and Methods.

To test the effect of the spliksite variant ¢.343+5G>C identified in famiby,
messenger RNA (mRNA) was extracted from peripheral blood of individudlsafid

[l1-1 using the PAXgene Blood RNA System (Qiagen/PreAnalytix). Following RNA
extraction, complementary DNA (cDNA) was synthesized using the Applied
Biosystems HigHCapacity cDNA reverse transcription kit. TRECHL1 transcript was
amplified using exonic primers iexon 1 and exon 3 in both cases and two controls
(supplementary Fig. 1A). Following separation by agarose gel electrophoresis, the

mutant bands from the patient samples were extracted and sequenced.
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Transcript PCR primers

GCH1_exonic_1F GGGAGTGTGATCTAAGCAG

GCH1_exonic_3R AAGTTTGCTGAGGCCAAGG

A SYBR Green PCR assay was designed to establish if the ¢.343+5G>C mutation
caused retention of GCH1 intron 1. Two PCRs were employed, each using the same
reverse primer in exon 3 (GCH1_rt Exon3 &)d a forward primer in either intron 1
(GCHL1_rt_Intronl_F) or exon 1 (GCH1_rt_Exonl F).

rtPCR primers

GCHZ1_rt_Intronl_F catgttactaaagcaagcctctga
GCH1_rt_Exonl_F TCTTCACCAAGGGCTACCAG
GCH1_rt_Exon3 R AAGTTTGCTGAGGCCAAGG

RealTime PCR was performed @aRotorGene 6000, measuring product accumulation
after each amplification cycleAll PCRs for the standard curves and samples were
performed in triplicate, the results for sample replicates were averaged. Serial dilutions
of control cDNAs were prepared feach PCR over a 2490 fold range. Standards and
patient samples were amplified on the same experimental run.-Geta 6000 Series
Software 1.7 was used to calculate the cycle threshold (Ct) at which exponential
amplification was occurring in the PCRad a standard curve was plotted for each PCR
(log DNA concentration vs. Ct) from the serial dilutions. The relative concentration of
each transcript was then calculated for all samples by interpolating from the standard
curves. The ratio of immature/mutatanscript : WildType transcript abundance was

then derived for each sample.

Dopamine transporter imaging studies

Dopaminergic striatal innervation was evaluated as dopamine reuptake transporter
(DAT) density by means of Single Photon Computed Tomdyra(SPECT) and

[*2]N -¥-fluoropropyt2 Ecarbomethoxy8 E(4-iodophenyl) tropane {f3]FP-CIT).
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SPECT data acquisition and reconstruction has been described in details elsewhere
(Isaiaset al, 2010) To obtain comparable measurements among differentregnte
[*#3]FP-CIT binding values for the caudate nucleus and putamen were calculated by
means of the Basal Ganglia Matching T@bbili et al, 2013)

Whole-exome sequencing study

Participants and study design

The study initially involved 1337 unrelatedbgects with PD andl764 controls of
European origin or North American of European descent that underwent-exuorte

sequencing.

Patients, originating mainly from the USA, UK, Holland and France, were recruited by
the IPDGC). A further 190 PD cases wereruged through a communHyased

epidemiological study of PD in Estonia (University of Tartu, Estonia).

Patients with PD were clinically diagnosed according to the UK Parkinson disease
Society Brain Bank (UKPDSBB) criterigugheset al, 1992)

Control samples were collected by the U€komes. Controls had no diagnosis of PD,
DRD or any other movement disorder. Whekome sequencing data from additional
4300 North American individuals of European descent \aaeysedrom the publicly
available from te NHLBI Exome Sequencing Project Exome Variant Server (EVS)
database.

Procedures

Whole exomesequencing was performed as described in the Materials and Methods

Statistical analysis

Frequencies of coding and spliske GCH1 variants in cases and controlgere
compared by means of Fi sher Bgaluex0Dsusingl st a-
a twotailed test) and odds ratios (OR) and 95% confidence intervals (Cl) were
calculated. Analyses were performed using the statistical analysis program R
(http://www.Frproject.org).
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4.4.4 Results

Family study
Family A

The proband (IH1, Figure 4-1A) is a British 18yearold man who had a difficult
caesarean birth, with perinatal distress and subsequent developmental delay. At 18
months he developed inward turning of his feet with walking difficulties and frequent
falls. He was diagnosed clinicallyith DRD at the age of 3 and administrationLof

DOPA (300mg/day) markedly improved his symptoné&iJFP-CIT SPECT, performed

at the age 17, was norm@l.h e p r o b a n-tl),omho Wasinitially thought td have
cerebral palsy due to a birth injusyas subsequently diagnosed at age 42 with DRD.
The proband®©sl) iga &5 yeéol tntare with & kixear history of
progressive asymmetric rest tremor in the right upper limb. Examination showed signs
of typical PD with hypomimia, unilateral resemor and asymmetric bradykinesia. He
did not present signs of dyston[a4]FP-CIT SPECTshowed bilateral reduced tracer
uptakemore marked on the leftonsistent with nigrostriatal dopaminergic denervation.
He responded well tb-DOPAtherapy (300rg/day).
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Figure 4-1 Pedigrees and {3]FP-CIT SPECT scan images of the four families wittGCH1 mutations involved in this study

P=Parkinson disease. DOPA-responsive dystonia
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GCH1 analysis revealed a heterozygous splice site mutation (c.343+5G>C) in the three
affected individuals. We previously detected c¢.343+5G>C in a recessive pedigree,
carried by the unaffected mother of two very severely affected ehilrho also
inherited the K224R mutation from their unaffected fatf®@andmannet al, 1996,
TrenderGerhard et al, 2009) However the ¢.343+5G>C mutation has not been

previously described in DRD dominant pedigrees, making its pathogenicity uncertain.

To test the pathogenic effect of this variant on splicing, messenger RNA (mRNA) was
extracted from peripheral blood of individualsliland 11F1 and theGCH1 transcript

was amplified using exonic primers in exon 1 and exon 3 in both cases and two controls
(Figure 4-2A). Following separation by agarose gel electrophoresis, the mutant bands
from the patient samples were extracted and sequenced. Sequencing of the ugmter mut
band (352 bp) revealed a mutant transcript whereby exon 2 is spliced to base c.50 of
exon 1, splicingput 293 bp of exon 1 that would be predicted to cause a premature
truncation of the protein after 8 eof-frame amino acidsHigure 4-2A and B).

Sequencing of the second mutant transcript at ~200 bp failed.

The low intensity of the mutant bands Figure 4-2A prompted us to consider other
possible effects of this mutatio® SYBR Green PCR assay was designed to establish if
the ¢.343+5G>C mutation caused retentio®@H1intron 1. As illustrated in figure 1,

the Intron 1i Exon 3 PCR captured any transcripts in which at least some splicing had
occurred (exon 2 to exon 3), but in which intron 1 had not been sglided his is
referred to as 'immature/mutant transcriptie ratio of the abundance of the transcripts
was derived and indicates that the mutant/immature transcript is significantly more
abundant relative to WT transcript in the patients than confféigure 4-2C),
confirming that the ¢.343+5G>C mutation abolishes splicing of intron 1 and is therefore

likely to lead to haploinsufficiency.
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GGGGCGCCAGATGTCCT C

Exon 1 up to ¢.50 Exon 2

(o]

1.2 4
Mutant/Immature Transcript: p<0.01

Intron 1 (20 kb) 1
B .

Int1 — Ex3: > ‘

0.8 -
Wild Type Transcript:
IATG : - ’ I ’ -

Ex1— Ex3:

0.6 -

0.4

Ratio Immature/Mutant : WT

0.2 -

Patients Controls

Figure 4-2 RNA analysis performed in family-A
A) Transcript PCR: PCR from GCH1 exon 1 to exon 3 revealed additional bands in the patigyiitg
the ¢.343+5G>C mutatiomompared to controls (Conl and Con2) at 352 bp and ~200 bp. (B) Mutant
Transcript Sequencing: Sequenciglgctropherogram screenshot showing mu@@H1 transcript from
patient IIF1 whereby exon 2 is aberrantly spliced to ¢.50 of exon 1. If translated, this would result in 16
in-frame amino acids, followed by 8 eaf-frame amino acids before a prematugpstodon. (C) Intron
1 Retention: TwoGCH1 cDNA PCRs each used a common reverse primer in exon 3 and a forward
primer either in intron 1 (to detected incompletspliced or mutant transcript) or exon 1 (to detect wild
type (WT) transcript). Transcripts eashown with exons 1 to 6 alternately shaded and numbered, the
translational start (ATG) and stop (X) sites are indicated with vertical lines. Each SYBR Green PCR was
performed on cDNA from patients-1l and Il+1 (two independent extractions from eachdl &hcontrols.
The ratio of the abundance of the transcripts was derived and indicates that the mutant/immature

transcript is significantly more abundant relative to WT transcript in the patients than controls (Mean +/
SE; Student'stest).
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Family B

Theproband (IIt1; Figure4-1B) is a 12yearold righthanded female of German origin
with DRD, with an onset at age 11 with writing and foot dystonia. Her mothd) (11
presented at age 39 with progressive loss of dex@mnd slowness in her right arm and
dystonic posturing of the right fooExamination showed an asymmetric rigikinetic
parkinsonian syndrome without tremor and severe right foot fixed dystio/id@PA
therapy resulted in marked improvement of bothtalyis and parkinsonian symptoms.
[Y2]FP-CIT SPECT revealed an asymmetric bilateral reduced tracer uptake, more
marked in the left striatum. There was sustained resporis®PA therapy although
there was an increase in dose requirement (up to 800MgMdYOPA -induced
dyskinesias developed 6 years after initiatioh-@OPA. Examination of
66-yearold grandmother () revealed oromandibular dyskinesias and upper limb
dystonic features. She declined a trialLeDOPA. Her [*3]FP-CIT SFECT displayed
borderline reduced DAT values in both putamens.

GCH1 screening in this family revealed two variants: ¢.68CxR023Leu (carried by

[II-1 and IF1) and c¢.312C>A;p.P®4Leu (carried by #1 and t1). There were no
GCH1 exonic rearrangement F104L isabsent in public control datasetsd has been
previously reported in association with DR[Clot et al, 2009) p.Po23Leu
(rs41298432) is a benign polymorphism present in population controls at a frequency of
1-2% (Jarmaret al, 1997, Hauktal., 2000)

To confirm GTPCH deficiency, PLT (100 mg/kg) was performed in individuland

II-1 and showed pathologically elevated phenylalanine/tyrosine ratios in both cases
(Figure 4-3). CSF analysis, performed in individual-l|ldisplayed low levels of Bl

(13 nmol/l; 1853 nmol/l) and neopterin(6nmol/l; 1331 nmol/l) consistent with
GTPCH deficiency. Given the benigrature ofp.Po23Leu we hypothesize that the
GTPCH deficiency confirmed in this patient may be the result of an as yet unidentified

noncoding causative mutation.
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Figure 4-3 Phenylalanineloading test performed in family B
Abnormally elevated ratios of phenylalanine (Phe) and tyrosine (Tyr) plasma levels at 1, 2, 4, and 6 hours
after oral loading with phenylalanine (100mg/kip) individual 1 (c.312C>A;p.Ph04Leu), II-1
(c.68C>T;p.Po23Leu and c.312C>A;pPhel04Leu) of family B compared to healthy subjects (HS).

Family C

The proband (HL, Figure4-1C) is a German 4%earold lady, affected by DRD, who
presented at age four with bilateral foot inversion on walking. Her fatiigrigla 67
year old man with a ongear history of typical B with left hand rest tremor, bilateral
rigidity and bradykinesia and mild gait difficulties. There was no dystotfffjHP-CIT
SPECT examination revealed asymmetrically reduced-@&isity in the striatum.
Rasagiline and pramipexole were started witbdgeesponse. The motherZ), aged 62,

had a normal neurological examination.

The proband was compound heterozygous for@@H1 missense variants, c.610G>A,
p.Val204le, inherited from the asymptomatic mother, d@he novel variant c.722G>A,
p.Arg241GIn which was paternally inheritedp.Arg241GInis absent inall public

control datasets, is predicted deleterious bynadiilico prediction tools and involves an
amino acid residue conserved down to invertebrate species. Furthermore a pathogenic

mutation athe same residue has already been rep@a@admanret al, 1998)

CSF analysis in the parkinsonian case supported a pathogenic effecp i@t 1GlIn

mutation on GTPCH activity: pterin analysis revealed low, BBHinmol/L; 1853), but
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normal neopten (24 nmol/L; 1031); neurotransmitter analysis showed low
homovanillic acid (95 nmol/L; 11855) and shydroxyindolacetic acid (59 nmol/L; 61
204), which are metabolites of dopamine and serotonin respectively.

Family D
The proband is an Italian 5&arold lady (IF1, Figure 4-1D), who developed

progressive tremor and clumsiness in the right arm at age 44. Clinical examination
showed typical PDwith hypomimia, hypophonia and asymmetrical bradykinesia and
rigidity. Action dystonic tremor (right>left), poor postural reflexes and slow gait were
also evident and there was a sustained responseDOPA. The dose was gradually
increased up to 400 mgd after which rotigotine 4 mg/day was added. Dyskinesias
and wearingpff symptoms developed 6 years afteiDOPA initiation. [*** [|FP-CIT

SPECT revealed asymmetrically reduced DAT binding values in the striatum.

Her sister (H2; Figure 4-1D), aged 60, had a childhood onset of mild walking
difficulties. At age 55, she developed exerdgisduced left foot dystonia and dystonic
tremor in both arms. She had no bradykiaeor other parkinsonian signs. LaleseL-

DOPA (100mg alternate days) was started with excellent symptom conffFp-CIT
SPECT was normal. Their father was reported to have a tremulous condition but was
not available for clinical or genetic examiimen. GCH1 sequencing revealed that both
sisters were heterozygous for the previously reported pathogenic mutation ¢.626+1G>C
(Garavaglieet al, 2004).

The structure of the four pedigrees is showrFigure 4-1. DAT binding values are
reported inTable 4-4.. The main clinical features of tt@CH1 mutation carriers with
adultonsetparkinsonism and abnormdff] FP-CIT SPECT imaging are summarized

in Table 4-5. Their clinical features fully met the KPDSBB criteria for definite PD
diagnosis. None of these cases presented significant diurnal fluctuations, worsening of
symptoms in the evening or stistial sleep benefit, features often recognised in DRD
casegKurianet al, 2011)
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Table 4-4 DAT binding values of GCH1 mutation carriers evaluated in this stud

Subject Phenotype L-putamen| R-putamen| L-caudatus R-caudatus
Family A/ I-1 PD 2.08° 2.74 3.51 4.28
Family B/ 1I-1 PD 2.63° 3.73° 4.72 4.94
Family B/ 1 DRD 2.85% 2.96 3.95 3.95
Family C/ F1 PD 1.86° 1.64° 2.52° 2.19°
Family D/ 1I-1 PD 1.53° 2.63° 3.29° 4.5
Family D/ 12| DRD 5.38 5.27 5.71 5.82

Values are expressed as the ratio 6f]FP-CIT specific uptake in the region of interest/background.
[**]FP-CIT binding values for the caudate nucleus and putamen were calculated by means of the Basal
Ganglia Matching Tool.

@Valuebelow 97% inferior confidence limit of healthy controls

PValuebelow 90% inferior confidence limit of healthy control
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Table 4-5 Characteristics of PD cases withGCH1 pathogenic variants and abnormal dopaminergic imaging described in this study and present in the

literature
Origin Sex/Age at Mutation Relatives | Age at | Current treatment Parkinsonian Dystonic L-DOPA- Scan Result| Reference
scan/Age at with L-DOPA dose (mg/day) features features induced
onset (y) DRD start (y) complications
UK M/65/59 €.343+5G>C/w| Son and 60 L-dopa 300 Hypomimia, R hand No No Bilateral Present
grandson rest and reemergent (L>R) study
postural tremor, ang reduced (Family A)
bilateral rigidity and DAT density
bradykinesia (R>L)
Germany FI47/39 p.Phd04Ley | Daughter, 41 L-dopa 800 Hypomimia, R foot Dyskinesias Bilateral Present
p.Pr@23Leu mother bilateral rigidity, dystonia after6 y of (L>R) study
? bradykinesia, therapy reduced (Family B)
reduced arm DAT density
swinging (R>L),
and mild gait
difficulties
Germany M/67/66 p.Arg241Glrw | Daughter / Rasagiline 1 Hypomimia, L hand No No Bilateral Present
Pramipexole 0.375 rest tremor, bilateral (R>L) study
bradykinesia and reduced (Family C)
rigidity (L>R), and DAT-density
mild gait difficulties
Italy F/58/44 €.626+1G>C/w| Sister 53 L-dopa 400 Hypomimia, Bilateral Dyskinesias Bilateral Present
Rotigotine 4 bilateral rigidity and| (R>L) upper after 6 y of (L>R) study
bradykinesia (R>L), limb therapy reduced (Family D)
mild postural dystonic DAT density
instability, and gait tremor
difficulties
Japan M/54/39 p.Argl84Hs/w No 40 L-dopa 600 Cogwheel rigidity, Dystonic Wearingoff Bilateral Kikuchi et
akinesia, and posture in | and dyskinesiagy reduced FD al.
postural instability the four after 10 y of intake
limbs (R>L) therapy
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Denmark M/38/28 p.Pro199%rw | Brother 33 L-dopa 350 Bradykinesia and | Dystonia of Dyskinesias Bilateral Hjermind et
Entacapone rigidity in the Larm | neck, trunk after 2 y of (R>L) al.
Selegiline 5 and four therapy reduced
limbs, action DAT density
tremor
(L>R)
Germany F/65/50 Complete Daughter| 60 (for L-dopa 200 Tremor in the R No No Bilateral Eggers et al.
deletion of the 10yon Selegiline 5 hand, reduced (L>R)
GCH1genelw dopamine dexterity and mild reduced
agonist gait disturbance DAT density
only)
Italy M/59/NA Deletion of Son with NA NA Hypomimia, L hand No Dyskinesias Bilateral Ceravolo et
exons 56/w DRD, rest tremor. after 10 y of reduced al.
sister bradykinesia (L>R), therapy DAT density
with mild gait difficulties
MSA

NA=not available; DRD=dopeesponsive dystonia; H&Y=Hoehn and Yahr; F=female; M=male L=left; R=right; MSA=mukidtem atrophy; y=years; w=wild

type.
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Whole-exomesequencing study

To investigate if pathogenic variants@CH1 could be found in PD subjects without a
family history for DRD, | analysed wholexome sequencing data of a large cohort of
patients predominantly affected by eaolyset or familial PD and ctnols.

After quality control checks (removal of gender mismatches, duplicate, related and non
Caucasian samples, samples with low call rate or excess of heterozygosity), 1318 PD
cases and 1635 controls remained. Additional control data4300) were olatined

from the publically available EVS dataset.

In total 1318 cases and 5935 controls were analysed for the presegaCGafcoding
(including small insertions/deletions, missense and-g#p changes) or spliegte
variants (£ 5 base pairs from the ogglexons).

The mean age of subjects with PD was 55.7 £ 13.9 years (rarf@lldata available

for 970 cases) and the mean age at onset was 46.7 + 13.8 years (@8)gdata
available for 1194 cases). 423/1194 (35.4%) were @mdet cases (age atens O 40
years) and ~630 were familial cases (positive family history for PD in a first or second

degree relative).

Coverage of the sixcCH1 coding exons (NCBI transcript NM_000161.2) was similar
in the three datasets as showiTaible4-6.

Coverage of exon 1 was soptimal, being the average read depth only 12 in the
IPDGC data, 17.9 in the UCGéx data and 6 in the EVS data. Visual inspections of
aligned reads of IPDG and UClLex data (BAM files opened with Genome Browse
software, Golden Helix) revealed that the first ~150 coding nucleotides of exon 1 were
barely covered (average dept? Xeads) in the majority of samples. Similar coverage
data were evident for the BB/data Figure4-4). The coverage of the rest of the exon
was good (read depth O 8). No common var
benign polymorphismsp.Pro23Leu (rs41298432) andp.Pro69Leu (rs56127440),

detected at similar frequencies in cases and controls, were not included in the analysis.
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Table 4-6 Average exome sequencing coverage of tkix GCH1 exons.

IPDGC UCL-ex EVS
Exon Genomic coordinates

(n=1318) (n=1645) (n=4300)
1 chr14:553690165369405 12 (65.4%) 18 (61.8%) 6 (59.1%)
2 chr14:5533204%5332154 89 (99.6%) 48 (87.4%) 98 (99.7%)
3 chr14:553263265326528 58 (99.6%) 45 (97.1%) 85 (86.3%)
4 chr14:5531379%5313934 14 (81.8%) 35 (77.3%) 20 (83.3%)
5 chr14:553124255312630 94 (100%) 114 (98.9%) 93 (95%)
6 chr14:55310683%5310913 53 (99.2%) 22 (80%) 133 (99.5%)

IPDGC=International PDGenetic Consortium; U@k= University College of London exomes
consortium; EVS= NHLBI Exome Variant Server; chr=chromosome

Data are expressed as the average read depth per region of interest. In brackets is the percentage of
samples hat had a read depth O8 reads.
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The main results dhe GCH1analysis are summarizedTable4-7.

Combining cases and controls, 11 unique heterozy@®@iH1 variants (ten missense
and one stogain mutation) were identified in 16 individuals. Six variants were found
only in PD cases(p.GIn110*, p.GIn110Glup.Alal20%r, p.Asid34Gly, p.Gly217\al
andp.Met230lle), three in controls along{Thrl12Aa, p.llel54Val and p.Arg198GIn

and two were detected in both groupd/61204lle, p.Lys224Arg.

The frequency o6GCH1variants was significantly higher in PD cases (10/1318; 0.75%)
than in individual (UCEkex controls 1/1635; 0.06% = 0.003; OR 12.85% CI 1.7
541.1; EVS database 5/4300; 0.11%;= 0.0004; OR 6.5, 95% CI 224.5) and
combined datasets of controls (628590.1%;P = 0.0001; OR 7.5, 95% CI 225.3).

All carriers of variants ilGCH1 were negative for pathogenic mutations in all known
genes associated with Mendelian forms of parkinsonism. The presence of copy number
variants in theSNCA PARK2 PARK7 andPINK1 genes was excluded by MLPA in all
cases. One casarriedthe GBAmutation E326K.

The main features of the ten PD cases with pathogenic or possibly pathGgatic
variants are listedable4-8. The age at onset @CHI1-mutated cases was 43.2 + 13.4
years (range 181). Seven had a positive family history D. DNA of other family
members was available for only one case and we showed segregation of ti&Cidine
mutation (p.GIn110y in the affected sister of the index case. All cases exhibited a
variable combination of asymmetrical bradykinesia, rigidity, rest and postural tremor,
walking difficulties, postural instability and excellent response to dopaminergic

treatment, consistent with a clinical diagnosi$®df(Leeset al, 2009)

The two subjects with the youngest age at onset of symptoms (case 4 and 9, who
developed symptoms at age 32 and 17 respectively) presented with dystonic features in
the lower limbs at onset, a wat#cognised characteristic of youngset PD casg80zi

and Bhatia, 2003)One case (case 5) developed lower limb dystonia in off periods over
the course of the disease. The remainder did not present with any symptoms or signs of

dystonia.

Detailed information about treatment was available for eight cases: theases (case

1 and 7) with the shortest di sease dur ¢
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dopamineagonist, whereas the other cases were taking a combinatloiDOPA and

other antiparkinsonian drugs.

Mean disease duration was 17.6 £ 15.4 yearg@&b6). Patients with longer disease
duration displayed a more severe clinical picture with some degree of postural
instability (Hoehn and Yahr score O 3),

dopaminergic treatment.

In those patients taking-DOPA and for whom follow up information was availabte (

= 7), all developed clinically relevant motor complicatiook chronic L-DOPA
treatment, including wearing off, motor fluctuations and dyskinesias. Dyskinesias in
case 4 were so disabling that heuiegd treatment with deep brain stimulation of the
subthalamic nuclei at age 60.

Most cases exhibited some of the typical smootor features often recognised in PD,

such as cognitive difficulties (case 5), hyposmia (case 3, 4, 5, 6 and 10) constipation
(case 4 and 10), urinary problems (case 5, 6 and 9), fatigue (case 2 and 5) and sleep
disturbances (case 4, 5, 6 and 10).
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Table 4-7 List of GCH1 variants identified by exome sequencing in pagints with PD and control§

- Previously
Mutation Exon dbSNP Prgggl:'g’on describedin
DRD?

PD
patients
(n=1318)

UCL-ex
controls
(n=1635)

Yes, in
€.328C>T; 1 NA dominant and
p.GIn110* recessive

pedigrees
C.334A>G; rs1999
pThril2Aa 2 90434 2 No
C.401A>G;
pAspl3ady 2 4 No

C.593G>A;
p.Arg198Gin

C.650G>T;,
p.Gly217Val

OR (95%
cl)

Total
p- EVS controls OR (95% y R
value (n=4300) oy P ey @swey Pl
0 0

1 1
0 0
1
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Yes, in
C.671A>G; rs4129 dominant and
p.Lys224Arg g 8442 E recessive e 2 E z
pedigrees
C.690G>A; Yes, in a
p.Met230lle 6 4 sporadic case 1 0 0 0

NA=not applicable; DRD=dopeesponsive dystonia; PD=Parkinson disease; {8&+t University College of London exomes consortium; EVS=Exome Variant Server, OR=o0dds
ratio; Cl=confidence intervalp-v al ues were calculated by means of Fisher6s exact test

#NCBI transcript NM_000161.Zhis count includes all detected coding and spdite variants at any frequency, but the two benign variants P23L and P69L

®This score, ranging from 0 to 4, indicates the number of tools (Polyph®8HT, LRT and Mutatio Taster) predicting a pathogenic effect on the protein function

141



Table 4-8 Clinical features of PD cases with GCH1 variants identified in the exomgequencing study

Age at
Sex/Age Family L- - Levodopa
Case | /Age at GCH.1 history | dopa Current treatment Parkinsonian features H&Y | Cognitive Other noR Dystonia induced
mutation (mg/day) score | symptoms| motor features S
onset (y) of PD start complications
)
Asymmetriconset, bilateral involvement
. with rest and postural tremor,
1 FIA7/43 | p.Met230le No / Pramipexole 0.75 bradykinesia and rigidity, mild gait 2 No No No No
difficulties
Asymmetric onset, moderate bilateral
Yes involvement with rest tremor, . Dyskinesias and
2 MIS5/37 | p.Lys224Arg (father) NA NA bradykinesia andgidity, postural 3 No Fatigue No wearingoff
instability and gait difficulties
Asymmetric onset, slurred speech, mild Subjective
L-dopa 600, arm rest and postural tremor, moderat loss of Initial dyskinesias
3 | M49/35| pGly217val No 43 Tolcapone 400, . postural » MMOS 3 memory | Hyposmia, ICD No ysK
; bilateral bradykinesia and rigidity, and wearingpff
Pramipexole 3.15 . . (MMSE
postural instability 20/30)
Asymmetriconset, hypomimia, slurred Right foot
Yes (1st DBS, L-dopa 200| speech, hypophonia, marked bilateral r Hyposmia, exercise Disabling
4 M/63/32 | p.Val204lle degree 36 Amantadine 100 | and postural tremor, moderate bilaterg 4 No constipation, induced dyskinesia and
cousin) Rotigotine 8 rigidity and bradykinesia, postural RBD dystonia | on-off fluctuations
instability at onset
. Mild Hyposmia On-off
) Asymmetric onset, rest and postural o : ' Lower . o
5 M/75/61 | p.Val204lle Yes 61 L d_opa 400, tremor (R>L), bradykinesia and rigidity, 3 cognitive fatigue, sleep limb off- quctuat_lons (30./0
(mother) Pramipexole 3.15 . A L impairme and bladder . of waking day in
mild gait disorder, hypomimia - dystonia
nt disorder off-state)
Yes L-dopa 600 Asymmetric onset, bilateral bradykines Hyposmia, sleeq Dyskinesias (30
6 M/72/59 | p.Val204lle (mother) 65 and rigidity (L>R), no tremor. Mild gait 3 No and bladder No 40% of waking
Entacapone 800 difficulties and postural instability disorder day), wearingpff

14z




Yes

(father Asymmetric onset, unilateral left arm re
7 M/57/52 | p.Aspl34Gly and / Ropinirole 14 tremor,bradykinesia and rigidity. No NA No No
paternal Reduced arm swing
aunt)
Yes Asymmetric onset, bilateral bradykines
8 F/59/51 | p.Alal20Set NA NA and rigidity. No tremor. Mild gait No NA No NA
(mother) e
difficulties
Yes Lower Marked limb and
(sister; L-dopa 600 Bilateral rest and postural tremor (L>R No limb truncal
9 F/73/17 | p.GIn110X* father 49 Tri pa ot bilateral rigidity and bradykinesia. Som Urinary urgency . dyskinesias, off
rihexyphenidyl 6 - 2 dystonia )
had postural instability at onset phases in the
tremor) morning
L-dopa 400 . N L Hyposmia,
Bilateral severe bradykinesia and rigidit L . .
Entacapone 800 . i~ - constipation, Mild dyskinesias
10 M/58/45 | p.GIn110Glu No 55 Rasagiline 1 postural instability, mild tremor, No fatigue, sleep No and wearinepff

Amantadine 300

hypomimia

disorder

NA=information not available; M=male; F=female; PD=Parkinson disease, y=years, ICD=Impulse control disorder, DBS=de&muletionrs RBD=REM behavioural sleep
disorder, H&Y=Hoehn and YahiThis case also carries in the heterozygous stat&BRE326K variant
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4.4.5 Discussion

Family study

| report here four unrelated DRD pedigrees in which-tfsfsinction GCH1 mutations

(two splicesite mutations and two missense mutations,icoefl to be pathogenic by
metabolic or CSF studies) were found in individuals, asymptomatic for DRD during
childhood, who developed adulhset parkinsonism. They all met the UKPDSBB
clinical criteria for a definite diagnosis of PD and had imaging evideh@PDlike

nigrostriatal dopaminergic denervation.

A parkinsonian syndrome in the absence of dystonia has been reported in adults who are
first-degree relatives of children with DRD. In a series of 21 families, Nygaard showed
that 7/50 (14%) individual older than 40 years had parkinsoni®tygaard, 1993and
Hagenah and colleagues reported that 8/23 (34.7%) patients of their series had a positive
family history for PD(Hagenaket al, 2005) GCH1 mutations have also been shown to
segregate in pedigregsth multiple individuals affected by isolated parkinsonidrne

et al, 2011)

This study provides evidence that in most of the cases the parkinsonian phenotype in
adult GCH1 mutation carriers is likely due to nigrostriatal degeneration, rather than
being part of the phenotypic spectrum of metabolic GTR&hted striatal dopamine
deficiency. This is consistent with other previous isolated reports of -amhdéet
parkinsonismn GCH1 mutation carriers with abnormal nigrostriatal imaging (features
summarized in table XKikuchi et al, 2004, Hjermincet al, 2006, Eggerst al, 2012,
Ceravoloet al, 2013).

Our imaging findings are however in apparent contrast to a previoos BpNygaard
and colleague@Nygaardet al, 1992) The authors described a large DRD pedigree, in
which three subjects had a laieset benign parkinsonism, two of which had normal

nigrostriatal dopaminergic function determined by meart&efluorodopa (FD) PET.

Compensatory mechanisms at the presynaptic level (e.g. increased doepaaki@and
dopaminedecarboxylation activity) may result in relatively higher striatal FD uptake in
the initial phase of PD, underestimating the degree of nigral caibaegNandhagopal

et al, 2011) DAT values are therefore a more precise indicator of dopaminergic
innervation loss(Ito et al, 1999) | speculate thatGCH1-parkinsonian cases with
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normal FBPET scan could have upgulated compensatory dopaminergiciatgt at

the presynaptic level, possibly masking the presence of striatal denervation.

In agreement with these findings, Gibb and Lees reported a case that presented with
juvenile-onset parkinsonism and dystonia with good respon&eR®PA (commenced

at the age of 30) and occurrence of disabling dyskinesias after one year of treatment.
The patient died at 39 years and pathological examination showed a striking
combination of low melanin content in nigral neurons and devastating neuronal loss
with reactivegliosis. Furthermorel.Bs were found in surviving nigral cells and in the
locus coeruleugGibb et al, 1991) This case was subsequently demonstrated to be

carrier of a heterozygous mutationGCH1 (c.276delC)Segawaet al, 2004)

Whole-exome sequenig study
| subsequently showed, in a large cohort of PD patients without family history of DRD,
that rareGCH1 coding variants are associated with PD and increase the disease risk by

sevenfold on average.

Among the GCHL1 variants identified by exome sesncing, two .GIn110* and
Lys224Arg have been shown to cause GTPCH deficiency and DRD in dominant
pedigreeglLeuzziet al, 2002, SaundeiBullmanet al, 2004)and two p.Val204le and
p.Met230le) have been reported in heterozygous sporadic or ingigeesases with
DRD (Segaweet al, 2004, TrendeGerhardet al, 2009, Opladeset al, 2011)

The other heterozygous variants identified in this study could not be functionally
investigated (e.g. PLT or CSF analysis), therefore their effect on GT&dikity
remains undetermined. However, three of the four novel varign&slal20Ser,
p.Aspl34dy and p.Gly217Val) detected in PD cases were located at amino acid
positions that are fully conserved through species down to invertebrates and were
predictedio be pathogenic by alh silico prediction tools, whereas this was not the case

for any of the novel mutations present in controls.

Nevertheless, the limitations of prediction tools in reliably distinguishing benign from
pathogenic missense changes wamdl known and therefore we did not exclude any
variant from the association test based on predictions scores, possibly underestimating

the effect size o6CH1 pathogenic variants.
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The p.Pro23Leu (rs41298432) angb.Pro69Leu (rs56127440) variants were exded
from the exome sequencing analysis as several data argue against their pathogenic role.

p.Pro23Leuhas been reported in population controls at a frequency2&t QJarmanet

al., 1997, Haufet al, 2000) it affects a noftonserved amino acid residwnd
functional studies have shown that it does not afflé@H1 enzymatic activity
(Furukawaet al, 1999) It was also shown not to segregate with the clinical phenotype
in a large dominant dystonia kindred and GTPCH deficiency was excluded in affected
cariers by CSF analysigdauf et al, 2000) In this study it was detected in only 1/1318
(0.07%) cases and 4/5915 controls (0.06%; difference not significant), due to very poor

sequencing coverage of the first part of exon 1.

The p.Pro69Leu variant, despitéts relatively high frequency in the general population,

has been described only in two published DBd3es; Clot et al. detected it in the
heterozygous state in a sporadic case, but in the same study it was also found at a
similar frequency in control¢Clot et al, 2009) it was also found in an apparently
recessive pedigree, in trans with a pathogenic frameshift mutation, but the phenotype of
the carriers was not as severe as usually reported in recessive GTPCH deficient cases
(Furukawaet al, 2004) In this study it was detected in 3/1318 (0.22%) cases and
10/5935 controls (0.17%; difference not significant). Among the three cases identified
in this study withp.Pro69Leu, two had a positive family history for PD. Segregation
analysis was performed ime pedigree for which DNA of multiple affected members

was available. The mutation did not segregate with the clinical phenotype and no

carriers presented features of DRD.

Previous studies investigating the contribution of rare co@@gd1 variants in small
cohorts of PD cases have reported negative results although these were insufficiently
powered to draw conclusiorfBandmannret al, 1996, Hertzet al, 2006, Coblet al,

2009)

The association betwedBCH1 variants andPD is further stengthened by the recent
identification, through the metanalysis of GWAS data deriving from approximately
13,000 cases and 95,000 controls, tA&H1is also a lowrisk susceptibility locus for
PD (Nalls et al, 2014) This finding potentially extends efrole of GTPCH deficiency

in the pathogenesis of PD beyond carriers of rare deleterious coding mutations.
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The mechanism whereliyCH1 mutations could predispose to nigral cell degeneration

IS a matter of speculation. Biochemical evidence of GTPCH defigiand reduced
dopamine production has been reported in asymptomatic carri€@€ldfi mutations
(Takahashiet al, 1994, Furukawaet al, 2004) It is therefore possible that GTPCH
deficiency and the consequent chronic dopamine deficiency could direaiggose to

nigral cell death. This would suggest that normal levels of dopamine exert a protective
role on the survival of nigral neurons. There is increasing evidence-DaPAis not

toxic to nigral neurons as was previously thougpdrkkinenet al, 2011) Furthermore,
activation of dopamine receptors may have a strong antiapoptotic effect and increase
survival of dopaminergic neuroigllair et al, 2003, Vaarmanet al, 2013)(Nair et al,

2003, Vaarmanret al, 2013) In animal models|.--DOPA has ben shown to promote

recovery of nigrostriatal denervati¢Datlaet al, 2001)

Another possibility is thaGCH1 mutation carriers who do not develop symptoms of

DRD in childhood may have compensatory mechanisms that allow for normal
nigrostriatal dopamiergic transmission. The maintenance of these mechanisms may
increase nigral cell vulnerability to aging or other environmental and genetic factors,

favouringdegeneration.

It is also possible that the reduced striatal basal dopamine levels fouBHil
mutation carriers may simply lower the threshold of nigral cell loss before parkinsonian

symptoms are exhibited.

Lastly, we cannot exclude that other yet unrecognized cellular pathways, not related to

dopamine synthesis, may be disrupted by GTPCH angiBlgiency.

With this regard, Ryan and colleagues have receauibyposedthat different cellular
mechanisms secondary to Biteficiency, other than reduced dopamine levels, could be
contributing to the death of nigral dopaminergic neur@sanet al, 2015. BH, acts

as an antioxidant itselfMilstien and Katusic, 1999and is an essential cofactor for

nitric oxide synthases (NOS) activi{Crabtreeet al, 2009) Furthermore decreased

BH, levels have beerdemonstrated to lead to NOS uncoupling which results in
increased oxidative and nitrative streShen et al, 2014) In addition to these
mechani s ms, Ry an and col | eague synutlenv e r
modulates cellular Bllevels by regulatig GTPCH activity(Ryanet al, 2014) This

supports the compelling hypothesis thapahogenic cascade may occur in nigral
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neurons, whereby increased leveldJesfynuclein and mitochondrial dysfunction lead to
decreased GTPCH activity and Blevels, whch in turn may result in increased
oxidative stress and cell death.

There are some important limitations in this study that need to be acknowledged.

Firstly, dopamine transporter imaging was not available for the PD caseS@Hi
variants identified irthe exome sequencing study. It remains a possibility therefore that
some of these cases (in particular case 9, who presented at age 17, with lower limb
dystonia and parkinsonism) may represent DRD cases with a parkinsonian phenotype,

which may have been sdiagnosed aBD.

However, removal of the aforementioned case from the statistical analysis did not
change substantially the significance of the associaen(@.0003). Furthermore, most

of the patients for whom clinical followp data were available @lved a progressive
disease course with increasing-DOPA requirements, emergence of motor
complications due to chronic treatment wittbOPAand presence of classic norotor
features ofPD, strongly supporting nigrostriatal cell loss as the underlyinggbagy.
Although dyskinesias have been very rarely described also in DRD cases, these are
significantly different from the ones generally observed in PD. Indeed they tend to
appear at the beginning of the treatment and subside after dose reduction without
reoccurring with subsequent slow dose incre@gaeukawaet al, 2004, Leeet al,

2013)

Secondly, the effect of the CH1 variants detected in the exome sequencing study on
pterin and dopamine metabolism could not be determined at the individual level.
Reduced penetrance @&CH1 pathogenic variants for the DRD phenotype is a-well
established feature. Nevertheless it has been repeatedly reported, through analysis of
brain tissugFurukawaet al, 2002) CSF(Takahashet al, 1994)and urine(Leuzzi et

al., 2013) that even completely asymptomatic carriers @EH1 mutations have
abnormal metabolism of biopterins and dopamine, although to a lesser extent than DRD
cases. This indicates the existence of a metakolilophenotypewhich we speculate

could be thgathogenic mechanism underlying the increased risRibr

Thirdly, a cohort enriched with earynset and familial PD cases was evaluated. Thus

the frequency of detecte@CH1 variants may not reflect the frequency in lateset
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sporadic cases.

Finally, I did not assess our samples for the presenc&QH 1 copy number variants,
possibly underestimating the frequencyG£H1 mutations.

In conclusion, | demonstrate that r&€H1 coding variants should be considered as a
risk factor forPD. This is derived both from imaging evidence of striatal dopaminergic
denervation irGCH1 pathogenic variant carriers with a clinical diagnosis of definite PD
(in DRD pedigrees) and from exome sequencing data which show a significant

association betweeBCH1 coding variants and an increased risk for the disease.

These findings expand the clinical and biological relevance of GTPCH deficiency,
suggesting a role not only in biochemical dopamine depletion and DRD, but also in
nigrostriatal degeneration. Theegiion as to how the same variants known to cause a
Mendelian disease may also exist as risk alleles in PD may be explained by the well
known reduced penetrance ®CH1 pathogenic variants. Whether additional genetic or
epigenetic factors play a role intdamining the clinical phenotype @&CHL1 variant
carriers should be addressed by future studies.
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Chapter 5. Exploring the Genetics Basis of

Myoclonus-Dystonia

5.1 Outline of the Chapter

This chapter describes my efforts to identify novel genetic caresgsonsible for

MyoclonusDystonia (MD).

The chapter begins with an overview of the clinical and genetic featuresDof e

specific aims of the study were:

1) To identify the underlying causative mutation in a pedigree with genetically

unexplained aatsomal dominant MD;

2) To identify the genetic cause in a recessive pedigree with genetically unexplained M
D;

3) To assess the role of the missense vapatitgl389His in CACNA1B a newly

identified M-D genetic cause, in a large international cohbpatients with MD.

5.2 Overview of MyoclonusDystonia

M-D is a very rare condition with a suggested prevalence about 2 per million in Europe.
M-D is clinically characterized by a variable combination of-epileptic myoclonic

jerks and dystonic movemer{&smus and Gasser, 2004)

The first locus for autosomal dominant-M (DYT11) was mapped on chromosome
70921931 (Nygaardet al, 1999) Heterozygous mutations (including nonsense, missense,
deletions, and insertions) in th8CGE gene (MIM 604149) were sulmpgently
identified as the genetic cause responsible for DYT11 and represent a major cause of
inherited autosomal dominant-B (Zimprich et al, 2001) Usually SGCE mutation
carriers manifest the first symptoms in childhood with brief lightdikg myocloric

jerks affecting the upper body often being the most prominent sym@emuset al,

2002) Dystoni a, presenting as <cervical dy

later and is generally of mild to moderate intensity. Cranial, laryngeal and liower
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dystonia are conversely more rarely reportRdze et al, 2008) Additional features
such as alcohol responsiveness of jerks and psychiatfinodoidities (depression,
anxiety and obsessin@®mpulsive disorder, alcohol addiction and attention deditd
hyperactivity disorder) are frequently presentSGCEmutation carrierdPeall et al,
2013)

Asmus and colleagues recognised that large heterozygous deletioi®5QOE
undetectable by direct Sanger sequenaimgy account for a substantial porti(~25%)

of the genetically unexplained cases with familialDM(Asmuset al, 2005) Large
deletions on the 7q21.1A&L.3 region, encompassing not orGCE but alsoother
neighbouring genes (e.&RIT1, COL1A2 SHFM1, DLX6 and DLXf are associated

with aM-D plus presentation, which include other clinical features, such as hearing loss,
short stature, joint laxity and microcephaly, skeletal deformities and cavernous cerebral
malformations on cranial MRJAsmuset al, 2007, Grunewalet al, 2008, Saugier
Veberet al, 2010, Pealkt al, 2014) Penetrance of mutations in tB&CEis reduced

and related to maternal imprintingranscription occurs almost exclusively from the
paternal allele, whilst transcription from the matdrallele is silencedy promote
methylation (Grabowski et al, 2003) Individuals with paternally inherited losd-
function SGCEmutatiors exhibit M-D, whereas individuals with maternally inherited
mutatiors are asymptomatic. This particular pattern of inheritance expldigygatients

with M-D due toSGCEmutations may lack a positive family history.

The SGCE gene encodes the 438ninoacid proteine-sarcoglycan, member of the
sarcoglycan gene family. In the bralBGCE mutations are thought to lead to
mislocalisationof the poteinfrom the plasma membrane to the endoplasmic reticulum

and to promotion of its degradation by the proteas(ifsapaet al, 2007)

SGCEmutations, including both point mutations and large deletions, are detected in
only ~3050% of familial cases, sggsting genetic heterogeneity and the existence of
other still unidentified diseas#ssociated gene&Schule et al, 2004, Tezenas du
Montcel et al, 2006, Carecchiet al, 2013, Pealet al, 2014) An additional locus on
chromosome 18p11 (DYT15; MIM 6@88) has been linked to 4 in a single large
Canadian family, but the causative mutation has not been identified asdhyett al,

2007) A frameshift mutation iINTOR1Aand a missense mutation in tb&kD2 gene

have been proposed as possible caugseBIfD in single pedigrees, but then dismissed
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as in both pedigrees pathogeS8iGCEwere subsequently detect@glein et al, 2002)

Other autosomal dominant-M syndromes include some cases of benign hereditary
chorea due toNKX21 mutations, with additioal signs such as delayed motor
milestones and later chordérmstrong et al, 2011) and one family withGCH1
mutations, which presented with-DOPA-responsive M-D and later developed
parkinsonism(Leuzzi et al, 2002) With regard to AR disorders, 1D is described in

one case with Vitamin E deficien@ingelini et al, 2002) that later developed ataxia.
When myoclonus and dystonia are only part of the phenotype a number of
mitochondrial(Hanna and Bhatia, 1997, Gar€lazorlaet al, 2008)or neurometabolic
disorders (e.gLafora body disease, GM2 gangliosidosis, NiemBiok disease) should

be considered in the differential diagno&®uiderKhoujaet al, 2010)

Recently, Groen and colleagues identified two missevesgéants, p.Arg1389His
(rs184841813) inCACNA1Band p.Thr1904Met (rs114190729) iRELN, each in a
single autosomal dominant Dutch pedigree wittbNacking mutations irGCE as the
likely causative mutationgGroen et al, 2015, Groenet al, 2015) However, the

pathogenic role of these variants is not confirmed as yet.
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5.3 Linkage Analysis and Exome Sequencing Identify A

Novel Cause Of Familial MyoclonusDystonia

5.3.1 Statement of contribution

The index case of the family described in this chapter was recmiBr@fessor Kailash
Bhati aods clinic at t he Nati onal Hospit a
recruited all other available family members. | performed all the genetic analysis and
the functional studies in fibroblasts. | performéabde transfectin of SH-SY5 cell lines

and immunocytochemistry, in collaboration with Dr Anselm Zdeflike WGCNA
analysiswas performed by Dr Conceic&8ttencourbased on the data generated by Dr

Paolo Foraboschi, Dr Mina Ryten and Dr Trabzuni.

5.3.2 Introduction

| descrile here the work that resulted in the identification of the genetic cause in a large
British fourgeneration pedigree affected with autosomal dominarD, Mvithout
mutations iINSGCE Through a combination of linkage analysis and WES, | identified a

single mssense mutation IKCTD17as a novel cause for-i.

5.3.3 Subjects, Materials and Methods

Index Family

The clinical characteristics of the patients and the family pedigree are described in the
Results. Out of 19 living family members from the index family, LBjects were
assessed and recruited. Six children of unaffected individuals were not examined.
Assessment included a detailed medical interview and a full videotaped neurological
examination, with focus on movement disorders. All videos were subsequiemdly b
reviewed by two experts in movement disorders (Professor Kailash P. Bhatia and Dr
Tom Foltynie). After obtaining informed consent, a blood sample was collected and
DNA was extracted from 13 family members and 4 spouses. Samples were collected
with the written consent of participants and formal ethical approval by the relevant
research ethics committee (UCLH Project ID number 06/N076).

Linkage Analysis
Genomewide linkage analysis was performigda standard manner as described in the

Materials and M#hods section.
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Whole-Exome Sequencing
WES (TruSeq SBS chemistry sequenced on the Illlumina HiSeq 2000) was performed in
the two most distantly related affected individuals3(®¥nd I\V14), as described in the

Materials and Methods chapter

SangerSequencing

Sanger sequencing was performed to validate WES results, check variants segregation
in the index family and screen otherMcases. Sanger sequencing was performed as
described in Materials and Methods section. Primers were designed the editirg c
region of KCTD17(9 exons; transcript NM_001282684.1). The primers used are listed

in the Appendix.

Selection of Additional Cases fdvlutational Screening

A cohort of MD cases was selected to search for further confirmatory mutations in
candidate gees. Cases were selected from a bank of DNA samples donated with
research consent, which are held at NHNN Neurogenetics Department. Additional cases
were provided by international collaborators (Prof. Thomas Gasser, University of
Tubingen; Prof. Christin&lein, University of Lubeck; Prof. Nardo Nardocci, Istituto
Neurologico Carlo Besta). All selected cases fulfilled the proposed diagnostic criteria
for M-D (Kinugawaet al, 2009) All samples included in this project had previously
undergone diagnostic geng for mutations iIrSGCE (both point mutations and copy
number variants) and were negatilre total 87 unrelated probands with familia-M
(defined by a family history of MD in at least a first or second degree relative) and 358
sporadic cases of Bish, German and Italian origin were selected. The study was
approved by the relevant local ethics committees and informed consent was provided by

all participants in accordance with local guidelines.

Expression Profiling of KCTD17 In Brain Tissue
Brain expression profiling data was collated #@€TD17as described in Materials and
Methods section.

Generation of stably transfecte8H-SY5 cell lines

To assess subcellular distribution of KCTD17, a major splice variant from mouse brain
was cloned. Total RNAvas isolated from TRIZOL lysate, which was purified using the
Zymo Directzol RNA mini kit (Cambridge Bioscience, UK) and quality assessed by

nondenaturing agarose gel electrophoresis. Following -gdlyprimed transcription
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using Superscript Il (Invitrgen, UK) on 5 ug total RNA, we amplified the flgingth

cDNA with primers containing unique restriction sites. The mutation c.434 G>A
p.Argl45His was inserted by recombinant P@&Rher N- or C-terminal HA tagged
wild-type and mutant cDNAs were insertedthwa lstep recombinant PCR into
pcDNA3.1 constructs for expression in mammalian cells. StabkS8H cells were
generated by electroporating 5 ug linearized tagged-tydd and mutant plasmids into

~1 million cells and G418 (InvivoGen) selection at 2b@/l over at least 4 weeks and

at least 6 passages. A control cell line expressing the empty vector was obtained in

parallel.

Immunocytochemistry

Immunocytochemistry was performed on cells seeded on glass coverslips (13 mm
diameter) coated with Cultrex lEment membrane extract (R&D systems, USA). After
fixation with either 4% PFA in PBS or ield 50% methanol/50% acetone, cells were
blocked in PBS+2% BSA%, 3% normal goat serum, 1% -40P 0.5%
sodiumdesoxycholate for 30 minutes and primary antibodiesRdbke 3F10 or 12Ca5
monoclonal antibodies were used for detection of the HA tag, at 1:1000 or 1:300
dilutions, respectively. Subcellular marker antibodies were used at 1:1000 dilution.
After washing, secondary detection used Aldya labelled, highly cssabsorbed anti

rat (Invitrogen, UK) in 0.5x block, with 1 mg/l DAPI. Coverslips were mounted using
Prolong Gold (Invitrogen, UK) after 4 washes with PBS. Microscopy was performed on

a Zeiss confocal microscope.

Weighted Gene Gexpression Network Analys

Weighted Gene Gexpression Network Analysis (WGCNA) was performed based on
the UKBEC human brain mRNA expression data. In brief, this systems biataiytic
approach uses brain regional whaignscriptome gene expression data and establishes
the degee of geneneighbourhoodsharing, as defined on the basis ofexpression
relationships. This approach allows to identifyan unsupervised and unbiased manner
modules of genes that are highly-@pressed and emgulated and therefore likely to

be furctionally related(Oldhamet al, 2006) Microarray data orl9152 transcripts
(corresponding to 17247 genes), generated 88 brain samples obtained from 101
neuropathologically healthy individuals was used for weighted gerexm@ssion
network analysis (WGCNA). The WGCNA network was constructed for each brain

region to achievea scalefree topology, as previously describéBoraboscoet al,
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2013) A dissimilarity matrix based on topological overlap measure was used to identify
gene modules (i.e., densely interconnected arelxpoessed genes) through a dynamic
treecutting algorithm.A detailed description of the methodsed to generate the

dataset is available in the manuscript of Forabosco and colleagues.

Calcium Imaging in Fibroblasts

After obtaining informed consent, fibroblasts were isolated from a skin biopsy taken
from a carrier of th&CTD17 Argl45His mutation @dex family, 1IF2). Two unrelated

age and passagmatched controls were selected fromhouse cell lines. The
fibrobl asts wer e cultured i n Dul beccod
supplemented with 10% heimiactivated fetal bovine serum and 1% péinmc
streptomycin. They were maintained at 37°C in a humidified atmosphere of 5% CO
and 95% air, media changed twice a week. Calcium homeostasis was assessed using the
ratio-metric calcium (C%) dye, Fura2, AM (Molecular Probes, Paisley, UK), which
indicates intracellular C4 concentration and allows recordings of*CHuxes upon
application of different pharmacological stimuli. Fibroblasts were loaded at room
temperature for 30 minutes with 5mM fe2aAM and 0.005% Pluronic in HBSS
composed of (mM)156 NacCl, 3 KCI, 2 MgS@ 1.25 KHPQO,, 2 CaC}, 10 glucose and

10 HEPES (pH adjusted to 7.35 with NaOH). Fluorescence measurements were
obtained on an epipuorescence inverted
objective. Analysed areas were randomlyosdn, and at least three independent
experiments were performed for each condition’* @as monitored in single cells

using excitation light provided by a Xenon arc lamp, with the beam passing
monochromator centred at 340 and 380 nm (Cairn Research, WKint, Emitted
puorescence | ight was r epesd eyl ttéhrr otug ha a
camera (Retiga, Qlmaging, Surrey, BC, Canada). All imaging data were collected and
analysed using software from Andor (Belfast, UK). ATP (100 mM) was used for
stimulating C4" signals in fibroblasts via purinoceptors and for releasing calcium from

the endoplasmic reticulum (ER) via IP3 receptors. In a second round of experiments
thapsigargin (1 mM), in Gafree medium (plus 0.5 mM EGTA), was used for inducing
therelease of calcium from the ER to the cytosol and thus for estimating the size of the
reticular Ca.pool. After stimulation with thapsigargin, &42mM) was added to the
medium for stimulating the plasma membrane stperated Ca channels and
assessinthestoreoperated calciurentry.

15¢€



5.3.4 Results

Clinical phenotype of the index family

The family pedigree is shown Figure5-1. The 7%yearold index case (subject 1R)

was first seen inclinic at age 56.She was born without complications after an
uneventful pregnancy and had a normal development as a ldbildymptoms started
during childhood with involuntary jerky movements of her arms. She always felt
clumsier than other children. In her fifties, she developed constant head jerks and head
deviation to the left. In her sixties her speech became involved, wathges of tone

and stops during conversation. She also noticed that her balance was not as good as
before. Involuntary movements worsened while performing voluntary actions,
particularly while walking, and improved when relaxed. Touching her chin or ttle ba

of her head reduced the jerks markedly. Occasional use of alcohol did not have an
impact on symptoms. On examination she had spasmodic dysphonia, perioral
myoclonus and blepharospasm. She had a left torticollis and frequent irregular head
myoclonic jerls. There was dystonic posturing of the hands with some writhing
movements of the fingers and occasional low amplitude jerks. When she walked her
trunk was slightly tilted to the left and backwards and she presented bilateral foot
dystonia with feet turningnwards. She walked with a wide base and felt that walking

backwards was easier. While standing she developed jerks in her legs.

A broad range of genetic investigations resulted negative, including testing for SCA
1,2,3,6 and 7HD, DRPLA, DYT1, DYT6 andDYT11 (including sequencing of all
coding exons and adjacent intronic regions and MLPA teati@opy number variants).

Her krain MRI showed minor agkinked atrophy and some n@pecific high signal
spots in subcortical areas. She also had normal EE@e wenduction studies, EMG

and central motor and sensory conduction times. She had a trial &F-D@PA (up to

600 mg/day for at least a month) without improvement. She was treated with local
Botulinum Toxin injections for her cervical dystonia, with soimprovement. Because

of progressive worsening of her symptoms she was considered for globus pallidus
internus (GPi) deep brain stimulation and, after the appropriate assessment, she was
operated, at the age of 70. Following surgery her cervical dystompoved
considerably but her other symptoms, particularly her gait problems, remained

unchanged.



Six other family members displayed signs of dystonia and/or myoclonus, and were
accordingly categorized as affected (3able5-1). Age of onset of movement disorder
symptoms ranged from 5 to 20 years. All affected family members initially presented
with jerks or a jerky tremor, with mild dystonic features presenting iatdife. All

cases fulfilled the currently proposed clinical criteria for a definite diagnosis-bDf M
(Kinugawa et al, 2009) except individual 1¥3, who upon examination displayed
isolated cervical dystonia, although she reported intermittent jerky teemor.
Myoclonus involved predominantly the arms. Dystonia predominantly affected the
craniocervical region and upper limbs. Older individuals (>60 years? &ind II}5)

were more severely affected and also showed laryngeal involvement. None of the
affected subjects reported improvement of symptoms with alcohol. No other individuals
presented with psychiatric symptoms. Casd P/aged 42 when clinically assessed, was
considered to be unaffected with the family condition by lfuthfessor Bhatia and Dr
Foltynie He had strabismus and benign congenital nystagmus. He showed no
myoclonus or dystonia, but exhibited a mild bilateral postural hand tremor, consistent
with a diagnosis of essential tremor. A similar tremor was also observed in his father,
spouseof the affected individual b, suggesting that this feature is likely to be
unrelated from the condition affecting the other family members. The remaining

individuals were asymptomatic and had an entirely normal neurological examination.
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Figure 5-1 Pedigree of the index family where th&KCTD17c.434 G>A p.Arg145His mutation was identified.



Table 5-1 Clinical features of cases carrying th&KCTD17c.434 G>A p.Arg145His mutation

Subject I -2 I -5 V-2 V-3 IvV-14 V-1 V-3 .2
(Germany)
Sex F F M F M F M M
Age at last examination (y) 70 65 46 44 35 20 19 62
Age at onset (y) 10 6 10 20 10 5 5 10
Presenting symptoms Jerks; Arms Jerks; Arms | Jerks; Arms Jerlg/”tTr]imor; Jerl;y”trr]imor; Jerks; Arms | Jerks; Arms | Jerks, Arms
Dystonic features Yes Yes Yes Yes Yes Yes No Yes
Cranial, Cervical, Cranial, Cervical g(;?\;;::ﬂi
Involved areas Brachial, Truncal,| Cervical, Brachial Cervical ) Brachial NA )
! Brachial Brachial,
Crural Brachial
Truncal
Myoclonus Yes Yes Yes No Yes Yes Yes Yes
Cranial, Cervical, Cranial, . Cranial, . Cervical, .
Involved areas Brachial Brachial Brachial NA Brachial Brachial Brachial Brachial
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Linkage analysis

Genotype from seven affected individuals-@lI111-5, V-2, IV-3, IV-14, \-1 and \V3),

five unaffected (IH4, V-6, IV-8, IV-12 and V4) and four spouses (i, I1I-6, V-1, IV-

4) was included in the analysis. The unaffected subjetins not include as she was

too young (17 when last examined) to exclude or confirm disease status. Linkage was
performed under the assumption of an autosomal dominant inheritance with 90%
penetrance and a disease allele frequency of 0.0001%. One single locus with a LOD
score > 2 was identified on chromosome 22q13 (LOD score 2.4, the maximal expected
value given the pedigree siz€jgure 5-2). Fine mapping identified a segregating
hagdotype delimitated by SNP markers rs926543 and rs3213584 and spanning 6.7Mb
(chr22: 3698932-43716324; UCSC hgl9 Genome Build), which contained 132
proteincoding genes. In addition, 5 other regions presented with uninformative
multipoint LOD scores, rangg from -0.9 to +0.14 (sedable 5-2), but haplotype

analysis excluded esegregation of these regions with the disease.

Table 5-2 Summary of position, size and genetic content dfie regions witha LOD score >-2

Chromosome Start position (Hg19] Stop position (Hg19)] LOD score
3 100410724 101569726 -0.8111
12 58842292 60028954 0.1474
12 70112707 70517723 -0.7314
12 70422480 71099936 -0.9131
12 72641784 73373089 -0.7143
22 36989327 43716324 2.4082
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Figure 5-2 Linkage analysis results
LOD score plot for genomeide linkage analysis in the British index pedigree showing a single linkage peak on chromosome 22913 with a maximumelLaf® gcén
autosomal dominant model was specified with an estimated allele frequency of 0.00001 gmeh@0%nce. The alimosome is indicated acrotbe top of the plot; chromosomal
distance in centiMorgans (cM) is indicated on thaxis; and the LOD score is indicated on thaxjs.
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Whole-exome sequencing

To identify the diseaseausing variant, WES was performed in the two most distantly
related affected individuals (¥ and I1\/14). In total, 83,572,847 (8) and 81,527,162

(IV-14) unique reads were generated. According to the Consensus Coding Sequences
hgl9 definit on of the O6TruSeq exomedod, the aver
70, > 95% of the target bases were covered at a read depth of 2x and > 90% at a depth
of 10x. A total of 22,857 (\B) and 22,946 (IM4) exonic/splicing variants were
detected. A summugrof the WES metrics can be foundTiable5-3.

Table 5-3 Summary of results from exome sequencing

Patient V-3 IvV-14
Unique reads 83,572,847| 81,527,162
Aligned Reads (%) 87.6 87.2
Mean depth 73 71
Target covered at least 2x 96 95
Target covered at least 10x 92 91
Total variants 22,857 22,946
Excluding synonymous variants 11,710 11,737
Novel variants 154 140
Shared novel variants 4 4
Shared novel variants within the linkage peak on 1 1

All synonymous changes and those not shared by the two affected individuals were
filtered out. Then, under the assumption that the mutation causing this rare autosomal
dominant disease is extremely rare and not present in the general population, | also
exduded variants that are present in databases of sequence variations publicly available
databases of sequence variations (dbSNP version 129, 1000 Genomes project, NHLBI
Exome Variant Server and Complete Genomics 69). Furthermore, | excluded variants

found in our own irhouse exomes (N=200) from individuals with unrelated diseases.
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After applying filtering criteria, only four novel missense variants shared by the two
affected individuals were left (seBable 5-4): ¢.10976 C>T;p.Ser3659Phen FLG
(filaggrin; RefSeq NM_002016.1), ¢.1055 T>@;,.Phe352Cysn OBSCN (obscurin;
RefSeq NM_052843.3), ¢.1076 A>(.Lys359Thrin LRRC6 (leucine rich repeat
containing 6; RESeq NM_02472.4) and c.434 G>Ap.Argl45His in KCTD17
(potassium channel tetramerisation domain containing 17; RefSeq NM_001282684.1).
Of these variants, only the missense change€GiD17was located within the linked
chromosomal locus on chromosome 22q. No shared rare copy number variants in

exome sequencing data were detected using the Exome depth algorithm.

Sanger sequencing of tHeCTD17 variant (seeFigure 5-3) in all available family
members confirmed perfect -segregation of the variant with the diseabenotype,
being the nucleotide change present in all affected individuals and absert in al
unaffected (including subject -¥, initially excluded from the linkage analysis).
Segregation analysis of the other three novel variants, shared by individBiasd/1\/

14 but located outside the identified linkage peak, was also performed. As expected
none of them fully segregated: tHERRC6 variant was not carried by affected
individuals (I\*2 and V1) and the€OBSCNandFLG variants were carried by unaffected
subjects ¥4 (OBSCNandFLG) and 412 (FLG), aged 20 and 40 respectively when
last examinedAlthough the KCTD17 p.Argl45His substitution falls in a functionally
uncharacterized portion of the protein, it lies in an extremely conserved amino acid
motif, not only completely conserved down to invertebrate species, but also identical in
theKCTD17human paraloggkCTD2andKCTD5 (seeFigure5-4).
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Figure 5-3 Sanger sequencing confirmation of thé&CTD17c.434G>A pArg145His mutation.

The variant is absent in over 3,700 individuals of European origin without movement
disorders, who were exome sequenced by the-BXtimes consortium, and in a further >
61,000 individuals listed in the Exome Aggregation Consortium database (last accessed
in March 2016). Allin silico tools consistently predicted a deleterious effect of the
substitution (se@able5-4).

KCTD17

H.sapiens VPPKHVYRVLQCQEEELT
M.musculus VPPKHVYRVLOQCQEEELT
G.gallus VPPKHVYRVLQCQEEELT
D.rerio VPPKHVYRVLQCQEEELT
Xenopus LOOQKHVYRVLOCOQEAELA
D.melanogaster TDKKRVYRVIEOCREQELT
C.elegans ATNKFVYRVLOCHEEELA
KCTD?2 GPVKHVYRVLOCOQEEELT
KCTDS VPVKHVYRVLQCQEEELT

Figure 5-4 Interspedies protein sequence alignment
Multiple-sequence alignment showing complete conservation of protein sequence acciess spe
human paralogs (KCTD2 and KCTD5) in the region of KCTD17 where the disegsegating mutation
p.Arg145His was identified. The amino acid involved by the mutation is marked in red. The residues that
are not completely conserved are highlightegatow. In blue the residues completely conserved.
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Table 5-4 Summary of novel variants detected by whol@xome sequencing and shared by individuals-8 and IV-14.

. . Gene previously Linkage
Chr Position Gene (Transcript) Variant GERP | CADD SIFT | Provean PolyPhen2 | Mutation associated with analysis
(hg19) scoré | C-scoré HumVar Taster .
disease? (LOD score)
Yes, skin diseases
FLG €.10976 C>T,; T N D (e.g. ichthyosis )
1| 1522763861 M 002016.1) | p.serassophe| 248 | 15 1 006)| (0.8) ©078) | P © ygaris, andlor <-2
eczema)
OBSCN ¢.1055 T>G; D D D D Hypertrophic )
1| 228401208 \\1"052843.3) | p.Phe3s2cys | >28 21 0 | (38 (0.94) 0.99) | cardiomyopathy <2
LRRC6 c.1076 A>C; D D B Recessive primary )
8 | 133622476\ 012472.4) | plys3soThr | 2 | 74 1 oo1n| (3.1 ©039) | PO | Giary dyskinesia <3
KCTD17 c.434 G>A; D D D D
22 | 37453460 (NM_001282684.1) p.Argl45His 446 288 (0) (-4.8) (0.53) (0.99) No 24

B=benign; D=deleterious/damaging/diseas@ising; N=neutral; P=polymorphism; T=tolerated

®Positive scores represent a substitution deficit and indicate that a site may be under evoktiostaaint. Negative scores indicate that a site is probably evolving neutrally.
Positive scores scale with the level of constraint, such that the greater the score, the greater the level of evohdioaiatyirderred to be acting on that site.

®C-scores greater or equal 10 indicates that the variant is predicted to be the among the 10% most deleterious substyticas tthatto the human genome; a score of greater or
equal 20 indicates the 1% most deleterious
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Sanger Sequencing of KCTD17 in a Cohort of Phenotypicaimilar Myoclonus
Dystonia Cases

The entire coding region oKCTD17 was subsequently sequenced by Sanger
sequencing in a further 87 unrelated probands with fan8l&CEnegative MD. Exon

4 only (containing the c.434 G>A mutation) was sequenced in a further 358 sporadic M
D cases. This analysis revealed the presence of thels@ii®17mutation, c.434 G>A
p.Argl45His, in the index case of a German family with autosomadirdomt M-D
(Figure5-5). No further pathogenic mutations in KCTD17 were identified.

111 O

Figure 5-5 Pedigree of the Gernan families with the KCTD17¢.434 G>A p.Arg145His mutation.

The clinical presentation of this case closely resembled that-2faiid II}5, the older
affected subjects from the British family. He reported arm jerks and difficulty writing,
starting in dildhood. Right torticollis and a jerky head tremor appeared around age 40,
becoming progressively debilitating. There was no response to alcohol or psychiatric
comorbidities. He underwent surgery for bilateral pallidal deep brain stimulation at age
58, whch resulted in marked improvement of cervical dystonia and myoclonus of the
upper limbs. Clinical examination at age 62 showed generalized dystonia, with

prominent craniecervical involvement, and myoclonic jerks involving the upper limbs.

His father wasalso affected with a movement disorder, presenting with perioral
dyskinesia in his f ort iDevdth similan dinicpl featlres,n d 60 s

including generalized jerks, cervical dystonia and dysarthria. Unfortunately, DNA
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samples of the deased father and brother were not available for segregation analysis.
The 25y ear s ol d probanddés only son, who ha
genetic testing.

To determine whether th€CTD17 ¢c.434 G>A; p.Ard45Hs occurred on the same
haplotype in the British and in the German kindreds, SNP markers located 0.5 Mb up
and downstream the mutation were compared (Salele5-5). In the British family, the
haplotype of the identifieCTD17mutation was reconstructed. The German case was
genotyped using the saragray.In the German case SNP phasing was possible only for
homozygous alleles, due to lack of genetic data on otheryfameimbers. Different
alleles were located at markers rs5756477 and rs228924 (45.9 kb upstream and 53 kb
downstream oKCTD17, respectively), delimitating a small region of approximately 99
kilobases (Kb) of a possibly shared haplotype. Further analysis aithighly
polymorphic microsatellite (19xAG; chromosomal position 22:37,44630046,339),

| ocated only 1.4 Kb K@Bli7openasading frame, reecalddld et
that the two pedigrees had different alleles

Table 5-5 Disease haplotype of the families with th&CTD17c.434 G>A;p.Argl45His

Marker Chromosomal position (hg19 Genoty.pe Genotype.
UK family German family

rs5756370 37242476 A A
rs6000449 37251377 A A
rs4821542 37252918 G G

rs909483 37260474 A A
rs2413429 37289869 G A
rs4821558 37308785 G A
rs11705394 37329676 A A
rs9622506 37338286 A G
rs8137446 37347959 G G
rs9622521 37350881 G G
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rs4821576 37357169 G G
rs8142593 37363121 A A
rs877166 37369148 C C
rs5756437 37375668 G G
rs1157557 37381674 G G
rs5756477 37407527 G A
rs5756492 37424991 G G
Microsatellite 19xAG 37446300 17 18/14

KCTD17c¢.434G>A 37453460 A A
rs2160906 37493178 G G
rs228924 37507250 A G
rs11914132 37509087 G G
rs228942 37524619 C C
rs3218258 37544245 A G
rs229483 37553619 G A
rs12167757 37567490 G G
rs229518 37577872 A A
rs11913300 37580627 A A
rs5756540 37582205 G G
rs5756546 37589805 G G
rs64547 37592504 A A
rs9610680 37621951 A G
rs8137698 37624236 G A

16¢



rs739042 37625419 G G
rs2285110 37628145 G G
rs9607431 37629938 C A
rs5995404 37632938 C C

All alleles where the haplotype of the UK family differs from that of the German family are
highlighted in yellow®These values indicate the number of AG repeats

Brain expression analysis

KCTD17 gene expression was evaluated in 10 brain regions from 134 normal
individuals using our ihouse data from the UK Brain Expression Consortium
KCTD17 mRNA expression throughout the course of human brain development was
assessedsing the data available in the Human Brain Transcriptome (HBT) database.

KCTD17mRNA expression was high across all brain regions, but it was highest in the

putamen followed by the thalamuBigure 5-6A). There was a 3:Bld difference (p

value < 3.5%) between the striatum and the cerebellum, the regions with respectively

the highest and lowest expressidimese findings are consistent with the data available

in the HBT database, showing increasik@€TD17 brain mRNA levels in the striatum

and the thalamusom early midfetal development (between 21 and 25-posteption

weeks of age) to adolescence (between 12 and 20 years of age) in the striatum and the

(Figure5-6B).
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Figure 5-6 KCTD17brain regional mRNA expression data
(A) Box plot of MRNA expression levels f&’f(CTD17in 10 adult brain regions, based on exon array experiments and plotted on a log2 scale (y axis). The plot shows significant
variation inKCTD17 transcript expression aiss the 10 CNS regions analysed firididates the number of brain samples analysed to generate the results for each CNS region.
KCT17 expression is higher in the putamen, followed by the thalamus. Whiskers extend from the box to 1.53 the intemger{R) Graph to show mRNA expressievels for
KCTD17in 6 brain regions during the course of human brain development, based on exon array experiments and plotted on &/lagBscale
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Immunocytochemistry

Stably transfected SI8Y5 cells were generateldy incorporatingeither N or C-
terminally HA-tagged wildtype and mutanKCTD17 cDNAs. KCTD17 staining with
ant-HA primary monoclonal antibodies showed that the protein is diffusely distributed
in the cytosol with fine reticular pattern and does not localize at the plasma membrane
(Figure 5-7). We did not observe significant changes in subcellular localization of
mutant versus wildype KCTD17, indicating that the amino acid substitution does not

lead to cellular mislocalisation of the protein.

Wild-type Mutant p.Arg145His

Figure 5-7 Immunocytochemistry in stably transfected SHSY5 cells
These experimentshowno difference between witype and mutant KCTD17 subcellular localization.
HA-tagged KCTD17 is shown in green. Celluhuclei are stained with DAPI and are shown in blue.

Weighted Gene Gexpression Network Analysis

KCTD17 in common with other dystonia genes (AjlO3 GNALandHPCA), shows

the highest expression in the putamen and this brain structure has an established role in
the pathogenesis of dystonia. | therefore focused the analysis on the putamen module
includingKCTD17.

This module contains 179 transcripts (equating to @@@es; sed-igure 5-8 for a

graphic representation of the module).
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Figure 5-8 Network representation of the putameé KCTD17-containing gene module
Shown are all genes in the putame€B8TD17containing module connected with a topological overlap
measure exceeding 0.03. The dystonia genes in the maddGBTL7 and HPCA) and all the direct
connections ofKCTD17, based on topological overlap values, are highlighted in red. Larger circles
represent the most interconnected genes in the module, incKiGiRD17.

| first assessed if the module was enriched for genes linked to Mendelian forms of
dystonia. The analysifocused on the nine genes known to be associated with dystonia
(TOR1A THAP], SGCE, TUBB4A, CiZ1, ANO3, GNAL, ATP1APCA). | did not
include in the analysis genes causing D@Bgponsive dystonid5CH1, TH, andSPR

as their established functional ratenigrostriatal dopamine synthesis, together with the

specificity of the clinical presentation, clearly identifies them as a separate entity.

Importantly, the putameKCTD17module showed significant clustering of dystonia
genes KCTD17andHPCA F is exac tesh = 5x10°), suggesting the relevance of

this gene network to the molecular pathogenesis of dystonia. The module was poorly
preserved across other brain regions, indicating its specificity to the put&ngene(

5-9).
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Figure 5-9 Putamen KCTD17-containing module preservation acoss other brain regions
Module preservation statistics were calculateddare) to assess how well modules from one tissue are
reproducible (or preserved) in another brain regfbangfelder et al, 2011) Previously proposed
thresholds were considered (z score of <2 indicates no evidence of modelwaties, z score betwee
2 and <10 indicates weak to moderate evidence, and z scorOoihdicates strong evidence). The
module is poorly conserved across other brain regions, indicating its specificity to the putamen

To infer the biological and functional relevance of theamenKCTD17gene network,
functional annotation enrichment analysis was then carried out using the online tool
g:Profiler (Reimandet al, 2011) This analysis allowed the identification of over
represented genes assigned to specific Kyoto Encyclopedia of Genes and Genomes
( KEGG) pat hways, namely ACI rgPardoifai nl eernbtsr ac
threshold P = 5.13x10°) and ADop@amp KEGGM 28, gsPyr of i | er €
custom threshold® = 2.71x10). This suggests the involvement of the genes in the

module with these molecular pathways.

Ca’" imaging in Patient Fibroblasts

Disruption of calcium (Cd) homeostasis has been recently ingiéd in the
pathogenesis of several genetic forms of dystonia (BGR1A ANO3, HPCA
(Charlesworthet al, 2012, lwabuchet al, 2013, Charleswortlet al, 2015) As the
putamen KCTD17module includedHPCA a gene with an established role in

intracellula C&*-dependensignalling (Palmeret al, 2005) | hypothesized that the
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KCTD17p.Argl45His substitution may have a significant impact on intracellulaf Ca

homeostasis.

For this purpose, fibroblasts were isolated from a skin biopsy taken from a subject with
the KCTD17 p.Argl45His mutation and two unrelated agend passagmatched
controls. The expression BICTD17in fibroblasts was confirmed by RFHCR (data not
shown).l observed that stimulation with ATP
and releases Gafrom the ER via IR receptors, resulted in significantly reduced and
delayed cytosolic G4 signal pneway ANOVA P < 0.01;Figure5-10A and B) in cells
carrying the p.Argl45His mutation when compared to both control cells, indicating a

smaller calcium pool within the ER.

To further prove this finding, a second round of expents using thapsigargin (1puM)

in C&*-free medium (plus 0.5 mM EGTA) was subsequently carried out. Thapsigargin
is an inhibitor of the ER calcium ATPase (SERCA) and induces the release of calcium
from the ER to the cytosol, allowing an estimation of tfe & *-pool. C&" was then
added at the end of the experiment to stimubdgeation of cytosolic G4 through
opening of store operated calcium channels. Thapsigargin stimulation resulted in a
significantly smaller Cdsignal in fibroblasts bearing theArg145His mutation when
compared to control®feway ANOVA P < 0.01;Figure5-10C and D), confirming that

the C&" pool in the ER of mutaticoarrying fibroblasts iseduced.

Furthermore, stimulation of the steoperated C& channels induced a smaller a
influx in mutated fibroblastsFigure 5-10C), possibly suggesting ansufficient C&*
influx across thelasma membrane in response to the fall ii" €ancentration within

the ER lumen.
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Figure 5-10 Functional studies showing abnormalities of endoplasmic reticulum calciursignalling

in KCTD17p.Arg145His substitution bearing fibroblasts

Al l experiments were carried out in triplicate.
total number of cellsnalysed The asterisks indicate P < 0.05 (*), P < 0.01 @fd P < 0.001 (***). (A)
Typical trace of [Ca2+]c in control and KCTDidutant fibroblasts in response to the application of 50
mM ATP. (B) Histograms showing a significantly decreased [Ca2+]c response upon ATP stimulation in
mutatiortbearing fibroblast{n=56) versus controls (control 1 n=41; control 2 n=35), as measured by
changes in Furd fluorescence intensity. (C) Typical trace of [Ca2+]c in control and KCTDatant
fibroblasts in response to the application of thapsigargin (1 M), and subseq@entt@denge (2 mM).

(D) Histograms demonstrating a significant reduction in ER calcium pool in response to thapsigargin in
mutationbearing fibroblasts (n=53) versus controls (control 1 n=51; control 2 n=65), as measured by
changes in Fur2 fluorescencantensity.

5.3.5 Discussion
Several lines of evidence support the pathogenic role &¢@1D17p.Argl45His.

1) In the discovery pedigree, the p.Argl45His variant was located within the only
segregating chromosomal locus and Sanger sequencing confirmed lpedect
segregation with dystonia. This was not the case for any other variant identified by WES
that survived the filtering strategy. These latter variants were either not carried by
definitely affected subjectd. RRC§ or carried by clinically unaffectedubjects FLG
and OBSCN. Given the high penetrance of the disease indicated by the pedigree
structure (no obligate unaffected carriers observed over four generations) and the onset
of symptoms in the first decade in all affected individuals, we consideenealy
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unlikely the possibility of the causative mutation for this pedigree being carried by
unaffected adults. Furthermore the identiflldG and OBSCNvariants are located in

large and polymorphic genes tolerating a high burden of genetic variatiod &2&66

4135 rare [MAF < 0.01] nosynonymous variants spread acré4<s and OBSCN
respectively, are listed in the EXAC database versus 71 rare variants observed in
KCTD17, arguing against a pathogenic role of these changes. Moreover, pathogenic
variants n FLG and OBSCN have been previously linked to diseases unrelated to
dystonia, respectively skidiseaseglrvine et al, 2011)and cardiomyopathyMarston

et al, 2015)

2) A screening of th&CTD17gene in a cohort 8GCEnegative MD cases revealed

the same nucleotide change in the index case of an additional unrelated pedigree with an
autosomal dominant pattern of inheritance. In this second pedigree | could not prove
segregation due to unavailability of the other a#ddtamily members. However, given

the striking clinical similarity between this case and the affected individuals of the index
family, together with the absence of the variant in over 65,000 internal and publicly
available controls, it is highly unlikelyhis variant could merely represent a private

benign polymorphism.

Importantly, | demonstrated that the two families with the p.Arg1l45His mutation did not
share a common founder haplotype and therefore two independent mutational events
must have occurredlhis is relevant for two reasons; firstly, | can exclude that the
KCTD17p.Argl45His variant is in linkage with the actual causative mutation but it is
not itself pathogenic. Secondly, were the two families to be linked by an ancestral
common founder, givethe high penetrance of the mutation, | would expect a much
higher prevalence of the p.Argl45His mutation as a cause of fam#lalddross the

British and German population. This is the case, for instance, for the reca@&R2
G144W mutation, a widespad cause of progressive myoclomtiaxia syndrome in
Nordic populationgBoisse Lomaet al, 2013)

3) KCTD17is abundantly expressed in all brain regions and the highest expression was
observed in putamen and thalamus. In light of the current vieautalbhe
neuroanatomical bases of dystonia, seen as a network disorder originating from
disrupted circuits involving the sensempotor cortex, the basal ganglia and the

cerebellum(Neychevet al, 2011) this pattern of expression is highly relevant and
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supports the pathogenic role ®§CTD17 in the pathogenesis of d. Furthermore,

focal ischemic lesions of the thalamic subnuclei have been causally linked to the
development of a movement disorder that closely resembl&s (Mehericy et al,

2001) This stregthens the relevance of higdfCTD17 expression in the thalamus and
supports the hypothesis of a crucial role for disrupted thalamic pathways in the

pathogenesis ddCTD17associated M.

KCTD17encodes for a membef a recently identified family of 26 csely related and
highly conserved proteins, the potassium channel tetramerisation domain (KCTD)
containing proteins. KCTD proteins are characterized by the presence-tdreniNal
bric-a-brack, tramtrack, broad complexgoxvirus zinc finger (BTB/POZ) domia,
homologous to the cytoplasmic domain T1 of voltggéed potassium channélsu et

al., 2013) The BTB/POZ domain is known to permit prot@irotein interactions, either
promoting seHoligomerisation or facilitating interaction with other biologigartners
(Stogioset al, 2005) KCTDs are small soluble proteins, which are not predicted by
their structure to form transmembrane domains. Despite the homology reflected in their
namesa direct interaction with potassium channels has not been showmdstr
members of the family and was explicitly excluded for KCTD5, a paralog 85% identical
to KCTD17(Dementieveet al, 2009)

KCTD proteins, despite the high level of sequence similarity, are involved in a
surprisingly wide spectrum of cell functions, including regulation of cellular
proliferation, gene transcriptioncytoskeleton organization, protein degradation
targeting via lhe ubiquitinproteasome system, and regulation of G preteimpled
receptorgSkoblovet al, 2013) Severalmembers of the KCTD family have a primary
role in the central nervous systdi®chwenket al, 2010, Matsuiet al, 2013)and a
growing number of aurological diseases have been linked to mutations in KCTD
genes. KCTD7 (MIM 611725) mutations cause recessive progressive myoclonic
epilepsy(Van Bogaertet al, 2007, Kousiet al, 2012, Krabichleret al, 2012) Copy
number variants iIKCTD13(MIM 60894) have been associated with size of the head,
autism disorder and epileps¥solzio et al, 2012) More recently a homozygous
missense mutation iIKCTD3 (MIM 613272) was identified as the likely cause in a
pedigree with severe psychomotor retardation, sejzand cerebellar hypoplasia
(Alazamiet al, 2015)
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The precise cellular localization and function of the KCTD17 protein are largely
unknown Recent work has shown that KCTD17 contributes to the ubiquitin
proteasome machinery, acting as an adaptah®CUL3RING E3 ligase and targeting
substrates for degradation through pobiquitinylation (Kasaharaet al, 2014)
Although most of the KCTDLXUL3 substrates are currently unknown, CUL3 has
been implicated in the elaboration of dendrite branching aadrite terminal
morphogenesis in drosophila mod&#$u et al, 2005, Djagaeva and Doronkin, 2009)

A number of cellular pathways, encompassing abnormalities of theyodd and
transcriptional regulation, endoplasmic reticulum and nuclear envelomticin and
control of synaptic function, are thought to underlie molecular pathogenesis of primary
genetic dystoniad_edouxet al, 2013)

How KCTD17 abnormal function could contribute to dystonia disease mechanisms is
currently not known WGCNA analysisindicates thatKCTD17 may closely interact

with HPCA another recently identified dystorg@ne that is involved in calcium
signalling (Charlesworthet al, 2015) Through livecell imaging experiments in
patients fibroblast | showed that the presencéhefKCTD17 p.Argl45His mutation
reduces C4 storage in the ER and opening of stoperated calcium channels.
Importantly, our group recently showed very similar defects of ER €arage in
fibroblasts bearing a pathogenic mutation ANO3 another dysiia gene
(Charlesworthet al, 2012) This indicates that defective ER calcium signalling may
represent a converging pathogenic mechanism in genetically unrelated forms of

dystonia.

WGCNA also showed that thputamenKCTD17 module is enriched with genes
involved in dopaminergic signalling, suggests the involvement of the genes in the
module with these molecular pathway. Recent work in drosophila strongly reinforces
the results of WGCNA and further suggests a relevant contribufidRC@D17 to
regulation of dopaminergic transmission in the putaniesomniac(the KCTD17 fly
homolog is an essential regulator of sleep homeostasis through the control of the
dopaminergic arousal pathwayStavropoulos and Young, 2011, Pfeiffenberger and
Allada, 2012) More specificallyjnsomniacseems to regulate dopaminergignalling

at the possynaptic level, possibly controlling the turnover of dopamine receptors or

their downstream effecto(Pfeiffenberger and Allada, 2012)
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Importantly abnornal postsynaptic dopaminergisignallingin the basal ganglia is one

of the main themes in molecular dystonia pathogenesis, a concept recently strengthened
by the identification of mutations BNAL causing dystoniéFuchset al, 2013) Fitting

well with this model, all the genes in the putam€@TD17 module assigned to the
KEGG fnDopami ner gi cCAGNANG PRPERIB, pKIT L, IGMNACHId (
GNB?2 localize and act at the pesgnaptic level.

The KCTD17/HPCAputaminal module is not preserved acrossrbragions which
indicates it is a putamespecific gene networkImportantly, the brain regional
specificity of this module may suggest why mutation&@irD17 andHPCA manifest
purely as a dysfunction of the basal ganglia (i.e. dystonia), in spite afbifaitous

expression in the human brain.

Finally, the molecular pathogenic mechanism whereby the identii€@ID17
p.Argl45Hismutation could lead to ND is still unclear. Our data shows that the protein
stability or subcellular localization is unaltered in presence of ghrgl45His
p.Argl45His The substitution falls outside the BTB/POZ domain. However it lies in an
extremely Ighly conserved amino acid motif, which is not only completely conserved
throughout all species down frosophila but is also identical in human paralogous

genes KCTD2andKCTD5), suggesting an essential role for the protein function.

Notably, recent taidies highlighted that tetramerisation is not a prerogative of the
BTB/POZ domain but also the-terminal domain of KCTD proteins may be able to
promote tetramers assemblLorreale et al, 2013) Hence, it is possible that
p.Argl45His mutation might pregnt a correct oligomerisation or interaction with
specific protein partners. Alternatively, the KCTDh7Arg145His substitution could
abrogate the interaction with CULS3, resulting in abnormal degradation of specific
substrates via the ubiquitifpoteasomeystem. For instance, this mechanism has been
recently shown for &KCTD7 pathogenic mutations located outside the BTB/POZ
domain(Staropoliet al, 2012)

In conclusion, irough a combination of genomeade linkage analysis and WES in
large British kinded, | showed that the missense mutation p.Argl45HiKGTD17
represents a novel genetic cause for inherited autosomal dominBntTie clinical
features of theKCTD17 mutated cases, although fully consistent with a clinical

diagnosis of MD, were distint in many ways from the usual phenotype of subjects
18C



with SGCE mutations. Dystonia dominated the clinical picture and showed a
progressive course, worsening over time and spreading to other sites (including speech
involvement), a course unusual f8GCErelated MD. Myoclonus, despite being the
presenting symptom in most cases, was overall mild and not as disablinG@<€m
mutated subjects. These phenotypic differences may be explained by the different
functions of the two genes, but also by the clear$yirttt patterns of brain regional
expressionSGCEis highly expressed in the cerebellum, whereas its expression is low
to moderate in putamen and globus palligR#z et al, 2011) On the other hand,
KCTD17 expression is high in the putamen and thakrbut relatively low in the
cerebellum. Intriguingly, this could be the explanation for the scarce response to alcohol
consumption irKCTD17#mutatedcases, as alcohol probably exerts its beneficial effect

in M-D secondary t&SGCEmutations by modulating oebellar activity(Ritz et al,

2011)

Preliminary data suggest an involvement of KCTD17 in dopamine synaptic
transmission regulation and an effect of the p.Argl45His substitution edeE¥#ed

Cd" signalling Further insight into the physiological rotd KCTD17 and a better
understanding of the pathogenic effect of the p.Argl45His substitution will shed light
onto the mechanisms leading to abnormal neuronal activity underlyirD. M
Furthermore, the identificatioof KCTD17 interactors will possibly hidgight new

potential pharmacological targets for the treatment of dystonia.

Mutational screening of additional cohorts of-IM cases will help to define the
frequency and the spectrum &CTD17 mutations. KCTD17 mutations shoul be
considered in cases without mutationSS@CEpresenting with myoclonus, dystonia or
a combination of both, particularly if there is predominant craeiwical and laryngeal

involvement.
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5.4 Tyrosine Hydroxylase Deficiency Causes Autosomal

Recessive, DOR-Responsive, Myoclonudystonia

5.4.1 Statement d Contribution
Dr Stamelou and | examined the family described in this chapter. | performed all the

genetic analysis.

5.4.2 Background

| describe here the genetic analysis | conducted in a second, highly inforrfeatig,

with SGCEnegative MD. While the pattern of transmission was autoseduahinant

in the pedigree described in the previous chapter, in this family the disease was clearly
transmitted in an autosomal recessive fashion Egare 5-11); three out of four
siblings presented with a severe, eamhget movement disorders, while both parents

were undoubtedly unaffected.

An important clinical clue toward the identiéiton of the underlying genetic
abnormality in this family was the reporteeDlOPA-responsiveness of symptoms in all
affected subjects, which raised the suspicion of an atypical foldR&f. As discussed

in the Introduction chapter, mutations in four genes have been convincingly
demonstrated to cause DRDGCH1 (GTP Cyclohydrolase 1),TH (Tyrosine
Hydroxylase) anPR(Sepiapterin Reductase) ab®C (DOPA decarboxylase).

Although M-D has only been described once in a sirigiaily with DRD due to GTP
Cyclohydrolase Heficieny(Leuzziet al, 2002) given the strong clinical suspicion of a
disorder of the dopamine synthesis pathway, after the exclusion of path&§eGie
mutations, | sequenced the coding regions of the gaeesioned above and identified
compouneheterozygous mutations irH.

5.4.3 Subjects, Materials and Methods

Index family

The clinical characteristics of the patients and the family pedigree are described in the

Results. All living family members from the index family were assessed and recruited.

Two children of an unaffected individual were not examined. Assessment induded

detailed medical interview and a full videotaped neurological examination, with focus

on movement disorders. The University College London Hospitals/University College
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London ethics committee (University College London Hospitals project ID number
06/NO79 approved the study, and all family members gave their informed consent.
After obtaining informed consent, a blood sample was collected and DNA was extracted

)

from all examined family members.

l:1

1:2 1:3 I:4

1:1 l:2

Figure 5-11 Pedigreeof a family with recessive -DOPA responsive MyoclonusDystonia

Genetic analysis

Sanger sequencing was performed as described in Materials and Methods section.
Primers were designed to amplify all coding exons and splicing sites db@hél
(ENST00000491895; 6 coding exond)H (ENST00000381178; 14 coding exonSPR
ENST00000234454; 3 coding exonahdDDC (ENST00000444124; 14 coding exons).

The primers used in this study are listed in the Appendix.

5.4.4 Results

Clinical description

Patient 1}2, the index case, is a A®karold, female, who had normal birth. At the age

of 6 months she was floppy with poor head control, and subsequently never properly

reached normal motor milestones. She then went on and developed prominent and

violent myoclonic jerk in all four limbs, trunk and neck. She also developed dystonia,

which was most prominent on the upper limbs and face without diurnal fluctuation. She

would also have intermittently painful spasms, with extension of all four limbs and
18:



trunk that occurredseveral times daily, lasted up to several hours, and were
accompanied by oculogyric crises and double incontinence and exacerbated by fever,
infections or tiredness. Magnetic resonance imaging (MRI) brain and dopamine
transporters imaging were normalORJA genetic testing was performed and resulted

negative.

At the age of 13, she first triedDOPA, initially at a dose of 100 mg and subsequently
increased up to 800 mg over about 5 years. This led to a gradual but significant
improvement of dystonia and mglonic jerks. She also started speaking and became
able to control the electric wheelchair with her left hand, but she could still not use her
right hand due to myoclonic jerks. The spasms improved in frequency and sev&rity (5
times a week). After thentroduction of LDOPA, cognition improved and she was able

to attend a special school and later college. Given the marked resporBA, the
suspicion of dopamine synthesis defect was raised. A phenyalalanine loading test was
normal. Lumbar puncture ag performed under treatment withkDIOPA since the
patient refused to stop treatment for investigations and consequently; CSF showed
normal pterins; homovallinic acid (HVA) was in the lower normal range 71 nmol/L
(normal range: 7-b665) and Bhydroxyindoleaetic acid (SHIAA) was lower than
normal 28 nmol/L (normal range: 5820) and 3methyl DOPAwas markedly elevated,

due toL-DOPAtreatment.

She was first seen at the NHNN at age 18. On examination eye movements were normal,
she had dystonic grimacing andlysarthria; she had generalized dystonia more
prominent on the upper limbs with occasionally cheaitetoid movements;
generalized nostimulus sensitive, spontaneous and aetnmluced myoclonus was

more prominent in the right side, mostly in the riggd. There was slowing in finger
tapping but not true bradykinesia. She could walk some steps with help. The rest of the
examination was unrevealing. Follayp over the next 9 years revealed no progression

of the symptoms. She is still taking 800 mgDIOPA/daily and occasionally up to
1000/mg, when the spasms are more severe. She has no dyskinesias or further side
effects from DOPA.

Two of her siblings were similarly affected; caselis a 24 yeaold female with an
identical picture to patient-2. She was started on-DOPA at age 8 years with similar

improvement to patient 2, but significantly better improvement of the jerks. On
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examination she had similar findings to the index case, but less myoclonic jerks. Patient
II-4 is now 19 and is the yogast sibling. He developed similar symptoms at the same
age as H2 and I3, with generalized dystonia and prominent myoclonus, but he was
treated earlier on4DOPA at the age of 4. The jerks nearly disappeared. Bétlahd

[I-3 are treated with 800 mg-DOPA/daily (occasionally up to 1000 mg), with no
dyskinesias or other side effects.

The older sister, aged 29 and who has two healthy children aged 6 and 8, is unaffected.
The father (originally from Nigeria) and the mother (British Caucasian) are

asympomatic and did not show any neurological sign upon detailed examination.

Given the results of the phenyalalanine loading test and CSF analysis, a diagnosis of
GCHZ-related DRD was considered unlikely. Tim@sence of th®YT1 mutations was
excluded. Howeer, the analysis oSGCE revealed the presence of the sphite
variant ¢.3913T>C in the index case, which was interpreted as the likely cause of the
diseasdValenteet al, 2005) Therefore, when | first started working on this project, the
consensus was that this was a family with an atypical, particularly severe, form of
SGCErelated MD.

Identification of the Causative Mtation

As a detailed analysis of theegregation of th&GCE splicesite variant had not been
performed in all available family members, | first checked whether the variant
segregated in the remaining subjects (both parents, the affected brethemt the
healthy sister HL). Sequencing of the variant wagnformed using primers previously

designed and used by our own diagnostics laboratory.

Importantly,| showed thathe variant did nosegregate, being present in the father, the
unaffected sister and absent in the affected subjett RHurthermore, theariant is
reported at a MAF of 0.2786 in African subjects (as per the EXAC database), thus
completely ruling out a pathogenic role and the initial diagnosB8GEErelated MD

was incorrect.

Subsequently, based on the marke®@QPA responsiveness, we died to direct the
genetic analysis based on the clinical suspicion of a disorder of the monoamine
synthesis pathway. Although the CSF analysis was not indicative of any specific

neurotransmitter deficiency, this was performed while the patient omas-DOPA
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treatment, thus making unreliable the dosage of dopamine degradation products.

Analysis of GCH1, SPR and DCC genes did not reveal any pathogenic change.
However,TH analysis revealed that all three affected siblings carried two mutations: a
previouslydescribed point mutation (¢1 C>T) in the promoter regiqiRibasest al,

2007, Verbeelet al, 2007)and a novel missense mutation in exon 12 (c.1282G>A,
p.Gly428Arg). The chromatograms of the mutations are showigure5-12A.

& c.1-71 C>T ¢.1282G>A p.Giy428Arg
S T I ¢ |
. A ..--«*v'-‘...—_g_‘, oS

B G4 28R

Human EVKAYGAGLI , — L L H

Mouse ELK2Z2 ;A L 1 :

Rat E L K

Dog EV K

Zebrafish VIKI ‘

C.Elegans K L K

Fruitfly Q LS

Figure 5-12 Genetic results
(A) Chromatograms offH mutations identified in the present study. (B) Amino acid alignmeritbf

protein showing conservation of the p.Gly428Arg residue in different species.
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Segregation analysis confirmed that the patients were compound heterozygotes, being
the c.271 C>T mutation inherited from the mother and the ¢.1282G>A inherited from
the fathe. The unaffected sister was heterozygote for the latter mutation. The identified
mutation in the gene promoter lies in the Cyclic Adenosine Monophosphate Response
Element (CRE), a highly conserved octomer (TG3TCAA TGATGTCA) located at

74 to -68 upstreamthe transcription initial codon. The novel variant identified in
exonl2 p.Gly428Arg is not reported in the EXAC database (containing WES data from
more than 10,000 subjects of African ethnical background) and it affects an amino acid
highly conserved thrgghout species. It is consistently predicted by both SIFT,
Polyphenr2 and MutationTaster to have a deleterious effect.

5.4.5 Discussion
| report here three members of a familyrosine hydroxylase deficiency (THDyho
presented with severe myoclonus accompanied by dystonia, consistent with a diagnosis

of M-D, as the predominant feature.

It is important that this unusual THD phenotype is recognised and considered in the
differential diagnosis of eadgnset MD, asearly treatment with {DOPA is crucial for

the final motor outcome in THDWillemsenet al, 2010) This may be reflected here by

the fact that although all three patients were similarly affected before the introduction of
L-DOPA, and were subsequentlyedted with the same-DOPA dose, the motor
outcome is significantly different; the patient that was treated earlie$t 4llyears old)
showed better response with regard to both the myoclonus and the dystonia than the one
that was treated at age 9 yefrs3), and both of them showed a better outcome than the

index case (H), who was first treated at the age of 13.

Due to presence of a splisge variant iINSGCE this pedigree was initially labelled as
atypical SGCErelated MD. Whenthe variant wagirst found in this familyit was not
observed ir884 control chromosomesd herefore the variant was interpreted as likely
pathogenic and responsible for the phenotf{ymenteet al, 2005) Furthermore, L
DOPA-responsiveness has been reported beforeases with WD (Luciano et al,

2009) Hence, this feature did not put off the treating clinicians from the diagnosis.

However,in spite of itsrarity in European populationontrols (MAF in EXAC 0.001),

the variantis commonin African controls This element, together witthe complete
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analysis of the variant segregation all family memberscompletely ruled outhe

pathogenic role for the variant adcarded the initiadliagnosis oSGCErelated MD.

THD is a rare autosomal recessive, DR&condary to mutations ifiH (lwata et al,
1992, Brautigamet al, 1998) Tyrosine hydroxylase is the enzyme responsible for
catalysing the conversion of the amino acidytosine to LDOPA and therefordH
lossof-function mutations result in reduced guztion LDOPA and dopamine in

nigrostriatal neurons.

The phenotype of THD is thought to be a spectrum with overlap of clinical features
between two main phenotyp@#/illemsenet al, 2010) on the one hand, a progressive
hypokineticrigid syndrome with nset of symptoms in the first year, usually presenting

with a combination of generalized dystonia and parkinsonism and a good respbnse to
DOPA on the other a more O6compl ex enceph:
perinatal abnormalities, diurhafluctuations, autonomic disturbances and less
pronounced response IBDOPA (Willemsenet al, 2010)(Brautigamet al, 1999, De
Lonlayet al, 2000, de Rijkvan Andelet al, 2000, Diepolcet al, 2005, Zafeiriotet al,

2009, Yeunget al, 2011)

Despte the large phenotypic variability of THRNillemsenet al, 2010) prominent
myoclonus is not considered classically to belong to THD phenotype. There is one case
with O6jerksé reported, however, those pr
rigidity, spasticity, no response IeDOPA and death at the age of(Hoffmannet al,

2003)

A recent review of all genetically confirmed THD cases, revealedhmenotype
genotype correlationgdWillemsen et al, 2010) Our family showed compound
heterozgosity of a point mutation in the promoter region {€11C>T) and a novel
nornsynonymous substitution in exon 12 (¢c.1282G>A, p.Gly428Arg). Mutations in the
promoter region of th@H gene have been reported previously; mutagenesis studies in
rats and cellines clearly point out that each nucleotides substitution in the CRE of the
TH gene results in a drastic reduction of the basal transcrifitemaroff et al, 1995,
NagamoteCombset al, 1997) The c.171 C>T mutation has been found to cause a
reduction of 90% of basal transcription of the TH promdfEnti et al, 1997)allowing

a residual activity, which explains the good responde BXOPA. This variant has been

reported previously in two cases, one in the homozygous and one in the compound
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heterozygous statéVerbeek et al, 2007) The novel variant detected in exon 12
p.Gly428Arg is highly unlikely to be benign: it is absent in all publicly available
databases (over 130,000 chromosomes studied), it affects an amino acid completely
conservedhroughout species down to invertebrates, and it is predicted by slico

toolsto have a deleterious effect.

TH pathogenic variants reported up to now are often private mutations confined to
single or small number of pedigrees and, apart from armmmmutation (c.698G>A,
p.Arg233His) in the Dutch populatidqman den Heuvedt al, 1998) and one reported in
three Greek families (c.707T>C, p.L236Pponset al, 2010) no other founder effects
have been described. Congeqtly, despite most of THD timg been reported in
Western Europe, the disease is expected to occur worldWdemsenet al, 2010)

and the novel mutation described here is the first pathogéhrmutation in patients of

African ancestry.

In conclusion,THD should be included in ¢hdifferential diagnosis of earlgnset MD.
This is crucial for an early initiation of-DOPA treatment, which could influence the

motor and cognitive outcome of patients.
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5.5 Assessment bThe Role Of The CACNA1B Arg1389His

Variant In a lar ge MyoclonusDystonia Cohort

5.5.1 Statement ofContribution
| performed all the genetic analysisscribed in this chapter

5.5.2 Background

Recently Groen and colleagues identified the missense variant c.4166G>A,
p.Arg1389His (rs184841813) BACNA1Bas the likelycausative mutation in a Dutch
pedigree with five subjects affected by autosomal dominait cking mutations in
SGCE(Groenet al, 2015) Unique features in the pedigree were lower limb orthostatic
high-frequency myoclonus, attacks of limb painful crangmd cardiac arrhythmias in 3

of the affected subject&Groenet al, 2011) As CACNA1Bmutationshave not bee
identified in other unrelated pedigrees, the implication of mutations in this gene as a

cause for MD is not confirmed.

In this study, we asse=s the frequency of thEACNA1Bc.4166G>A; p.Argl389His
variant in a large multicentric cohort of-M cases without mutations BGCE.The

results of this analysis do not support a causal association between the variaADand M

5.5.3 Subjects, Materials and mehods

Patients

A total of 520 MD cases of British, German and Italian origin were recruited for this
study in four tertiary movement disordecsntres(London, Libeck, Tubingen and

Milan). This cohort is the same described in the previous chapter, with additional

samples recruited by the Tubingen centre. 146 cases (28%) had a positive family history
of M-D. 489 white healthy controls of UK and US origin were provided by the

I nternati onal Parkinsonos Di sease Genomi
provided written informed consent. Additionally, | assessed the frequency of the variant

in European cases listed in publicly available datasets of genetic variation (1000

Genomes, Exome Variant Server and Exome Aggregation Consortium).

Genetic analysis
Given the large size of the enti@ACNA1Bopenreading frame (47 coding exons) and
that only one variant has been described to date-ID, Mdecided to perform Sanger
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sequencing only of the coding exon (exon 28; RefSeq NM_000718.3), which contains
the c.466G>A; p.Argl389His variant. Primers used for this study are listed in the
Appendix.

5.5.4 Results

None of the 146 probands with familial -Bl carried theCACNAL1B c.4166G>A;
p.Arg1389His variant. Howevehe variant was detected only in a single female case of
UK origin with sporadic MD (Figure 5-13). The clinical features of this case are an
onset in her mid 30s of tremulous cervical dystonia and myoclonic jerks in the upper
limbs. She had no family history for i or any other movememtisorder. No other

family members were available for segregation analysis of the variant.

The total carrier frequency in our-B cohort, including familial and sporadic cases, is
0.19% (1/520 cases). Surprisingly, the variant was found at a similar fi@gire our
healthy controls (0.2%; 1/489 individuals). The control carrier of the variant is/a88

old male without any neurological disease and with no relevant family history of

movement disorders.

The variant was found at similar frequencies in1880 genome project (0.26%; 1/379
individuals) and Exome Variant Server (0.28%; 12/4,203 individuals) databases. In the
Exome Aggregation Consortium database, c.4166G>A; p.Arg1389His is present in 0.11%
(38/33,367) of the European subjects (differencetbMcases not signif
exact tesp = 0.4).
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Figure 5-13 Chromatograms showing theCACNA1Bc.4166G>A; p.Arg1389His variant (A) and a control sequence (B).



5.5.5 Discussion

The c.4166G>A; p.Argl389His variant was identified by Groen and colleagues
combining WES and linkage analysis (13 chromosomal regions identified, with a
maximum LOD score of 1.2) in a sirgtlominant MD pedigree. Sanger sequencing of
the CACNA1Bexons coding for the protein portion spanning fronrSiH to [IFS6 failed

to reveal other mutations in a further 47ZD/cases.

CACNA1Bencodes neuronal voltagmted calcium channels CaV2.2, whitdwve a key
role in controlling synaptic neurotransmitter releafi@euckmannet al, 2003)
FurthermoreCACNA1Amutations in the homologous region of the gene cause familial

hemiplegic migrainéCarreraet al, 1999)and episodic ataxia type(2enet al, 2001)

The CACNA1Bp.Arg1389His substitution represents therefore an excellent candidate as
a diseaseausing mutation for MD.

While assessment of eegregation with disease of the candidate variant represents the
first requirement to prove causality family-based studies, esegregation in a single
pedigree does not establish with certainty its pathogenic role, especially if other co
segregating coding variants and the possibility of a separate undetected pathogenic
variant in linkage disequilibriungannot be convincingly ruled out. This is the case in

the pedigree reported by Groen et al., where two other massense changes,
€.10355A>G; p.GIn3452Argn VPS13Dand ¢.5308C>T; p.Argl770Cys SPTAN1
perfectly cesegregated with the disease. Howewgiven the clinical presentation
pointing towards a possible channelopathy, the authors assumed that the causative
variant was the one IGACNA1B

De novomutations inSPTAN1lhave been shown to cause a neurological phenotype
(West syndrome with severe ebéral hypomyelination, spastic quadriplegia, and
developmental delay)Saitsu et al, 2010) and more recently a microdeletion
encompassin§PTANIwas detected in a child with epileptic encephalopathy and severe
dystonia(Matsumotoet al, 2014) Furthermoe, its frequency in the EXAC database is
significantly lower (2/33,360 European subjects) than @#&CNA1Bp.Arg1389His.
Therefore, th&&PTANIcould also represent a good candidate gene responsible@or M

A candidate variant responsible for a rare dised®uld be found at a low frequency in
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population controls, consistent with the proposed model of inheritance and disease
prevalence. As previously mentioned-Mis a very rare disorder with a suggested
prevalence of around 2 per million in Europ&smus and Gasser, 2010) would
therefore anticipate highly penetrant mutations causing dominant formsDotdvbe
absent or extremely rare in the general population. Yet, this is not the case for
p.Arg1389His, which is present at a considerable frequenowiirhealthy controls and

all publicly available database®@.1-0.3%). According to the Exome Aggregation
Consortium database, the carrier frequency of this variant in Europeans is ~4 times
higher than th&OR1Ac.904 906delGAG deletion (0.026%), which is by far the most
common single mutation responsible for dystonia described to (tfatente et al,

1998) Given this frequency, if c.4166G>A; p.Arg1l389His were a pathogenic variant, it
would be expected to be pEmsible for a large proportion of familial -M cases.
However, in our cohort not only was the variant not identified in any of the probands
with familial M-D, but the overall frequency of the variant did not differ betweeb M
cases and healthy controlhis does not support a pathogenic effect of the variant even

assuming a reduced penetrance.

These results strongly question the pathogenic role of GAECNALB variant
p.Argl389His as a cause for-M. Despite its compelling biological role, fitting very

well with the current themes in dystonia pathogenesis (i.e. abnormal calcium signalling),
further genetic evidence is needed before design@mwg@NAlBmutations as a cause

for dominant MD. In the era oNGS, the rate of identification of rare genetic \aantis

has hugely increased. Hence, to avoid false assignment of pathogenicity, a close

scrutiny is necessary before causally linking a candidate variant to a disease.

Groen and colleagues performed functional work (wAoelé and singlechannel patch
recoding studies) showing that the identifi€@ACNA1Bvariant affected the normal
activity of the channel (i.e. the mutant channel carried less current when. open)
However, the frequency of this variant igontrols is simply incompatible with a
dominant variahcausing a disease with an aggregate frequency of 1 per 500,000, even
if incomplete penetrance is posited. As such there is no remaining support for
CACNA1Bas a causal gene for-M.
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Chapter 6. Exploring the Genetics of Benign

Hereditary Chorea

6.1 Outline of chapter

This chapter describes the work | performed to characterise the genetic aetiology, and
where possible to identify novel genetic causes, in a cohort of patients with benign
hereditary chorea (BHCAs discussed belowyKX2-1 represents the only gene that has
been incontrovertibly associated with familial BHC.

The chapter begins with an overview on BH@Ge specific aims of the study were:
1) To define the frequency dfKX2-1 mutations in the BHC Queen Square cohort

2) To ewluate whether mutations IRDCY5,the gene responsible for the condition

Familial Dyskinesias with Facial Myokymia, are a cause of BHC

3) Identify novel genetic causes of BHC

6.2 Benign Hereditary Chorea

The termBHC was first introduced in the medical liggure in 1967. The authors

d e s cr i b-prdgressivaisgndrame of inherited childhemtset chorea with a good
outcome in the absence of an wunderl ying
members of a large autosomal dominanrgeberation Aftan American pedigree
(Haereret al, 1967) A similar presentation, with different patterns of inheritance, was
subsequently observed in a number of other fami{Mstting et al, 1969, Churet al,

1973, Birdet al, 1976, Burnst al, 1976)

A single epidemiological study in the Welsh population has tried to establish the
frequency of BHC(Harper, 1978 BHC appears to be a very rare syndrome with an
estimated prevalence of 1 in 500,000, altffo this figure is likely to be an

underestimate due to poor recognition of the syndrome.

Based on the analysis of 42 individuals with BHC reported in the medical literature
since 1967, KleineFisman and Lang outlined the phenotype of BHC. BHC is mainly
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characterized by the onset during infancy or early childhood of a choreic syndrome,
often preceded by hypotonia and delay in reaching motor milestones. Affected children
are often described as clumsy and report several falls. BHC cases, differently for
neundegenerative forms of choreas, present relatively scarce progression of symptoms
and the absence of other major neurological deficits, in particular severe mental
retardation or cognitive decline. In some families improvement of chorea can be

observed ovetime (Kleiner-Fisman and Lang, 2007)

After mapping the disease locus to chromosome(ddd/rieset al, 2000, Fernandezt

al., 2001) mutations in theNKX21 gene, encoding the thyroid transcription factor 1
(TTF-1), were recognized in 2002 as a magause for autosomal dominant BHC
(Breedveldet al, 2002) At the same time, a second independent group also identified
NKX2-1 point mutations in cases with congenital hypothyroidism and who also suffered
from choreoathetosis, muscular hypotonia, and puabny problems(Krude et al,
2002) This discovery represented a major breakthrough in the recognition and
diagnosis of this condition. To date ~190 cases and NKXP-1 mutations (both point
mutations and large deletion§igure 6-1) have been reported, allowing a better
definition and an expansion of the phenotype associated with mutations in this gene
(Inzelberget al, 2011, Graset al, 2012, Thorwarthet al, 2014). It is now well
recognized thallKX21 mutations often lead to a complex multisystem disease, defined
brainlung-thyroid syndrome, which features hypothyroidism, pulmonary defects and a
variety of neurological symptoms (including not only chorea, Hsb dypotonia,
neurodevelopmental delay, learning disabilitidsehavioural problems, dystonia,
myoclonus, tics and ataxi&jigure 6-2) (Graset al, 2012) In particular, a series of
clinical observations have consistently pointed out that dystonic features and EMG
confirmed myoclonic jerks are often present in carriefiKK2.1mutations(Asmuset

al., 2007, Armstronget al, 2011, Graset al, 2012) Importantly, as chorea tends to
improve during adulthood, myoclondystonia (MD) symptoms may become the most
prominent features in adult individuals wiiKX2.1 mutations,leading to significant

diagnostic difficulties in differentiating BHC from #d secondary t&GCEmutations.

Around 97% of cases reported in the literature present neurological symptoms, with
only a minority of cases presenting with isolated lung involveni@evriendtet al,
1998, Iwataniet al, 2000, Hamvaset al, 2013) However, it is important to

acknowledge that this figure may reflect an ascertainment bias due to selection of cases
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to be screened faNKX2.1 mutations mainly based on the presencenedirological
involvement. The two larger case series reported to date have demonstrated the presence
of thyroid dysfunction in ~70% of mutation positive cases and slightly lower frequency

of pulmonary involvemen{Graset al, 2012, Thorwartret al, 2014. The full triad of

brain, thyroid and lung involvement is observed in ~30% of patients, whereas isolated
chorea in observed in only ~20% of mutation carriers. PathodéikK2.1 are often
lossof-function and lead to haploinsufficiency. Missense mutatadfect the ability of

the protein to bind to DNAProvenzanet al, 2016)

p.S163fsX2
pP1855X250 pRI1GSW
pP18MsX 196 pLI19TP
p.R1955X32 p.F198L
PA225s X228 pL206V
p.G266del p.Y2150
p.G269_271dupGGG pL224R
p.274_280del7aa p.p233L
p.G2738X152 p.V235P
pA280fsX 161 pI237F
p.L293del pI2aTM
p.G3MMXTT p.W238L
pA306Is X350 p.Q240P
p.Q32TFSx121 p.R243S
P.H3491sX90 p.R243P
p.Q3STsX24 p.P291L
p.Y 116850323 p.S368fsX67 pA3SY
p.P1296sX307 p.G174C p.T389fsX52 [
I p.X402RextX63
NKX2.1 Exon 1 Exon 2 Exon 3
|
T 1
p.Y98X p.S175X
p.Q107X p.5199X
p.Y116X p.Y204X
p.C17X p.E205X
pW143X p.R208X
p.Y 144X C.463+1_463+4del pK211X
CAB3+1G>A p.S217X
C464-9C>A p.Y244X
CA64-1G>A p.Q249X
C464-2A>C p.Y387X
CA64-2A>T
C.464-2A>G

Figure 6-1 Schematic representation oNKX2-1 point mutations reported to date.
Reproduced from (Peall and Kurian, 2015)



NKX2.1is a transcription factor gene essential for a correct early development of lungs,
thyroid, and forebrain regions, in particular the basal ganyka2-1 is expressed in
brain, especially in striatal cholinergic neurons. Pathological analysiseircase with
genetically confirmedNKX21 associated BHC showed normal gross macroscopic and
microscopic appearances, though with reduced count of striatal internéiieimer-
Fismanet al, 2003, KleineiFismanet al, 2005) In mice, homozygouslkx21 gene
deletion results in a lethal phenotype, featuring pulmonary hypoplasia, absence of
functional thyroid tissue and complex malformations of brain structures, including the

basal gangligKimuraet al, 1996)

Clinical Spectrum

of Benign
Hereditary
Chorea

Lung
Neonatal/Infant respiratory
distress syndrome

Recurrent pulmonary infection
Obstructive airways discase
Chronic interstitial lung discase

Congenital hypothyroidism
Thyroid agenesis

Other associated features
Malhignancy

Urinary tract abnormalities
Hypo-/Oligo-dontia

Short stature

Webbed neck

Joint hypermobility
Hypoparathyroidism
Sensonneural hearning loss
Skeletal abnormalities

Brain
Hypotonia

Motor developmental delay

Chorea, Myoclonus, Dystonia, Ataxia
Dysarthria

Cognitive impairment

Psychiatric iliness: ADHD, OCD, psychosis

Figure 6-2 Clinical features described in cases withiIKX2-1 mutations
Reproduced fronfPeall and Kurian, 2015)
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Importantly, a significant number of BHC families do not carry mutations affecting the
coding sequence oNKX21. Breedveld et al. failed to demonstrate linkage to
chromosome 14 in four dominant BHC famili®reedveld et al., 2002 Bauer and
colleagues did not identifNKX21 mutations in 18 patients with chorefwmknown

origin, including the index cases of three families with dominant benign clidaeer

et al, 2006) Genetic linkage analysis mapped an alternative disease associated locus on
chromosome 8 (8921-&23.3; locus named benign hereditary chored8RIC2) in two
unrelated Japanese families with autosomal dominant-pragressive chorea
(Shimohataet al, 2007). However, the clinical phenotype in these pedigrees differed
from that of classic BHC, as the disease onset was in adult years and not in childhood.
Finally, Thorwarth and colleagues recently completed an extensive clinical and genetic
study in a largecohort of 101 cases with suspected BHC cases, clinically ascertained
based on the presence of a variable combination of chorea, thyroid and lung
disturbances. They identifiddKX2-1 point mutations in 17 cases and large deletions in

10 casegThorwarthetal., 2014) Of 74 cases withollKX21 mutations, 15 presented

the full triad of brairthyroid-lung involvement, 34 had brathyroid involvement and 8
brainlung involvement (Figure 6-3), suggesting the existence of variantsNiKX2-1

enhancer and/or promoter region or mutations in other yet unknown genes.

Genotype screening analysis (n=101)
Mutation detected (n=27) No mutation detected (n=74)

Brain Thyroid Brain Thyroid

Lung Lung

Figure 6-3 Brain, thyroid and lung involvement in index patients and family members, with and
without NKX2-1 mutations, in the largest cohort of Benign Hereditay Chorea cases screened to
date

Reproduced fronfThorwarthet al, 2014)
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Intriguingly, 2 of the deletins detected in BHC cases were neighboring but not
including the NKX2-1 coding region. One deletion was de novo, while the other
segregated in a large pedigree with chorea of dominant inheritance. This finding
confirms previous isolated observations ofarthosomal deletions neighboring but not
including NKX2-1 in 2 other BHC casefBarnettet al, 2012, Daleet al, 2012) The
pathogenic mechanism of such deletions is currently not clear. The deletions may
remove essential regulatory elements downstreanNKX21 and critically affect
NKX21 gene expression. The only coding gene encompassed by all deletions not
NKX2-1 reported to date iSIBIP, which encodes MAP3K12 binding inhibitory protein,

a histone acetyltransferase complex involved into chromatin matidhs(Suganuma

et al, 2010) In situ hybridisation of MBIP in early mice embryos revealed the same
expression pattern MKX2-1, including the basal ganglia, forebrain, thyroid and lung,
making MBIP a plausible cause of MKX21 deficiency like phenotye (Thorwarthet

al., 2014)
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6.3 NKX2-1 Mutational Analysis in the Queen Square Benign
Hereditary Chorea Cohort

6.3.1 Statement of ntribution
All participants to this study were clinically characterized and diagnosed by Professor
Niall Quinn and Professor Kasga P. Bhatia. Dr Liana Veneziano and | performed the

NKX2.1mutational analysis.

6.3.2 Background

The Queen square cohort of BHC, consisting of ten families (7 dominant and 3
recessive) and four sporadic cases, was first characterised and published in 2000
(Schrag et al, 2000) before the identification dNKX2-1 mutations as the underlying
genetic cause of BHC. Surprisingly, a systematic mutational analy$ikX-1 was

never performed. In this section, | describe fieX2-1 analysis performed in the BHC

Quea Square cohort.

6.3.3 Subjects, Materials and Methods

Selection of cases for the project
Of the 14 cases reported by Schrag and colleagu¢4, viias available for only seven

subjectdfive familial and two sporadic cases).

A search of the NHNN Neurogenetics dsae revealed an additional 16 cases,
recruited after the publication of the initial series, with a clinical description consistent
with BHC. These cases were clinically diagnosed as BHC based on the presence of a
movement disorder, with onset prior to thge of 20, predominantly characterized by
chorea in the absence of other major neurological features. In partiooer of the
selected cases presented significant cognitive decline. Amongst these six had a positive
family history for a similar disorderconsistent with an autosomal dominant
transmission, whereas ten cases were sporadic. In total, 23 cases (11 familial cases and
12 sporadic) were included in the study. Amongst these, four familial cases and one
sporadic case had evidence of exteamral nvolvement, namely thyroid and lung

defects.

All these cases had been extensively investigated for acquired causes of chorea, without
reaching a conclusive diagnosis. All cases had previously tested negative HD the
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triplet repeat expansion. Furthermorgiven the reported clinical overlap with
MyoclonusDystonia, all cases had been screened SGCE mutations and were
negative. All cases included in this study were recruited at the Movement disorder
center of the National Hospital for Neurology and Neurgery, Queen Square, London
and had given written consent and formal ethical approval by the relevant research

ethics committee.

Genetic Analysis

| performed direct Sanger sequencing of MkX21 coding exons (3 coding exons;
transcript ENST0000035482# all 23 BHC cases, as described in the Materials and
Methods section. MLPA analysis to deteblKX21 copynumber variants was
performed by Dr Liana Veneziano at the Institute of Translational Pharmacology in

Rome.

6.3.4 Results

NKX2-1 mutational analysis

This analysis revealed a total of five different heterozygekiX2-1 mutations in five

out of 23 BHC cases (21.7%). All mutations were found in cases with familial
autosomal dominant BHC (5/11; 45.4%). The identified mutations were a missense
mutation (c.05A>G; p.GIn202Arg), two STORjain mutations (c.622C>T;p.4§208*

and c.817A>T; Lys241 one splicesite mutation (c.463+1G>C;p?), and one intronic
variant (c.46424A>C). Two point mutatins (c.463+1G>C and p.Arg208have been
previously described in BHCases and are therefore established pathogenic variants,
whereas the other variants are reported here for the first time. All variants are absent in
all publicly available datasets (including EXAC). Segregation analysis supported a
pathogenic role for allhe identified variants as they were all found in other affected
family members (see below). The missense change GIn202Arg is predicted pathogenic
by Polypher2, SIFT and MutationTaster, and affects an amino acid completely
conserved down to invertebrat@he effect of the two intronic mutations on splicing

was evaluatedh silico using Human Splicing findemhftp://www.umd.be/HSF3/ The

software predicted a highly detrimental effect for the c.463€1G>. broken wild
type donor site, most probably affecting splicing). Converselyjrithglico prediction
tool did not highlight any significant splicing motif alteration determined by the €.464

24A>C variant, suggesting that this mutation may not hewe impact on splicing.
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However, the variant segregated in other two affected family members and is
completely absent in all publicly available datasets. As we did not have access to RNA
to test experimentally the effect of the mutation on splicing, thigoganic role of this

variant remains uncertain.

Transmitted andde novolarge deletions neighbouring, but not encompassing, the
NKX21 coding region have been recently described in cases with familial and sporadic
BHC (Thorwarthet al, 2014) Thus, all ases withoulNKX21 point mutations or large
deletion were genotyped using a dense array HumanOmni 2.5 (lllumina). However, no

deletions were detecteBiQure6-4).
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Figure 6-4. Array data of patient with BHC showing no deletionseither encompassing or neighbouring th&NKX2-1 locus
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Clinical presentations of cases with NKX2mutations
Family-1

This pedigree has been reported befétebinson and Thornett, 198&nd represents

family 7 in the paper of Schrag and colleagues.

The proband, aged 46 when last examined, is the product of a normal pregnancy and his
birth was uncomptiated. His motor milestones were delayed and as a child he suffered
with several falls per day. He developed involuntary movements and upper limb jerks
early in childhood, which progressed until age 11. After that, the movement disorder
began to improve. Wen last assessed, the involuntary movements would still represent
a source of social embarrassment, but they were not functionally invalidating. He had
no cognitive difficulties. On examination he had generalised dystonia affecting the face,
hands and fdag with supefimposed myoclonic jerks, mainly distributed in the upper
body. He had a dystonic gait. Dystonia dramatically improved with a small dose of
trihexyphenidyl (4 mg/day) combined with a small dose -@QPA (600 mg/day), with

an almost completeesolution of symptoms.

His son, who carried the same mutation, reported a similar medical history, with delayed
motor milestones, frequent falls in childhood and an onset of the movement disorder
very early in life. On examination, at age 22, he displayskeralised chorea, frequent
stutter and gasps. He was not on any treatment when last assessed. Nobody else in the
family was affected. The available medical notes did not mention any lung or thyroid

involvement. Both cases carried the pathogenic splieeraitation c.463+1G>C.

Family-2
This family represents family 8 in the paper of Schrag et al. Thige8Bold woman

was the product of a normal pregnancy and delivery. She had delayed reaching of motor
milestones, with walking independently only at r&gd&% years. As a child she would
have multiple falls per day and she was clumsy and poorly coordinated. She was unable
to run or ride a bicycle. Involuntary movements appeared at a very early age and these
would affect mainly lower limbs, making her balangvorse. Over the years the
condition worsened, forcing her to use a wheelchair outdoors to prevent falls. Due to the

presence of significant learning difficulties she had to attend special schools.

Her examination showed mild jerky choreic movements tffg¢he face, the trunk and
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the four limbs. Her speech was slurred, but the rest of the cranial nerve examination was
unremarkable, including eye movements. There was mild posturing of hands and feet.
Gait was choreic with superimposed elements of ataki#ial of L-DOPA up to

600mg/day was not beneficial and therefore trihnexyphenidyl was prescribed, though no

i nformation about the response to this t|

She carried the pathogenic mutatmpArg208* which was alg carried by her similarly
affected mother and brother.

Family-3

This family represents family 10 in the paper of Schrag and colleagues

Unfortunately, | was not able to retrieve any relevant clinical information for this
pedigree. The pedigree consiststwb siblings and their mother, all affected. They all
had onset of symptoms in the first two years of life and all had delayed motor
milestones and experienced many falls per day during childhood. Intellectual
functioning was reported to be low averagee Thsease symptoms slightly improved
with age in all family members. They all carried the intronic variant e4@¥%>C, of

uncertain clinical significance.

Family-4

The proband is a 49ear old lady born via an uncomplicated delivery after a normal
pregna c vy . She was a o6fl oppyd6 baby. Her mot
independent walking. At age 2 she was diagnosed with cerebellar ataxia. She
experienced lifelong balance problems and, at around age 16, the balance worsened due
to the appearamecof choreic movements. Benztropine was then started resulting in
improved symptoms. Hypothyroidism was diagnosed around age 40 and treated

successfully with levothryoxine. She took no medications for the movement disorder.

On examination, her gait was iy ataxic and she had clear chorea and dystonic
movements of her head and shoulders and dystonic posturing of the hands while
walking. Eye movement examination revealed ocular apraxia with difficulty initiating
saccades, broken pursuit movements, hypoms#iccades and gaze impersistence. She
had mild dysarthria. Here daughter was also affected and both cases carried the

p.Lys248* mutation, which was not found in her parents, brothers and sisters (all
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unaffected). After identifying th&KX2-1 variant in his case, | was informed that a
genetic diagnosis had actually already been reached and the clinical description of this
case had already been publisifeeneziancet al, 2014)

Family-5

This case, aged 35 when last assessed, was born 3 weeks premature and initially fed
with difficulty. She had a chest infection as@wbornand her initial motor milestones

were delayed. Twitching choreic movements in here limbs were noticed sincenliyth a

as soon as she started walking, she began to experience several falls per day. Her
symptoms gradually improved with age. On examination she had a mix of chorea and
dystonic posturing affecting the four limbs. She was not taking any medication for the
movement disorder. Her daughter was similarly affected and both carried the novel
missense changeGIn202Arg.

6.3.5 Discussion

While several studies are available in the literature describing ~ 200 BHC cases caused
by NKX21 mutations (recently reviewed [edl and Kurian, 2015])surprisingly few
studies have systematically assessed the contributiNKX¥21 mutationsin cohorts of

clinically defined BHC cases.

In this chapter | report the results of a detailed screeningkof2-1, by means of
Sanger sequeing and MLPA analysis, of the BHC Queen Square cohort. All these
cases fully met the current clinical definition of BHC, as they all presented in childhood
with a nonacute onset, predominantly choreic, movement disorder, which was scarcely
progressive ahdid not include prominent additional neurological features, in particular
cognitive decline. As dystonia, in combination with chorea, has been observed in
genetically proverNKX2-1i mutation caseé~unget al, 2006, Armstronget al, 2011)

this featuravas not cosidered as an exclusion criterifor the study.

The study included both familial and sporadic cases as it has been recently shown that a
high proportion of mutated cases carry de novo mutations and therefore the absence of a
positive family hisory should not excluded a diagnosis MKX2-1irelated disease
(Graset al, 2012) All sporadic cases had all been extensively investigated for acquired

causes of chorea.

Importantly, | show that only five out of 23 BHC cases carried variants in the Aine.
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cases had a positive family history for the condition and mutations were shown to
segregate in additional affected family members, strongly supporting their pathogenic
role. Four of the five identified mutations are either established pathogeniceshang

are clear los®f-function variants, and therefore pathogenic by definition. More
controversial is the role of the intronic variant found in family 3inasilico tools did

not predict an obvious effect on splicing and | did not have access to pasked RNA t
establish experimentally the effect on splicing. However, in support of its pathogenic
effect, the mutation is completely absent in all publicly available datasets and
segregated in the three available family members. Furthermore, the relepointtonic
mutations in Mendelian diseases is increasingly recognisé&dan et al, 2015,
Stepensket al, 2016)

Although the yield of mutation positive cases (21.7%) of this study could look
surprisingly low, it is actually in line with what has beeported by other groups. In
particular, Thorwarth and colleagues have recently completed an extensive clinical and
genetic study in a large cohort of 101 cases with clinically suspected BHC cases and
found that 74 cases (73% of the cohort), of which fésented with the full triad of
brainthyroid-lung involvement, actually did not carry mutationdNKX2-1 (Thorwarth

et al, 2014) Similarly, in our cohort, three out five cases with bityroid-lung
disease, two of which with a clear autosomal dominant family history, did not carry
NKX21 point mutations or deletions, or the recently described deletions of the
chromosomal regioneighbouringNKX2-1. These results clearly indicate the existence

of either undetected variants NKX21 (e.g. in the enhancer and/or promoter region or
deep intronic mutations) or mutations in other yet unknown genes that critically interact
with NKX2-1 for the correct development of striatal neurons and of thyroidal and

pulmonary tissues.

Interestingly, part of this cohort (and threeNKKX2-1-mutated cases; family 1,2, and 3)
had been reported back in 2000, before the discoveNK&2-1 mutations(Schiag et

al., 2000) While all three families had at some point been labelled as affected with
typical BHC, several cases from all three families, when clinically reappraised for the
paper of Schrag and colleagues, werasgigned to other diagnostic categsy such as

M-D or generalised dystonia. This element clearly suggests the difficulty of recognising
genetic entities on clinical grounds alone. Furthermore, it highlights the broad clinical

heterogeneity associated with mutationslKx2-1.
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In conclusion while the term BHC is often used to imply the presencéNidikK2-1
mutations, a significant number of sporadic cases and families with BHC do not carry
mutations in this gene. FurthermoMKX2.Emutated cases can frequently present with

movement disordermsther than chorea.
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6.4 ADCY5 Mutational Analysis in a Cohort of Benign

Hereditary Chorea Cases

6.4.1 Statement of @ntribution
| performed all the genetic analysis described in this section.

6.4.2 Introduction

In 2001 Fernandez and colleagues described a North Amé&rganeration pedigree of
German origin with 18 members affected with a childhondet autosomal dominant
movement disorder. The clinical presentation in this family was that of a hyperkinetic
movement disorder featuring predominantly chorea and dystovidving the limbs,
neck, and facePerioral and periorbital twitching was also obsernradsome family
membersand needle electromyogram (EMG) in two individuals revealed what was
initially thought to be myokymia(Fernandezet al, 2001) The disease was

consequently named Familial Dyskinesia with Facial Myokymia (FDFM).

In 2009 the disease locus was subsequently mapped to chromosom&q3mh21l
(Raskindet al, 2009) but only recently Chen and colleagues identified using WES a
missense variant IADCY5,encodingadenylcyclase §AC5), as the causative mutation
(Chenet al, 2012) Prior to the identification of facial myokymia as one of the core
features, individuals from the original FDFM kindred had been described as affected
with familieadi gensos)é€Bird &t @l E9@6)Hence, given the large
phenotypic overlap between FDFM and BHC, | hypothesisedAB&lY5 mutations
could be responsible for BHC in cases lacking mutatiomlKiK2-1.

| therefore performed a mutational analysisA@ICY5in the Queen Square cohort of
NKX21-negative BHC cases and in a second cohoRKX21-negativeBHC cases of

Italian origin.

6.4.3 Subjects, Materials and Methods

Samples

The eighteen BHC cases that did not caMkX2-1 mutations (see previous section),
including six with an autosomal dominant family history and 12 sporadic, were initially
selected for this study. An additional cohort of 35 cases of Italian origin, clinically

di agnosed by Prof Nardo Nardocci 6s and
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stud e d . Dr Liana Veneziano and Dr Bar bar a
performed theNKX21 analysis in the Italian cohort, including Sanger sequencing and
MLPA analysis.

Genetic Analysis

WES was performechiten of the BHC cases. Casesre prioitised for WES if they

had an autosomal dominant family history (five cases) and/or an age at onset < 10 years
(five cases), assuming that a genetic aetiology would be more likely for these cases.

In the Queen Square BHC cohort, the searchAIDCY5 mutatons was performed
either by interrogating WES data or by Sanger sequencing #&DI/'5coding region
(21 exons; transcript ENST00000462833). As WES poorly covered exon 1 due to its
high GC content, Sanger was used to sequence exon 1 in all casesinggeefion

revealed that all other exongreadequately covered by WES.

In the Italian cohort screened by Sanger sequencing &ICY5exons 2 and 10. This

strategy was undertaken as these two egomsikely to represemhutational hotspots.

WES andSanger sequencing were performed as described in the Materials and Methods
chapter. The primers used to amplify the coding exons and splice skd3CX5are

listed in the appendix.
Segregation analysis was performed in all available relatives of mufastivecases.

Expression Pofiling of ADCY5 and NKX21 in Brain Tissue

Brain ADCY5and NKX2-1 mRNA regional distribution and expression in the normal
adult human brain and longitudinal expression changes during the course of human
brain development were determined using microarray analysis of humamaastn

brain tissue from the UK Human Brairxiession Consortium and the Human Brain

Transcriptome database, as previously detailed in the Materials and Methods chapter.

6.4.4 Results

Genetic Analysis
The search for mutations in the entkBCY5coding region in the Queen square BHC

cohort revealed thergsence of five different heterozygous mutations.

The ¢.1252C>T; p.Arg418Trp variant was identified in two unrelated cases. This amino
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acid change has been previously reported in association with KBR&het al, 2014)

and is absent in all publicly avable datasets of population controls (dbSNP,
1000genome project, NHLBI exome variant server and Exome Aggregation
Consortium). Allin silico prediction tools (PolypheB, SIFT and Mutation Taster)

consistently predict a deleterious effect of the mutation.

Another missense variant (c.2117C>T,; p.A706V) was detected in the index case of a
pedigree with autosomal dominant BHC (brhing-thyroid syndrome). This variant is

novel, as it is not reported in any of the databases of genetic variations.

The variantwas predicted benign and tolerated respectively by Polyphemd SIFT,

but disease causing by MutationTaster. Segregation analysis in the family showed that
the mutation was absent in the affected mother and was inherited by the unaffected
father, thus rling out any pathogenic relevance. Arorodi ng vari ant i n
(c.1:5G>C; rsb66725675) together with the missense variant ¢.29C>T; p.P10L
(rs143905423) (phase of the mutation not know) wkyeected in a sporadic case of
African ancestry. The phasef the two mutations is not known. Both variants are
reported withdMAF O 1% i n contr ol individuals of |,

EXAC, thus excluding a pathogenic role.

In total 2/18 probands (11.1%) from the Queen Square cohort carried pathoge
ADCY5variants, both located in exon 2.

The analysis of exons 2 and 10 in the Italian BHC cohort revealed that three probands
(3/35; 8.5%) carried pathogen&DCY5 missense mutations, all involving the same
amino acid residue, Arg418. The variant cA@5T; p.Arg418Trp, the same change
identified in the two Queen Square cases, was also found in one Italian sporadic case.
Two novel variants, ¢.1253G>Ap.Arg418GIn and ¢.1252C>Q(.Arg418Gly were

found in a sporadic and in a familial case, respectivetyh Bariants are absent in all
publicly available datasets and are predicted pathogenic by Polgph8HT and
MutationTaster.

Clinical Presentations of Cases with Pathogenic ADCY bitisitions
Clinical information of the patients with pathoge®ADCY5mutaions identified in this

study is summarized ifable6-1.
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Family-1

The clinical description of this pedigree has been previously published in 1981, as part
of a report describing a series of families with benign {paroxysmal) familial chorea
(Sleigh and Lindenbaum, 198I)he index case is a British -3@ar old man. His birth

and early development throughout infancy were normal. In the first year of life he
progressively developed brief choreic movements at rest, involving the face and the four
limbs. Movements were markedly worsened by excitement, stress or tiredness. Around
the age of 18 he also developed painful spasms of the four limbs, particularly frequent
and severe upon awakening. Symptoms progressed over the years and neurological
examindgion at the age of 28 revealed dysarthric speech and severe abnormal
involuntary movements comprising generalized chorea with facial grimacing and
marked dystonic features. Both chorea and dystonia were present at rest, but action
significantly exacerbatechovements in the limbs. Eye movements were abnormal with
gaze impersistence and use of head thrust to initiate saccades. Gait was unsteady with
both choreic and dystonic features, but cerebellar testing was otherwise normal. He
never displayed facial mygknia and EMG of periorbital and perioral regions failed to
show either myokymia or other signs of motor neuron hyperexcitability. Over the years
different medications were tried without major improvements, including
trihexyphenidyl, tetrabenazine, baclofénRDOPAand clonazepam. He is currently on a
combination of trihexyphenidyl (3 mg/day) and tetrabenazine (75 mg/day), which he
finds helpful in reducing the intensity and frequency of the spasms. Hyga4old

father also developed hyperkinetic movensentthe first year of life. His neurological
examination mainly consisted of generalized chorea, but no dystonic posturing. Overall,
his <c¢clinical presentation was much mild
examination he had marked ocular and matapersistence and tandem walking
difficulties. Cerebellar testing was otherwise normal. At the last fellpywwhen he was

61, occasional twitches were observed in the periorbital areas, but an EMG performed
on the same day did not show myokymia. A lovge of tetrabenazine was tried but was

not tolerated due to the developed of depression. He is currently taking trihexyphenidyl
(7.5 mg/day), with satisfactory control of the dyskinesias. Higher doses were not
tolerated due to the occurrence of cognitiiffiadilties. There was no history of
movement disorders in other family members, including both paternal grandparents of

the index case.

215



The heterozygousDCY5c¢.1252C>T; p.Arg418Trp mutation was found by WES and
confirmed by Sanger sequencing in subjetll However, Sanger sequencing
surprisingly failed to detect the mutation in the affected fathigu¢e 6-5). Mosaicism

has been previously reported in patientthvnild presentation of Mendelian disorders
(Beichtet al, 2013) We therefore suspected that Sanger sequencing might have missed

the mutation in the father due to layrade somatic mosaicism.

As nextgeneration sequencing has been shown to be a ma@#isemethod to detect

this type of mutations(Beicht et al, 2013; Miyatake et al, 2014) WES was
subsequently performed also in subjeet.linterestingly, this disclosed the presence of

the mutated allele in 9/110 of the sequence reads (~8% verBYs indis sonfigure

6-5), confirming the presence of lelevel somatic mosaicism. This suggests that the
mutation arose in the father during early stages of embngsigSanger sequencing
analysis showed that the unaffected mother and sister of the index case did not carry the

mutation.

Family-2

This is a 22yearold man of Pakistani ethnicity. He is the son of a consanguineous
marriage (parents are first degre@isios) and he is the first of four siblings. He is the
only affected member in the family. He had delayed motor milestones with walking at
approximately 20 months. Since then his gait has always been abnormal, being mainly
characterized by arching of theutk, walking on tiptoes and inversion of both feet.
Around the age of 2 he developed constant involuntary movements involving all four
limbs and trunk, which became progressively more evident over the years. Movements
were largely exacerbated by stresdananxi et y. Around the age
of violent hyperkinetic movements and painful spasms of all four limbs, mainly
occurring at night. A polysomnographic study performed to investigate their nature
excluded any epileptic activity and shalvthat the attacks occurred when the patient
was awake. Neurological examination showed he had moderate generalized chorea at
rest, and intermittent distal dystonic posturing in the four limbs. The hyperkinetic
movements were dramatically increased byoactiGait was unsteady, but cerebellar
testing was otherwise normal. Cranial nerve examination showed ocular impersistence
and frequent facial choreic movements were also observed. The patient declined an

EMG of the facial muscles.
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He is currently taking tnexyphenidyl (30 mg/day) and tetrabenazine (50 mg/day),

which partially reduced the intensity of the dyskinesias and the frequency of the spasms.

WES and subsequent Sanger sequencing analysis showed the presenceDdsl Ybhe
€.1252C>T; p.Arg418Trp change the heterozygous state in the affected. The mutation
wasde novg as Sanger sequencing showed its absence in both healthy parents and in

the three unaffected siblings.

Family-3

The proband is a yearold Italian girl born preerm (38" week) from healthy parents.

She presented with psychomotor delay and could walk independently at around age 3.
At age 4, she developed a generalized hyperkinetic movement disorder featuring a
combination of chorea and dystonia, which made ambulationcuiffiand caused
frequent falls. Pyramidal signs were present in the lower limbs together with a bilateral
foot dystonia, requiring splints and regular botulinum toxin injections. Since the first
months of life, this patient presented severe paroxysmalewmg of chorea upon
falling asleep, which could happen in clusters df02attacks lasting up to 30 seconds
each with spontaneous remission. In addition, she later presented two different kinds of
paroxysms, one occurring mainly during sleep (generaligesionia and dyskinesias

with facial grimacing and no sleep interruption, with onset around age 4), and one
during the day (multiple sudden falls due to givay of legs without premonitory
sensation, with onset around age 11). All the types of attaclesfaxsrred by tiredness

and emotions, but no clear triggering factors were reported.

Examination at age 14 showed generalized chorea involving also the perioral muscles,
upper and lower limbs dystonic posturing and fixed dystonia (in turning and plantar
flexion) of the left foot. Scissoring gait with pyramidal signs in the lower limbs were

present and speech was markedly dysarthric.
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Figure 6-5 Pedigreeand genetic results of family 1
On the left the visual output of the WES data and Sanger sequencing results in the affected individuals caprgirgg 183 rp mutation. In the top section of each box the read
depth of the exonic portion &DCY5involved by the mutation is shown. Inetlbottom part of each box, samples of the reads carrying the mismatching allele are displayed. The
mutant T replacing a C is highlighted in red. Sanger sequencing failed to show the mutation in inditidual Il
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Overall, the severity anovement disorder was reduced as compared to infancy, and so
was the frequency of nocturnal paroxysms; however, diurnal paroxysms were very

disabling and could occur several times per day. She was on Trihexyphenidyl 32 mg/day.

Sanger sequencing showed sloarried the p.Arg418Trp change, which was

demonstrated to be de novo.

Family-4

The proband is an Igearold boy of Italian origin born from healthy parents. He
presented with delayed motor milestones and a tendency to tiptoe walking around the
age of 18months. Since his first months of life, nocturnal paroxysms characterized by
generalized dystonia with inconsolable crying, lasting for hours, disrupted his sleep.
During infancy he developed generalized chorea and myoclonic jerks also involving
facial muegles. Episodic worsening of dyskinesias without specific triggers
accompanied by hyperventilation was noticed during childhood with a weekly
frequency. Examination at age 17 showed generalized asynchronoustimolos
sensitive myoclonic jerks at restjlddysarthria, scissoring gait with pyramidal signs in

the lower limbs and dystonia of upper limbs and the trunk. Diurnal and nocturnal
paroxysms were still present, albeit at a decreased frequency (one episode per year).
Overall no progression in the ity of his movement disorder was noticed as
compared to infancy, though choreic movements decreased and myoclonic and dystonic
aspects became more prominent. He carried the podrj418GIn substitution, which

was not found in both his parents and themeconfirmed to be a de novo mutation.

Family-5

The proband is a-gearold-boy of Italian origin. He was born normally after a normal
pregnancy. Generalised choreic and myoclonic movements appeared in the first months
of life. Motor and language develm@nt were severely delayed. He is currently able to

sit, but not to stand without support. The neurological examination showed axial
hypotonia, diffuse chorea and myoclonic jerks and dystonic posturing in the four limbs.

A tendency to tiptoe walking was teal. A trial with trihexyphenidyl was unsuccessful.

His father, currently aged 47, is affected with generalised dystonia mixed with choreic
elements, started around age 3. Differently from his child, his motor and language

development were entirely normale presented frequent facial twitches and severe
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dysarthria. The dyskinesias are markedly worsened by action, emotions and stress.
Paroxysmal episodes of severe and painful dyskinesias are triggered by strong emotions
and sleep. Several pharmacologicaal$ (including trihexyphenidyl, IDOPA and

tetrabenazine) were ineffective. Both father and son have recently started a therapeutical

trial with acetazolamide.

Both cases were found to carry the novel chapgeg418Gly. Interestingly visual
inspection dthe chromatograms shows an imbalanced ratio between theypwddand
the mutated allele, with the latter significantly less represeitigirg 6-6). This was

not observed in the son, suggesting that the father could be mosaic for the mutation.

‘| Family-5

Figure 6-6. Pedigree of family 5 wih the novel Arg418Gly mutation
The electropherogram of the affected father cleshigws an unbalance ratio between the \yjijge and
the mutant allele (top panel), with the wilghbe significantly more represented and suggesting somatic
mosaicism. This was not observed in the proband where the chromatograms of the normal and mutated
allele are equivalently represented (bottom panel).
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Table 6-1 Clinical features of cases with pathogeniéDCY5 mutations

FaI\:rgltI%/-elr i Family-1 Son Family-2 Family-3 Family-4 Family-5 - Father Family-5 - Son
Ethnic origin UK-Caucasian| UK-Caucasian UK-Pakistani Italian-Caucasian| Italian-Caucasian | Italian-Caucasian| Italian-Caucasian
Age at onset (y) 1 1 2 4 1 3 1
Age at 64 36 22 14 18 47 2
examination(y)
€.1252C>T; _ _ _ i €.1252C>G; .
Mutation p.Arg418Trp €.1252C>T; €.1252C>T; €.1252C>T; €.1253G>A; Ara418GI €.1252C>G;
(low-level p.Arg418Trp p.Arg418Trp p.Arg418Trp p.Arg418Gin P-Arg2Lo0Lly p.Arg418Gly
. (mosaicism)
mosaicism)
Symptoms at Chorea and lower \_/iole_nt . .
Chorea Chorea . ; dyskinesiasipon Chorea, dystonia | Chorea, dystonia| Chorea
onset limb dystonia .
falling asleep
Dev_elopmental Normal Delayed Delayed Delayed Delayed Normal Delayed
milestones
Dysarthria No Yes Yes Yes Yes Yes Not applicable
Facial dyskinesias Yes Yes Yes Yes Yes Yes No
Yes, severe and
. worsened by Yes, severe and . Yes, worsened by
Chorea Yes, mild X worsened by Yes Yes, mild R Yes
action and . 4 action
. action and anxiety
anxiety
Dystonia No Yes Yes Yes, severe Yes, Yes, severe Yes




Gaze Gaze Frequent myoclonid
impersistence | impersistence, idal si . kq yoclo |
Other features | difficulty difficulty _ Gaze _Pyramidal signs | jerks and pyramida No Severe language
initiating initiating impersistence | in the lower limbs| signs in the lower development
saccades saccades limbs
Ballistic - . - . .
episodes and Ballistic episodeg Ballistic episodes Triggered by Triggered by stresd  Triggered by
Paroxysmal event: and spasms upo| and spasms at | sleep, favoured by No
spasms upon awakening night emotions and sleep stress and sleep
awakening
Mild difficulty | Abnormal due to| Abnormal due to Dys:‘;mf d‘;‘d Mildly affected
Gait on tandem lower limb lower limb fea’ges frequent with dystonic Dystonic Not applicable
walking choreoadystonia - 1€

choreadystonia

falls

features
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Brain expression data
In order to investigate the diffences in the phenotype and clinical course between
BHC due toADCY5and NKX21 mutations, the expression of the two genes across

multiple brain regions and during the course of development was compared.

Consistent with the observed phenotype, mainly characterized by chorea and dystonia
with preserved cognition and no other major neurological features,Ala@Y5and
NKX21 mRNA expression profiling in 10 brain regions showed the highest regional
expressia in the putamenHKigure 6-7 and Figure 6-8). When comparindADCY5to
NKX21 expression,ADCY5 had a much higher expression in ddsktriatum.
Furthermore, longitudinal analysis of mMRNA expression during brain development
showed opposite trends fADCY5andNKX21, with ADCY5expression progressively
increasing in the striatum from 50 to 500 days {mostceptualization antNKX2-1
progressively decreasingrigure6-7 andFigure6-8).

6.4.5 Discussion

| report here th results of theADCY5 mutational analysis in a cohort &fKX2-1
negative BHC cases and show that transmitted dgedovoheterozygousADCY5
mutations are an important cause of familial and sporadic BHC. Overall, in this study

pathogenic mutations were médied in 5/53 (9.4%) of cases.

The heterozygous mutatignAla726Thr inADCY5was identified as the genetic cause

in the original FDFM pedigreéChenet al, 2012) The presentation of the affected
members of this family was that of a hyperkinetic chadgstonic movement disorder
starting from early childhood to late adolescence. A distinctive feature of this disorder
was initially thought to be the presence of mneent periorbital and perioral facial
myokymia (Fernandezet al, 2001) After the identification of ADCY5 as the
responsible gene in the original FDFM pedigree, the same group identified a second
pathogenic missense variantADCY5(c.1252C>T; p.Arg418M), which occurredle

novo in two unrelated individuals with a sporadic complex hyperkinetic movement
disorder(Chenet al, 2014) The phenotype of these cases shared some features with the
original FDFM pedigree, but it was more severe and further egpassed delayed

motor milestones, axial hypotonia and progressive gait difficulties in one case.
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Figure 6-7 Graphical Summary of ADCY5Brain Expression Data
On the left box plots represemgj ADCY5mRNA expression levels. The expression levels are based on exon array experiments and are plotted on a log2 scABQY axis).
MRNA expression is higher in the putamen than in all other brain re@nthe right, graphs to shoDCY5longitudnal mMRNA expression in six brain regions during the course
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Figure 6-8 Graphical Summary of NKX2-1 Brain Expression Data
On the left box plots representiddkKX2-1ImRNA expression levels. The expression levels are based on exon array experiments and are plotted on a log2 scN&X2-axis).
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In this chapter, | report seven cases from fiveelated pedigrees bearing pathogenic
ADCY5 mutations. Importantly, all the mutationisat | identified involved thesame
amino acidp.Arg418, highlighting a particular relevance of this residue in the disease
mechanisms. Three unrelated cases carriedrithgously reported Arg418Trp mutation,

whereas two others carried the novel mutations Arg418GIn and Arg418Gly.

The clinical phenotype of these cases predominantly featured generalized chorea,
though with significant intraand interfamilial phenotypic ariability.

As previously described, three of the four mutated subjects with ADEY5
p.Arg418Trp mutation were more severely affected than subjects from the original
FDFM pedigree and carriers of tipeArg418GIn andp.Arg418Gly. The phenotype of
these ases with the.Arg418Trp included axial hypotonia, delayed motor milestones,

and disabling choredystonic dyskinesias.

Conversely, subjectl from family 1 had a much milder presentation, with very little
functional impact from the dyskinesias. Furthere, he had isolated chorea and no
dystonic features. Interestingly, level somatic mosaicism is the likely mechanism

for the observed milder phenotype. Indeed, WES data showed a significantly reduced
number of reads carrying the mutated allele inl¢ier case, indicating the presence
low-level somatic mosaicism. Somatic mosaicism was likely present also in cdses Il
from family 5 (carrier of thep.Arg418Gly), who, differently from his son, had a

predominantly dystonic phenotype and normal motdrlanguage development.

Mosaicism has been recently described in two further caseADI@Y 5mutations and

a milder phenotype, suggesting that somatic mosaicism may represent a common
explanation for inter and intrafamilial phenotypic variability inADCY5 mutation
carriers(Chenet al, 2015)

The clinical presentation of the subject with the Arg418GIn mutation, who initially
presented in childhood with BHC, is now consistent with a diagnosis of myoelonus
dystonia. A similar evolution was also obserwedubject IIF1 from family | (with the

p.Arg418Trp), who predominantly showed chorea during childhood, while dystonic

elements became more prominent over the years.
In some of the previously described cases VWAIDCY5 mutations, dyskinesias are
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reportedas paroxysmal in the initial phase of the disd&senandezt al, 2001)(Chen

et al, 2014) In contrast, in all the cases described herein, dyskinesias were constantly
present from the onset of symptoms, albeit markedly influenced by emotionakbsiztes
action. However, two subjects developed superimposed diurnal episodic worsening of
dyskinesias, triggered by intense emotional stress. Furthermore, six subjects (excluding
individual 111-2 from family 5, who is currently only 18 months old) presented
exacerbations of hyperkinesias at night, sometimes evolving into episodes of violent
ballistic movements and painful spasms. The episodes were particularly frequent at
night, either upon falling asleep or awakening. Similar episodes have been described in
several other cases withDCY5mutations(Chenet al, 2015) indicating that this could

be a specific feature &DCY5related movement disorders.

Facial myokymia was initially highlighted as a distinctive featureADICY 5related
disorder. However, an EMG study of the facial muscles performed in both affected
subjects from family 1 (both presenting facial involuntary movements) excluded the
presence of myokymia or other signs of motorneuron hyperexcitability. Although EMG
was not performed in the other cases, who all reported facial dyskinesias, these were
clinically deemed to be choreic and/or myoclonic in nature. This indicates that patients
with ADCY5mutations present prominent facial hyperkinetic movements in theabsen

of myokymia. Consistent with this, neither facial myokymia was described in all
affected members from the original FDFM kindred nor was recognized as a prominent
feature in the otherADCY5 mutation carriers that were subsequently reported.
Importantly,a subsequent EMG study, performed in the same members of the FDFM
family in whom myokymia was initially described, failed to confirm the presence of

myokymia(Chenet al, 2015)

Importantly, even though the clinical presentation of patients AKRY5mutations is
consistent with the clinical definition of BHC, there are several differences that
differentiateADCY 5mutation carriers from BHC secondary to variantslKiX2-1.

Firstly, although both conditions can have extearal involvementNKX21 carriers

often present pulmonary symptoms or evidence of endocrine délfierttberget al,

2011) whereas cardiac heart failure has been observed in some affected individuals
from the original FDFM pedigre@Chenet al, 2012) ADCY5overexpression has also
been shown to lead to cardiomyopathy in a mouse n{bldett al, 2010)
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Secondly, the clinical progression between the two disorders seems to be different; BHC
cases secondary tdKX2-1 mutationstend to remain relatively mildly affected and
often improe after childhood, while we show here t#dDdCY5mutation carriers are

often severely affected by the dyskinesias, and may present significant progression of
symptoms, at least until the adult age. This difference in the clinical progression is
nicely mirrored by the brain transcriptome data. The analysis and comparis@Cx5

and NKX21 mRNA regional brain expression showed that, although both genes are
most highly expressed in the adult striatkD,CY5levels progressively increase during
brain developrant whereatNKX2-1 levels show an opposite trend. Thirdly, prominent
dystonic and myoclonic features are present in several affected caseAD@H5
mutations and may dominate the clinical picture as the disease progresses. Dystonic
features can be alstserved in somBIKX2-1 caseg§Armstronget al, 2011, Pealét al,

2014) but they are generally not as severe as we obsen&d@Y5mutation carriers.

Lastly, ADCY5related dyskinesias are dramatically worsened by action, excitement or
stress. Furtherore, some patients may present frank episodic worsening of the
dyskinesias, closely mimicking paroxysmal movement disorders. This feature likely
reflects the biological role oAC5. This enzymecatalyzes the formation of cyclic
adenosine monophosphateAMP) u p o radrebergic receptor stimulation via- G
proteins in striatal cells and pathogenic mutations seem to increase the cyclase activity
(Chenet al, 2014)

In conclusion, his study contributes to expand and delineate the phenotype associated
with ADCY5 mutations. | suggest the term FDMD should not be used to refer to
ADCY5related movement disorder, as facial myokymias are not part of the phenotype.

A diagnosis ofADCY5relateddisorder should be always suspecteden assessing
patients with a choreic disorder with onset in childhood, in particular if neuroimaging is
normal and a fluctuating course with severe dyskinetic attacks triggered by drowsiness
are described. Differences in the clinical presentation bet&B&Y 5mutation carriers

may be attributed to distinct molecular effects of different mutations, though somatic
mosaicism may explain intf@amilial phenotypic variability, as shown in family 1 and 5.
Given the possible reported associatiolABDICY5mutatons with cardiac involvement,

it will be fundamental to closely followp ADCY5mutation carriers in order to prevent

or adequately treat potential cardiac complications.
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Importantly, the majority of the BHC cases included in this project did not carry
mutations in eitherNKX21 or ADCY] including four cases with clear autosomal
dominant family history. This indicates that more genes responsible for BHC have yet to

be identified.



6.5 De novo Mutations in PDE10A Cause ChildhoodOnset

Chorea with Bilateral Striatal L esions

6.5.1 Statement of ntribution

| performed all the genetic analysis performed in this chalpparformed then silico

modelling of the mutationsD r Haruhi de Kimurads team |
Company Limited)performedthe in vitro functional characterisation of the identified
PDEZ10A substitution.

6.5.2 Background

WES can be used to identify the diseaaasing gene in series of unrelated cases with a
very rare and homogenous phenotype, under the assumption that only few causative
genes are involved. For example, this strategy has been successful for the identification
of TUBB4A(MIM 602662) mutations in cases with hypomyelination with atrophy of
the basal ganglia and cerebelly@@imonset al, 2013) or WDR45 (MIM 300526)
mutationsin an Xlinked form of neurodegeneration with brain iron accumulation
(Haacket al, 2012)

In this study | identifiedde novodominant missense mutationsRDE10Aas a novel
diseaseassociated additional genetic cause in three subjects without a fastyyhi

who presented with a similar childhcodset movement disorder predominantly
characterized by chorea and striking bilateral striatal abnormalities on cerebral magnetic

resonance imaging (MRI).

6.5.3 Subjects, Materials and Methods

Subjects

I initially analysed WES data from the eight unrelated BHC cases without pathogenic
variants inNKX2-1 andADCY5,including four with autosomal dominant family history
and four sporadicases. The ascertainment criteria of this cohort have been described in
the previous ections of this chapter. For three of the familial cases, DNA and WES
from at least another affected relativé' (legree relative in one case ard @gree in

the other two) were available for segregation analysis.

An additional cohort of 60 cases wiBHC of Italian, Dutch and UK origin, negative
for mutations iNNKX21 andADCY§5 was included to replicate the finding made in the
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initial cohort. The cases of Italian origin are the same subjects described in the previous
section of the chapter. Additiohaases were recruited by Dr Manju Kurian at UCL
Great Ormond Street Hospital, London (United Kingdom) and Dr Lisenka Visser and

Dr Michel Willemsen at Radboud University Medical Center, Nijmegen (Netherlands).

Genetic analysis

WES, alignment, variant catlg and annotation were performed as previously described

in the Materials and Methods chapter. The average read depth of targeted regions was
84.29 and all samples had >95% of the target bases were covered at a read depth of 2x
and >90% at a depth of 10&nsuring higkconfidence variant detection. The variant
filtration strategy that led to the identification of tR®E10Avariants is described in

the results section.

Expression profiling in brain tissue

Brain mRNA regional distribution and expressiorthe normal adult human brain were
determined using microarray analysis of human-posttem brain tissue from the UK
Human Brain Expression Consortium, as previously detailed in the Materials and

Methods chapter.

In silico modelling of the identified PDEOA mutations

In silico modelling of the @D structure of the PDE10A GAB domain binding pocket
and its interaction with theAMP, was generated with the software PyMol (Schrodinger)
using thePDB-file 2ZMF (downloaded fronmttp://www.rcsb.org/pdb/home/home.do)

In vitro functional analysis of the identified PDE10A mutations

Materials

1-NO-cAMP was purchased from Biolog Life Science Instit(Beemen, Germany)
cAMP and cyclic guanosine monophosphateGMP) were purchased fro Sigma
Aldrich (St. Louis, MO) The [H]-labeled nucleotides>ffJlcAMP (25.9 Ci/mmol) and
[*H]cGMP (7.1 Ci/mmol), wer@urchased from PerkinElméwaltham, MA).

Cloning andExpression ofonstructs

cDNA for human PDE102 (GenBank: NM_001130690) was usesl atemplate and
the mutants (c.898T>C; p.Phe300Leu and ¢.1000T>C; p.Phe334Leu) were constructed

by sitedirected point mutation. All constructs were cloned into the pcDNA3.1(+)neo
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vector(Thermo Fisher Scientific, IncWaltham, MA and transfected into@S-7 cells

(ECACC, Salisbury UK). The membrane fractions were used for the enzyme assay.

In Vitro Phosphodiesteragzyme Assay

Phosphodiesterag®DE) activities were measured using scintillation proximity assay
(SPA)Ybased metho(Matthiesen and Nielsg 2009) In this assay, the product of the
PDE reaction, eithe”’HJAMP or [*H]GMP, can bind directly to yttrium silicate PDE
SPA beads (GE HealthcarédLUK), leading to light emission from the scintillant in the
beads. The enzyme assays were conduntadouffer (50 mM HEPESIaOH, 8.3 mM
MgCl,, 1.7 mM EGTA, 0.1% bovine serum albumin (pH 7.4)) inv@8l half-area
plates (Corninginc., Corning NY). For kinetic studies reaction vas conducted at
presence of the indicated concentrations of substrate using m{gture) of [°H]-
labelled and unlabelled cAMP otH]-labelled and unlabelled cGMP with tB6 n of
membrane fractionsf PDE10Aexpressing COS cellsat room temperaturepfowed

by reaction termination by SPA beads additign0 ¢ L o f ). Zhe plateg vere.
counted forl min in a scintillation counter (PerkinElmer}or the purpose of
determination of baseline counts, every tested concentratitabefedand unlabellal
cyclic nucleotides was run with matching controls having the identical reagent
concentrationexceptfor the addition of buffer alone in place ehzyme Specific

enzyme activity was then calculated by subtracting the baseline counts.

To obtain theMichaelis Menten constast(Km), the initial rates of the reaction were
fitted to the following equations using GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA) V = Vmax [S] / (Km + [S]), where V is the initial velocity of the enzyme
catalyzed reaain, [S] is the substrate concentration, Vmax is the limiting reaction
velocity at saturating substrate concentrations, and Km is the Midhdeliten

constant (concentration of substrate at 1/2 of Vmax).

The effects otAMP or its analoguel-NO-cAMP, on PDE10Aenzymeactivity were
assessed usingH]cGMP as a substrate. The indicated concentrations of unlabelled
nucleotide ¢AMP or 1-NO-cAMP, 10r) and 70 nM {H]cGMP (10 nL) were added to

the 20 nL buffer containing membrane fractions PDE10Aexpressig COS7 cells at

37°C. After 46min incubationthe reaction was terminated by addition of SPA beads
20 €L of )and thenptatesnere counted in a scintillation counter. Activity

rates were calculated on the basis of 100% control wells without unlabelled nucleotides
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and 0% control wells without enzyme.

6.5.4 Results

Identification of PDE10A mutations in the discovery cohor

Atotal of 26,387 unique variants were detected in eight exomes of unrelated BHC cases.
| excluded from the analysis (i) UTR and intergenic variants outside of canonical splice
sites as well as variants that are synonymousframneshift insertions andeletions; (ii)
variants that lie in segmental duplication regions, as these are prone to produce false
positive variant <calls due to mapping er
50 or read depth O 5).

Given a dominant family history irofir out of eight cases and the fact that mutations in
the two currently known BHC genedKX2-1 andADCY] exert a pathogenic effect in

the dominant state, | decided to initially focus the analysis only on single heterozygous
changes. Furthermore, basedtba extreme rarity of BHC in the general population, |
assumed that causative variants would be absent in dbSNP version 137 (provided they
were not know diseaszssociated mutations) and in the publicly available datasets of
genetic variations (1000 genenproject, EVS, EXAC and CG69). | also excluded novel
variants that were observed more than five times in odrouse exome database
(~1000) from individuals with unrelated diseases, as these are likely to represent
sequencing or alignment artefacts. Wats present in the familial cases that did not

segregate in the affected relatives were filtered out.

After applying this filtering strategy, | wdeft with a list of individual variants that
included 18 frameshift indels, 11 nonsense mutations, fouratmong affecting

canonical splicesites, and 212 missense variants.

| subsequently focused only the genes that contained at least a variant in more than one
sample. This filtering strategy left us with only three candidate geneddbéz6-2),

each containing a variant in two unrelated samp&+-10A(phosphodiesterase 10A)

on chromosome 6ITHSD1 (thrombospondin, type |, domain containing 1) located on
chromosome 3, andPRMT7 (protein arginine fmethyltransferase 7) on chromosome

16.
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| then explored the regional expression of these three genes in the normal adult human
brain. This analysis showed th&DE10A expression is exceptionally high in the
striatum Figure6-9A), whereas this is not the case TdiSD1andPRMT7(seeFigure

6-10). These data are consistent with the data available on the Allen Mouse Brain Atlas
(Lein et al, 2007) (see Figure 6-9B and C) and previous work in the literature,
demonstrating high and selective expressioRDE10AIn the striatun{Fujishigeet al,

1999) particularly in MSNgSeegetret al, 2003) which makesPDE10Aan excellent

candidate gene for chorea.

The two cases witRDE10Amutations carriers were both sporadic and carrieéxaet

same heterozygous change, ¢.898T>C; p.Phe300Leu.

Sanger sequencing confirmed the presence of the mutation in Iseth Gde mutation
was demonstrated to loke novan the first case, as it was absent in both parents and in
the unaffected 19ear old sisterTo confirm that no other variants could be responsible
for chorea in this subject, WES was performed in allifpmmembers, including the two
parents and the healthy sister. Importantly, |1 could not identify oplsatively
damaging mutationgdefined as nonsense, frameshift, canonical splice site, predicted
damaging missense mutations based on CADD sc@@svith a MAF <1% inExXAC),

assuming either a de novo or a recessive pattern of transmission.

Parents of the second individual were both deceased and therefore not available for
DNA analysis. However, DNA analysis in six siblings, all unaffected with chorea,
demanstrated that they were all homozygous for the reference allele. Furthermore,
haplotype analysis using three microsatellites (Markierctr6:16606974-166069785;
Marker 217 chr6:16586219865862227; Marker 3 chr6:16583925965839288)
spanning théDE10Alocus identified the four parental haplotypes and revealed that the
individual carrying the mutation shared one of the haplotypes with two siblings and the
other with three other siblings, strongly indicative of thee novooccurrence of the
mutation alson this caseKigure6-11). Analysis of the same three microsatellites in the
family of casel, who carries the santee novoPDE10Achange, indicates the mutation

arose on a different background haplotype.
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Table 6-2 Summary of variants detected by wholeexome sequencing that survived the filtering strategy.

Number of
Gene Position . GERP | CADD Mutation ExAC constraint unrelated
(Transcript) Chr (hgl19) Variant scoré | C-scor@ SIFT | PolyPher2 Taster metrics probands with
the variant
PDE10A c.898T>C; D D D Missense: 23.78 .
(NM_001130690) | © | 165832223  phesoorey| 447 | 287 | (0) (0.98) 099) | LoF: pLif1.00 | 2 (bothsporadic)
THSD1 c.1669 1670del .
13 52952435 — NA NA NA NA NA 1 (familial)®
(NM_199263) p.(Ser557fs) Missense: %0.75 ( )
LoF: pLi® 0.00
C.1379G>A; T B D .
13 | 52952567 0. Ser460Asn 5.62 12.16 (0.57) 0.02) (0.99) 1sporadic
PRMT7 ¢.522dupT; D e
16 68373391 NA NA NA NA NA 1 (familial
(NM_001184824) p.(Ser174fs) Missense: .23 ( )
LoF: pLi® 0.00
c.12147>C; D B D -
16 | 68382285 p.(1le405Thr) 5.6 24.2 (0.01) (0.03) (0.99) 1 (familial)

Chr=chromosome; B=benign; D=deleterious/damaging/diseassing;B=benign; T=tolerated; NA=not applicable; fs=frameshift; LoFdokfunction; pLI= probability of loss
of-function intolerance

®Positive scores represent a substitution deficit and indicate that a site may be under evolutionary constraint. Negmingécat®rthat a site is probably evolving neutrally.
Positive scores scale with the level of constraint, such that the greater the score, the greater the level of evohdioaiatyirderred to be acting on that site.

bC-scores greater or equal 1@licates that the variant is predicted to be the among the 10% most deleterious substitutions that you can do to themenarsgem of greater or

equal 20 indicates the 1% most deleterious.

‘z-missense scores reflect expected mutation probabilitidsage based on deviation of observed standing variation patterns (higher values = more constrained [fewer variants
observed than expected]).

“The closer pLl is to 1, the more LoF intolerant the gene appears to be.

°The two frameshift variants iIHSD1and PRMT7were found in the same individual

23

(%)



De novomutations inPDE10Ahave not been observed in control individu&sauchet

al., 2012, Xuet al, 2012, Gulsuneet al, 2013, Genome of the Netherlands Consortium,
2014, lossifovet al, 2014)and the p.Phe300Leu is neither listed in EXAC, nor in our
in-house exomes with unrelated diseases (~1,000), and in 500 exomes from ethnically
matched healthy controls. All usdd silico tools consistently predicted a highly
deleterious effect of #h substitution. Interspecies alignment of protein sequences
revealed that the amino acid substitution lies inaard motif that is completely
conservediown to invertebrate species ($&gure6-12). Constraint metrics reported in
EXAC indicate thaPDE10AiIs highly intolerant to both lossf-function and missense
mutationg(Samochaet al, 2014)

The frameshift mutations iMHSD1 (p.Ser557fs) andPRMT7 p.Serl74fswere both
found in the same subject with a dominant family history of BHC and were present also
in the similarly affected sister (the DNA of the affected father was not available). The
missense heterozygous change¥iSDland PRMT7were carried by a sporadic case
and a familial case, respectively. No family members of the carrier o iH&D1
missense mutation were available for segregation analysis, whereaBRt&7
missense changwere inheritedfrom the affected mother and granckimer of the
proband. Prediction tools displayed contrasting results for both missense mutations.
Importantly, although a pathogenic role for this variant cannot be excluded, the ExAC
constraint metrics indicate that bottHSD1and PRMT7are tolerant to nssense and
lossof-function variation (sedable 6-2), suggesting it is unlikely that heterozygous

mutations in these two genes could be responsible for the phenotype

Finally, brallelic variant variants inlPRMT7 have been recently detected in three
pedigree with a recessive condition called Albright hereditary osteodystrophy, which
feature mild intellectual disability with obesity and symmetrical shortening ofigjis d

and posterior metacarpals and metatar§akawi et al, 2015) This element further
argues against any pathogenic role for the heterozygBMT 7variants | identified in
patients with BHC.
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Figure 6-9 Summary of human and mouse brairPDE10AMRNA expression data
(A) Box plots of PDE10A mRNA expression levels in 10 adult brain regions. The expression levels are based on exon arregtexgetiare plotted on a log2 scale (y axis). This
plot shows significant variation iIRDE10Aexpression across the 10 brain ceg analysed, with expression higher in the putamen than in any other region. PDE10A expression in
mouse brain in (B) sagittal and (C) coronal sections. PDE10A is very highly and selectively expressed in the striate affddtoty tubercula. Imagesere obtained from the
Allen Mouse Brain Atlas website (© 2015 Allen Institute for Brain Science). Expression intensity icodéxt, ranging from blue (low intensity) through green and yellow to red
(high intensity).
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Figure 6-10 Summary of humanbrain expression ofPRMT7 and THDS1
Box plots of mMRNA expression levels in 10 adult brain regions showing that the expression in the puRdi 6fA) and THDS1(B) is significantly lower thaf?DE10A

23¢€



Marker 1
Marker 2
Marker 3

Case UK-2

. a2

R
*T1 3

Marker 1
Marker 2
Marker 3

218 238
237 237
256 256

Figure 6-11 Pedigree and haplotype analysis ithe families of cases 1 and 2
The four parental haplotypes were reconstructed in both families (each haplotype defined by a different
colou). Cases 1 and 2 did not share the haplotype encompassing the ¢.898C>T variant, suggesting the
mutations arose on different haplotype backgrounds. Furthermore, haplotype analysis indicates that case
2, who carries the PDE10A ¢.898T>C variant, shares drntbeoallele (marked in yellow) with two
unaffected siblings ({2, 1I-7) whereas the other allele (marked in red) is shared with three unaffected

siblings (I+1, 1I-4 and 1}+7).
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Figure 6-12 Interspecies alignment of the identified pathogeni® DE10A mutations
Interspecieglignment showing the complete conservation down to invertebrates of the amino acid residues involved by the substitriigksindicate invariant
residues (full corervation), whereas a colon (:) and period (.) represent strong and moderate similarities, respectively.
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Sanger Sequencing of PDE10A in a Cohort of Childhe@hset Chorea&Cases

As these results outlined in the previous section stronglgatithe pathogenic role of

the PDE10A ¢.898T>C; p.Phe300Leu mutation, | then Sanger sequenced the entire
coding sequence and the exatron boundaries dPDE10AiIn a further 60 cases with
BHC without mutations ilNKX2-1 andADCY5

Importantly, this aalysis revealed the presence of two additional variants: the
unreported ¢.1000T>C; p.Phe334Leu was found in a Dutch case, and the ¢.1459C>G;
the p.Pro487Ala (rs61733392) was found in an Italian case.

Sequencing in the parents of the carrier of the ¢.1800p.Phe334Leu variant showed
that it was absent ifboth subjects demonstrating thele novooccurrence of the
mutation and highly supporting its pathogenic r&dMES was performed also in this

family and no other possibly pathogemicitations, de novo dai-allelic, were found.

This mutation is absent in all publicly available datasets, in all our exomes from healthy
controls and in all exomes from cases with unrelated diseases. Furthermore, the change
is predicted pathogenic by afi silico tools (Polyphen2, SIFT and MutationTaster)

and has a CADD score of 31. Interspecies alignment showed complete interspecies

conservation (seeigure6-12).

The p.Pro487Ala is eare benign coding polymorphism, present in 478 European alleles
reported in EXAC (MAF 0.007; two subjects are homozygotes) and is predicted benign
by both Polyphet2 and SIFT.

Clinical and Neuroradiological Features of Carriers of RBthogenic PDE10A
mutations

Case 1, carrier of the Phe300Leu substitution, is-ge22old woman who developed
generalized chorea around the age of 8. Although developmental motor milestones were
reached normally, she had mild difficulties with speech and coordination during
childhood. She now suffers from anxiety with some obsessive features. On examination
she showed selective upgaze hypometric saccades and a mixed movement disorder

consisting mainly of generalised chorea associated with some myoclonic jerks.

Case 2, carrieof the Phe300Leu substitution, is a-y&arold woman who developed

chorea around the age of 5. She had a normal birth and normal developmental
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milestones. The chorea remained stable over the years, with parkinsonian symptoms
becoming apparent in her fiftdecade with freezing and falls. Striatal dopamine
reuptake transporter density imaging was bilaterally abnormal, consistent with
nigrostriatal dopaminergic denervation. On her last examination, there was generalised
chorea, most prominently in the orofalcarea, with motor and gaze impersistence and
severe dysarthria. She also had generalised bradykinesia, more prominent in the lower
than in upper limbs, and marked axial parkinsonian symptoms (freezing and postural
instability), which responded well to B-DOPA treatment (600 mg/day), without

worsening of the choreic movements.

Case 3, carrier of thp.Phe334Leu substitution, is an-§éarold, who developed an
isolated norprogressive choreic disorder at around age 5. He had normal motor and

language devepment.

Very importantly, brain MRI consistently showed striking bilateral T2 hyperintensity
within the striatum in all three casdsdure6-13). It is noteworthythat the MRI images

of case 3 (aged 11 when scanned) showed slight swelling of the Jtigiee@-13A),

together with restricted diffusiorfFigure 6-13B and C), suggesting an active disease
process. Conversely, MRI of case 1 (aged 22 when scanned) demonstrated modest
atrophy of the putamina (Figuféigure 6-13D) and normal diffusion (Figur&igure

6-13 E and 1F), suggesting a more advanced stage of disBlas MRI of case 3 (aged

53 when scanned) was markedly degraded by movement artefacts, but also showed T2
bilateral hyperintensities within the posterolateral putamina, albeit less dramatic than in

the two younger cases.
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Figure 6-13 MRI features associated with de novo dominanPDE10A mutations
Axial MR images of case 3 (&) and 1 (BF). There is increased signal intensity within the striatum on
T2-weighted images (A, D) and diffusiomeighted image¢DWI) (B, E). In case 3, the putamen and
caudate nucleus appear slightly swollen (A) and high signal on DWI (B) is confirmed to represent
abnormal restricted diffusion on the ADC map (C). In case 1, the abnormal signal is principally located in
the posterdateral putamina, which also appear atrophic (D). There is no corresponding restriction of
diffusion on the ADC map (F), and appearances suggest a more chronic disease stage.

Overall, the three individuals presented with a very similad amique clinical
presentation of childhoednset chorea and characteristic brain MR&abkle 6-3),
strongly supporting?DE10A mutations as the unitary aetiology underlying all three

cases.
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Table 6-3 Clinical and genetic features of cases witRDE10A mutations

Case 3 Case 1 Case 2
Age at most recent clinical examinatigreér9 11 22 60
Gender Male Female Female
Descent European (Dutch) European (British) European (British)
PDE10Amutation  Genomié Chr6:165829768 A>G Chr6:165832223 A>G Chr6:165832223 A>G
cDNA® €.1000T>C €.898T>C €.898T>C
Protein p.Phe334Leu p.Phe300Leu p.Phe300Leu
Inheritance de novo de novo de novd
CADD scoré 31.0 28.7 28.7
Neurology
Developmentainilestones Normal Normal Normal
Cognition Normal Normal Normal
Chorea (age of onset, yrs) + (5) +(8) + (5)
Other No Anxiety Adult-onset parkinsonism
MRI
Bilateral striatal hyperintensities + + +
Bilateral striatakwelling + - -
Restriction of diffusion + - N.A.
Bilateral striatal atrophy - + +

+=present; N.A.=not available

4GRCh37)

Ref Seq ID: NM_001130690.2

‘Haplotype analysis in unaffected siblings suggestsi¢heovooccurrence of the mutation in case 3
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In silico Modelling of the Identified PDE10A Mitations

PDE10Aencodes a member of the cyclic nucleotide (cNMP) phosphodiesterase (PDE)
family, consisting of 21 different genes, grouped into 11-fanblies based on their
affinity for the type of cNMP¢AMP and/orcGMP), cellular regulation, expression and
tissue distributior{Lakics et al, 2010) cNMPs are ubiquitously expressed intracellular
second messengers, which modulate a broad range of célintdions and pathways
(Beavo and Brunton, 2002)The intracellular concentration of cNMPs is tightly
regulated through a fine balance between their synthesis, controlled by the activity of
adenylyl/guanylyl cyclase&oeslinget al, 1991, Steegborn, 2@), and degradation,
mediated by PDEs which hydrolyse the cNMPs into their corresponding

monophosphate nucleosi(feoderling and Beavo, 2000)

PDEs function as homodimers, with the dimer interface extending over the entire length
of the molecule, and athare a highly similar catalytic domain located in theninal
portion of the protein. Conversely, thetdrminal portion, which contains the regulatory
domains, is variable and differs between different PDE fam{Bender and Beavo,
2006)

PDE10A contains two Nerminal domains, GAA and GAFB, of which the latter

binds to cAMP Figure 6-14A) (GrossLangenhoffet al, 2006, Heikaust al, 2009)

cAMP bindingincreases the enzyme activity of the PDE10A catalytic dorfdgigeret

al., 2012) Although details of the GAB dependent modulation of PDE10A enzyme
activity are currently unclear, a general mechanism for the regulation of all PDEs has
been postulatedn the noractivated state the dimerised catalytic domains are packed
against each other at the dimer interface, occluding the catalytic pockets. The binding of
cAMP to the GAFB domain induces a rotating movement of the catalytic domains,
enabling substta access to the catalytic pockets and a consequent increase of cNMP
hydrolysis(Panditet al, 2009)

The crystal structure of the PDE1@2AF-B domain and its interaction with cCAMP has

been elucidated arabnsists of six stranded aitia r a 4shee#( | b 3b, b2, b1, b
sandwiched between athfeee | i x bundl e (U1, U2, and U5
hel i ces o dih3he othedsidéHandaet al, 2008) The cAMP molecule is

almost completely buried deep into a tight binding pocketflttwe of which is formed

by tshleeebt s and tthel iroof OY3 tavwd UU4) . | mpo
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p.Phe300 anpPhe 334 are | ocated in the b1l and
CcAMP binding pocket of GAB and in very close proximityotthe cAMP molecule
(Figure 6-14B). It is therefore postulated that the substitutions severely affect the
morphology of the GAMB binding pocket and/or alter its affty for CAMP.

352 N NKISGSAF...DE 408
| , - | CATALYTIC DOMAIN
1 91 244 2“ 512 675 779
p.(Phe3D0Leu) p.(Phe300Leu) p.(Pheld3dleu)
Case 2 Case 3 Case 1

Leu300

Phe300 l I Leu3d34 I

Figure 6-14 Schematic representation of the PDE10A protein andn silico modelling of the 3D

structure of the PDE10A GAFRB domain

(A) A schematic representation of the PDE10A protein showing its organization in three domains, the
regulatory GAFA and GAFB domains located in the-dérminal portion of the protein and the catalytic

domain located in the -@rminus. (B) In silico modehg of the 3D structure of the GAIB domain

binding pocket and its interaction with the cyclic adenosine monophosphate (cAMP; shown in blue). The
mutated residueg.Phe300 anpPh e 334 and their aromatic side chai
forming the floor of the cAMP binding pocket, are shown in red and cyan respectively. Both mutated
residues (in magenta) are located in very close proximity to the cAMP molecule and are therefore likely

to play an essential role in nucleotide binding.
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In vitro Functional Analysis of the Identified PDE10A Mtations

To assessn vitro the functional effect of the identified PDE10A substitutions, we
investigated whether thewffect (i) PDE basal enzyme activity and/or (ii) the
stimulatory effecton PDE catalytic activity mediatday cCAMP binding to the GAMRB

domain.

Reactions for kinetic studies weperformedusing a mixture of 3H]-labelled and
unlabelled cAMP or cGMP together with either WT or mutant PDE&ggressing
COS7 cell membrane fraicins. Km values for cAMP and cGMP in witgipe PDE10A

were 152.5 £ 17.1nM and 1.7 + 0.3nM, respectively There were no statistically
significant difference in Km values among theild-type and the mutant PDE10As
(Figure 6-15), suggesting that both p.Phe300Leu and p.Phe334Leu do not affect
substantially basal PDE10A enzyme activity

We then explored whether the identified substitutions affect the stimulatoryripespe

of cAMP binding to the GABB domain. Experiments were conducted using only
[*H]cGMP as a substrat® avoid the binding of°H]JcAMP substrate to the GAB
domainand the cAMP analogue-NO-cAMP, which has a higher selectivity for the
GAF-B domain ovethe catalytic site compared to cCAMP (2#1d for 1-NO-cAMP vs.
8.7-fold for cAMP). These experimental conditions were chosen as, on the one hand,
cAMP activates PDE10A enzyme activity via its binding to G&\Rnd, on the other
hand, competes at the dgtac domain with radielabelled substrates and thus inhibits

their degradation.

Wild-type and mutant PDE10OAs were incubated in theesence of various
concentrations af-NO-cAMP with 70 nM PH]cGMP, andthencatalytic activiteswere
measured. -NO-cAMP markedly increased (approximately Zold over the basal
levels) the enzyme activity of WT PDE10A, whereas this effect was almost completely
abolishedor both mutant PDE10Ad-{gure6-16). These experiments demonstrate that
p.Phe300Leu and p.Phe334Leu severely affect the positive regulatory mechanism of
cAMP binding to the GAB domain on PDE catalytic activity.

24%



A wild-type

>
0.2 Km=152.5 £17.1nM 021

p.(Phe300Leu)

Km =123.8 = 14.2 nM

OO o004t oo oo w00 “Co
Total cAMP(nl\)
B  wild-type
1.0

0.24 Km=17=03uM 02

0 2 4 6 8
Total cGMP(uM)

7200 400

600 800 1000
Total cAMP(nM)

©

.(Phe300Leu)

Km=1.4 = 0.3 uM

2 4 6 8 10
Total cGMP(uM)

p.(Phe334Leu)

V (/ Vigay)

0.2 Km=134.4 = 11.1 nM

0 200 400 600 800 1000
Total cAMP(nM)

p.(Phe334Leu)

Km=1.5 = 0.2 uM

0 2 4 6 8 10
Total cGMP(pM)

Figure 6-15Enzyme Kinetics d Wild -Type and Mutant PDE10As.
PDE10A enzymes was incubated at presence of mixture of unlabelled cAMP and [3H[@)MPunlabelled cGMP and [3H]cGMP (B) with the total concentration as indicated.
The velocity was divided by each Vmax value. Km values for cAMP (A) and cGMP (B) were determined by fitting to the Midbiatis equation using GraphPad Prism. Each
datapoint represented as mean + SEM of five (for cAMP) or four (for cGMP) independent experifif@rs.was no statistically significant difference in Km values among the
wildtype and the mutant PDE10As (p > 0.05 by Dunnett's test compared wittiyywégl.

24¢



wild-type p.(Phe300Leu) p.(Phe334Leu)

le" 400+ ,_:; 400+ .—; 400+
= = b=
3 300+ 3 300+ S 300+
s k-] k]
= = =
£ 2004 2 2004 & 2004
= = =
e ] [
E‘ 1004 E‘ 100- .—‘-Q—O—o—‘-i.%‘ E. 100 h—‘ﬂ
o [+ o
= = =
0.01 041 1 10 100 1000 001 041 1 10 100 1000 0.01 04 1 10 100 1000
1-NO-cAMP (puM) 1-NO-cAMP (uM) 1-NO-cAMP (uM)

Figure 6-16 Effects of PDE10A substitutions on the modulatory activity of the GAFB domain
Effect of 2NO-cAMP on the PDE activity of a wiltlype and mutants of PDE10A. Various concentrations of a cCAMP gua|dNO-cAMP, was added and catalytic activity of
wild-type and mutant PDE10A, p.(Phe300Leu) and p.(Phe334Leu), at presence of 70 nM [3H]cGMP was determined. Each data exutthiepmesans + SEM for three
independent experiments.



6.5.5 Discussion

Strong genetic evidence, fulfilling the recently proposed criteria for inferring causality
of genetic variantyMacArthur et al, 2014) supports the pathogenic role of the
identified PDE10A mutations: (i) segregation analysis confirmed thath beariants
arosede novain the three mutation carriers; (ii) the changes are otherwise absent in all
interrogated public databases anehouse exomes from healthy controls or subjects
with unrelated conditions (including more than 70,000 exomes)h@)mutations are
consistently predicted pathogenic by allsilico prediction tools and affect amino acid
residues completely conserved insgdecies homologgiv) the substitutions are located

in a functionally important regulatory domain of the prot@ndin vitro functional data
show that they disrupt the regulatory effect of the @A\Bomain; (v)PDE10Ais very
highly (and almost selectively) expressed in the striatum, the brain area most closely

involved in the pathogenesis of choreic movements.

PDEs have previously been implicated in the pathogenesis of neurodegenerative
disorders, such aBD andHD (Bollen and Prickaerts, 2012Mutations inPDES8B a

gene highly expressed in the brain and especially in the putamen, causes autosomal
dominant strital degeneration (ADSD, MIM 609161), a disease that clinically presents
with adultonset parkinsonism{Appenzelleret al, 2010, Barsottiniet al, 2015)
Although the reported MRI abnormalities observed in subjects with ADSD are slightly
different from tlose observed in our cases, it is striking that both diseases are caused by
mutations in PDEs leading to clearly visible, largely symmetric, striatal MRI signal
abnormalities. Furthermore, the fact that two PDEs are now directly linked to a basal
ganglia dsease may point towards a crucial role of PDEs in these types of disorders.
The latter is of great interest given the pharmacological potential to manipulate PDE
activity. Given its high and selective expression in striatal MSNs, PDE10A is a primary
targetin pharmacological research for diseases where dysregulation of striatal circuits is
believed to be crucial (e.g. psychodi), substance abuse aRdD) (Chappieet al,

2012)

According to the classic model of basal ganglia motor circuits, chagaesultfrom
dysregulation othe activity of the striatal MSNs(Marsden, 1984)Based on different
anatomical projections and biochemical features, MSNs are divided into two classes
that constitute two parallel and segregated pathways exiting the strigtum; t he o6d

pat hwayao, formed by MSNs expressing hig
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(D1DR) and projecting directly to the basal ganglia output nuclei (the substantia nigra
pars reticulata and the globuscpallait dhws:
mainly formed by MSNs expressing both D2 dopamine receptors (D2DR) and
adenosine 2 receptors (A2AR) and projecting indirectly to the globus pallidus internal
segment via the globus pallidus external segment and the subthalamic iGedasg

1992)

The two pathways control striatal out put
being involved in action production and
(DeLong and Wichmann, 20Q7According to the classic model of basal gamgthotor

circuits, chorea mainly results from disruption of the indirect pathway with consequent
overactivity of the direct pathwgWarsden, 1984)

Importantly, modulation of MSN activity is largely dependent on cAMP signalling
(Threlfell and West, 2013)cAMP synthesis, and thus indirectly its signalling, is
promoted by the stimulation of the G proteioupled receptor®1DR and A2AR,
whereas synthesis is inhibited by dopamine stimulatidD2iR (Herve, 2011)The G

pr ot e positiv@ly couples DIDRral A2AR to the activation oAC5, the main
molecule responsible for cAMP production in MS{lee et al, 2002) Interestingly,

t he genes €GNAL ahd ACH§ ADEYYH have both been identified as cause
of primary dystonigFuchset al, 2013)and choregChenet al, 2012)respectively.

Mechanistically,ADCY5mutations seem to increase the AC5 activity with consequent
raised intracellular cAMP levels in cellular moddGhen et al, 2014) As both
PDE10AandADCY 5pathogenic mutations causkorea, but with PDE10A exerting an
opposite effect to AC5 on cAMP levels, one would expect that the p.Phe300Leu and
p.Phe334Leu variants exert a deleterious effect on the PDE enzyme activity. Recent
studies suggest that PDE10A has two functional staeye” and "supeactive (Jager

et al, 2012, Russwurnet al, 2015) In presence of high intracellular levels of CAMP,

its binding to the GAB domain would stimulate the PDE catalytic activity, switching
PDE1OA from t he Gaccttiiatesel lighttof this,hPOE1GAsmay e r
function as a Obrakedé for MSN activation
PDE10A mutations located in the GAB domain severely disrupt this positive
regulatory mechanism without affecting the basal PDE enzwattévity. These
mutations may therefore have a strong impact omtiesoregulation of MSN activity,

24¢



especially when MSNs are activated by high levels of cAMP. Given the homodimerised
structure of PDE10A, the mutant proteins could exert a dominantiveegéfiect on the
activity of the WT protein. Intriguingly, theDE10Aknockout mouse does not show a
movement disorder reminiscent of chorea, but conversely presents reduced exploratory
activity, more consistent with a parkinsonian phenotgaciaket d., 2006, Siucialet

al., 2008)

In conclusion,] demonstrate here thde novodominant mutations iPDE10Aare a
novel cause of a unigue movement disorder characterized by benign chitatsmid
chorea and typical MRI abnormalities of the striatum. Of note, PDE10A mutations were
not found in cases with a BHC syndrome but with normal brain MRI. This suggasts th
PDE10Arelated chorea may represent a distinct genetic chradmlogical entity.
Mutational screening of additional cohorts of cases with such MRI abnormalities is

warranted to further define the clinical spectrum associatedRIAELOAmMutations.
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Chapter 7. Conclusions

This thesis describes the work | conducted during my PhD to investigate the genetic
bases of a range of movement disorders, including PD, dystonia, and chorea, and gain

novel insighs into thebiological mechanisms of these conditions.

| used various combinations of genetic technologies (i.e. Sanger sequencing, WES and
linkage analysis) and strategies (i.e. linkage mapping in combination with WES,
interrogation of WES data searching for mutasion candidate genes, and analysis of
WES from a series of unrelated cases withspeecific clinical and radiological

presentation

My research has resulted in the identification of several novel genetic causes for these
conditions, including genes hatring highrisk fully penetrant mutations responsible

for Mendelian forms of disease (e.8(CTD17 mutations inM-D and PDE10A
mutations in chorea) and rare variants associated with intermediate risk& Q4.
mutations inPD). | also expanded the phenqig associated with known Mendelian
genes. | recognised that deficiency of tyrosine hydroxylase is a novel, treatable cause of
M-D and mutations inPADCY5are not simplyresponsible for thainique condition
Familial Dyskinegas with Facial Myokyimiabut actially represent a frequent cause of

chorea with onset in childhood.

The main findingsof this thesisare summarised below, together with the implications
deriving from this work, both concerning clinical practice and future research into

disease mechanisms

7.1 Genetics of Parkinson Disease

GBA Mutations Are Common in EariOnset Parkinson Disease and Influence the
disease course

| showed thatGBA mutations are the most common genetic abnormality, not only in
patients with the classic latrnset form of the desase, but also in patients with early
onset PD. The frequency &BA mutations in the latter group is actually significantly

higher than in patients with classic PD.
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This finding possessean important clinical corollaryGBA should be systematically
assssed in patients with an early onset of symptoms, as information regarding the
mutational status may have crucial implications in terms of prognosis and response to
pharmacological or surgical treatments (i.e. DBS). It is thought that patients with early
onset PD, and in particular those carrying mutations in the recessive RERER or

PINK1, tend to have a more indolent and benign disease course, in particular with
regard to the risk of developing cognitive decl{Behrag and Schott, 2006)

However, this seems not to be true @BA carriers, botifrom a motor and cognitive

point of view. In our studyPD patients carryingBA mutations, compared to patients

with mutations inPARK2 LRRK2andno mutations, needed DBS significantly earlier in

their disease, suggesting a more aggressive form of the disease in PD patieGBAvith
mutations. Furthermore, although the motor response to DBS treatment was comparable
to that of the other patients, patients W#BA mutations presented a more rapid
cognitive impairment following DBS implantation. Although this aspect should be
carefully assessed in larger cohorts, these data overall indicate the genetics may be a

powerful toolin recognizng and predidnhg clinical heterogeneity in PD.

The GBA E326K vaant predisposes to Parkinson disease

| established incontrovertibly the pathogenic role of @A E326K variant, whichto
date, representthe single most common genetic risk factor RID with significant
clinical relevance (7.5% of the PD cases soesl in our study were carriers of the
variant; odds ratio ~3)Notably, theseresults approximately double the proportion of
PD patients witiGBA-related disease, a fact that will have tremendous implicaiisns
soon agreatmens for addressingsBAdysfunctionin PD becomeavailable.

Confirming my finding, Nalls and colleagues recently demonstrated the association of
the E326K with PBdementia complex and Dementia witBs (Nalls et al, 2013).
Moreover, it has been shown that the presence of the E32giively influences both
motor disease progression (Wind@nodeset al, 2013) andhe risk of progression to
dementia (Mat&t al, 2015).

Finally, the E326K predisposes to Ridit does notause GD (even when inherited in
the homozygous stateglearly indicating thabther molecular mechanisiria addition
to reducedGBA activity, may contribute to the development BD diseasein the

presence oGBAdysfunction.
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Beyond DOPAresporsive dystonia; GCH1 mutationsa novel risk for Parkinson
disease

Through the analysis of WES dataa large cohort oPD cases and controlshave
identified rare codingGCH1 as a novel risk locus fdPD. Interestingly, a it was the
case for the discovery @BA mutations, this association was first suspectediaital
grounds, thanks to the observation pedigrees withDRD of striatal dopaminergic
denervation irGCH1 pathogenic variant carriers with a clinical diagnosis of PD.

Interestingly, to date, no genes containing rare variants conferring intermeskater ri
PD have been identified through unbiased large NGS studies. Therefore, astute clinical

observations remain crucial for driving and inspiring genetic studies.

Since the appearance of this study in the literature, several other reports of DRD
families with members affected by PD have been publigthesvthwaiteet al, 2015,
Terbeeket al, 2015, Somekat al, 2016) and many others have been presented at

scientific conferences (personal communication).

Furthermore a recent study performegthin the Canadian population confirmetat

rare GCH1 coding mutations are enriched in PDhe authors identified two variants,

the known pathogec p.Lys224Arg (x2) and the novel variarnp.Ala99Asp (likely
pathogenic according to in silico prediction tools and interspecies conservation) in three
unrelated cases with PD, while no pathogenic changes were found in controls éGuella
al., 2015). The mutational frequency was 0.56% (3/528) in cammss 0% (0/290) in
controls, consistent with the frequency we observed in our study (0.75% irnveeses

0.1% in controls).

The finding thatGCH1 lossof-function variants are not only responsible for DRiDt
are also associated with adaliset neurodegerativePD, is strengthened by the recent
identification thatGCH1 hasalsobeen identifiedas alow-risk susceptibility locus for
PD in the latest GWAS metnalysis(Nalls et al, 2014) This finding potentially
extends the role of GTPCH deficiency ihet pathogenesis of PD beyotite rare

carriers of deleterious coding mutations.

An outstanding and crucial questioremains as to whether patients withDRD
eventually develop nigral neurodegeneration, or whether neurodegeneratidre

avoided by dopamargic replacement therapy. This could indeed support a central role
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of dopamine deficiency in favouring nigral degeneration, with important therapeutic

implications for asymptomatic carriers of pathogenic variants.

To date, no DRD cases treated witFDOPA since childhoodhave been shown to
develop frank nigral cell loss (Snoet al, 1993, Turjanskiet al, 1993, Jeoret al,
1998). This is consistent with post mortem analysis of few cases showing normal nigral
cell count and absence bBs (Furukawaet d., 1999, Grotzsclet al, 2002, Segawat

al., 2013). However, Sawle and colleagues report in six cases with [D&3pansive
dystonia modest but significant reduction in the uptaké®@ffluorodopa into both
caudates and putamen (Sawd¢ al, 1991). Tadic and colleagues describe that
parkinsonian signs are present in DOG@&ponsive dystonia cases as a relatively
common residual motor sign following treatment, possibly hintatgunderlying
neurodegeneration (Tadat al, 2012). Terbeek etl.arecently described a 4fearold
patient carrying a known pathoge®CH1 variant (p.Ty75Ser) with onset of classic
DRD at age 9 (Terbeeé&t al, 2015). He was treated withROPA from the age of 11
with good and suained response. At age 4bpaminegic imaging (123FP-CIT
SPECT) was performed show severe bilateral and asymmetric reduction of
putaminal tracer uptake, a tgan typical of idiopathic PD,arguing against a

neuroprotective role of dopamine replacement

| anticipate that post mortem agsis and longitudinal clinical, neuroimaging, and
metabolic studies ofGCH1 mutation carrierd including asymptomatic carriers,
individuals with classidRD and cases with adudinsetparkinsonism- will facilitate

the understandingf the pathogenesis G@CH1 associatedPD.

Finally, more work is needed to understand the biological relevance of the GWAS signal
in the GCH1locus. Afunctionalhaplotype at th& CH1 genomic locusssociated with
reduced plasma GTPCH activity and BHevels has been previousl recognised
(Antoniadeset al, 2008) Interestingly, he mostassociatedsCH1 SNP (rs11158026)
detected in the GWAS in moderatdinkage disequilibrium (r0.457;D &.932) with

the SNPs constiting the functional haplotype, suggestiagotential functional basis

for the association of thiSNP with increased PD risk.
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7.2 Genetics ofMyoclonus-Dystonia

Mutations in KCTD17 and TH are Novel Genetic Causesorf SGCEnegative
MyoclonusDystonia.

Through a combination of linkage analysis &MES | identified that a dominant
missense mutation iIKCTD17 causes autosomal dominantDin families without
SGCE

The clinical presentation of tHe€CTD17mutated casesliffers from the phenotype
usually observed inSGCErelated M-D. All cases initially presented with mild
myoclonus affecting the upper limbs. Dystonia showed a progressive course, with
increasing severity of symptoms and spreading from the ccamiacal region to other

sites.

Like many other dystonia genes (eANO3, GNAL, HPCA KCTD17is most highly
expressedn the putamenconfirming an essential role of this brain structure in the
pathogenesis of primary dystonidaurthermore, a system biology analysislicates
thatKCTD17is part of a striataflenenetwork significantly enrichedf other dystonia
associated genes and genes involved in-pgsaptic dopaminergic signalling striatal
cells. Intriguingly, knock-out of the KCTD17homologue inDrosophilaleads tohyper
arousability and lack of sleemlue to increased signaling downstream of the
dopaminergic receptoréStavropoulos and Young, 2011, Pfeiffenberger and Allada,
2012) suggesting thatCTD17may interact mechanistically withholecules within the
dopaminergic signaling pathway striatal @lls. KCTD17 is known to contributéo the
ubiquitin-proteasome machinery, acting as an adaptor for the GRIN&-E3 ligase
and reguhting turnover of substratedKasaharaet al, 2014) Functional work is
warranted to identifythe precise substrates of KD17 in striatal neuronsand the
mechanism whereby KCTD17 may regulate postaptic dopaminergic signalling.
Despite its rarity, the discovery &CTD17 mutations as a cause of dystonia may help
to elucidatepivotal molecular pathways and novel pharmagmlal targets to improve

treatment of dystonia and other movement disorders

Finally, the identification offamily with tyrosine hydroxylase deficiency presenting
with predominant myoclonudystonia highlight the importance ofconsider this

treatable condion in the differential diagnosis &fl-D, asearly treatment witth.-DOPA
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is crucial forthe motor and cognitive outcometbkese patients.

The CACNA1Bp.Arg1389His Variant Does Not Cause Myoclon¥ystonia
Through sequencing in a large midéntric cohort of MD cases and controls, | show
that theCACNA1Bp.Arg1389His does not a diseasausing mutation for MD.

The advent of next generation sequencing has led to an extraordinary acceleration in the
discowery rate of rare genetic variants, the majority of which are of uncertain clinical
significance. Hence, a close scrutiny is necessary before causally linking a candidate
variant to a disease. To avoid false assignment of pathogenicity, MacArthur and
colleagues have recently proposed guidelines for implicating causality of rare variants
in human diseas@MacArthur et al, 2014) However, cesegregation of a variant with
disease in a single pedigree does not establish with certainty its pathogenic role,
espea@lly if other cosegregating coding variants and the possibility of a separate
undetected pathogenic variant in linkage disequilibrium cannot be convincingly ruled
out (as it was the case in the pedigree wherepi#egl389His was identified)In
addition a candidate variant responsible for a rare disease should be found at a low
frequency in population controls, consistent with the proposed model of inheritance and

disease prevalence.

M-D is an exceedingly rare conditioAlthough CACNALB by a biologial point of

view, could be a very plausible candidgenefor M-D and functional work performed

by the authors shows that the mutation might affect the properties of encoded channel,
the frequencyof the CACNA1Bp.Arg1389Hisin controls is simply too higho support

its role in the pathogenesis of-Bl

7.3 Genetics of Choea

Benign Hereditary Chorea is Not a Genetic Entity

Surprisingly, a thorough genetic screehNKX2-1 in the BHC Queen Square cohort
revealed that only five probands (~20% of cohort) carried pathogenic mutations in this
gene. A search for theecently desribed chromosomal deletions neighbouring but not
encompassingNKX2-1 (Thorwarthet al, 2014) did not identify any further mutation

carrier.

Importantly, | did not detect mutations in three cases with a clinical presentation fully
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consistent withNKX21-related diseasé.e. presenting the full picture of braimng

thyroid disease), of which two had a clear autosomal dominant family history.

These results clearly indicatee existence of other undetected pathogenic vayiants
eitherin the NKX21 non-coding regions (e.g. in the promoter, in intronic regulatory
regions or in yet uncharacterised déefponic splicesite) or in other closely
functionally related gene the future, WGS analysis in these cases will be potentially
revealing for the iderfication of deep intronic mutations in thKX2-1 locus
Currently, WES analysis of the familial cases is ongoing in order to identify coding
variants in novel genes responsible for the phenotype. Identification of such genes may
shed light on the biologid mechanisms essential for the correct development of striatal
neurons, lungs and thyroid tissue.

A last remark regardhe use of theerm BHC Importantly, the work presented in this
thesis, in agreement with previous publicati¢fkorwarthet al, 2014), demonstrates
that~70% ofthe cases with a clinical diagnosis of BHG not carry mutations in this
gene. Furthermord\KX21 mutations have beendentified in patients with a range of
movement disorders other than choreacouraging, overaltp abandon the use of the

term BHC to label patients witiKX2-1 mutations

The identification of ADCY5 and PDE10Amutations crucially implicates cAMP
metabolism in striatal neurons in the pathogenesis of chorea

| describe the identification of pathogenic doamtmutations (both de novo and
transmitted)in ADCY5and PDE10Aas important novel genetic causeschbreawith

onset in childhood

From a clinical point of viewADCY5mutations appear to be a relatively common cause

of chorea with onset in childhood (~9.4% of the cases | studied here). Importantly,
while preparing this thesis, several other papers have appeared in the literature
confirming the important clinical rolef ADCY5mutations and further broadening the
phenotype associated wikDCY5mutationsto also include variable combinations of
dystonia,myoclonusand paroxysmal dyskinesig€arapitoet al, 2015, Cheret al,

2015, Changt al, 2016, Friedmaset al, 2016).

Furthermore, a manuscript detailing the identificatiomemfessivePDE10Amutations

in patients with childhoo@nset choredhas been recently publishg®iggle et al,
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2016) Therein, the authors describe the identification of tvemnozygousmutations
(p.-Tyrl07Cys and p.Aall6Ro0), located in the GAFA domain,in two consanguineous
pedigrees. The phenotymeé these cases was more sevitan that of the patients |
describe. Patients with recessRBE10Amutationsshoweda much earlieage atonset

of chorea(< 1 year), severe dysarthria, axial hypotonia, cognitwvel language
developmentelay The authors also showed thaitih mutations lead to a reduction in
PDEZ10A levelshoth in patients and in cellular modeRurthermore, &nockin moue

model had decreased striatal PDE10#erestingly despite a more severe neurological
involvement, the MRI of the cases with recessive mutations did not show the same

abnormal signalve observed in the cases with dominant mutations.

ADCY5andPDE10Aare almost exclusively expressed in the striatum, the brain region
most closely involved in the pathogenesis of chorea and dystoni&nande thdéwo
main enzymeshat regulateéhe synthesi$ADCY5 and degradatioPODE10A of cCAMP

in striatal neurons

Additionally, mutations inGNAL (Fuchset al, 2013)and GPR88(Alkufri et al, 2016)
coding for G proteinsalmost exclusively expressed siriatal neurons thatouple
dopamine receptots AC5 activationhave been recegtlinked to dystonia and chorea
Overall, these results strongly suggest timitacellular cAMP signallingn striatal
neuronsis crucial for normal activity of basal ganglia circuitry, and that disruptions
thereof play an important role in the pathophysiologyhgperkinetic movement
disorders.Modulation of the striatacAMP levels may therefore represent a very
attractive target for the development of novel treatments targedingtal post
receptorialdopaminergic dysregulation in a range of hyperkinetic disorders.

Importantly, modulation of PDELOA activity is already a primary target in
pharmacological researd basal ganglia disorders, including HD and @Ihappieet

al., 2012) More specifically,a phase Il clinical study (the Amaryllis study) of a
PDEZ10A inhibitor is curremgl ongoing in HD.Importantly, the identification of lossf-
function PDE10A mutations as a cause of chorea suggests that pharmacological
inhibition of PDE10A may not be the best option for the treatmenhofea and other
hyperkinetic movement disordels. support of this notion, it has been recently shown
that asymptomatic carriers of the HD triplet expansion have reduced striatal levels of
PDE10A(Niccolini et al, 2015)
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Finally, it will be important to establish whether the observatioeB@PDin oneof the
cases | identified with ade novo PDE10A mutationis coincidental or whether
individuals withde novoPDE10Amutations are also at an increased risk of developing
degeneration of nigral neurons. In this regard, recent work has demonstrateditiat str
loss of PDE10A expression is associated Withduration and severitgNiccolini et al,

2015)
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