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Abstract

Inherited peripheral neuropathies or Chaiidatrie-Tooth disease (CMT) are common
neuromuscular conditions, characterised by distal motor atrophy and weakness with variable
range of sensory impairment and clasdifeecording to demyelinating (CMT1) or axonal
(CMT2) pathology. The number of genes causing CMT has rapidly increased due tosighprov
genetic testing technology, even though gene identification has remained challenging in some
subgroups of CMT.

Hereditarymotor neuropathies (HMN) encompass heterogeneous groups of disorders caused
by motor axon and neuron pathology. The distal hereditary motoopesthies (dHMN) are

rare lengthdependent conditions, which show significant clinical and genetic overlap with
motor neuron diseases. Several (>30) causative genes have been identified for ~20% of
dHMN patients, which predicts extreme genetic heterogeneity in this group.

My study was designed to investigate the prevalence, clinical presentation, molecular cause
andphenotypegenotype correlations of hereditary motor neuropathies in a large cohort of
patients. | aimed to identify novel disease genes and readsestation detection rate in

dHMN. Furthermore, studiedcommon pathomechanisms and targets for thergpyaphes

in hereditary motor neuropathies.

Detailed neurological and electrophysiological assessments and next generation panel testing
or whole exome sequencing were performed in 105 patients with clinical symptoms of distal
hereditary motor neuropathyHIN, 64 patients), axonal motor neuropathy (motor CMT2,

16 patients) or complex neurological disease predominantly affecting the motor nerves
(dHMN plus, 25 patients). | calculated the dHMN prevalence 2.14 affected individuals per
100.000 inhabitants (95%l: 1.622.66) in the North of England.

Causative mutations werdentifiedin overall 47.9% in the motor neuropathy patient cohort.

In the dHMN group the diagnostic rate was 42.5%, significantly higher than the previously
reported 20%. The significantdrease in the mutation detection rate could be attributed to the
development of next generation techniques.

Many of the genes were shared between dHMN and motor CMT2, indicating identical disease
mechanismd. examined the phenotypic variability and theretations with the identified

genetic background.

We describedhe novel phenotype of ngprogressive motor neopathy with fatigable
weaknesslue to presynaptic neuromuscular transmission defect caused by synaptotagmin 2

mutations. | indentified furtherovel genes involved in intracellular signal transduction and



transcriptional regulatory cascades, which might indicate common pathways and highlight
further targets in the therapy of motor neuropathies.

We detected a potentially treatable defect of neusmmlar transmission in some genetic

forms, whichraise the possibilitthat neuromuscular junction defects can cause

accompany motor neuropathyhd preliminary results suggested the potential treatability of

the neuromuscular transmission defect,@ltfh long term effects will still need to be

evaluated.

In summary, detailed clinical characterisation and segregation analysis improved the detection
rate in our cohort and highlighted that clinical expertise are still essential in confirming the
diagnoss of inherited motor neuropathies. Increasing knowledge on disease pathways will not
only help to identify new genes with shared pathomechanisms but will provide a basis for

novel therapy approaches.
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Chapter 1. Introduction

1.1 The inherited neuropathies

The genetic neuropathies are a heterogeneous group of diseases affecting the peripheral
nerves either exclusively or as part of neurataor multisystem disorde(Reilly and Shy,
2009) The inherited neuropathy prototype was reported in 1886 with a familial peroneal type
of progressive muscle atrophy and was named Chltaae-Tooth disease (CMT) in honour

of the three researchers. Over the years, increasing clinical, diagnostic and genetic data have
led to the knowledge that the originally described CMT cannot be considered as a single
disease but as a collection of hereditamygbeeral neuropathies. Inherited peripheral
neuropathies, under the umbrella term of CMT, have been acknowledged among the most
common genetic neuromuscular conditions with a population prevalence of 1 in 2500
individuals(Reilly et al, 2011)

The improving field of neurophysiology and neuropathology contributed to the detailed
pherotyping of the disease, the term hereditary motor and sensory neuropathy (HMSN) was
introduced and the basics of the classification were laid by the pioneering work of Dyck
(Dyck and Lambert, 1968a, 1968@homas and HardingHarding and Thomas 980).

CMT is separhle into autosomatiominant forms, which are historically divided by the

median nerve motor conduction velocity findings of below or above 38 m/s into
demyelinating (CMT1) and axonal (CMT2) neuropathies respectively and4% #%'s inb

the intermediate (BCMT) neuropathies. Autosometcessive inherited forms are labelled as
CMT4, while the term for the Xinked forms is CMTX. Alphabetical referencing indicates

the historical order of the discovered genetic causes within each ofatypeas (CMT1A,
CMT2A, etc.)(Pareysoret al, 2006; Reilly and Shy, 2009; Rsjlet al, 2011)

The classical CMT phenotype is characterised by progressive {degédmdent muscle

atrophy, weakness, areflexia and sensory loss, and leads to specific foot deformities and
walking abnormalities. The severity of the symptoms shows higirigble inter and

intrafamilial differences. Typically the disease starts over the first two decades of life but
often is only recognised later. Some patients develop severe early chioieetdorms,
congenital hypomyelinating neuropathy (CHN) angeiae-Sottas neuropathy (DSN), while
others remain asymptomatic until later adulth@®dportaet al, 2011; Braathen, 2012)



Spinal motor neurons and dorsal root ganglion sensory neurons extend their axons to form
neuromuscular junctions (NMJ) and sensory receptors to transfer information to the muscles
and from the skiiGentil and Cooper, 2012; Li, 2012)he peripheral nervous system

consists of a complex network of myelinated and-nyeelinated nerve§luarez and Palau,

2012) The myelinated nerve contains the axon, which is serially enwrapped by the myelin
sheath generated by highly specialised Schwann cells and interrupted in the nodes of Ranvier
to ensure the rapid propagation of action potesitihe myelination process is dependent on

the axonal integrity and axonal signals, while the myelinating Schwann cells tightly regulate
the axonal structure and transport. These reciprocal interactions between the two cell types are
mediated by signal tresduction molecules, including MAG, p75, IGHitegrins and TGFb .
Neuregulin 1 and the ErbB receptors tyrosine kinases signalling pathway have been
implicated in the regulation of cell interactions and Schwann cell migrgtfiemannet al,

2006; Juarez and Palau, 2012)

The demyelinating neuropathies show neuropatfiodl changes of primarily aberrant

myelination (onion bulb or tomacula formation), while predominant axonal loss and
degeneration characterise the axonal neuropathies. Regardless of the primary pathology, the
manifestation of CMT is largely determined ttne lengthdependent axonal degeneration.

The majority of the inherited neuropathies belong to the demyelinating group, while the

phene and genotypically more diverse axonal neuropathies form one third of all CMT cases
(Saporteet al, 2011; Juarez and Palau, 2012)

CMT is caused by mutian-induced dysbalance and dysfunction of proteins that are

necessary for the normal function of the peripheral nerves. The collaboration of these proteins
creates a complex network and forms pathways, including the regulation and maintenance of
myelin, protein synthesis and degradation, membrane and vesicle dynamics, cytoskeleton
formation, axonal transport and stress response, which are all imghlicate

pathomechanisms of CM(Figure 1.1). In demyelinating auropathies the defect primarily

targets proteins involved in the structure and function of the myelin sheath (PMP22, MPZ,
Cx32, periaxin), in the transcriptional regulation of the myelination process (EGR2, SOX10)
and in the intracellular membrane trakiicg (SH3TC2, MTMR2/MTMR13, FIG4, LITAF,
NDRG1)(Bergeret al, 2006; Niemanrt al, 2006; Roberts, 2012Primaryneuronal defects

and impairment of the axonal transport lead to axonal degenefidtemannet al, 2006)

The progress in the knowledge of thelemnlar mechanisms of CMT enabled the introduction

of rational experimental treatment approaches, although a targeted therapy in humans has not

yet been identified.
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The importancef ascorbic acid in the myeltionprocess was underlined by the improved
myelination in the demyelinating mouse model treated with vitan{iraSsaget al, 2004)

Despite these findings randomised patient trials did not bring a breakthrough in the therapy of
CMT1A.

The progesterone antagonist onafame reduced the toxic overexpression of PMP22 in

rodent models and curcumin stimulated autophagy was efficient in mouse models, but the
therapies failed in CMT1A patien(Reilly and Shy, 2009; Bouhy and Timmerman, 2013)
Recently, the combined application of baclofen, naltrexone and sorbitol has been investigated
in a randomised placebo control tr{élttarianet al, 2014) The influence of the neureguin
1/ErbB system is a promising therapeutic target in CM{GAmbarottaet al, 2015; Rossor

et al, 2016)and in neunpathies with focal hypermyelinati¢Bolino et al, 2016)

Furthermore, transcription factors that regulate the PMP22 expression contain TEAD domains
and participate in Yj@Taz signalling. Verteporfin, a suppressor of ¥ABAD complex used

in macular degeneration might provide therapeutic potgiielget al, 2016; LopezAnido

et al, 2016) Pharmacological modification of the unfolded protein response and selective
inhibition of protein phosphatases are examined in CMT1B animal m@tet al, 2015;
Rossoret al, 2016) Histone deacetylase inhibitor (HDACG6) by reverding acetylation

status of the microtubules and restoring the axonal transpdB8RBland GARSmutant

mice might serve a targeted therapy of axonal neuropdthie® Y d etvalg 2011eand

persona communication Van Den Bosch 20I®e recently described aberrant neuropilin 1
(Nrpl) interaction irGARSand other tRNA synthetaselated CMT can also be a future

therapy targefHe et al, 2015) The gene therapy in CMT faces challenges in the

identification of the mutant protein and in developing targeted gene delivery syReiths

and Shy, 2009; Bouhy and Timmerman, 20E3)cent gene therapy stesl used adero

associated virus type 9 (AAV9) delivery in G&8<"*mice and intrathecal lentiviral delivery

in GJB1knockout micgKagiavaet al, 2016 and persona communication Burgess 2016)

1.2 Genetics of the inherited neuropathies

Early linkage studies in 1982 identified the first genetic locus for CMTL1 in the Duffy region
on chromosome (Bird et al, 1982) which segregated only in some dominant demyelinating
families, later grouped as CMT1B. A linkage with chromosome 17 was described in 1989
(Vanceet al, 1989)and the locus heterogeneity for CMT1 emerged. The first CMT1
mutation was localised to the chromosomal region 17pd122in 1991 Timmermanret al,
1990)and the duplication of the 17p12 was identified as theecatlCMT1A(Lupskiet al,



1991; Raeymaekert al, 1991) Soon after, th&1PZ gene was described in CMT1B
(Hayasakaet al, 1998) and theGJB1lgene was associated with CMTRergoffenet al,

1993) This enabled molecular diagnosis in the majority of the demyelinatingigenet
neuropathies. The most common CMT2 geneMR& 2 was reported only 10 years later
(Zuchneret al, 2004) It hasstill remained much more difficult to identiymolecular cause

in axonal neuropathies. The number of discovered @€Biising genes has rapidly increased
with theintroduction of b&ter sequencing technology. More thEs®0 mutations inrmore

than80 genes have beeatescribedso far for CMT and related neuropath{@smmerman et

al. 2014)

It is critical to establish the genetic diagnosis in Ctd provide patientswith a prognosis,
genetic counselling and with options for future targeted therapy. The utarleltagnosis is
complicated due tthe large genetic heterogeneity, the pleiotropic genes causing allelic
disorders andue togene mutations that evoke disedsg$oth recessive and dominant
inheritancgBaets andimmerman, 2011)The majority of the CMT cases transmitted
dominanly or X-linked; while autosomalecessive inheritance is more frequent in countries
with consangineous marriages. Sporadic cases are more commonly detected not only due to
recessive bualso due tale novadominant mutations, latenset disease course and reduced
disease penetran¢Reilly and Shy, 2009; Hgyet al, 2014)

Initially, algorithms have been introduced to support the targeted testing of the four common
genes PMP22 GJB1 MPZandMFN2), which were considered to accotiot a large

proportion of genetic CMMurphy et al, 2012) Conventional testing methods, based on the
clinical and electrophysiology phenotype enabled to identify the molecular cause in 60% of
the CMT cases, with higher rates in CMT1.

The next generation technology made it possiblestéopm parallel sequencing of several
genes and to introduce next generation sequencing (NGS) panels that can detect the full
spectrum of known CMT mutatiorgdrnold et al, 2015) The NGS panel testing has a

limited capacity in identifyingnovel genes, but for genes known to be associated with the
disease or with overlapping phenotypes it ensures high sequencing coverage. The
interpretation is clear bhe detection ofess variants of unknown significan@rnold et al,
2015; Lapiret al, 2016)

With the improvement in higthroughput sequencing technologidgee capability of re
sequencingroteincoding gene regions iwhole-exome sequencing (WES) enabled the

identification of noveliseaseassociated genes both in researchiamtinical settings.



Targeted gene panels

Whole exome sequencing

Whole genome sequencing

Who

Genes
sequenced

Analysis focus

Findings

Phenotype

Coverage

Yield

Proband

Genes associated with specific disease

Group of disorders with overlapping phenotypes

Common clinical features, signaling pathway or protein
structure

Genes specifically in panel

Limited chance for incidental findings
Fewer VUS findings

Specific phenotype or group of disorders

Higher coverage than WES

Sanger fill-in low cover regions

Ancillary tests for pseudogenes, deletions and duplica-
tions

Varies by panel

Proband or Trio
All ~20,000 genes

Genes associated with specific disease or clinical feature

Genes that are medically actionable (~4600)

Genes of unknown significance with suspicious variants
(~16,000)

Higher chance of incidental findings

Large number of VUS

More complex presentation with analysis focused on
genes that are specific for symptoms of individual

Decreased coverage
Sanger fill-in focused only on genes associated with
proband’s features

25-28 % (Yang et al. 2013)
50 % (Need et al. 2012)

Proband or Trio

All coded genomic DNA
No capture required

Analysis of both intergenic and intragenic regions

Regions known to be associated with disease, include
deep intronic variants, rearrangements, copy number
variants

99 % of genome does not code for genes

Much of its functionality is unknown

Complex presentation of an uneasily recognizable disor-
der where previous panel and WES testing have been
unsuccessful

Decreased coverage of regions difficult to sequence
No Sanger fill-in

Unknown
42 % (Gilissen et al. 2014)

Table 1.1 Comparison of the nextgeneration sequencing based diagnostic methods

(taken fromLapinet al, 2016



Even though the human exome aaats for only around 1% of the human genome, screening
of these protektoding segments allowed for the detection of mutations responsible for 85%
of Mendelian disorder@viontenegrecet al, 2011) The diagnostic strategy with the use of
WES, which is able to simultaneously screen extensive genetic variations, has changed to
primarily focus on theidcovery of causal genes in highly heterogpers diseases such as

CMT. The identification of known mutations with atypical clinical phenotypes and the
description of novel variantpreviously not associated with the disease led to the better
understandin@f genotypephenotype correlationlein et al, 2014; Drewet al, 2015;

Lapinet al, 2016) The possibility of establishingmolecular diagnosis in isolated patients
has increased by WES analysis of trios and of unrelatedduédié across families

throughout the worldTimmermanet al, 2014) Despte the large number of identified novel
genes and rare diseases, a molecular diagnostic yield of only 25% was observed by WES
analysis in heterogeneous genetic conditidfanget al, 2013; Salgadet al, 2016) The

main challenge hagmained to distinguish diseasausing alleles among the tremendous
generated sequence data by cautiously evaluating the pathogenicity of the variants. The
limited availability of functional tests, misannotation of variants andapimmal variant

filtering may lead to misinterpretation of mutations and can generate an excess in variants of
unknown clinical significancéBamshacet al, 2011; MacArthuet al, 2014; Timmermaet

al., 2014; Arnoldet al, 2015; Lapiret al, 2016; Salgadet al, 2016) Further difficulties

arise from the technical limitatiord insufficient capture, poor uniformity of read depth,
incomplete coverage and the inability of WES to detect small tandem repeats, copy number
variations and large structural genomic reareamgnts(Montenegreet al, 2011; Timmerman

et al, 2014; Arnoldet al, 2015; Salgadet al, 2016)

Even thouy whole-genome sequencing (WGS) aaitigatethese limitations of the techual
performance; the robust data produced by theegriencing of the entire genome causes
difficulties in the variant classification and in the storage of excessivélddiaveldet al,
2015)(Table 1.1). Multiple projects developed genome data analysis platforms, such as
Genomes Management Applicat (GEM.app), in order to share large datasets and to
discover rare novel genes by screening potentially causative variants across unrelated families
(Timmermanret al, 2014; Gonzaleet al, 2015) Currently, the Matchmaker Exchange

(MME) project aims to facilitate the identification of cases with similar phenotypic and
genotypic profiles (matchmakingnd to enable searches in multiple databases (matchmaker
services)Philippakiset al, 2015) Similarly, the Internatioal Rare Diseases Research
Consortium (IRDIRC), RBConnectproject provides an integrative platform to link genomic
and clinical data in a central research resource for rare dig@asespsoret al, 2014)
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Chapter 2. Objectivesand Overview

Among the group of inherited neuropathies, the Thesis focuses on the hereditary motor
neuropathies (HMN), where the diverse and overlappingaliphenotypes arise on a
heterogeneous genetic background and the molecular diagnosis is still largely uncovered. The
overall aim of the Thesis is to analyse the prevalence and to study the natural history and
genetic epidemiology of HMN in a large cohof patients identified in the Nort&ast of

England. A further goal was to discover novel diseagesing genes by implicating next
generation sequencing and to identify disease mechanisms, which may provide a target for
therapy interventions.

Chapter 3describes the methods of clinical and electrophysiological data collection and
details the series of experimental laboratory techniques that | performed during the study of
the Thesis.

In Chapter 4the investigated patient cohort is defined with the regte HMN classification

and epidemiology data determined for HMN in the Nortkast of England.

Chapter 5provides results about the success in the mutation detection rate in the involved
patient cohort and analyses the efficacy of the applied genetiodsein HMN. The wide

spectrum of the identified genes is discussed based on the framework of common pathways of
mechanisms. The findings detailed in these chapters have been raceaptedor

publication inNeurology (Appendix A)

In Chapter 6a series of clinical and experimental studies illustrates the investigation of the
natural history of the disease and provides insight into the phergéymype correlations

with known HMN-causing genes. Results rethte each of the analysed 5 genes of this

chapter were all reported in publications in various high impactneeewed journals

(Cottenieet al, 2014; Bansagi, Antoniadgt al, 2015; Bansagi, Griffinet al, 2015;

Evangelistaet al, 2015;Bansagiet al, 2016) (Appendix B, Appendix C, Appendix D,

Appendix E, Appendix F)

Chapter 7describes a novel presynaptic pathology in a subgroup of distal hereditary motor
neuropathy (dHMN) caused by the no@T2gene, which we have recently published in the
American Journal of Human Genetigderrmannet al, 2014) (Appendix G) Furthermore,

this chapter discusses novel theoretical pathways, including transcription factor signalling and
mitochondrial pathways, in the pathology of HMN, walinicould be variably supported by

performed functional studies.



Finally, in Chapter 8the nature of the neuromuscular junction (NMJ) defect is discussed in
SYT2andGARSgene mutations. A potential treatment strategy was investigagdligand
GARSmutart dHMN patients with NMJ defect by the administration of synaptic transmission
influencing drugs. Results of the therapy and the unique associated electrophysiological

findings have been recently publishedNiaurology(Whittakeret al, 2015)(Appendix H)



Chapter 3. Methodology

3.1 Clinical data collection

3.1.1 Patients

Clinical and laboratory data reported in the Thesis have been collected from patients, who
attended the specialised Inherited Peripheral Neuropathigesext the NewcastieponTyne
Hospitals NHS Trust. This specialist clinic is one of the main diagnostic centres for inherited
neuropathies in the UK, providing medical care and genetic counselling for patients living in
North-East England. Patients warderred by primary care physicians or by

secondary/tertiary care teams for specialist diagnostic evaluations and for advice regarding the
management plan. Patient follayp was continued in the specialist service once the
confirmatory diagnosis was estehked.

The Medical Research Coun@IRC) Centre for Translational Research in Neuromuscular
Diseases called for recruitment of clinical research databases to enhance a national cohort for
genetic and natural history studies and for experimental triatlselspecialised Inherited
Peripheral Neuropathy service at the Newcastle University | was employed as a Clinical
Research Associate to identify and recruit patients to the CMT cohort, supervised by Prof Dr
Rita Horvath. Patient data from the Newcastle Cééhort were recorded as part of a natural
history study in an internal MRC centre database and were also stored in the database of the
National Institutes of Health (NIH) Rare Diseases Clinical Research Centre (RDCRC).
Individual Trust NHS R&D approval vgaobtained in addition to the MRC ethical approval.

The CMT natural history study documentation (MRC 6601) consisted of a Minimal Dataset
for Visit Information and for Diagnosis Informatioand the CMT Neuropathy Score

(CMTNSV2) (Table 3.1).

| collected data on patients withe heeditary motor neuropathy (HMNyvhich is presented

in the Thesis, from the larger Newcastle CMT cohort. Patient data for the HMN cohort was
recorded both retrospectively from medicatdiland prospectively, when the patient was
reviewed in the specialist clinic. Patient information sheets were provided and written
informed consent was obtained from all patients. | participated in the deep characterisation of
the patient cohort by emplay clinical, neurophysiology, genetic and laboratory techniques.
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T

Parameter 0 1 2 3 4 Weighted Scorg
(calculated by DMC(
Symptoms below or § Symptoms up to the distal half ¢ Symptoms up to the proximg Symptoms above knee (abo
Sensory symptome) None ankle bones the calf half of the calf, including kn¢g the top of the patella)
. Ankle support or stabilization . .
Motor symptoms legsd None Trips, catches t.oes, needed most of the time for Walking aids (cane, ngker Wheelchair most of the time
slaps feet, shoe inser| . needed most of the time
ambulation?2)
Mild difficulty with | Severe difficulty or unable to d Proximal wegknes§ (affect
Motor symptoms arms None Unable to cut most foods movements involving the
buttons buttons
elbow and above
Pinorick sensitivit Normal Decreased below or § Decreased up to the distal half { Decreased up to the proxim| Decreased above knee (abo
P ¥3) ankle bones the calf half of the calf, including kn¢g the top of the patella)
Vibration(4) Normal Reduced at great tog Reduced at ankle Rgduced at khee Absent at knee and ankle
(tibial tuberosity)
Strengths legs Normal ~ |FT4ord-onfootdon, 5 roo G R2 NEAo 22w LI R 2/NE AN ZFNTGKENA vekkheNs T by
9 9 or plantar flexion
4+, 4 or 4- on intrinsi 2 < s = = T PO
< FoF
Strengths arms Normal hand muscless) X o 2y AYyidNXgalA O<5oh wrikt exfedsd® f |S & Weak above elbow
Ulnar CMAP 4-5.9mV 2-3.9mV 0,1-1.9mV Absent -
(Median) >6mV (>4mV) (2.8-3.9) (1.2-2.7) (0.1-1.1) (Absent) b2 u
Radial SNAP XMp K+ 10- 14,91V 5-9,9uv 1-4,9uVv <1luv b2

CMTSS Subtotal (calculated by DMCC)

CMTES Subtotal (calculated by DMCC)

CMTNS Total (calculated by DMCC)

Notes: (1) Use the picture to discriminate the level of the symptomslJé2s aid most of the timéhe patient was prescribed to wear/use or should be wearing/using the aid in the examiner's opinion; (3) Abnormal if patient s

definitely decreased compared to a normal reference point; (4) Use Rydell Seiffer tuning fork. Definition of Nppmgl: 6 p 0

Interosseus (FDI), then choose the stronger to give the score.

Table 3.1 CMT Neuropathy Score second version (CMTNSv2)

LYGNRYaAO KFyR Ydza Of $&

AGNBy3GK
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3.1.2 Neurophysiology

Neurophysiology studies have been performed in all patients, whoexamined in the
specialised neuropathy clinic, apart from the rare clinically uncomplicated cases, when the
routine genetic testing fd*MP22earlier established the diagnosis of the motor and sensory
demyelinating neuropathy (CMT1A or HNPP). Howevamily members of patients with
confirmed genetic diagnoses were offered targeted genetic testing before neurophysiology
studies were initiated. Some of the clinically affected family members have still undergone
neurophysiology testing regardless of tlesipve genetic diagnosis.

In the majority of the patients the neurophysiology assessment was carried out in the
Neurophysiology Department at the Newcasi®nTyne Hospitals NHS Trust by the same
expert Neurophysiologist Consultants (Dr Fawcett, Drttaker, Dr Lai and Dr Baker). In

other occasions, the referral medical team already arranged electric studies for the patients
before they were seen in the specialised clinic or the patients opted for having the test

performed at local Neurophysiology sess.

| collected the electrophysiology data in the HMN patient cohort presented in the Thesis, by
reviewing previous study reports or initial and folloyy electric tests performed mostly by

Dr Roger Whittaker. Generally, the neurophysiology investigaticonsisted of electric

motor and sensory nerve conduction studies (NCS) and electromyography (EMG), which
provided measurements for the analysis of the parameters discu§depier4.3.3 In some
clinically and geneticayl selected cases additional studies were initiated, including repetitive
nerve stimulation (RNS) and single fibre electromyography (SFEMG), in order to investigate
the neuromuscular transmission. | accompanied some patients to carry out additional
neurologcal examinations in the electric study setting and | observed the neurophysiology
methods of the neuromuscular junction (NMJ) testing, as discus§dthpter8.3.4

The studies were performed by the Neurophysiologistsbenéec Keypoint G4 (UK) EMG
machine. Surface electrical stimulation was applied through either CareFusion ring electrodes
or a handheld Alpine Biomed bipolar stimulating electrode. Responses were recorded using
Natus Neurology disposable disk electrodesr(Hiameter). Amplitudes were measured

baseline to peak. SFEMG was performed using Natus Neurology disposable 30G concentric
needles with a bandpass of 2 to 10 KWAtittakeret al, 2015)
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3.2 Laboratory methods

| performed the following computatal data analysis and | applied the laboratory methods

described in this subchapter on the HMN cohort of the Thesis, unless it is otherwise stated.

3.2.1 Next generation sequencing

3.2.1.1Inherited Peripheral Neuropathy (IPN) panel gene test

To date, two laboratorig®ristol and Queen Square) offer more comprehensive genetic
testing for inherited neuropathies in the UK. The mgdtne panel assay applied in the HMN
cohort presented in the Thesis was performed in collabaratith Dr Antoniadi, Dr

Greensade and Dr Brester at the Bristol Genetics Laboratory. Genomic DNA was extracted
from the peripheral blood of the patients in the Northern Genetics Service at the Newcastle

uponTyne Hospitals NHS Trust and was sent to the Bristol Genetics Laboratory.

When next geeration sequencing (NGS) is used to examine specific gene panels and
the sample numbers are high, it is more-effgctive and timeefficient to target, capture, and
sequence only the genomic regions of interest with developed targeted enrichment methods
(Bodi et al, 2013)

Genomic DNA was enzymatically fragmented and enrichment of coding exons and
flanking intronic regions was performed using a custom dedi@30kip SureSelect capture
(Agilent Technologies), targeting 56 genes associated with inherited peripheral neuropathy

(http://ukgtn.nhs.uk/finea-test/searciby-disordergene/tesservice/charcemarietooth

hereditaryneuropathys4-genepanet589) (Table 3.2).

Libraries were prepared from genomic DNA accordingtaitten uf act ur er 0 s
(Agil entds SureSelect Target Enrichment Sys
MiSeq (2x150bp). For data analysis and filtering a bespoke-sqétte pipeline using
BurrowsWheeler Aligne(BWA) andGenome Analysis Toolk(GATK) was used to align
data to the reference human genome (UCSC hg19). Variant classification was based on
Association for Clinical Genetic Science (ACGS) Practice Guidelines (2013). Candidate
pathogenic vaants were confirmed by Sangemgsiencing uag an Applied Biosystems 3730

analysel(Bansagi, Antoniadiet al, 2015)
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TABLE 1 Inherited Peripheral Neuropathies - Gene Panel Genetic Testing

AARS

601065 16q22 CMT2N 613287 AD
ARHGEF10 608136 8p23 Slowed NCV; hypomyelination 608236 AD
ATL1 606439 14q11-q21 HSN 1D 613708 AD
ATP7A 300011 Xq12-q13 dSMAX3 300489 XL
BAG3 603883 10g26.11  myopathy; myofibrillar, BAG-3 related 612954 AD
BSCL2 606158 11q12.3 HMN 5 600794 AD
ccTs 610150  5p15.2 HS’:;::;‘Z:“‘ 256840 AR
CTDP1 604927 18g23 CCFDN: Congenital cataracts, facial dysmorphism, neuropathy 604168 AR
DCTN1 601143 2p13.1 HMN 7B 607641 AD
DNM2 602378 19p13.2 CMT DI B/ CMT 2M 606482 AD
DYNC1H1 600112 14g32.31 CMT20 614228 AD
EGR2 129010 10q21.1-g22.1 CM;:?‘;CJ:ST“ 607678 /605253 AD /AR
FAM134B 613114 5p15.1 HSAN 2B 613115 AR
FGD4 611104 12p11.21 CMT 4H 609311 AR
FIG4 609390 6q21 CMT4) 611228 AR
GAN 605379 16q23.2 Giant Axonal Neuropathy 1 256850 AR
GARS 600287 21q22.11 CMT 2D HMN 5 601472 /600794 AD
GDAP1 606598 8q21 CMT 4A CMT 2H/ CMT 2K 608340 /607706 /607831 AR/AR/AD
GJB1 304040 Xq13.1 CMTX1 302800 XL
HOXD10 142984 2g31.1 HMSN with Congenital vertical talus 192950 AD
HSPB1 602195 7q11 CMT 2F HMN 2B 606595/608634 AD
HSPB3 604624 5q11.2 HMN 2C 613376 AD
HSPB8 608014 12q24 CMT 2L HMN 2A 608673/158590 AD
IGHMBP2 600502 11q13.3 HMN 6 604320 AR
IKBKAP 603722 9q31.3 HSAN 3 223900 AR
KARS 601421 16g23.1 CMTRIB 613641 AR
KIF1B 605995 1p36.22 CMT 2A1 118210 AD
LITAF 603795 16p13.3-p12 CMT1C 601098
LMNA 150330 1q22 CMT 2B1 605588 AR
LRSAM1 610933 9g33.3 CMT 2P 614436 AD /AR
MED25 610197 19g33.13 CMT 2B2 605589 AR
MFN2 608507 1p35-36 CMT 2A2 609260 AD
MPZ 159440 1q22 CMT 1B/CHN/ cMT21/  CMT2) 118220/605253 /607791

CMTDID 607677 /607736
MTMR2 603557 11q21 CMT4B1 601382 AR
NDRG1 605262 8q24.22 CMT4D 601455 AR
NEFL 162280 8p21 CMT1F CMT 2E 607734/607684 AD
NGFB 162030 1q13.2 HIANS, Asence ot 608654 AR
pain
NTRK1 191315  1q23.1 :i‘:::t:::;'f;::'fn 256800 AR
PLEKHG5 611101 1p36.31 dSMA 4 611067 AR
cMT HNPP,

ez o e SN ol
PRPS1 311850 Xg22.3 CMTX5 311070 XLD/R
PRX 605725 19q13.1-q13.2 CMT4F/DSS 145900 AR
RAB7A 602298 3g21.3 CMT 2B HSN 600882 AD
REEP1 609139 2pll1.2 HMN5B 614751 AD
SBF2 607697 11p15.4 CMT4B2 604563 AR
SCN9A 603415 2q24.3 Absence of pain/Small fiber neuropathy 243000/133020 AR /AD
SEPT9 604061 17q25.2-q25.3 Hereditary neuralgic amyotrophy, HNS, HNA & symorphic features 162100 AD
SH3TC2 608206 5q32 CMT4C 601596 AR
SLC12A6 604878 15q14 PN with agenesis of the corpus callosum 218000 AR
SOX10 602229 22q13.1 PCWH syndrome 609136 AD
SPTLC1 605712 9q22.1-q22.3 HSAN 1 162400 AD
SPTLC2 605713 14q24.3 HSAN 1C 162400 AD
TDP1 607198 14g32.11  Spinocerebellar ataxia, with axonal neuropathy 607250 AR
TRPV4 605427 12q24.1 CMT2C 606071 AD
WNK1 605232 12p13.33 HSAN 2A 201300 AR
YARS 603623 1p13.1 CMTDIC 608323 AD

Table 3.2 Inherited peripheral neuropathy gene panel test
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3.2.1.2Whole-exome sequencing

Exome @pture library and wholeexome seguencing

Selected patient DNA samples were subjected to NGS at AROS Applied Biotechnology
(Aarhus, Denmark The enrichment of protein codiegons by DNA hybridisatiocapture
followed by highthroughput sequencing enabtage discovey of diseasecausing mutations.

Genomic fragment library was prepared using Trd8&NA Sample Preparation Kit
(lumina Inc., San Diego, USAY.he enrichment platformllumina TruSed" 62 Mbp
(lumina Inc., San Diego, USA)sed the denatated singlestranded DNA library hybridised
to biotin-labelled probes, which were complementary to the target exome. Enrichment of the
targeted region was processed by adding streptavidin beads that bind to the biotinylated
probes and the enriched DNA @graents were magnetically eluted for a se&tenrichment
reaction(Figure 3.1). The amplifiedcaptured fragmeni@ncluding exonic flanking regions)
were sequenced by using the lllumina HiSeq2000 plat{dlumina Inc., San Diego, USA)
with pairedend reads of 100 base pair.

The lllumina platform is the cheapest and the required input DNA amount is small for
an easy fragment library construction, although the target enrichment efficiency is not the
highest. It has high performance for the coverage of medically interesting rare mutations and
with additional sequencing it efficiently detects single nucleotide variations (SNVs) and short
insertion/deletiongBainbridgeet al, 2011; Bodiet al, 2013; Shigemizet al, 2015)

olod Sampia Libmn —
oaled Sampla Libmay _l'. '® Biotn proba
———— ——— ‘s ‘e
—
1
._ — ——
—_— —
— -
A_Denature doubie-stranceda DNA HDrary B. Hyworidize blotinylated probes to targeted reglons
— — 4
—_— > W  Swoptavidn boads
2 :
C

C.Enrichment using streptavidin beads
D. Elution from beads

Figure 3.1 TruSeg™ enrichment workflow

(taken fromData sheetSequencinglllumina)
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Exomesequening data analysis

The sequencing data underwent bioinformatic anafgsisensitivity, specificity, and
coverage of the desired regions, which was performed by Dr Helen Griffin in the Institute of
Genetic Medicine at the Newcastle Universitiie NGS data of the HMN cohort was
processed by quality control, mapping, variaetification, validation and clinical
annotation. The related results will be providedable 5.7 andlable 5.8 in Chapter5.5.2

In-house informatic analysis included quality filtering of data and duplicate
sequence read removal with FastUgtlg Xu et al, 2012) Filtered and normalised reads were
aligned to the human reference genome (UCSC hg19)BMitA (Li and Durbin, 2009)SNV
and small insertion/deletion (indels) calling was performed by Freebayes and variant
annotation with ANNOVARThe small difference in coverage of coding regions directly
influences the abiljt to identify rare variants in the coding regions. Therefandaoget
region coverage, the percentage of targeted bases covered by sequence readslepthread
the number of reads that map to thgéted sequence were determi€dble 5.9).

| examined the exome data of the HMN patient cohort presented in the Thesis for
further ontarget variant filtering with the assistance of Dr Helen Griffin. Variants were
annotated as exonic/splicing, excluding synonymaugnts and rare variants were identified
with a minor allele frequency (MAF<0.01) in the context of genotype (heterozygous
MAF<0.001; homozygous MAF<0.01). Control data were obtained from several databases
downloaded via ANNOVAR (NHLBI_ESP6500, cg69) aaldo in 281 ishouse exomes. By
comparison with the Exome Aggregation Consortium (EXAC) database, the rates of rare copy
number variation§CNVs) (<0.5% frequency) were investigated in the exome sequencing
data(Ruderferet al, 2016) Protein prediction and evolutionary sequence conservation
algorithms downloaded via ANNOVAR were used to define protein altering and/or putative
0di sceaaussei ngd mut ati ons. Protein prediction
Taster, AGVGD, LRT) were used to analyse timesilico effects on protein functioning.
Potentially deleterious variants were tested using QIAGEN Ingenuity Variant Asmalyss
ortline tool brings multiple biological sources together to help with the filtering challenge in
identifying variants. The same interface can be used to construct testable mechanistic
hypotheses based on reported biological relationships betwees/gariants and the
phenotypegWendelsdorf and Shah, 201%Ye followed the guidelines of the American
College of Medtal Genetics and Genomi@ehmet al, 2013)
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3.2.2 Sanger sequencing

3.2.2.1 DNA sequencing

Selected putative pathogenic variants were confirmed by Sanger sequencing using custom
designed primers and where family members were available segregation analyses were carried

out.

Primer designing

Search in Genome browser

The specific gene region ofterest was searched by the gene names and exact base pair
positions within the chromosomes using the Ensembl Genome Browser website

(http://www.ensembl.ong Genome browsers provide a graphical interface to extract a

summarise information of genomic sequence and annotation data, and promespecess
comparative analysis. The Ensembl browser contains the most extensive set of gene and
transcriptionrelated data and the most extensive presentation of haplotigpéHdaMap
project)(Furey, 2006; Wangt al, 2013)

Primer selection

The design of primer oligonucleotide sequences specific for the region of interest was assisted

by Primer3 fittp://primer3.wi.mit.edy Target DNA sequences were uploaded into the online

software, which provided primer sequences selected to span the region of interest and

specified by the product size, melting temperature and@@icontent (%).

Polymerase chain reactigRCR) amplifying a sequence target requires twaonenis (forward

and reverse) anneal to the 3Nj ends of the s
long enough to bind complementarily to the target sequence, while needing to be specific to
avoid amplifying unwanted regions in the genome. Thetshprimers have higher binding

efficiency but their specificity is lowetenerally, primers of 184 nucleotides in length

were selected. A GC content of ~50% of the primers was adjusted to prevent that long

stretches of poly(G,C) would increase the d®aof mispriming, while high AT content was

avoided to prevent unstable pairifigntergasseet al, 2012; Hung and Weng, 2016)

Primer validating

Thegenerated primer sequences were checked for all possible binding targets using Primer
BLAST (http://www.ncbi.nlm.nih.gov/tools/primdslast) to exclude chances for mispriming

across the gemoe.
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Furthermore, all selected primers were optimised before being applied. A PCR reaction using
DNA and negative controls was performed at 3 different temperatures, including the melting
temperature advised by Primer3. During a PCR cycle, the primetsetarget form a

duplex in the annealing step, which requires a lower temperature than the subsequent
denaturation step, while the duplex is separated. Therefore appropriate and primer adjusted

melting temperatures are required for each PCR reagtiong and Weng, 2016)

Polymerase chain reactiofPCR) reaction

The PCR is a powerful niteod that can amplify a DNA/RNA segment from a small amount

of template target sequence. Synthetic oligonucleotides flanking sequences of interest are
used in repeated cycles of enzymatic primer extension in opposite and overlapping directions.
The introdwetion of a thermal stable DNA polymerase from the bacterium Thermus aquaticus
(Tag DNA polymerase) enabled the process to become automatic. Each PCR cycle consists of
thermal denaturation of douk#tranded target molecules, primer annealing to both strand

and enzymatic synthesis of DNAXosberg, 1989; Lorenz, 2012)

DNA amplification

The availabity of adequate quality and quantity of the genomic DNA is essential for genetic
analysis. Although the quantity of DNA in the
nanospectrophotometers, the number of molecules (optimal target betvieen 1) is

more important for a successful PCR.

Whole genome amplification (WGA) has been developed to overcome the limitations of small
amounts DNA available form human samples. The multiple displacement amplification
(MDA) method does not require higamperature dexturation to provide a singranded
template, therefore it reduces DNA degradation and increases the specificity of the
amplification(Deanet al, 2002; Wanget al, 2011; Lorenz, 2012)

The REPL{g ultrafast minikit (Qiagen, Valencia, CA) utilising isothermal MDA with a

uniquely processive DNA polymerase was used for tilum amplification of the whole
genomic DNA. The sample DNA was denatured by adding a denaturation buffer and the
denaturation was stopped by a neutralisation buffer. A master mix, containing reaction buffer
and REPLig UltraFast DNA Polymerase was addedhe denaturated template DNA and an

isothermal amplification reaction was processed for 1.5 hours at 30°C.
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PCR reaction mixture

The standard PCR reagents that were used included a set of primers designed to the target
sequence to be amplified, DNAlymerase (Immolas¥ DNA Polymerase, Bioline or

MyTag™ DNA Polymerase, Bioline), a buffer for the specific DNA polymerase, DNA
template and sterile water. The advanced formulation of MyTaq Reaction Buffer system

already contained the deoxynucleotidesTé&N) and MgCl which otherwise needed to be

addedo other DNA polymerase systerfisable 3.3).

In each PCR reaction negative control and normal DNA positive control was introduced.
When multiple PCR experimentseve planned, a mixture of reagents common to all reactions

(Master Mix) was initially prepared. All reagents were kept and the set up of the reaction

mixture was performed on fresh ice.

Standard MyTaq Protocol

PCR reaction set-up:
All reactions must be set-up on ice.

The following protocol is for a standard 50pl reaction and can be
used as a starting point for reaction optimization.

5x MyTaq Reaction Buffer 10ul
Template as required
Primers 20uM each Tl
MyTaq DNA Polymerase 0.25-1ul
Water (ddH,O) up to 50ul
PCR cycling conditions
We suggest these conditions in the first instance:
Step Temperature Time Cycles
Initial denaturation 95°C Tmin 1
Denaturation 95°C 15s
e User
Annealing . 155 25-35
Extension® 72°C 10s

* These parameters may require optimization, please refer to the Important
Considerations and PCR Optimization section if needed.

Table 3.3 Standard MyTaq™ PCR protocol

(takenfrom Product note, Bioling
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PCR cycling conditions

The cycling times and temperatures varied, dependent on the DNA polymerase and the
template characteristics used in the experiniBable 3.3). The reaction started with an

initial activation/denaturation at a high temperature, generally for 1 minute. Longer initial
denaturation times were required to facilitate complete melting of the DNA. Generally, 25 to

35 rounds of a threstep temprature cycle was the next step, including a shorB@5

seconds) high temperature denaturation, followed by the annealing step at a lower temperature
set ideally between 52 °C to 58 °C and an extension step at 72 °C. The final phase of thermal
cycling cantained an extended elongation period of 10 minutes, which allowed the addition of
an adenine residue to the 3' ends of all PCR products. Termination of the reaction was

achieved by cooling the mixture down to 4 °C.

Electrophoresis on Agarose gel

PCR prodicts can be detected by loading aliquots of each reaction into wells of an Agarose
gel. Orange G loading dye (dH20, 15% glycerol, 1% orange dye) was used at a 1:1 ratio to
stain the PCR product and wusually 6¢A was
product was ugladed into a 2% Agarose gel (2garose gel in 1XTAE, Tris base Acetic acid
and EDTA (Ethylenediaminetetraacetic acid)
ethidium bromide. The stained PCR product migrated into the gel followingaglbotesis

for a minimum of 30 minutes at 75V. Gel images were captured on a GEIBbH@ Imaging

system (UVP). Ethidium bromide intercalated between the bases of the DNA strands and

allowed the PCR bands to be visualized under UV light.

Analysis of thePCR bands
Parallel to the PCR products a ready to use molecular weight marker (HyperflMatio@bp,

Bioline) was loaded to the gel in order to determine the detected band sizes. If there was a
discrete band detected at the expected molecular weigtCiReoroduct was further

processed for sequencin@ccasionally dimmer formation of the primers (small bands <100

bp near the bottom) were visible on the gel, indicating self anneal or anneal to the other
primer in the reaction. At other times, nrspecificPCR bands were detected indicating that

the primers were designed to highly repetitive sequences or there was a lack of PCR product.
The PCR reaction was then repeated adding dimethylsulfoxide (DMSO) or betaine-(N,N,N
trimethylglycine) or both to enhantlee PCR amplification of & rich targetsModifications

were also applied in the cycling conditions and ultimately designing a new primers pair was

required(Lorenz, 2012)
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Sequencing
PCR sample cleaup

Amplified samples were subsequently treated with a mixtute@hydrolytic enzymes,
exonuclease (20U/uL, Thermo Fisherand thermosensitive alkaline phosphatase, FastAP
(1U/uL, Thermo Fisherjor rapid and efficient removal of unincanated primers and
degradation ofinwanted deoxynucleotidésft from the PCR reactio(Mardis and
McCombie, 2016)

The reaction mix of 0.5ul Exol and 1l FastAP with 3ul PCR product was loaded to
each well of the 9&vell plate and incubated at 37°C for 15 minutes, while thetien was
stopped by heating the mixture at 85°C for 15 minutes.

Alternatively purified DNA was recovered from the PCR products on the 2% Agarose gel
utilising spincolumn (nucleic acid purification column) technology by a commercially
available kit (QlAguick Gel Extraction Kit, QIAGER) using salt reagents (TAE buffer, Tris
acetate/EDTA or TBE buffer, Tris borate/EDTA).

After electrophoresis separated DNA bands were visualised on a UV transilluminator
and the desired bands were excised from the gelshidlp scalpel, cautiously removing extra
agarose gel. DNA fragments were extracted from the gel by dissolving thkcgah 3
volumes (300pl to 100mg gel) of chaotropic salt buffer reagent (Buffer QG) at 50°C for 10
minutes. To increase the yield of th&lA fragment one volume of isopropanol was added to
the sample. The sample solution was then applied to the QIAquickalpimn to bind the
DNA fragments after spinning at 13.000rpm for 1 minute. To remove all traces of agarose, an
additional 0.5ml BuffeQG was applied with spinning at 13.000rpm for 1 minute. The spin
column was washed by using an ethanol containing BufferPE with-atepospinning at
13.000rpm. Finally, the DNA was eluted in a small volume (30uL) of BufferEB and was
centrifuged to collet. The received sample was kept immediately on ice and the DNA content

was measured by nanospectrophotometer.

Dye-terminator cycle sequencing

Automated larggemplate DNA sequencing uses fluorescent dyes for the detection of the
electrophoretically redeed DNA fragmentgfRosenblurret al, 1997) The dyes attach to the
terminating ddNTP. The implicatoof DNA polymerases, which do not discriminate

between dNTP and ddNTP, is that false terminations will not be detected and the spectral
resolution will be higher with increased brightnéSangeret al, 1977; Rosenblurat al,

1997; Heineet al, 1998) Fluorescent cycle sequencing of the PCR products was performed
by utilising the dyelerminator cycle sequencing approach (ABI BigPye3.1 3130x|
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Genetic Analyzer, Life Technologies). A 15ul mixture consisted of 1ul BigDye® Terminator
v3.1 (Applied Biosystems), 2ul BigDye® Terminator v1.1/v3.1 5X Sequencing Buffer, 1l
primer (forward or reverse) and 11pl sterile water was added ©xibieAP reaction already

in the 96well plate, reaching the 20ul final volume for cycle sequencing. An initial
denaturation at 96°C for 1 minute was followed by 25 cycles of 96°C for 10 seconds, 50°C
for 5 seconds and 60°C for 4 minutes, then the reaatasnstopped with cooling down to

4°C.

Ethanol precipitation

Excess dye terminators in sequencing reactions obscure data and can interfere with base
calling. Unincorporated dye terminators should be removed prior to electrophoresis by
purification method. Ethanol/EDTA precipitation was carried out irotwashout steps.

Initially 2pl 125mM EDTA,2ul 3M Sodium acetate and 70100% Ethanol were added to

each well of the plate and was incubated for 15 minutes at room temperature. Subsequently,
the plate wa centrifuged for 30 minutes at 2000g, which was followed by spinning the

inverted plate up to 100g. In the second step an additional 70ul 70% Ethanol was added to the
wells and the plate was centrifuged at 16509 for 15 minutes, followed by a repeattstiinve

spin up to 100g. The plate was air dried in dark for 10 minutes and was ready for sequencing
or could be stored sealed-20°C.

Capillary sequencing

Capillary electrophoresis uses a denaturing flowable polymer to separate the fluorescently

labelled DNA fragments according to their molecular weight. An optical detection device of
Applied Biosystems genetic anal ysers detects
volume was required in the 9@ell plate, so that the ends of the capillaries reraabmerged

in liquid to inject each sample multiple times-Bi™ Formamide (Applied Biosystems) was
usedtorsuspend the sample to r-sugperdedin®Bi™ vol ume.

was heated for 2 minutes at 97°C and then sequenced with the &Ettic Analyser.

Data analysis
Raw data were analysed with Seqscape® v2.6 (ThermoFisher) or more preferably with

Mutation Surveyor® v4.0.5 (Softgenetics). Reference sequence was created for the region of
interest by using the RefSeq database, whichagesssible in NCBI resources including
Entrez Gene, Map Viewer and BLAST. The sequenced raw files were uploaded to the

software and were compared to reference and control negative sequences.
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3.2.2.2cDNA sequencing
RNA isolation

To purify RNA from small amountsfdlood or fibroblast cells a commercial kit

(RNeas§mini kit, QIAGEN) was used, which utilises a specialised sgh buffer system to
prepare up to 100eg total RNA per sampl e.
Blood samples collected in specialised RNA tubes were defrosted and 4 thiNzaso

centrifuged at 35009 for 10 minutes, while the supernatant was discarded by cautious
pipetting. The pellets were-sispended in 5ml RNase free water and centrifuged at 35009

for 10 minutes and the overflow was discarded. The sample was first hdéd@mogenised

in the presence of a highly denaturing guanidimecyanatécontaining buffer (600 RLT

Buffer), which immediately inactivated RNases. When RNA was purified from fibroblast cell

l i nes, which ar e r-mechptoetmnoRtaasidedto the BafeemRLTL O € |
before use. Subsequently, 70% Ethanol was added to provide appromaiatg conditions

and a 700 kample was then applied to an RNeasy Mini spin column. Total RNA was bound
to the membrane and optionally treated with DNase I. Membrane contaminants were washed
away in multiple stepsusing0 0 e | RW1 Buf f elrcon@mimnd RBEBQOflerl et ha
with centrifugation at 11.000rpm for 15 seconds. figg-quality RNA was eluted by adding

30 RNasefree water and the RNA content was measuredanpspectrophotometer.

Reversearanscription (RT) PCR

The total RNA extracted frorme cells was converted to a singkeanded cDNA by applying

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). For each reaction

a 10¢l reacti on XRTX Buwfnfsars,t edd. &efl 223 X 1ADNTP
RT Random Primer, 1 ¢ | Mul ti Scri beERever sfreeWatekns cr i
was prepared and added -wallreactioeplaiteOfcrédver®@ NA s a mp
transcription was performed in a thermal cycler at 25°C for 10 minutes, 37°C for 2 hours,

85°C for bminutes and then cooled down to 4°C. The produced cDNA content was measured
by nanospectrophotometer, considering that it also measured the primers in the sample.
Subsequently, the converted cDNA was validated in a PCR reaction performed with

optimised waoking cDNA primer pairs and by using negative control and genomic DNA as a
positive control.

RT-PCR amplification required designing primers, complimentary with the cDNA sequence

of the genomic region of interest. The PCR and sequencing processes wedeocerr

according to the same protocol described earli@hapter3.2.2.1
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3.2.3 Functional protein studies

3.2.3.1 Fibroblast cell line culture

Punch skin biopsies were taken after ethical approval and informed consent from controls and
patients using standard techniques. The tissue was stored in culture medium and fibroblasts
were obtained for further studies and stored@@tC in the Biobank at the Institute of Genetic
Medicine, Newcastle University.

The human primary fibroblasts veegrown in plastic flasks (CELLSTAR Greiner BieOne
International, T25, 25 cfritem No: 690175 and T75, 75 énitem N0:658175) in 1x

Dulbecco Modified Eagle MediunDMEM) (Gibcd®), which was additionally supplied with
50ml 10% FBS (F7524, Sigma), 5ml IRén/Strep (10,000U/mIGibcd®), 5SmIDMEM

Vitamin Solution 100x (1112037, GIBCO), 5ml Sodium Pyruvate (S8636, SIGMA), 5ml
Non-essential Amino Acids 100x (1114185, GIBCO), 5ml EGlutamine200mM 100x
(25030024, GIBCO)and 1ml Uridine 25mg/ml (U3003, SNEA).

Frozen aliquots of fibroblasts were thawed and diluted in 5 ml culture media in a T25
flask, mixed gently and cells were checked under light microscope for viability. The fibroblast
containing flasks were incubated under standard sterile culturdioosdn a 5% CO2
incubator at 37°C. Soon, when the cells attached, the medium containing DMSO was
removed and replaced with 5 ml of frdSMEM media. Once a confluent cell monolayer was
seen under the light microscope, fibroblasts were dissociated @M rypsinEDTA 10x
(154006054, GIBCO) and were diluted in 10 ml cultDMEM medium in a new T75 flask.
During the incubation of the cells intermittently the cultDMEM medium was changed,
using autoclaved water dissolved PBS (Oxoid Ltd., BRO014G)der to grow a larger
amount of cells, once a confluent monolayer was achieved in the T75 flask, fibroblasts were
dissociated using TrypsiBDTA and were split into new T75 flasks containing frEsEM
media.

The fibroblast cells grown for further proteammunoblotting were detached by
TrypsinrEDTA and were transferred into a 15 ml falcon tube to spin at 1300rpm for 5
minutes. The supernatant was cautiously removed and the pellet was sta@€ aintil
further manipulation.

Alternatively, the grown broblast cells were frozen down for future growth by using
a freezing media (90% Fetal Bovine Serum and 10% DMSO), which was added to the pellets
and stored in cryovals &0°C.
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3.2.3.2Western blot

Protein extraction

Total protein was isolated from cell Bt supernatants by solubilising fibroblast cells
dependent on pellet size in a 30¢l [/ 80¢l R
buffer) containing 50mM TrigiCl pH8, 1mM EDTA, 150mM NacCl, 0.5% sodium

deoxycholate, 0.1% SDS (sodium dodecyl sulphahd 1% NPRIO. After incubation for 10

minutes at 4°C cells were frozéimawed twice and the insoluble pellet was removed by

centrifugation at 4°C 13.000 rpm for 10 minutes.

Determination of protein concentration

The protein concentration of the supeam was determined by Bradford Protein Assay

utilising the Coomassie blue-250 dying system, which indicates protein binding with colour
change. This can be measured at 595 nm with the I'ffiRE@ (Tecan) plate reader

spectrometer. Standard serial tibms were prepared using control bovine serum albumin
(BSA, 1e¢g/ el ) at concentrations of O0eg/ ml;
15¢qg/ ml by adding 200¢l Bradford reagent (E
uptol ml. Fromthesgm e protein lgl was added to 200c¢
deionised water. The concentrations were measured and absorbance readings of the standards
determined a standard curve, where the actual absorbance value of the sample protein could

be plotted ad the protein concentratio i n € g/ €l coul d be deter mi |

Preparation of protein sample

Antibodies recognise only small epitopes of the protein. In order to enable access to this

protein region of interest, the complex protein structure needs to beleshtoy denaturation
using a |l oading buffer and an anionic denat
sample/control protein was planned to upload for electrophoresis and the necessary protein
volumes were calculated based on the Bradford assay. Atatahvel of 10 ¢ | mi Xt
prepared by addibg Sampl e NBPAGEr (4x; Life
NuPAGE® Reducing Agent (10x) to the necessary volumes of the proteins made up with

deionised water. The samples were then boiled at 70°C for 10 minutes.

Electrophoresis

The electrophoresis is a standard method to separate proteins according to their molecular
wei ght . Both sample and control proteins we
12% SDS polyacrylamide gel (NuPAGBis-Tris Mini Gel, Nowex®) along with protein
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molecular weight ladders, Biotynilated Protein Ladder (#7727, CellSignal) and S&eBlue
Plus2 Prestained Protein Standard (No#xThe electrophoresis tank was filled with a 20
times diluted NUPAGEMES SDS Running Buffer (20X) (Nex®) as running buffer and
500ul of NUPAGE Antioxidant (Nove®) was added to the internal chamber of the tank.
Samples, accompanied by the markers, were run on the get5@ dihutes dependent on

the molecular weight under 150V.

Protein transfer

Prokins were transferred to a PVDF membrane with an3BIBtVDF Mini transfer stack
(ThermoFisher) according to the manual protocol. For proteins with smaller molecular weight
the transfer time was reduced to 5 minutes from the generally used 7 minutsscdémss of

the protein transfer was visualised by detecting the protein bands with Ponceau Red staining

(2% Ponceau S in 30% trichloroacetic acid and 30% sulfosalicylic acid).

Antibodies incubation

The membrane was thoroughly washed with the blottinfeuf TBS (20 ml 1M TridHCl
pH 7.5, 29.2g NaCl, 1ml Twe&(Sigma) made up to 14H20). To avoid norspecific
binding of the antibodies, the membrane was blocked with 5%atairy milk (5g norfat
milk powder per 100ml of TrisICl Buffer Saline Tween20TBST) buffer) for 1 hour at

room temperature. Antibody solutions were prepared by appropriate dilution of the relevant

primary/secondary antibodies in 5% milk in blotting buffer (TTBS). The membrane was
incubated in the antibody solution containing thenay antibody at 4°C overnight.
Subsequently, the membrane was washed with 3 or more changes of blotting buffer for 30
minutes at room temperature. Then the membrane was incubated in the antibody solution

containing HRFconjugated secondary antibody fohdur at room temperature.

Blot development

Following a thorough wash with 5 or more changes of blotting buffer for 30 minutes, the

membrane was developed with a chemiluminescent detection method. The membrane was
incubated for 5 minutes in the dark witicd ar i t yE Western ECL Bl ottin
solution and luminol/enhancer solution (Bi&d). The chemiluminescence signal was

detected and transformed into a digital image by the Amersham Imager 600 (GE Healthcare

Life Science). To analyse the bIGAPDH was used as a loading control for normalisation.

The membrane was incubated with g8APDH antibody at 4°C overnight and the membrane

was developed and detected as described above.
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Chapter 4. Identifying the patient cohort and clinical classification ofthe

hereditary motor neuropathies

4.1 Hereditary motor neuropathies and the revised nosology

The hereditary motor neuropathies (HMN) encompass clinically and genetically
heterogeneous groups of disorders characterised by lower motor neuron weakness due to the
involvement of spinal motor neurons and motor axons in the peripheral nervous @sstem

et al, 2006; Diericket al, 2008; Rossoet al, 2012) The last population survey from North

East England in 1979 estimated the prevalence of hereditary motor neuropathies around 10%
among spinal muscular atrophy ca@ieésarn and Hudgson, 197®@pter in the same region

the cumulative incidence of CMT was identified as 11.8 per00@0inhabitant§Norwoodet

al., 2009; Foleyet al, 2012)

The classical phenotype of the distal hereditary mo¢oiropathy (dHMN) is a length

dependent motor weakneasd atrophy, initially affecting the intrinsic feet muscles and the
peroneal compartment of the I&fpngheet al, 1998) Fod deformities, such as pes cavus

and clawing of the toes are frequently seen in conjunction with dHMN. The majority of the
cases show a slowly progressive disease course graduallying the more proximal leg
muscles and/or affecting the intrinsic hand muscles. Congenitgdnogmessive conditions

have been described as congenital distal spinal muscular atrophy (COEE#)o et al,

2012) Other congenitalor infantileonset forms with lower limb involvement and static or

very slow disease progression were grouped in the entity of spinal muscular atrophy with
lower extremity dominance (SMRED) (Harmset al, 2012) Various ages of onset, varying
clinical course and accompanying neurological features complicate the phenotypes further
and serve aslaasis for disease classification. Primary or predominant upper limb
manifestation, upper motor neuron and bulbar symptoms, isolated cranial nerve involvement,
respiratory impairment, skeletal and hip dysplasia may be essential clues to establish a
phenotype led molecular diagnosiBansagiet al, 2017)

In respect of the concept that CMT and related disorders present a clinical continuum from
pure sensory along sensorimotor toward pure motor neuropathies, dHMN could be
acknowledged as the pure motor endpoirthefCMT spectrum. However, there is still a

debate to what extent the involvement is always exclusively motor, as many forms of dHMN
clinically show minor sensory chang@sobi et al, 2006; Rssoret al, 2012) A considerable

clinical and genetic overlap exists between axonal CMT (CMT2) and dHNfférent
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mutations in the same gene can cause both allelic phen¢Bieesk et al, 2008) It has still
remained difficult to distinguish clinically between the two eesitand the differentiation

continues to rely on the presence or absence of sensory electric nerve changes, regardless of
the presence of clinical sensory defi¢iitsngheet al, 1998) In addition, detailed

neurophysiology studies revealed somatosensory abnormalities in patients complaining about
sensorysymptoms, suggesting proximal sensory pathway changes alongside normal
peripheral sensory nerve tefiPevicet al, 2012)

Furthermore, dHMN is also referred to as distal spinal muscular atrophy (dSMA)

emphasizing te hypothesis that the primarily pathology resides in the lower motor neurons
and classifying it as a separate disease entity within the group of hereditary motor
neuropathiegirobi et al, 2006; Rossoeet al, 2012) This presumption might be supported by

the combined upper and lower motor neuron involvement in some dHMN patients. An
increasing number of identified dHMikelated genes is also causative for overlapping motor
neuron diseases, ilcling amyotrophic lateral sclerosis (ALS), hereditary spastic paraplegia
(HSP), spinal muscul ar at r(lopétgl, 2006;M&)Denand Kenn
Bosch and Timmerman, 2006; Rossbal, 2012)(Figure 4.1).

4.2 Aims

| designed a longitudinal population based study to investigate the epidemiology, clinical and

electrophysiology features of hereditary motor neuropathies and to rthaeebassification.

4.3 Methods

4.3.1 Patient recruitment

Patients suffering from motor and sensory neuropathy symptoms were referred either directly
or after general neurology investigationghe specialised clinic for inherited peripheral
neuropathies at the Institute of Genetic Medicine, Newcastle University. Referrals were
accepted from the catchment area of Newcagiter Tyne Hospitals NHS Trust
(Northumberland, Durham, Cumbria, partsvairkshire and Lancashire) and were analysed

over a period between 2010 and 2015. Jointly with the clinical service, a specialist research
laboratory, as part of the Medical Research Council for Neuromuscular Research UK, is run
for research based investgns of CMT. Therefore this service is well placed to provide
representative epidemiologic data about CMT and related disorders in theBdsttof

England.
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Pure neuronopathies

Irobi et al,
Hum Mol Gen 2004

DISEASE TRAIT CLINICAL PHENOTYPE GENE
dHIVIN type | AD Juvenile onset, lower limb HSPB1,HSPBS8
+ sensory deficit >CMT2F/CMT2L DYNC1H1
dHIVIN type I AD Adult onset, lower limb HSPB1,HSPBS8
+ sensory deficit >CMT2F/CMT2L BSCL2, HSPB3,
FBXO38
dHMIN type Il AR Chronic form Unknown
dHMIN type IV AR Chronic form + diaphragm palsy Unknown
dHMN type V AD Upper limb onset/predominance GARS
+ sensory deficit >CMT2D BSCL2
dHMN type VI AR Infancy, SMA, respiratory distress, IGHMBP2
SMARD1
dHMN type VII AD Adult onset, lower limb DCTN1, TRPV4
+ vocal cord palsy Unknown
X linked dHMN X Distal onset ATP7A
dHMN +pyramidal AD SETX, BSCL2,
AR Jerash ethnicity HSPB1, DCTN1
Congenital AD At birth,distal onset,arthrogryphosis TRPV4, BICD2,
dSMA/SMA-LED DYNC1H1
Complex neuronopathies

Axonopathies

sLcs2a3™

sLcszaz*

SMA

TRPV4™

Rossor AM et al,
JNNP 2012

HMSN

DYNC1H1™

Figure 4.1 Classification of dHMN

Peeters et al,
Brain 2014



4.3.1.1Inclusion and classification criteria

Patients presenting hereditary motor neuropathies were exclusively included in the study.
They were selected from the individuals we diagnosed with genetic neuropathies among the
total referrals. All selected patients weretler classified based on detailed family and

clinical history, physical examination, neurology and electrophysiology findings into one of
the overlapping groups of pure dHMNHMN), motor predominant CMT 2r{otor CMT2

and complex motor neuronor neuropdties HMN plus.

Diagnosis of thelHMN group relied on the predefined set of clinical criteria, suggested by the
2nd European CMT Consortium, with preserved sensory nerve studies and normal or reduced
compound motor unit action potentials (CMAP) and/arrngenic changes on needle EMG
examination(Jongheet al., 1998)

Patients with dHMN phenotype but presenting decreased sensory action potentials (SNAP)
indicative of an accompanying sensory axonopathy were groupadtas CMT2

We consideretHMN pluswhen the hereditary motor neuropathy was accompdnyiedher
neurological complications, e.g. upper motor neuron and/or cranial nerve involvement,
extrapyramidal disorder or cerebellar symptomatology.

All participants provided written informed consent to be involved in the clinical and genetic
studies, with were performed according to standard protocols approved by local research

ethics committees.

4.3.1.2 Exclusion criteria

Acquired neuropathy causes were excluded in all study patients applying a wide range of
investigations. According to the clinical feature® performed specific laboratory tests for
antibodies and immunological abnormalities, metabolic studies foicacyitines, very long
chain fatty acids, serum and urinary amino acids and organic acidsfetippieotein,

neuroimaging, nerve and/or misbiopsies.

4.3.2 Statistic evaluation

The distribution of patients among the proposed clinical subgroups was determined in
percentage (%) of patients diagnosed with hereditary motor neuropathies.

The epidemiology of distal hereditary motor neuropathy (dHMBS further analysed by
determining the frequency as a percentage (%) of patients seen with inherited neuropathy in
the referral centre between 2010 and 2015. The prevalence of dHMN was determined as the
number of affected individuals per 100.000 inhabgantthe population of NortEast

England estimated by the 2011 UK census. The amount of uncertainty associated with our
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sample estimate of the population parameter was described by confidence interval. The
confidence interval (Cl) was calculated basedhensample size (population size by 2011 UK
census) and based on the number of positive results (number of patients diagnosed with
dHMN) when the desired level obofidence was adjusted at 0.95.

4.3.3 Neurophysiology studies

Electrophysiology studies were ansdyl in patients, where previous results were available
and/or new tests were initiated in order to evaluate actual concomitant electric findings.
Conduction velocities and action potential amplitudes were determined on motor and sensory
nerve testing whilgualitative and quantitative analysis of motor unit potentials (MUP) and
features of spontaneous activity were assessed on electromyography. Interpretation of the
measured parameters provided basis for patient classification into the established study
groups.

The electrophysiology tests were performed according to standard techniques as described in
Chapter3.1.2and they were reported by the same expert Neurophysiologist Consultants (Dr
Whittaker, Dr Lai and Dr Baker) at tideurophysiology Department, NewcastiponTyne
Hospitals NHS Trust. Patients unavailable for testing at Neweagtie Tyne Hospitals NHS

Trust were referred and tested in local Neurophysiology services. Electrophysiology studies
were not carried out inaetically identified family members, if they were unwilling or

uncomfortable to undertake study testing.

4.4 Results

4.4.1 Distribution and presentation of patients among classified clinical subgroups

All together 461 patients were diagnosed with genetic neurpfrattm the total referrals

between 2010 and 2015 to the specialist inherited neuropathy clinic at the Institute of Genetic
Medicine, Newcastle University. According to the study criteria, we included 105 patients
from 73 families presenting either with gth-dependent distal, predominantly motor

symptoms or with distal motor neuropathy as part of a more complex clinical syndrome.

A total of 64 patients from 40 families were compatible with the defined criteria dHNREN
diagnosis. Clinical manifestatiaf motor neuropathy with accompanied sensory changes on
electric nerve testing enrolled 16 patients from 10 families imgbh@r CMT2group. A

further 25 patients from 23 families were classified intoHMN plusgroup showing

complex neuropathology amyerlapping symptoms between the previous entities.
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A

Mutation

Summary

Patients | Family Patient distribution Positive diagnostic genetic test Genetic diagnosis in families . .
detection rate detection rate
A Ti Panel test WE firmed | Possibl
Number | Number | Phenotype | M/F & arget fest anetes y Confirme ossible Unknown | Confirmed | Possible CoHed
onset (total 296) (total 46) (total 40) genes genes + Possible
dHMN 64 40 60.9% |39/25| 16y 3/169 5/25 9/22 13 4 23 32.5% 10% 42.5%
motor
16 10 15.2% 11/5 | 23.8y 0/40 6/10 1/3 v - 3 70% - 70%
CcMmT2
dHMN plus 25 23 23.8% 20/5 | 17.6y 2/87 1/11 8/15 6 5 12 26% 21.7% 47.7%
Summary 105 73 100% | 70/35| 17.6y 5/296 12/46 18/40 26 9 38 35.6% 12.3% 47.9%

Abbreviations: M, male; F, female; y, years

Table 4.1 Phenotype statistics, efficacy of genetic methods and mutation detection rate in the classified patient subgroups

(Bansagiet al, 2017)




There was a male predominance in all phenotype groups. Clinical symptoms started at a
significantly younger age in tldHMN (mean age onset: 16 years) &dN plusgroups

(mean age onset: 17.6 years) compared tonthter CMT2(mean age onset: 23.8 years)

(Table 4.1). The main imeritance pattern was autosordalminant inmotor CMT 2families

while autosomatecessive and ¥inked inheritance were more frequent in the groupl N

plus ThedHMN group consisted of anrabst equal large number of dominant families

(n=16) and 6éisolatedd patients with negatiywv

clearly recessive cases were in minority.

4.4.2 Epidemiology of hereditary motor neuropathy in the investigated patient cohort

The frequency distribution of patients belonging to the groupsodér CMT2(16/105) and

HMN plus(25/105) was 15.2% and 23.8% of the cohort, respectively. According to our preset
inclusion criteria 64 out of 105 patients (60.9%) received the diagnodgistaf hereditary

motor neuropathydHMN), which accounted for 13.8% (64/461) of all patients diagnosed

with inherited neuropathy in the specialist clinic between 2010 and(Z@bte 4.1).

Considering that the jpaoilation of NorthREast England (Northumberland, Durham, Cumbiria,
parts of Yorkshire and Lancashire) is estimated at 2.99 million people (2011 UK census),
which is the catchment area of the referral centre, the prevaledetvii was calculated as

2.14 affected individuals per 100.000 inhabitants (95% CI: 22685) (Figure 4.2).

2y Combined prevalence of CMT and HNPPin the North of England:
@y 11.8 per 100 000 inhabitants Foley et al, INNP 2011

0
Of all patients with SMA in North-East England:

distal SMA accounted for 10% Pearn et, J Neurol Sci 1979

Prevalence of dHMN in North-East England between 2010-2015:
2.14 per 100,000 inhabitants

Bansagi et al, under review 2016

CMT1A (n=117)

/| HNPP (n=59)
7| CMT1 (n=245) ‘ " CMTX (n=27)
| CMT2 (n=49) ‘ " other CMT1 (n=42) ‘
Total CMT cohort
(n=461) | CMTI (n=21)
| HSAN (n=41) | | dHMN (n=64) |

' dHMN plus (n=25)

Figure 4.2 Statistic of the hereditary motor neuropathy cohort
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4.4.3 Neurophysiology analysiin the clinical subgroups

Electrophysiology data were available for evaluation in 96 patients. Niwetpatients were
examined at the NewcastlponTyne Hospitals NHS Trust, while 4 patients had the test
performed at different hospitals and detajedameter values could not be gathered.
Genetically diagnosed 9 patients from 7 families did not undergo electric nerve studies.
Motor and sensory nerve conduction parameters are highlighted in selected 60 patients (36
dHMN, 12 motor CMT2, 12 HMN plus)yhere we could identify pathogenic or likely
causative genetic mutatiofiBable 4.2; Table 4.3; Table 4.4; Table 4.5; Table 4.6).

4.5 Discussion

4.5.1 Epidemiology of hereditary motor neuropathies in Northast England

Although hereditary motor neuropathies are suggested to be rare, we diagnosed HMN in 105
patients from 73 families of NortkEast England origin. We determined the minimum
prevalence of dHMN in the same population, which was calculated 4sf2ected

individuals per 10@00 inhabitants (95%I: 1.622.66). There has been no recent data
reportedon the prevalence of dHMN. In comparison to earlier findings that the point
prevalence of spihanuscular atrophy was 1.87/1000 in the same region in 2009

(Norwoodet al, 2009)and a preious study estimated the occurrence of dHMN around 10%
among spinal muscular atrophy cases, the minimum prevalence of dHMN in our cohort was

significantly higher(Figure 4.2).

4.5.2 Phenotype classification of hereditgrmotor neuropathies

The motor predominant manifestationdHMN andmotor CMT2patients caused diagnostic
difficulties solely on clinical findings and required precise neurophysiology assessments for
the differentiation. HowevedHMN is strictly considezd as the pure motor end of the CMT
spectrum, many patients show minor sensory abnormdliteds et al, 2006; Rossoet al,

2012) Furthermore, the identification of pathogenic mutationthé same genes in dHMN

and motor CMT2, which will be discussed@mapter 5 support that dHMN should not be
classified as a different disease group. We suggested that dHMN should be considered
clinically as a subcategory of CMT.

The phenotype and inhtance based classification of dHMN delineated by Harding has
remained the prevalent framework we followed. However, it has become apparent that it is
warranted to complete these previous categories with new clinical and molecular knowledge
(Figure 4.1) (Harding, 1992; Rossat al, 2012)
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Family / Nucleotide / n.med n.med n.uln n.uln m.peron n.peron n.tib n.tib n.med m.med n.uln muln n.rad n.rad nsur n.sur
Patient / Gene Amino acid CMAP MNCV CMAP MNCV CMAP MNCV CMAP MNCV SNAP SNCV SNAP SNCV | SNAP SNCV SNAP | SNCV
Age /Sex change (mV) (m/s) (mV) (m/s) (mV) (m/s) (mV) (m/s) (V) (m/s) (ulV) (m/s) V) (m/s) (V) (m/s)
F1 /Pl c421A>G , , .,
26y / HSPBR8 p.Lys141Glu n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
F2/P2 c.647A>G )
] 5 N
36y /m GARS p.His2 16Arg 0.6 46 11 54.2 0.4 NR 0.4 NR 8.4 47.1 5.1 54 6.7 48.3 14 36
F2/P3 c.647A>G
66y / GARS p.His216Arg 0.2 39.7 11.5 50 NR NR NR NR 3.5 48.4 6.5 48.1 6.1 41.7 0.1 323
F3/P4 . c.1528A>C )
Sty/f GARS p.Lys510GIn 15.1 55.9 10.5 39.3 24 47.9 n/a n/a 13 63 11 54.8 n/a n/a 36 58.1
F3/P5 c.1528A>C
/ / /
28y /f GARS p.Lys510Gn n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
F3/P6 hbo c.1528A>C ) ; , ;
9y / GARS p.Lys510Gn 1.5 59.3 n/a n/a 4.3 55.8 n/a n/a n/a n/a n/a n/a n/a n/a 38 43.9
F4/P7 ¢.923C>T
2
d6y I f SYT2 p.Pro308Leu 9.4 60 11.2 62 2.1 46 8.2 49 15 50 12 54 16 54 16 50
F4/P8 ¢.923C>T
2 2
20y /£ SYT2 p.Pro308Leu 3.8 64 4.6 n/a 0.5 42 35 41 29 51 19 51 n/a n/a 19 40
F4/P9 SYT2 c923C=T 6.8 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
8y /m p.Pro308Leu
F4 /P10 SYT2 c923C=T 8.2 n/a 10.6 n/a 2 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
17y /' m p.Pro308Leu
F4 /P11 . ¢.923C>T ) ) )
43y /m SYT2 p.Pro308Leu n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
F4 /P12 ¢.923C>T -
2 2
lay /f SYT2 p.Pro30SLeu 15.9 57.6 11.4 64 12 429 n/a n/a 21 63.6 11 60.1 n/a n/a 31 43.9
2
FS/P13 BICD2 ¢320C=T 10.5 64.3 14.6 56.5 4.9 55.6 8 54.8 36 68 11 80 n/a n/a 38 59.1
19y /' m p.Serl07Leu
F6 /P14 : ¢.320C>T
4y /f BICD2 p.Serl07Leu 11 62.5 16.2 68.2 5.8 494 2 50 438 52.7 19.5 49.2 25.8 48.8 28.1 478
Fe/ P].S BICD2 ¢320C=T n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Ty /f p.Serl07Leu

Abbreviations: F, family; P, patient; y, year; m, male; f, female; n, nervus; med, median; uln, ulnar; peron, peroneal; tib, tibial; rad, radial; sur,sural; CMAP, compound muscle action potential;
MNCYV, motor nerve conduction velocity; SNAP, sensory nerve action potential, SNCV, sensory nerve conduction velocity; NR, not recordable; n/a, not available

Table 4.2 Nerve conduction parameters in dHMN with confirmed pathognic mutations
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Family / Nucleotide / median | median ulnar ulnar peroneal | peroneal tibial tibial median median ulnar ulnar | radial | radial sural sural
Patient / Gene Amino acid CMAP MNCV CMAP MNCV CMAP MNCV CMAP MNCV SNAP SNCV SNAP | SNCV | SNAP | SNCV | SNAP | SNCV
Age/Sex change (mV) (m/s) (mV) (m/s) (mV) (m/s) (mV) (m/s) (uy) (m/s) uy) (m/s) (V) (m/s) (uy) (m/s)
K6/ Plo BICD2 C;320C>T n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
6y /m p.Serl07Leu
Ko/ FL1 BICD2 o n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
6y /m p.Serl07Leu
F7/P18 ¢.1834G>A
28y/m DYNCIHI p.Val612Met n/a n/a n/a n/a 25 54 43 49 n/a n/a n/a n/a n/a n/a 18 54
F8 /P19 €.292_303
IGHMBP2 delinsATGCT NR NR 2 243 NR NR n/a n/a NR NR n/a n/a NR NR NR NR
3yf/m 3
p.Gly98fs
F8 / P20 ¢.292 303
i IGHMBP2 delinsATGCT n/a n/a n/a n/a n/a n/a n/a n/a nfa n/a nfa n/a n/a n/a n/a n/a
6mot/ m
p.Gly98fs
Fi Rl IGHMBP2 GI813CT 21 60.8 2.7 50 NR NR n/a n/a 26 65.9 5.9 68.3 n/a n/a 24 459
2ly/m p-Arg605*
F9 /P22 c.1813C>T
3 2
19y / IGHMBP2 p.Arg605* 13.9 55.6 6.7 54.1 2.1 46.4 2.6 NR 25 51.8 19 50 n/a n/a 38 41.
EL0/ X235 TRPV4 C'805C>T 12.1 60 n/a n/a 1.4 57 7.1 48 26 63 n/a n/a n/a n/a n/a n/a
9y/m p.Arg269Cys
F11/P24 c.184G>A
49y / TRPV4 . ASH62As 18.1 56.8 18.5 63 1.7 444 5 n/a 12 56.5 18 52.1 n/a n/a 4 29
F11/P25 c.184G>A
ylm TRPV4 p.Asp62Asn n/a n/a n/a n/a N N N N n/a n/a n/a n/a n/a n/a N N
bler 3 MFN2 G120 fear 12:5 475 9.3 54.9 1.4 55.6 NR NR 15 48.2 6.9 46 47 442 5.7 40.5
16y / m p-Met376Val
F13 /P27 ¢.2119C>T
70y /m MFN2 p.Arg707Tep 8.1 53 8.9 67 NR NR 3.8 n/a 2 37 9 57 5 59 n/a n/a

Abbreviations: F, family; P, patient; y, year; m, male; f, female; mo, month; t, deceased; CMAP, compound muscle action potential; MNCV, motor nerve conduction velocity; SNAP, sensory nerve

action potential; SNCV, sensory nerve conduction velocity; N, normal; NR, not recordable; n/a, not available

Table 4.2 continued Nerve conduction parameters in dHMN with confirmed pathogenic mutations




LE

Family / Nucleotide / median | median ulnar ulnar peroneal | peroneal tibial tibial median | median ulnar ulnar | radial radial sural sural
Patient/ Gene Amino acid CMAP | MNCV | CMAP | MNCV CMAP MNCV CMAP | MNCV | SNAP SNCV | SNAP | SNCV | SNAP | SNCV | SNAP | SNCV
Age/Sex change (mV) (m/s) (mV) (m/s) (mV) (m/s) (mV) (m/s) (V) (m/s) (u¥) (m/s) (uV) (m/s) (uV) (m/s)
b IGHMBP2 i 3 42.9 25 43.8 NR NR NR NR NR NR NR NR n/a n/a NR NR
32y/f p.Arg918Cys
ik S IGHMBP2 wziB Gt 11.3 43 9 53 NR NR 1.4 NR 8 52 5 53 8 47 7 47
13y /m p.Arg918Cys
F14/p30 IGHMBP2 ¢.2752 C>T 9.7 53 n/a n/a n/a n/a NR NR 8 43 8 51 n/a n/a 2 32
30y /m p.Arg918Cys
BRI IGHMBP2 CRIsYCT 3.7 50 49 47 n/a n/a n/a n/a NR NR NR NR NR NR n/a n/a
48y / m p.Arg918Cys
F15/P32 ¢.767C>G
3,59/m IGHMBP2 p.Ala256Gly n/a n/a n/a n/a 5.6 40.3 6.2 n/a n/a n/a n/a n/a n/a n/a 9.6 44.7
F16/P33 ¢.628G>T
T/t DHTKDI p.Ala210Ser 20 54 14.6 53 6.7 44 9.3 45 12 46 13 58 10 65 18 42
F16 /P34 ¢.628G>T
2
48y DHTKDI p.Ala210Ser 11.6 56 12:3 56 4.7 41 234 49 14 60 9 62 11 58 14 50
F16 /P35 ¢.628G>T
2
455 i DHTKDI p.Ala210Ser 16.8 63 9.7 64 7.6 43 35 44 29 62 24 62 14 58 8 42
F17/P36 ¢.1949G>A
385/ T ARHGEF10 p.Cys650Tyr n/a n/a 12.9 66 n/a n/a n/a n/a 12 54.3 10 54.1 n/a n/a NR NR

Abbreviations: F, family; P, patient; y, year; m, male; f, female; CMAP, compound muscle action potential; MNCV, motor nerve conduction velocity; SNAP, sensory nerve action potential;
SNCV, sensory nerve conduction velocity; NR, not recordable; n/a, not available

Table 4.3 Nerve conduction parameters in dHMN with possibly causative mutations
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Family / Nucleotide / median | median ulnar ulnar peroneal | peroneal tibial tibial median | median ulnar ulnar radial | radial sural sural
Patient / Gene Am‘.nzcaz.’ d’c;an . | M | MNCv | cmap | MNCV | cmap Nev | cmap | Mncv | SNAP | SNCV | SNAP | SNV | SNAP | SNCV | SNAP | SNCV
Age/Sex & (mV) (m/s) (mV) (m/s) (mV) (m/s) (mV) (m/s) (uv) (m/s) V) (m/s) (uV) (m/s) (uV) (m/s)
FI8 /P37 AARS c.986G>A: 6.1 54 114 443 0.4 219 NR NR 1.9 53.7 0.8 38.2 n/a n/a NR NR
56y /m p-Arg329His
F18/P38 c.986G>A,

Ry /m AARS p.Arg329His 20 43 18 47 NR NR 0.4 34 1 48 NR 45 8 45 NR NR
F19 /P39 c.986G>A,

7y t/m AARS p.Arg329His n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
g AARS C'9860>A3 2 27 93 46 NR NR NR NR NR NR NR NR NR NR NR NR
50y /m p.Arg329His
F20 /P41 c.986G>A,

20y/m AARS p.Arg329His 14.4 40 11 44 3 24 3.6 31 3 31 1 30 3 35 NR NR
F21/P42 ¢.986G>A

i Q

say/f AARS p.Arg329His 17.8 39.8 9.8 474 NR NR 0.1 33.6 2.5 44.7 49 4.5 1.5 40 NR NR
F22 /P43 ¢.1739T>C

59y /m DNM2 pMet580Thr n/a n/a 2.6 41.4 n/a n/a 0.1 159 1.1 36 0.8 32 NR NR NR NR
F22 /P44 ¢.1739T>C

36y / DNM2 p.Met580Thr n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
F22 /P45 ¢.1739T>C

30y/ DNM2 pMetS80Thr 11.7 48.9 n/a n/a n/a n/a 0.7 40.6 2.1 574 34 54.2 2.9 52.6 0.2 20
F23 / P46 ¢.1403G>A,

asy/f MFN2 p.Arg468His n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
L MORC2 eClotl, NR NR 11.9 34 n/a n/a 7 45 NR NR NR NR NR NR NR NR
59y /m p.Arg252Trp
F24 /P48 ¢.C754T,

S9y /m MORC2 p.Arg252Trp n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Abbreviations: F, family; P, patient; y, year; m, male; f, female; CMAP, compound motor action potential; MNCV, motor nerve conduction velocity; SNAP, sensory nerve action potential;
SNCV, sensory nerve conduction velocity; NR, not recordable; n/a, not available

Table 4.4 Nerve conductionparameters in motor CMT2
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Family / Nucleotide / median median ulnar ulnar peroneal peroneal tibial tibial median median ulnar ulnar radial radial sural sural
Patient / Gene Amiin & oid chane CMAP | MNCV CMAP MNCV CMAP MNCV CMAP MNCV SNAP SNCV SNAP | SNCV | SNAP | SNCV | SNAP | SNCV
Age/Sex B (mV) (m/s) (mV) (m/s) (mV) (m/s) (mV) (m/s) (u¥) (m/s) (uV) (m/s) (u¥) (m/s) (u¥) (m/s)
c.916G>A,
F25 /P49 . p.Gly306Arg
2 G
14y / SLC52A2 c.1016T>C, n/a n/a n/a n/a 3.5 50 6.9 NR NR NR n/a n/a n/a n/a NR NR
p-Leu339Pro
9
F26 / P50 ‘ ¢.96_99dup
25y /m C12orf65 ATCC, 2 n/a 5 50 n/a n/a n/a n/a 28 50 n/a n/a n/a n/a 12 24
y p.Pro34llefs*25
Bl 2ol FUS 00 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
52y/m p.Lys510Arg
F28 /P52 ¢.3406C>T
Tay/m DCTNI p.Arg1136Cys 1 41.8 72 53.6 1.2 40.4 6.2 57.1 6 54.5 6 50 1 55.8 15 47.8
F29 /P53 ¢.A2279G:
29y /'m ATP7A p.Tyr760Cys 43 57 n/a n/a 6.6 46 n/a n/a 3.6 60 n/a n/a n/a n/a 9 42
c.1580C>G,
F30/P54 p.Ser527*
Tyl SACS c.6781C>A, 42 47 11.1 46 NR NR NR NR NR NR NR NR 3 36 NR NR
p.Leu2261lle

Abbreviations: F, family; P, patient; y, year; m, male; f, female; CMAP, compound muscle action potential; MNCV, motor nerve conduction velocity; SNAP, sensory nerve action potential;

SNCV, sensory nerve conduction velocity; NR, not recordable; n/a, not available

Table 4.5 Nerve conduction parameters in dHMN plus with confirmed pathogenic mutations
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Family / Nucleotide / median | median ulnar ulnar peroneal | peroneal tibial tibial median | median | ulnar | ulnar | radial | radial | sural sural
Patient/ Gene Amino acid CMAP | MNCV | CMAP | MNCV CMAP MNCV CMAP | MNCV | SNAP | SNCV | SNAP | SNCV | SNAP | SNCV | SNAP | SNCV
Age/Sex change (mV) (m/s) (mV) (m/s) (mV) (m/s) (mV) (m/s) (uV) (m/s) (uV) (m/s) (uV) (m/s) (u¥) (m/s)
F31/P55 ¢.2386C>T
25yim FIG4 p.GIn796* n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
¢.1371C>G,
F32/P56 SLC52A3 p.Phe457Leu
2y/m SLCSIA2 819C>T 2.5 45.7 13.4 54.7 2.7 39.2 3 39.2 42 63 3 59.1 n/a n/a 3.8 37
p-Met2731le
Roosa] TBXS CBIET, 11.8 47.9 10.6 375 1.4 30.8 NR NR 23 41.2 NR NR NR NR 43 283
19y /m p.Aspl11Tyr
F34 /P58 c.944A>C,
16y /1 STATSB p.Glu315Ala D N n/a n/a n/a n/a D N N N n/a n/a n/a n/a N N
F34 /P59 c.944A>C,
17y/1 STATSB p.Glu315Ala N N D N n/a n/a D N N N n/a n/a n/a n/a N N
Faa/060 PTEN ool 2.9 375 7 57.1 0.6 46.2 0.4 36.6 12 61.5 13 59.3 13 68.9 14 524
29y /m p-Phe90Ser

Abbreviations: F, family; P, patient; y, year; m, male; f, female; CMAP, compound muscle action potential; MNCV, motor nerve conduction velocity; SNAP, sensory nerve action potential;
SNCV, sensory nerve conduction velocity; N, normal; D, decreased; NR, not recordable; n/a, not available

Table 4.6 Nerve conduction parameters in dHMN plus patients with possibly causative mutations




The distinct entity of SMALED has been introduced to characterise the congenital or early
childhoodonset norprogressive fan of dHMN, caused by autosomdbminant disorders of
motor neuron developme(fRossoret al, 2015) The clinical phenotype of 17 patients was
compatible with SMALED in the examined cohort. By definition these are-lemgth

dependent conditions, predominantly affecting the lower limb distal esiggthprominent
additional proximal leg muscle involvemie Fod deformities and arthrogryposdlike lower

limb contractures are frequently seen. At a later disease stage mild upper limb involvement
may be present but sensory changes are absent. Moterstedies are often normal with

only rare presence of axonal motor neuropathy, but electromyography indicates chronic
neurogenic denervation. Correction of eashset deformities is important, since these

patients do not develop significant deterioratio the later disease course.

The dHMN in some patients was complicated with other neurological signs overlapping with
familial amyotrophic lateral sclerosis (ALS), hereditary spastic paraplegia (HSP), spinal
muscul ar atrophy ( SHKrabeta, 2006 ¥am DendBgschandd i s ea s e
Timmerman, 2006; Rosset al, 2012) Accompanying complex neurologicaldor other

organ impairments observed in some cohort patients with distal predominant motor
neuropathy urged us to introduce tHgIN plusgroup. Patients with motor neuropathy

enrolled in this phenotype group well illustrated the significant overlap thér genetic

motor neuron disorders.
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Chapter 5. Identifying genetic frequency and investigating mutational

spectrum in hereditary motor neuropathies

5.1 Review of hereditary motor neuropathies in the molecular era

Gene identification in hereditary motor neuropathiesius rely on linkage studies

performed in rare extended families. Recent development of next generation techniques has
shifted the focus on small nuclear families and isolated patients and enabled new genes to be
discovered in these previously geneticaihdefined groups of patienf§immermaret al,

2014) Furthermore, nextameration sequencing (NGS) helped to identify numerous novel
mutations in known disease genes providing further knowledge on genetic heterogeneity. The
dHMN phenotype can arise with mutations in numerous genes at different chromosomal loci
(locus heterogesity) while different mutations in the same gene can lead to variable allelic
phenotypes (allelic heterogeneifBerciancet al, 2012; Timmermaset al, 2014)

Compared to the previously reported 7 genes and 13 chromosomal Ya@arstagdlrobi,

De Jongheet al, 2004; Irobiet al, 2006;Dierick et al, 2008) to date we acknowledge

around 30genes responsible for autosordaiminant, recessive andl¥ked forms of

dHMN. Despite the increasing number of novel genes, a large proportion of patients with
motor neuropathies, estimated arou®B0%, have still remained without genetic diagnosis
(Rossoret al, 2012; Rossoet al, 2015)

The so far identified genes encode ubiquitously expressed proteins involved in diverse
cellular functions, most of wbh may be responsible for motor neuron vulnerability and/or

may provide insights into underlying complex mechanisms. Affected pathways linked to

HMN pathology include DNA/RNA metabolism, protein translation and synthesis, stress
response and apoptosis, aabguidance, intracellular fifacking and synaptic activity.

Detailed analysisofgenrand phenotype specific data of patd.i
studies along with unravelling gene and protein functions will facilitate the better

understandig of common pathomechanisms. This will also trigger the introduction of new

therapy approachdPeeter®t al, 2014; Timmermaset al, 2014)

5.2 Aims
| aimed to determine éhmutation frequency in the NorErast England cohort of patients

with hereditary motor neuropathies by performing diagnostic and research based genetic
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studies. The main goal of the study was to reassess the mutation detection rate in distal
hereditary mtor neuropathy (dHMN) with the use of next generation techniques and compare
the result to previously studied cohorts. | also aimed to examine the efficacy and limitations
of next generation sequencing as a tool in gene and mutation discovery in thise high
heterogeneous diseasEsrthermore, | studied the spectrum of mutated genes and affected

molecular pathways among the classified overlapping phenotypes.

5.3 Methods

5.3.1 Patient involvement in the genetic study

We included the same 105 patients from the IN&&st of England in the genetic study, who
were clinically diagnosed with hereditary motor neuropathi€hiapter 4 We applied

diagnostic and/or research based genetic testing methods in all patients, who were previously
classified into one of the phetype subgroups afHMN, motor CMT2or HMN plus.

All participants provided written informed consent to be involved in genetic studies.

5.3.2 Diagnostic algorithm of applied genetic approaches

Initially, targeted gene testing was carried out in patients froim glaenotype group.
Routinely,PMP22gene mutation was excluded in all participants. imgdbr candidate

CMT2 and dHMNrelated genes was led by clinical and inheritance features based on
algorithms suggested by previous gro(fpaportaet al, 2011; Murphyet al, 2012; Rossoet

al., 2012) We proceeded with inhiged peripheral neuropathy (IPN) gene panel testing in
undiagnosed patients, in order to screen for the batch of known motor and sensory
neuropathyrelated genes. Where diagnosis could not be achieved by available diagnostic
genetic methods, we applied we@xome sequencing (WES) in the specialist research
laboratory at Newcastle Universit¢€hapter3.2.J).

Family members of participants, who demonstrated similar phenotype and nerve conduction

findings, assumed to have the sagenetic mutation or they were genetically tested.
5.3.3 Genetic methods applied in the study

5.3.3.1 Targeted gene testing

DNA was obtained by standard methods from peripheral white blood cells. Candidate gene
sequencing after PCR amplification of coding exons aartkfhg intronic regions was
performed by automatic DNA sequencing on an Applied Biosystems 3730x|I DNA Analyser

in the Institute of Genetic Medicine at Newcastle University.
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5.3.3.2Inherited peripheral neuropathy gene panel testing

The multigene panel assay ugihg next generation sequencing (NGS), as described in
Chapter 3was performed by Dr Antoniadi, Dr Greenslade and Dr Forester in the Bristol
Genetics Laboratory, using the UK Genetic Testing Network approved apg€izabter
3.2.11).

5.3.3.3Whole-exome sequencing

Whole-exome sequencing (WES) was performed in the index patients or occasionally in more

family members of selected pedigrees. Blood genomic DNA was fragmented, exome enriched
and sequenced (11 | um$eq2000TI0WLP pairdehd @ats) bd and Hi
bioinformatics analysis was carried out as describ€@lapter3.2.1.9. Putative pathogenic

variants were confirmed by Sanger sequencing according to the descrigrapter

3.2.2. Where family members were available, variants were tested for segregation.

| aimed to discover novel gene mutations by i
from members of same family or from independent patients,sivaced a similar fully

penetrating phenotype. Furthermore, | filtered the annotated WES data of index patients

against a set df32 known or likely causative IRkelated genes, as well as against a batch of

69 known motor neuron diseaselated gene9(SMA, 41 ALS and19HSP)(Table 5.1).

Novel sequence variants of known disease genes and novel gene mutations were assessed for

the likelihood of their pathogenicity. Variants were definedaso nf i r me diftheat hogeni
variant was previously shown to be pathogenic or if the novel sequence variant of a known

motor neuropathy associated gene or a novel gene was predicted to affect protein structure or
function and segregated with the disease in at least one adbaftected family member.

Highly conservedn silico deleterious novel sequence variants of known or novel genes were
determinedaé p o s s i b | y in pasetségregaton stucliés could not be carrie(Ple

et al, 2015)

5.3.4 Statistical andyses of the results

Many patients came from the same pedigree and therefore the mutation frequency in each
phenotype group was determined at the pedigree level to avoid risk of bias. The mutation
detection rate in the cohort of hereditary motor neuropatis/provided in percentage (%)

and was calculated from the number of genetically diagnosed families out of the total number
of involved pedigrees. The cumulative mutation detection rate consisted @ n f and me d 6
0 p 0 s subdpmpor@ents based on thafomned or possibly causative nature of the

identified genemutations.
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1%

IPN HSP SMA ALS
AARS DYNC1H1 HSJ1 NEFL SBF2 TRIM1 CYP7B1 ASAH1 ALS2 PRPH
ABCAl EGR2 HSPB1 NGF SCN9A TRPV4 FA2H EXOSC3 ANG SETX
ABCD1 FAM126A HSPB3 NGFB SCN11A TTR GlJC2 GLE1 ATXN2 SIGM AR1
AIFM 1 FAM1348B HSPBS8 NM NAT2 SEPT TTMP HSPD1 HEXB CHCHD10 SMN1
ALS2 FBLNS5 IGHMBP2 NTRK1 SETDB2 TUBB3 KIAA0196 SLC52A2 CHMP2B SOD1
ANG FBX0O38 IKBKAP OPTN SETX TYMP KIAA0415 SLC52A3 c9orf72 SPG11
ARHGEF10 FGD4 IARS PBGD SGPL1 UBA1 L1CAM SMN1 DAO SS18L1
ARSA FIG4 INF2 PDHA1 SH3TC2 VAPB NIPA1 UBA1 DCTN1 SQSTM1
ATL1 FUS KARS PDK3 SIL1 VCP NIPA1 VRK1 DPP6 TAF15
ATM FXN KIF1A PEX12 SLC5A7 W NK1 PLP1 ELP3 TARDBP
ATP7A GAN KIF1B PHYH SLC12A6 XPC RTN2 ERBB4 TBK1
BAG3 GARS KIF5A PLEKHGS5 SLC25A21 YARS SLC33A1 ERLIN2 TUBA4A
BICD2 GALC LARS PMP22 SLC25A46 SPG3A EWSR1 UBQLN2
BSCL2 GDAP1 LITAF POLG SOD1 SPG7 FUS UNC13A
C120RF65 GFAP LMNA PRPS1 SOX10 SPG8 GRN VAPB
CCT5 GJB1 LRSAM 1 PRX SPAST SPG20 HNRNPA1 VCP
CTDP1 GLA M ARS PTEN SPG11 SPG21 HNRNPA2B1
CYP27A1 HADHA M ED 25 RAB7 SPTLC1 SPG39 M ATR3
DCTN1 HADHB MFN2 RAB7A SPTLC2 ZFYVE26 NEFH
DHTKD1 HARS M ORC2 REEP1 SYT2 NEK1
DNAIJB2 HINT1 MPZ RFVT2 TARDBP OPTN
DNM 2 HINT2 MTMR2 SACS TDP1 PFN1
DNMT1 HK1 NDRG1 SARM1 TFG PON1
DST HOXD10 NDUFAF5 SBF1 TNNT2 PON3

Table 5.1 Set of genes related to IPN, HSP,SMA and ALS filtered in the WES data of HMN cohort




The efficacy of each applied genetietimod was characterised by the test detection rate in
percentage (%), which was calculated from the number of positive test results out of the total
number of performed tests.

5.4 Results

5.4.1 Mutation frequency in the HMN cohort and efficacy of applied genetic oo

We managed to identify causative mutations in 35 families (60 patients) out of 73 families
(105 patients), which provided a 47.9% cumulative mutation detection rate in the cohort.
Molecular diagnosis could not be reached in 45 patients from 38 fa(fiable 4.1). The

mutation detection rate and spectrum of affected genes determined in the phenotype
subgroups will be discussed in the following paragraphs.

Targeted gene testing led to the molecular diagnosi®ut 6f 105 patients only (4.7%),

while 12 index patients were diagnosed by the IPN gene panel testing out of the 46 performed
tests (26%) and a further 18 index patients by WB® fa total of 40 analyses (45%able

4.1). There were no novel shared genes and/or mutations in the exome negative cases.

5.4.2 The spectrum of gene mutations and mutation detection rate in dHMN

We diagnosed causative gene mutations in 17 index patients from 40 dHMN families. The
cumulative mutation detection rate was 42.5%, which proved to be significantly higher
compared to previous studi€cable 4.1).

The implication of combined genetic methods was required to achieve molecular results in
mostof the cases. The spectrum of the genes identified among dHMN families was highly
variable. Interestingly, we did not detect mutationsome otherwise frequent dHMdlated
genes, such @SPBlandBSCL2 in the cohort.

5.4.2.1 Confirmed pathogenic mutations

Mutations were considerédc o nf i r me di mp alt & oigrechd x Gpaant fi iernmhesd éa n d
mutation detection rate was calculated as 32’b&ble 4.1). Among them, 7 index patients

carried known pathogenic dHMN mutats. In 5 families novel sequence variants of known
dHMN-related genes were detected. These were predicted deleterious by various

bioinformatics tools and segregated appropriately in the families. Furthermore, a novel
dHMN-causing gene was identified widlistinct patomechamism in a large autosomal

dominant pdigee(Table 5.2.

A young female patient with dominant family histoBanily 1) carried the previously

reported hefrozygous missense c.421A>G,ys141Glu pathogenic mutation in the

46



Ly

Family /

Patient / Gene {Vucle?llde / Phenotype | Inherit Age Lower limb Upper limb Dejormity Walkmfg g dddidonal
Amino acid change onset Contracture Orthotics JSeatures
Age/ Sex
‘Weakness Wastin R Sensol ‘Weakness Wastin: Reflexes | Sensol
2 ankle /knee 24 2 Y
F1/PIl c.421A>G HW /
26y / HSPB8 p.Lysl41Glu dHMN-II AD 10y d++ d+ alt pain d+ - n - pes cavus AFO -
F2/P2 . c.647A>G dHMN-V N . N split hand ) e
36y/m GARS p.His216Arg upper limb AD 14y d+ d+ I/n + d +++ d+++ a + s saviie swollen tongue
F2/P3 5 c.647A>G dHMN-V g g swollen tongue
66y / f GARS p.His216Arg upper limb aD 12y G d+ v N A g 2 * splithand B immune arthritis
F3/P4 c.1528A>C dHMN-V . . pes cavus / tiptoeing, . .
Sly/f GARS p.Lys510GIn lower limb AD 3y okt i aff pain s dat T pain tight Achilles HW hearigdeficit
F3/P5 = c.1528A>C dHMN-V N o S tiptoeing,
9y /f QAR p.Lys510GIn lower limb AD. Sy &% g a B - B 1 B tghtzchillcs falls B
F3/P6 c.1528A>C dHMN-V . : pes cavus / tiptoeing,
28y/f | GARS p.Lys510GIn lower limb AD 6y |[d++ d a’n * d+ d+ n * tight Achilles HW -
. " Rd+++ R d+++ pes cavus
2
:2/ l;7| SYT2 cp‘:g.?(f;l;u SMA-LED AD birth p+t+ p++ ala + d+ - a + splayed toes / I::Z’Ivl\:n/l -
y PEr02 Ld+++ Ld+++ hip dysplasia P
o pes cavus .
F4/ P8 ¢.923C>T ¢ waddling /
2 5 g + ala + - a | 2 5 -
20y / f SYT2 p.Pro308Leu SMA-LED AD birth d +++ d -+t a/a d+ a + I@xnmer toe§/ AFO
hip dysplasia
F4/ P9 c.923C>T " HW/ motor delay
2 & - - alse - - 3 _ ST P
8y/m SYT2 p.Pro308Leu SMA-LED AD birth al/a + a pes planus insoles ADHD
F4/ P10 ¢.923C>T s pes cavus
2 3 E X z A 3 5 Z z:
17y /m S¥T2 p-Pro308Leu SMALED oD, birthy & a hammer toes
y . e cxczoas
F4/PIL | sy c23C T SMA-LED AD birth | d+++ d+++ ala - . - a 5 hammer toes | Hw,Tw | reflex facilitation
43y /m p.Pro308Leu on exercise
F4/ P12 €.923C>T . : Rd++ BES G
14y / f SYT2 p.Pro308Leu SMA-LED AD birth "4 = ala - - - a - splayed toes / HW -
hip dysplasia
. . club feet
F5/ P13 % ¢.320C>T 5 5 isolated 5 . R %
19y /m BICD2 p.Serl07Leu SMA-LED Ty —— birth d +++ d++ all - - d+ i - sc_apu_lar steppage motor delay
winging
crowded toes
F6/ P14 ¢.320C>T % d+ L §
2 o 4 - = . = seanulz ’ . )
a2y /f BICD2 p.Serl07Leu SMA-LED AD birth o d ++ 171 n sc_dpu.ldr difficulties motor delay
winging
pes
F6/ P15 " €.320C>T " d+ equinovarus, st ot e ’
Ty/f BICD2 p.Serl07Leu SMA-LED AD birth p+ d ++ 11 - - - T - scapular difficulties motor delay
winging

Abbreviations: F, family; P, patient; y, year; m, male; f, female; ¥, deceased

(Bansageet al.,2017)

; AD, autosomal dominant; AR, autosomal recessive; d, distal; p, proximal; R, right; L, left; +, mild; ++, moderate; +++,
severe; a, absent; n, normal; T, increased; |, decreased; -, none; HW, impaired heel walking; TW, impaired toe walking; AFO, ankle foot orthesis; SGA, small for gestational age, SMA-LED, spinal
muscular atrophy with lower extremity dominance

Table 5.2 Summary of the clinical presentation of the patients in the dHMN groupvith confirmed causative mutations




14

Family / 5 5 3 o
Patient / Gene {Vucle?llde/ Phenotype Inherit des Lower limb Upper limb Deformtyy 4 WaIkmfg/ Additional
Amino acid change onset Contracture Orthotics Seatures
Age/ Sex
Weakness Wasting G Sensory Weakness | Wasting | Reflexes | Sensory
ankle /knee
F6 /P16 . ¢.320C>T . A d+ scapular e 4
6y/m BICD2 p.Serl07Leu SMA-LED AD birth p d++ 1 - - - 1 - Winging difficulties motor delay
F6 /P17 ’ ¢.320C>T ’ . d+ scapular PR
2 S - ++ - = - - Py sulties SP
&y/m BICD: p.Serl07Leu SMA-LED AD birth Dt d 171 1 winging difficulties motor delay
F7/P18 " c.1834G>A ;i pes cavus, HW,TW/ pyramidal
¥ + 8 - - - - ; ;
28y /m DYNGIHI p.Val612Met BVASKEED AD 6y dt d all n crawled toes splints signs
¢.292 303 pes cavus / preterm, SGA,
: + ot
28 4 fl']:’ IGHMBP2 delinsATGCT SMARDI AR birt | 47 d++ i@ - g d++ 4 : flexed fingers | " | respiratory
y p.Gly9sfs P p tight Achilles P failure
F8 /P20 ¢.292_303 not preterm, SGA,
IGHMBP2 delinsATGCT SMARDI AR birth d +++4 d+ ala - d A4+ d+ a - pes cavus respiratory
6mot/ m 2 developed 3
p.Gly98fs failure
ambulant
F9 /P21 c.1813C>T d+++ d +++ with
iH 7) a . ++ + - s cavus -
21y /m IGHMBP2 p.Arg605* dHMN AR Ty p 44 p+t /| d d n pes cavus crutch,
wheelchair
F9 /P22 ¢.1813C>T HW,TW /
19y /1 IGHMBP2 p.Arg605* dHMN AR 10y d++ d++ al/a - d+ d+ a B pes cavus AFO -
pes cavus,
F10/P23 ¢.805C>T congenital . d +++ scapular HW'TW ! intermittent
TRPV4 % de novo birth d++ ala - - - l - s splints, 5
9y /m p.Arg269Cys dHMN p++ winging / 4 horse voice
; ! wheelchair
tight Achilles
. HW,TW/
F11/P24 c.184G>A congenital pes cavus, ‘, s s
+ ++ - - - - v
49y / f TRPV4 p-Asp62Asn dHMN AD 41y d++ d ala n Sriwled:toes splints, livid skin
crutches
F11/ P25 c.184G>A congenital . —
43y /m TRPV4 p.Asp62Asn dHMN AD birth - - n - - - n - talipes - -
x pes cavus,
2 2 "
F:; //P:G MFN2 c.r\l/lle-tggil(q]l dHMN :iseonli::g 14y d +++ d++ 171 pain - - 1 - hammer toes / ti I:)\:iln ; -
vt p- é tight Achilles ptoeing
. non- "
F13/ P27 ¢.2119C>T isolated Rd +++ Rd++ Alzheimer
70y / m MEN2 p.Arg707Trp dHMN de novo 35y p +++ ditt Lt - p +++ R 2 . B :IIT:::II?I?:L:' disease

Abbreviations: F, family; P, patient; y, year; m, male; f, female; AR, autosomal recessive; AD, autosomal dominant; d, distal; p, proximal; R, right; +, mild; ++, moderate; +++, severe;
a, absent;T increased; |, decreased; n, normal; -, none; HW, impaired heel walking; TW, impaired toe walking, SMA-LED, spinal muscular atrophy with lower extremity dominance;
SMARDI, spinal muscular atrophy with respiratory distress

Table 52 continued Summary of the clinical presentation of the patients intie dHMN group with confirmed causative mutations

(Bansaget al, 2017)




HSPB8geneg(lrobi, Van Impe et al, 2004) She presented with a juvenibmset, rapidly
progressive lower limb predominant phenotype.

Two novelGARSmutations were founoh two independent families. Thevel heterozygous
c.647A>G, p.His216Argnissense variant was detected in a-tyeoeration familyEamily 2
with predominant upper limb involvement (dHMX). Another rovel heterozygous
€.1528A>C, p.Lys510GImissense muten cosegregated in a thregeneration dominant
family (Family 3 with prominent lower limb weakness, fodeformities and less severe hand
involvement.

Six patients from a thregeneration dominant pedigrdeafmily 4 were identified to carry the
heterozygous missense ¢.923C>T, p.Pro308iruation in theSYT2gene(Herrmannret al,
2014)

The common ¢.320C>T, p.Serl07LBLCD2 mutation was diagnosed in 5 patients from two
independent familied~amilies 56) presenting with distal congeal norrprogressive SMA
LED (Bansagi, Griffinet al, 2015)

One male patient carried the heterozygod834G>A, p.Val612Metissense mutation in
theDYNC1H1gene. His phenotype was compatible with SIMBD (Family 7). This variant
has been previously reported in 4 SNIED families worldwide, even though a common
founder could not be identifig@cotoet al, 2015)

The homozygous fraeshift c.292_303delinsATGCT, p.Gly98fsutation in thdGHMBP2
gene led to the spinal muscular atrop¥ith respiratory distress (SMARD1) phenotype in 2
male siblings of consanguineous Pakistani oriamnily 8).

A brother and sister from another family presented with childtoyet slowly progressive
distal spinal muscular atrophy and lack of respmatovolvement Family 9. They carried
the heterozygous c¢.1813C>TApg605* nonsenséGHMBP2 mutation, which was
hemizygous in the cDNA suggesting the loss of the second @lleteenieet al, 2014)
Thede novoc.805C>T, p.Arg269Cy$RPV4 mutaton (Auer-Grumbackhet al, 2010)was
reported in a young boy with clical and electrophysiological signs of scapuloperoneal SMA
combined with metatropic dysplasi@amily 10 and the c.184G>A, p.Asp62Asariant in a
48-yearold woman Family 11) with a predominant motor neurathy affecting the lower
limbs (Evangelistaet al, 2015)

An adolescenbnset, rapidly progressivéHiIN was diagnosed in a young male patient
(Family 12 with thede novcheterozygous ¢.1126A>G, p.Met376\maltation in theViIFN2
gene, which has been previously reported in a Spanish CMT2 f@aisasnovast al,

2010) The heterozygous ¢.2119C>T, p.Arg707MpN2 mutation(Nicholsonet al, 2008;
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Carret al, 2015)was identified in a late adutinset, unilaterally distributed dHMN
phenotype in a Z§earold man Family 13.

5.4.2.2 Possibly pathogenic mutations

Possi bl y muaatiohsavgre aonsideded in 4 additional fagsilcarrying possibly
causativevariants in known dHMN/CMArelated genes, where segregation studies were not
available or not sufficient to confirm the diagna@isble 5.3).

A single heterozygous c.2752 C>TApg918CysIGHMBP2 variant cesegregated in a large
Pakistani family with motor neuropathy and no signs of respiratory dysfun&zonily 14.

A second mutation could not yet been identified in the family.

Another heterozygous c.767C>G, p.Ala256 GHHMBP2 variant was detected in a 3yBar

old boy with juvenileonset phenotype, where the pathogenicity could not yet been confirmed
due to the lack of a second mutatiéaiily 15.

In a dominant dHMN pedigree we found thesagregating novel heterozygous 862T,
p.Ala210Semissens®HTKD1 variant Family 16.

In a young female patienFé&mily 17) a heterozygous, not yet reported c.1949G>A,
p.Tyr650Cys sequence change was identified iMREIGEF10 gene, causing the
substitution of the highly conserved amiacid downstream to the catalytic Dbl homology

domain, that is required to activate RhoGTP#¥eshoeveret al, 2003)

5.4.3 The spectrum of gene mutations and mutation detection rate in motor CMT2

Thediagnosis of motor CMT2 was established in 16 patients from 10 families. We recorded

7 0 % odn f i mutattod detection rate in this group as aresult®fcao n f i r med pat hog
molecular diagnosis in 7 CMTiamilies(Table 4.1).

IPN gene panel testing determined the genetic cause in 6 families. All identified variants were
previously described as pathogenic mutations linked to axonal neuropathies. Interestingly, the
incidence of CMT2A MFN2 mutations) was lower ithe cohort than it was expected from
previous studies. However, alargiinoacytRNA synthetase gene mutatiodsARS)were
commonly found in this overlapping phenotype gr¢table 5.4).

The recurrent heterozygee.986G>A, p.Arg329HIAARS mutation was identified in 6

patients from 4 independent familidsanilies 1821) (Bansagi, Antoniadiet al, 2015)

A dominant pedigree presented with eayhset intermediate motor nepathy Eamily 22

linked to the previouslyeported missense ¢.1739T>C, p.Met580DNM2 mutation

(Haberlovaet al, 2011) The 59yearold index patient had hearing impairment, split hand
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Family /

Patient / Gene {Vucle(‘mde / Phenotype Inherit Age Lower limb Upper limb Deformity / Walkm.g / Additional
Amino acid change onset Contracture Orthotics Seatures
Age/ Sex
: Reflexes 4
Weakness Wasting anklo flnoe Sensory Weakness | Wasting | Reflexes | Sensory
F14 /P28 3 c2752C>T HW.,TW /
++ i+ ++ 4 - -
3y/f IGHMBP2 p.Arg918Cys dHMN AR 6y d d al/a % d d n hammer toes splinits
F14 /P29 5 c2752C>T ; HW,TW/
1By IGHMBP2 p.Arg918Cys dHMN AR 4y d++ d++ al/a - - B n - pes cavus siliits -
F14 /P30 y 212 CT HW.,TW /
30y:/m IGHMBP2 p.Arg918Cys dHMN AR 10y d++ d++ ala - - - n - pes cavus spl ks -
F14 /P31 < ¢.2752 C>T HW,TW/
+ ++ + = S cavus : =
48y /m IGHMBP2 p.Arg918Cys dHMN AR Ty d++ d++ ala ++ d++ d+ n pes cavus splints
F15/P32 i ¢.767C>G . . pes cavus
55y /m IGHMBP2 p.Ala256Gly dHMN isolated birth | d+++ d++ all - - - | - sc"apqlar falls motor delay
winging
F16 /P33 ¢.628G>T i pes cavus, ‘crane leg’
2yl f DRIKDI p.Ala210Ser oHNY oL 10y gehe Gkt me . gt g 4 . clawed toes Y ulnar split hand
F16/P34 ! ¢.628G>T ! d++ g e y pes cavus HW, TW/ ‘crane leg’
48y /m BIELEEE p.Ala210Ser dHMN AD 3%y p++ et ala * i+t d+r a * clawed toes insoles ulnar split hand
F16 /P35 ¢.628G>T . ) pes cavus ‘crane leg’
45y /m PHIED p.Ala210Ser AFM AD g | ek il ard . o Kk a ) clawed toes HY ulnar split hand
arthrogryposis ;
/ \ h keratotis
FIT/P36 | \RHGEF10 ¢:1949G=A dHMN isolated | birth | d++ d+ ala . d++ d+ a . talipes / HW,TW swallowing
33y/f p.Cys650Tyr hip ; 2
. difficulties
dyslocation

Abbreviations: F, family; P, patient; y, year; m, male; f, female; AD, autosomal dominant; AR, autosomal recessive; R, right; L, left; d, distal ; p, proximal; +, mild; ++, moderate; +++, severe;

a, absent; n, normal; 1, increased; |, decreased; -, none; HW, impaired heel walking; TW, impaired toe walking; AFO, ankle foot orthesis; ADHD, attention deficit hyperactivity disorder;

SMA-LED, spinal muscular atrophy with lower extremity dominance

Table 5.3 Summary of the clinical presentation of the patients in the dHMN group with possibly causative mutations

(Bansagiet al, 2017)




deformity and respiratory muscle involvement. Despite the lack of sensory symptoms, the
deficit was clearly present on sensory nerve testing.

A female patient with the unusual manifestation of severe upper limb motor weakness
(Family 23 carried the pathogenieterozygous ¢.1403G>A, Arg468HisMFN2 mutation,
which has been previously reped in lower limb predominant neuropat{yasasnovast al,
2010)

The recently reprted heterozygous c¢.754C>TApg252Trp mutation in the microrchidia
CW-type zinc finger 2MORC2gene was identified by wkeexome sequencing in a de novo
form in identical twin male patient&Eamily 24. They presented with an eadyset motor
predominant neuropathy, progressively affecting the distal and proximal limb muscles and
leading to a severe disability in adulthd@dbulym et al, 2016; Sevilleet al, 2016)

5.4.4 The spectrum of gene mutations and mutation detection rate in HMN plus

Overlapping symptoms of hereditary motor neuropathy, motor neuron degeneration and/or
other neurology fatures were observed in the 25 patients from 23 families, who belonged to
the HMN plus group. The genetic diagnosiswas o n f i r me din Gpatierdispwhéen i ¢ 6
6possi bl ymyaiandhwerg elentifieddn an additional 5 index patients. The
cumuhtive mutation detection rate was 47.7 % in this phenotype ¢i@iye 4.1).

WES proved to be a highly efficient diagnostic tool by providing molecular diagnosis in 9 out

of 11 index patients in this group.

5.4.4.1 Confirmed pathogenic mutations

Previously described pathogenic mutations were found in 3 out of 6 p4fiabts 5.5).
The compoundheterozygous ¢.916G>A,@ly306Arg and ¢.1016T>C, p.Leu339Pro
mutations were detectén the SLC52A2gene Family 25 (Foleyet al, 2014)and the
homozygous truncating ¢.96_99dupATCC, p.Pro34llefs*25 mutation ioltPerf65gene
(Family 26 (Pyleet al, 2014) The heterozygous previously reported c.1529A>G
p.Lys510ArgFUS mutation(Waibelet al, 2010, 2013yvas identified in a 5¥earold male
patient with dominant family historyramily 27). Initially, he demonstrated asynetric
lower limb motor weakness with electric nerve studies indicative of dHMN. His progression
was rapid with evolving frontal dementia and loss of ambulation within half a year.
Gradually evolving combined upper and lower motor neuron involvement,niystod
ataxia characterized the male patient, who catheceterozygous ¢.3823C>T,
p.Arg1275Cys missendeCTN1 mutation Family 28§ (Daudet al, 2015)

A 29-yearold male patient was examined with upper and lower motor neurbalpgy and

cerebellar dysfunctiorFamily 29. WES identified the hemizygous missense ¢.2279A>G,
52
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Family /

Patient / Gene {Vuclet?nde < Inherit ee Lower limb Upper limb et Walkm.g/ oy
Amino acid change onset Contracture Orthotics features
Age/ Sex
Weakness Wastin; St Senso; Weakness | Wastin; Reflexes | Sensor;
2 | ankle /knee & g Y
F18 /P37 ¢.986G>A, pes cavus / HW,TW/ Dupuytren’s
56y /m e p.Arg329His — S0y o it . * ) . n . tight Achilles AFO contracture
F18/P38 c.986G>A, i N ] y ) o HW,TW/ JRA , bilateral hip
32y /m AARS p.Arg329His aD 28y L i %L t 4.3 4 B ek pesicavus AFO replacement
. HW, TW /
F19/P39 AARS C.986(J>A: AD 60y d++ d+t ala P d++ d++ a 4 pes cavus AFO )
77y ¥/ m p.Arg329His toe drop
crutches
: . < cavus stepping /
EIRCPA0, | xups s e AD 30y | d++ d++ ala ++ d++ d++ a + peg.cavus stick TIA
50y /m p.Arg329His split hand ;
hand splint
. . pes cavo- T
EO/PAL | Aars i AD | 12y | d+++ d++ ala + - - n . equinus / g :
Y P-AIEIZIHS tight Achilles sotes
HW.TW
F21/P42 ¢.986G>A, % 5 3 8
sy /f AARS p.Arg329His AD 20y d+++ d+++ al/a ++ d++ d+ 1 - pes cavus slezy;‘lgg / hearing deficit
: clawed toes hearing deficit
F22 /P43 ¢.1739T>C - HW,TW/ 3
59y /m DNM2 p.Met580Thr AD Sy d +++ d+++ ala ak d+++ d+++ a + curlcfi fingers AFO respiratory muscle
split hand weakness
F22 /P44 ¢.1739T>C i ;i clawed toes HW,TW/
36y/f DhME p-Met580Thr Al Ly: | dot gt #i8 * gkl gt % * curled fingers AFO .
F22 /P45 ¢.1739T>C . ’ HW, TW /
30y/f DNM2 p-Met580Thr AD 13y d++ d++ ala + d++ d++ a + clawed toes AFO -
F23 /P46 5 c.1403G>A . ;
) ’ ) 2 P slaw S 4 S =
35y/f MFN2 p.Arg468His AD 20y d+ d+ ala + d+++ d+++ a + clawed fingers hand splint
F24 /P47 c.C754T, pes cavus non- . N
2 2 + :
59/m MORE2 p.Arg252Trp R 13y B R e AR G Bt a i arthrodesis ambulant Al deSes
F24 / P48 c.C754T, pes cavus non- . .
59/m MORC2 p.Arg252Trp AD 10y d+++ d+++ ala ++ d+++ d+++ a ++ - T mild deafness

Abbreviations: F, family; P, patient; y, year; m, male; f, female; AD, autosomal dominant; d, distal ; +, mild; ++, moderate; +++, severe; a, absent; n, normal; |, decreased; -, none;
HW, impaired heel walking; TW, impaired toe walking; AFO, ankle foot orthesis; JRA, juvenile rheumatoid arthritis; TIA, transient ischaemic attack

Table 5.4 Summary of the clinical presentation of the patients with confirmed mutations in the motor CMT2 grap

(Bansagkt al, 2017)




p.Tyr760Cys noveATP7Avariant, which was carried by the patient and his healthy mother
andin silico prediction tools sggested deleterious effe¢Bansaget al, 2016)

The novel compound heterozygous ¢.1580C>G, p.Ser527* and c.6781C>A, p.Leu2261llle
SACSmutations were identified in a #farold man with late teennset gait difficulties,
evolving leg spasticity and laav limb predominant motor neuropattanily 30 (Yu-Wai-
Manet al, 2014)

5.4.4.2 Possibly causative mutations

6 Possi bl y nopehseduengeehangesivere identified in 5 indexmiafi€able 5.6).
Despite that all mutations affieed known diseaseausing genes and had deleterious
predictions, the molecular diagnosismained possibly causative due to either a lack of
segregation or insufficient supportive functional studies.

A 17-yearold man presented with distal motor neuropathy and optic atrophy compatible with
CMT type 6 Family 31), who carried the single, prewsly repoted heterozygous
€.2386C>T, p.GIn796honsense mutation in theG4 gene(DiVincenzoet al, 2014)

The pathogenic ¢.1371C>G, p.Phe457B&C52A3mutation(Greenet al, 2010)was found
in heterozygous form by WES in a-$8arold man Family 32, who presented with
characteristic symptoms of Browfialetto-Van Laere syndrome (BVVL) and responded to
riboflavin therapy. However, a second mutation could not yet been identified, even -after re
analysing WES data for copy number variations in the gene.

The pathgenic heterozygous ¢.331G>T, p.Aspl11TRX5 mutation, which was previously
linked to HoltOram syndroméGranadosRiveronet al, 2012)was detected in a 1@gearold
male patient with a multifocal motor neuropatfaiily 33.

A sibling pair presented with postnatal growth retardation, limb girdle and facial muscle
weakness jointly with perfgeral motor neuropathy carriecethovel homozygous ¢.944T>G,
p.Glu315Ala missense mutation in t8&@ AT5Bgene Family 39.

A de novac.269T>C, pPhe90SePTEN mutation was identified in a 2garold male

patient with asymmetric motor weakness, crangaila involvement, pyramidal signs and

multifocal motor neuropathy with conduction blockainily 35.
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i

Family /

Patient / Gene {Vucle?tlde 4 Inherit Aze Lower limb Upper limb Do Walkmg ‘ Additional features
Amino acid change onset Contracture Orthotics
Age/ Sex
Weakness | Wastin Reflexes Sensor Weakness | Wastin, Reflexes | Sensol
€ | ankle /knee y g gt
c916G>A optic atrophy
) 2 sensorineural hearing loss
lei ; 5’?9 SLC52A2 ‘L?gyl%(?fgg AR | 18mo | d+ d+ ala 3 s o d++ a s curled fingers | ataxic bulbar palsy
Leu339Pro axial weakness
P- ataxia
optic atrophy
F26 /P50 " ¢.96_99dupATCC, pes cavus / tiptoeing, spasticity
25y /m (oo p.Pro34llefs*25 AR % ¢+t 4 /1 ) drik g-¢t f ) tight Achilles HW, TW pyramidal signs
autistic
F27/P51 ¢.1529A>G d+++ d+++ HW, TW/ . .
S2y/m FUS s LysSi0Arg AD 48y ERE - /1 - - - 1 - - Theel s mild frontal dementia
cranial nerves
F28 /P52 ’ ¢.3406C>T AD d+++ d++ d+++ ! HW, TW/ ;
74y /m DCTNI p.Arg1136Cys JETEVE 63y p+t d+++ ala - pHH pHH 1 - pes cavus AFO ataxm'
dystonia
HW. TW cranial nerves
% tetraspasticity
F29 /P53 ¢.A2279G: . spastico — 5 4
29y/m ATP7A p.Tyr760Cys X 10y d++ d++ T/ - - - T - - p—— pyramidal signs
wialchiai extrapyramidal
ataxia
¢.1580C>G, HW. TW dysarthria
F30/P54 SACS p.Ser527* AR 19 dbt 4+ al/t P dr dt 1 9 pes cavus . a;tic ) spasticity
Tly/m c.6781C>A, y curled fingers p i ataxia
p.Leu2261lle PArApArCs learning difficulties

Abbreviations: F, family; P, patient; y, year; mo, month; m, male; f, female; AD, autosomal dominant; AR, autosomal recessive; X, X-linked; R, right; L, left; d, distal ; p, proximal;
+, mild; ++, moderate; +++, severe; a, absent;t, increased; |, decreased; -, none; HW, impaired heel walking; TW, impaired toe walking; AFO, ankle foot orthesis

Table 5.5 Summary of the clinical presentation of the patients in the HMN plus group with confirmed pathgenic mutations

(Bansagiet al, 2017)




9G

Family /

Patient / Gene {Vuclec.mde z Inherit ze Lower limb Upper limb Deformity Walkmg / Additional features
Amino acid change onset Contracture Orthotics
Age/ Sex
Weakness Wastin; L Sensor: Weakness | Wastin, Reflexes | Senso
€ | ankle /knee y J &
F31 /P55 ¢.2386C>T . N N pes cavus optic atrophy
25y /m K p.GIn796* AR Ky | g gt wi o ) ) ! ¥ clawed toes i pyramidal signs
c.1371C>G, ataxic qcnsgrpi :leigr}(:leiiﬁz loss
F32/P56 | SLC52A3 p.Phe457Leu G d+++ d+++ " o N >
24y /m SLC52A2 c819C>T AR 19y d++ d++ a/a + pH+ p+ a + curled fingers HW, TW / bulbar lelby
wheelchair ataxia
p-Met2731le ; :
respiratory failure
: 3 e shoulder deformity
¥ aiel TBXS eGP, AD 2y d++ d++ /1 + d++ d+ 1 + PS8 cavus clumsy thoracic kyphosis
19y /m p.Aspl11Tyr clawed toes &
scapular winging
postnatal growth retardation
F34 /P58 ¢.944A>C, face dysmorphia
16y /m SEAIE p.Glu315Ala - 10y | e it b4 ) ) . l ) . KL, TN ptosis
facial weakness
postnatal growth retardation
F34 /P59 ¢.944A>C, face dysmorphia
179/t STATSB 0 Glu315Ala AR 10y | d++ d+ Uy - - - l - - HW, TW iodis
facial weakness
cranial nerve I1L., IV., VIL.
Ld+++ Ld+++ A s
F35/P60 . ¢.269T>C x 3 pes cavus falls, X, XIL
29y /m FTEN p-Phe90Ser taolated | B Bd-t 11 ) . g :f+ Rp J:_Jr 2 ) clawed toes HW,TW macrocephaly
P development delay

Abbreviations: F, family; P, patient; y, year; m, male; f, female; AD, autosomal dominant; AR, autosomal recessive; X, X-linked; R, right; L, left; d, distal ; p, proximal; +, mild; ++, moderate; +++, severe;
a, absent;?, increased; |, decreased; -, none; HW, impaired heel walking; TW, impaired toe walking; AFO, ankle foot orthesis

Table 5.6 Summary of the clinical presentation of the patients in the HMN plus groupvith possibly causative mutations

(Bansagiet al, 2017)




5.5 Discussion

5.5.1 Mutation dgection rate in the HMN cohort

While the demyelinating forms of CMT can receive diagnoses in the majority of cases, the
causative mutations remain often uncovered in axonal predominant motor neuropathies and in
distal hereditary motor neuropathies. The atioh detection rate has been reported ~20% in
axonal forms, including dHMN and motor CMTRossoret al, 2015)

In this study mutational screen was performed by implicating next generation techniques in
hereditary motor neuropathies and the mutation detection rate was reviewed in the group of
dHMN. Detailed neurological and electrophysiology assessments were carri€haptef

4) in order to determine phenotygenotype correlations and to distinguish between
overlapping allelic phenotypéBEigure 5.1).

Potentially pathogenic mutations were identified in 47.9% of the patients with hereditary
motor neuropathies, including confirmed mutations in 35.6% and possibly causative variants
in an additional 12.3%. In the dHMN group the genetic diagnosis was aghie82.5% of

the patients and a possibly causative mutationisagtified in an additional 2@ (Table

4.1). This result is significantly higher than the-26% detection rate reported in previous
studieg(Dierick et al, 2008; Rossoet al, 2015)

There was a large genotype heterogeneity observed with each HMN phefragype 5.2).
Furthermore, different mutations in the same gene led to various disease phenotypes. As an
illustrative samplel7 patients were diagnosed with the SMBD phenotype. The causative
mutations were identified in tH&YT2BICD2, DYNC1HlandARHGEF10genes, while the
genetic cause could not be detected in 4 patients. MutationsYtH€1H1gene have been
reported tacause not only SMA.ED but more complex clinical phenotypgcotoet al,

2015; Stricklancet al, 2015) There was no major common pathway foua explain the
mechanism of the various gene mutations, which resulted in the SADAphenotype.

5.5.2 Advantages and limitations of next generation sequencing in the HMN cohort

Improving genetic testing technology led to pidaincrease in discovering CMdausing

gene mutations. More and more patients can be genetically diagnosed not only with common,
but also with rare CMT forms.

Targeted candidate gene sequencing proved to have less benefit in the HMN cohort, where the
clinical presentation may be atypi@aid varied within the families, the inheritance pattern is

often uncertain and wide range of genes contribute to the pher{gigeet al., 2014)
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Figure 5.1 Clinical heterogeneity of different forms of HMN

dHMN (top 2 rows), motor CMT2 (third row) and dHMN plus (bottom row)
A) Patient 2 and 3I5ARSB) Patiert 19: IGHMBP2C) Patient 23TRPV4D)
Patient 32iIGHMBP2E) not yet diagnosed dHMIN) Patient 18DYNC1H1
G) Patient 10SYT2H) Patient 16BICD21-J) not yet diagnosed SMAED
K) Patient 42AARSL) Patient 39AARS M) Family 22:DNM2 N) Patient
51: FUS O) Patient 53ATP7AP) Patient 57 TBX5Q) Patient 58STAT5B
R) not yet diagnosed dHMN plus

(Bansagket al,, 2017)
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