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Abstract 

 

Inherited peripheral neuropathies or Charcot-Marie-Tooth disease (CMT) are common 

neuromuscular conditions, characterised by distal motor atrophy and weakness with variable 

range of sensory impairment and classified according to demyelinating (CMT1) or axonal 

(CMT2) pathology. The number of genes causing CMT has rapidly increased due to improved 

genetic testing technology, even though gene identification has remained challenging in some 

subgroups of CMT. 

Hereditary motor neuropathies (HMN) encompass heterogeneous groups of disorders caused 

by motor axon and neuron pathology. The distal hereditary motor neuropathies (dHMN) are 

rare length-dependent 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 

and phenotype-genotype correlations of hereditary motor neuropathies in a large cohort of 

patients. I aimed to identify novel disease genes and reassessed mutation detection rate in 

dHMN. Furthermore, I studied common pathomechanisms and targets for therapy approaches 

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 neuropathy (dHMN, 64 patients), axonal motor neuropathy (motor CMT2, 

16 patients) or complex neurological disease predominantly affecting the motor nerves 

(dHMN plus, 25 patients). I calculated the dHMN prevalence 2.14 affected individuals per 

100.000 inhabitants (95% CI: 1.62-2.66) in the North of England.  

Causative mutations were identified in 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 significant increase 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 

mechanisms. I examined the phenotypic variability and the correlations with the identified 

genetic background. 

We described the novel phenotype of non-progressive motor neuropathy with fatigable 

weakness due to presynaptic neuromuscular transmission defect caused by synaptotagmin 2 

mutations. I indentified further novel genes involved in intracellular signal transduction and 
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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 neuromuscular transmission in some genetic 

forms, which raise the possibility that neuromuscular junction defects can cause or 

accompany motor neuropathy. The preliminary results suggested the potential treatability of 

the neuromuscular transmission defect, although 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 

diagnosis 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 neurological or multisystem disorders (Reilly and Shy, 

2009). The inherited neuropathy prototype was reported in 1886 with a familial peroneal type 

of progressive muscle atrophy and was named Charcot-Marie-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 hereditary peripheral 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 

phenotyping 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, 1968b), Thomas and Harding (Harding and Thomas, 1980). 

CMT is separable into autosomal-dominant 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 and of 25-45 m/s into 

the intermediate (DI-CMT) neuropathies. Autosomal-recessive inherited forms are labelled as 

CMT4, while the term for the X-linked forms is CMTX. Alphabetical referencing indicates 

the historical order of the discovered genetic causes within each of the subtypes (CMT1A, 

CMT2A, etc.) (Pareyson et al., 2006; Reilly and Shy, 2009; Reilly et al., 2011). 

The classical CMT phenotype is characterised by progressive length-dependent muscle 

atrophy, weakness, areflexia and sensory loss, and leads to specific foot deformities and 

walking abnormalities. The severity of the symptoms shows highly variable 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 childhood-onset forms, 

congenital hypomyelinating neuropathy (CHN) and Dejerine-Sottas neuropathy (DSN), while 

others remain asymptomatic until later adulthood (Saporta et al., 2011; Braathen, 2012).  
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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 skin (Gentil and Cooper, 2012; Li, 2012). The peripheral nervous system 

consists of a complex network of myelinated and non-myelinated nerves (Juárez 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 potentials. The 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 transduction molecules, including MAG, p75, IGF1, integrins and TGF- ɓ. 

Neuregulin 1 and the ErbB receptors tyrosine kinases signalling pathway have been 

implicated in the regulation of cell interactions and Schwann cell migration (Niemann et al., 

2006; Juárez and Palau, 2012).  

The demyelinating neuropathies show neuropathological 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 by the length-dependent axonal degeneration. 

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

pheno- and genotypically more diverse axonal neuropathies form one third of all CMT cases 

(Saporta et al., 2011; Juárez and Palau, 2012). 

CMT is caused by mutation-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 implicated in the 

pathomechanisms of CMT (Figure 1.1). In demyelinating neuropathies 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 trafficking (SH3TC2, MTMR2/MTMR13, FIG4, LITAF, 

NDRG1) (Berger et al., 2006; Niemann et al., 2006; Roberts, 2012). Primary neuronal defects 

and impairment of the axonal transport lead to axonal degeneration (Niemann et al., 2006).  

The progress in the knowledge of the molecular 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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Figure 1.1 Pathways and genes implicated in inherited neuropathies 

(taken from Rossor et al., 2013) 
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The importance of ascorbic acid in the myelination process was underlined by the improved 

myelination in the demyelinating mouse model treated with vitamin C (Passage et al., 2004). 

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

CMT1A. 

The progesterone antagonist onapristone reduced the toxic overexpression of PMP22 in 

rodent models and curcumin stimulated autophagy was efficient in mouse models, but the 

therapies failed in CMT1A patients (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 trial (Attarian et al., 2014). The influence of the neuregulin-

1/ErbB system is a promising therapeutic target in CMT1A (Gambarotta et al., 2015; Rossor 

et al., 2016) and in neuropathies with focal hypermyelination (Bolino et al., 2016). 

Furthermore, transcription factors that regulate the PMP22 expression contain TEAD domains 

and participate in Yap/Taz signalling. Verteporfin, a suppressor of YAP-TEAD complex used 

in macular degeneration might provide therapeutic potential (Feng et al., 2016; Lopez-Anido 

et al., 2016). Pharmacological modification of the unfolded protein response and selective 

inhibition of protein phosphatases are examined in CMT1B animal models (Das et al., 2015; 

Rossor et al., 2016). Histone deacetylase inhibitor (HDAC6) by reversing the acetylation 

status of the microtubules and restoring the axonal transport in HSPB1 and GARS mutant 

mice might serve a targeted therapy of axonal neuropathies (dôYdewalle et al., 2011 and 

persona communication Van Den Bosch 2016). The recently described aberrant neuropilin 1 

(Nrp1) interaction in GARS and other tRNA synthetase-related CMT can also be a future 

therapy target (He et al., 2015). The gene therapy in CMT faces challenges in the 

identification of the mutant protein and in developing targeted gene delivery systems (Reilly 

and Shy, 2009; Bouhy and Timmerman, 2013). Recent gene therapy studies used adeno-

associated virus type 9 (AAV9) delivery in GarsP278KY/+mice and intrathecal lentiviral delivery 

in GJB1 knockout mice (Kagiava et 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 CMT1 in the Duffy region 

on chromosome 1 (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 

(Vance et al., 1989) and the locus heterogeneity for CMT1 emerged. The first CMT1 

mutation was localised to the chromosomal region 17p11.2-p12 in 1991 (Timmerman et al., 

1990) and the duplication of the 17p12 was identified as the cause of CMT1A (Lupski et al., 
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1991; Raeymaekers et al., 1991). Soon after, the MPZ gene was described in CMT1B 

(Hayasaka et al., 1993) and the GJB1 gene was associated with CMTX (Bergoffen et al., 

1993). This enabled molecular diagnosis in the majority of the demyelinating genetic 

neuropathies. The most common CMT2 gene, the MFN2 was reported only 10 years later 

(Züchner et al., 2004). It has still remained much more difficult to identify a molecular cause 

in axonal neuropathies. The number of discovered CMT-causing genes has rapidly increased 

with the introduction of better sequencing technology. More than 1500 mutations in more 

than 80 genes have been described so far for CMT and related neuropathies (Timmerman et 

al. 2014). 

It is critical to establish the genetic diagnosis in CMT to provide patients with a prognosis, 

genetic counselling and with options for future targeted therapy. The molecular diagnosis is 

complicated due to the large genetic heterogeneity, the pleiotropic genes causing allelic 

disorders and due to gene mutations that evoke diseases by both recessive and dominant 

inheritance (Baets and Timmerman, 2011). The majority of the CMT cases transmitted 

dominantly or X-linked; while autosomal-recessive inheritance is more frequent in countries 

with consanguineous marriages. Sporadic cases are more commonly detected not only due to 

recessive but also due to de novo dominant mutations, late-onset disease course and reduced 

disease penetrance (Reilly and Shy, 2009; Høyer et al., 2014). 

Initially, algorithms have been introduced to support the targeted testing of the four common 

genes (PMP22, GJB1, MPZ and MFN2), which were considered to account for a large 

proportion of genetic CMT (Murphy 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 possible to perform parallel sequencing of several 

genes and to introduce next generation sequencing (NGS) panels that can detect the full 

spectrum of known CMT mutations (Arnold et al., 2015). The NGS panel testing has a 

limited capacity in identifying novel genes, but for genes known to be associated with the 

disease or with overlapping phenotypes it ensures high sequencing coverage. The 

interpretation is clear by the detection of less variants of unknown significance (Arnold et al., 

2015; Lapin et al., 2016). 

With the improvement in high-throughput sequencing technologies, the capability of re-

sequencing protein-coding gene regions in whole-exome sequencing (WES) enabled the 

identification of novel disease-associated genes both in research and in clinical settings. 
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Table 1.1 Comparison of the next-generation sequencing based diagnostic methods 

(taken from Lapin et al., 2016) 



 

 7 

Even though the human exome accounts for only around 1% of the human genome, screening 

of these protein-coding segments allowed for the detection of mutations responsible for 85% 

of Mendelian disorders (Montenegro et 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 the discovery of causal genes in highly heterogeneous diseases such as 

CMT. The identification of known mutations with atypical clinical phenotypes and the 

description of novel variants, previously not associated with the disease led to the better 

understanding of genotype-phenotype correlations (Klein et al., 2014; Drew et al., 2015; 

Lapin et al., 2016). The possibility of establishing a molecular diagnosis in isolated patients 

has increased by WES analysis of trios and of unrelated individuals across families 

throughout the world (Timmerman et al., 2014). Despite 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 conditions (Yang et al., 2013; Salgado et al., 2016). The 

main challenge has remained to distinguish disease-causing alleles among the tremendous 

generated sequence data by cautiously evaluating the pathogenicity of the variants. The 

limited availability of functional tests, misannotation of variants and non-optimal variant 

filtering may lead to misinterpretation of mutations and can generate an excess in variants of 

unknown clinical significance (Bamshad et al., 2011; MacArthur et al., 2014; Timmerman et 

al., 2014; Arnold et al., 2015; Lapin et al., 2016; Salgado et al., 2016). Further difficulties 

arise from the technical limitations of 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 rearrangements (Montenegro et al., 2011; Timmerman 

et al., 2014; Arnold et al., 2015; Salgado et al., 2016). 

Even though whole-genome sequencing (WGS) can mitigate these limitations of the technical 

performance; the robust data produced by the re-sequencing of the entire genome causes 

difficulties in the variant classification and in the storage of excessive data (Lelieveld et al., 

2015) (Table 1.1). Multiple projects developed genome data analysis platforms, such as 

Genomes Management Application (GEM.app), in order to share large datasets and to 

discover rare novel genes by screening potentially causative variants across unrelated families 

(Timmerman et al., 2014; Gonzalez et al., 2015). Currently, the Matchmaker Exchange 

(MME) project aims to facilitate the identification of cases with similar phenotypic and 

genotypic profiles (matchmaking) and to enable searches in multiple databases (matchmaker 

services) (Philippakis et al., 2015). Similarly, the International Rare Diseases Research 

Consortium (IRDiRC), RD-Connect project provides an integrative platform to link genomic 

and clinical data in a central research resource for rare diseases (Thompson et al., 2014).
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Chapter 2. Objectives and Overview 

 

 

Among the group of inherited neuropathies, the Thesis focuses on the hereditary motor 

neuropathies (HMN), where the diverse and overlapping clinical phenotypes 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 cohort of patients identified in the North-East of 

England. A further goal was to discover novel disease-causing genes by implicating next 

generation sequencing and to identify disease mechanisms, which may provide a target for 

therapy interventions. 

Chapter 3 describes the methods of clinical and electrophysiological data collection and 

details the series of experimental laboratory techniques that I performed during the study of 

the Thesis.  

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

and epidemiology data is determined for HMN in the North-East of England. 

Chapter 5 provides results about the success in the mutation detection rate in the involved 

patient cohort and analyses the efficacy of the applied genetic methods in 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 recently accepted for 

publication in Neurology. (Appendix A)  

In Chapter 6 a series of clinical and experimental studies illustrates the investigation of the 

natural history of the disease and provides insight into the phenotype-genotype correlations 

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

chapter were all reported in publications in various high impact peer-reviewed journals 

(Cottenie et al., 2014; Bansagi, Antoniadi, et al., 2015; Bansagi, Griffin, et al., 2015; 

Evangelista et al., 2015; Bansagi et al., 2016). (Appendix B, Appendix C, Appendix D, 

Appendix E, Appendix F) 

Chapter 7 describes a novel presynaptic pathology in a subgroup of distal hereditary motor 

neuropathy (dHMN) caused by the novel SYT2 gene, which we have recently published in the 

American Journal of Human Genetics (Herrmann et al., 2014). (Appendix G) Furthermore, 

this chapter discusses novel theoretical pathways, including transcription factor signalling and 

mitochondrial pathways, in the pathology of HMN, which could be variably supported by 

performed functional studies. 
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Finally, in Chapter 8 the nature of the neuromuscular junction (NMJ) defect is discussed in 

SYT2 and GARS gene mutations. A potential treatment strategy was investigated in SYT2 and 

GARS mutant 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 published in Neurology (Whittaker et al., 2015).(Appendix H) 
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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 Neuropathy service at the Newcastle-upon-Tyne 

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 were referred by primary care physicians or by 

secondary/tertiary care teams for specialist diagnostic evaluations and for advice regarding the 

management plan. Patient follow-up was continued in the specialist service once the 

confirmatory diagnosis was established. 

The Medical Research Council (MRC) 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 trials. In the specialised Inherited 

Peripheral Neuropathy service at the Newcastle University I 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 CMT cohort 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 was obtained 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 Information and the CMT Neuropathy Score 

(CMTNSv2) (Table 3.1).  

I collected data on patients with the hereditary motor neuropathy (HMN), which is presented 

in the Thesis, from the larger Newcastle CMT cohort. Patient data for the HMN cohort was 

recorded both retrospectively from medical files and prospectively, when the patient was 

reviewed in the specialist clinic. Patient information sheets were provided and written 

informed consent was obtained from all patients. I participated in the deep characterisation of 

the patient cohort by employing clinical, neurophysiology, genetic and laboratory techniques. 
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Parameter 0 1 2 3 4

Sensory symptoms (1) None
Symptoms below or at 

ankle bones

Symptoms up to the distal half of 

the calf

Symptoms up to the proximal 

half of the calf, including knee

Symptoms above knee (above 

the top of the patella)

Motor symptoms legs None
Trips, catches toes, 

slaps feet, shoe inserts

Ankle support or stabilization 

needed most of the time for 

ambulation(2)

Walking aids (cane, walker) 

needed most of the time
Wheelchair most of the time

Motor symptoms arms None
Mild difficulty with 

buttons

Severe difficulty or unable to do 

buttons
Unable to cut most foods

Proximal weakness (affect 

movements involving the 

elbow and above

Pinprick sensitivity (3) Normal
Decreased below or at 

ankle bones

Decreased up to the distal half of 

the calf 

Decreased up to the proxima 

half of the calf, including knee

Decreased above knee (above 

the top of the patella)

Vibration (4) Normal Reduced at great toe Reduced at ankle
Reduced at knee 

(tibial tuberosity)
Absent at knee and ankle

Strengths legs Normal
4+, 4 or 4- on foot dorsi 

or plantar flexion
Җ о ƻƴ Ŧƻƻǘ ŘƻǊǎƛ ƻǊ ǇƭŀƴǘŀǊ ŦƭŜȄƛƻƴҖ о ƻƴ  ŘƻǊǎƛ ƻǊ ǇƭŀƴǘŀǊ ŦƭŜȄƛƻƴProximal weakness 

Strengths arms Normal
4+, 4 or 4- on intrinsic 

hand muscles (5)
Җ о ƻƴ ƛƴǘǊƛƴǎƛŎ ƘŀƴŘ ƳǳǎŎƭŜǎ (5) < 5 on wrist extensors Weak above elbow

Ulnar CMAP

(Median)
>6mV (>4mV)

4-5.9mV

(2.8-3.9)

2-3.9mV

(1.2-2.7)

0,1-1.9mV

(0.1-1.1)

Absent 

(Absent)
 bƻǘ 5ƻƴŜ

Radial SNAP җмрҡ± 10 - 14,9 µV 5 - 9,9 µV 1 - 4,9 µV <1 µV  bƻǘ 5ƻƴŜ

Notes: (1) Use the picture to discriminate the level of the symptoms; (2) Uses aid most of the time. The patient was prescribed to wear/use or should be wearing/using the aid in the examiner's opinion; (3) Abnormal if patient says it is 

definitely decreased compared to a normal reference point; (4) Use Rydell Seiffer tuning fork. Definition of Normal: җрΤ όрύ LƴǘǊƛƴǎƛŎ ƘŀƴŘ ƳǳǎŎƭŜǎ ǎǘǊŜƴƎǘƘ ŀǎǎŜǎǎƳŜƴǘΥ ¢Ŝǎǘ ƻƴƭȅ !ōŘǳŎǘƻǊ tƻƭƭƛŎƛǎ .ǊŜǾƛǎ ό!t.ύ ŀƴŘ CƛǊǎǘ 5ƻǊǎŀƭ 

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

CMTSS Subtotal (calculated by DMCC)

CMTES Subtotal (calculated by DMCC)

CMTNS Total (calculated by DMCC)

Score Weighted Score 
(calculated by DMCC)

 

Table 3.1 CMT Neuropathy Score second version (CMTNSv2) 
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3.1.2 Neurophysiology 

Neurophysiology studies have been performed in all patients, who were examined in the 

specialised neuropathy clinic, apart from the rare clinically uncomplicated cases, when the 

routine genetic testing for PMP22 earlier established the diagnosis of the motor and sensory 

demyelinating neuropathy (CMT1A or HNPP). However, family 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 the positive genetic diagnosis.  

In the majority of the patients the neurophysiology assessment was carried out in the 

Neurophysiology Department at the Newcastle-upon-Tyne Hospitals NHS Trust by the same 

expert Neurophysiologist Consultants (Dr Fawcett, Dr Whittaker, 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 services.  

 

I collected the electrophysiology data in the HMN patient cohort presented in the Thesis, by 

reviewing previous study reports or initial and follow-up electric tests performed mostly by 

Dr Roger Whittaker. Generally, the neurophysiology investigations consisted of electric 

motor and sensory nerve conduction studies (NCS) and electromyography (EMG), which 

provided measurements for the analysis of the parameters discussed in Chapter 4.3.3. In some 

clinically and genetically selected cases additional studies were initiated, including repetitive 

nerve stimulation (RNS) and single fibre electromyography (SFEMG), in order to investigate 

the neuromuscular transmission. I accompanied some patients to carry out additional 

neurological examinations in the electric study setting and I observed the neurophysiology 

methods of the neuromuscular junction (NMJ) testing, as discussed in Chapter 8.3.4.  

 

The studies were performed by the Neurophysiologists on a Dantec 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 electrodes (1cm diameter). Amplitudes were measured 

baseline to peak. SFEMG was performed using Natus Neurology disposable 30G concentric 

needles with a bandpass of 2 to 10 kHz (Whittaker et al., 2015). 
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3.2 Laboratory methods 

I performed the following computational data analysis and I 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 

3.2.1.1  Inherited Peripheral Neuropathy (IPN) panel gene test 

To date, two laboratories (Bristol and Queen Square) offer more comprehensive genetic 

testing for inherited neuropathies in the UK. The multi-gene panel assay applied in the HMN 

cohort presented in the Thesis was performed in collaboration with Dr Antoniadi, Dr 

Greenslade and Dr Forester at the Bristol Genetics Laboratory. Genomic DNA was extracted 

from the peripheral blood of the patients in the Northern Genetics Service at the Newcastle-

upon-Tyne Hospitals NHS Trust and was sent to the Bristol Genetics Laboratory.  

 

When next generation sequencing (NGS) is used to examine specific gene panels and 

the sample numbers are high, it is more cost-effective and time-efficient 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 designed 330kbp SureSelect capture 

(Agilent Technologies), targeting 56 genes associated with inherited peripheral neuropathy 

(http://ukgtn.nhs.uk/find-a-test/search-by-disorder-gene/test-service/charcot-marie-tooth-

hereditary-neuropathy-54-gene-panel-589/) (Table 3.2). 

Libraries were prepared from genomic DNA according to the manufacturerôs protocol 

(Agilentôs SureSelect Target Enrichment System: Product note) and sequenced on an Illumina 

MiSeq (2x150bp). For data analysis and filtering a bespoke open-source pipeline using 

Burrows-Wheeler Aligner (BWA) and Genome Analysis Toolkit (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 variants were confirmed by Sanger sequencing using an Applied Biosystems 3730 

analyser (Bansagi, Antoniadi, et al., 2015). 

 

http://ukgtn.nhs.uk/find-a-test/search-by-disorder-gene/test-service/charcot-marie-tooth-hereditary-neuropathy-54-gene-panel-589/
http://ukgtn.nhs.uk/find-a-test/search-by-disorder-gene/test-service/charcot-marie-tooth-hereditary-neuropathy-54-gene-panel-589/
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Table 3.2 Inherited peripheral neuropathy gene panel test 
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3.2.1.2  Whole-exome sequencing 

Exome capture library and whole-exome sequencing 

Selected patient DNA samples were subjected to NGS at AROS Applied Biotechnology 

(Aarhus, Denmark). The enrichment of protein coding exons by DNA hybridisation-capture 

followed by high-throughput sequencing enables the discovery of disease-causing mutations.  

Genomic fragment library was prepared using TruSeqTM DNA Sample Preparation Kit 

(Illumina Inc., San Diego, USA). The enrichment platform, Illumina TruSeqTM 62 Mbp 

(Illumina Inc., San Diego, USA) used the denaturated single-stranded 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 fragments were magnetically eluted for a second enrichment 

reaction (Figure 3.1). The amplified captured fragments (including exonic flanking regions) 

were sequenced by using the Illumina HiSeq2000 platform (Illumina Inc., San Diego, USA) 

with paired-end reads of 100 base pair. 

The Illumina 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 a high performance for the coverage of medically interesting rare mutations and 

with additional sequencing it efficiently detects single nucleotide variations (SNVs) and short 

insertion/deletions (Bainbridge et al., 2011; Bodi et al., 2013; Shigemizu et al., 2015). 

 

 

Figure 3.1 TruSeqTM enrichment workflow 

(taken from Data sheet: Sequencing, Illumina) 

 



 

 16 

Exome-sequencing data analysis 

The sequencing data underwent bioinformatic analysis for sensitivity, specificity, and 

coverage of the desired regions, which was performed by Dr Helen Griffin in the Institute of 

Genetic Medicine at the Newcastle University. The NGS data of the HMN cohort was 

processed by quality control, mapping, variant identification, validation and clinical 

annotation. The related results will be provided in Table 5.7 andTable 5.8 in Chapter 5.5.2. 

In-house bioinformatic analysis included quality filtering of data and duplicate 

sequence read removal with FastUniq (H. Xu et al., 2012). Filtered and normalised reads were 

aligned to the human reference genome (UCSC hg19) with BWA (Li and Durbin, 2009). SNV 

and small insertion/deletion (indels) calling was performed by Freebayes and variant 

annotation with ANNOVAR. The small difference in coverage of coding regions directly 

influences the ability to identify rare variants in the coding regions. Therefore, on-target 

region coverage, the percentage of targeted bases covered by sequence reads and read-depth, 

the number of reads that map to the targeted sequence were determined (Table 5.9).  

I examined the exome data of the HMN patient cohort presented in the Thesis for 

further on-target variant filtering with the assistance of Dr Helen Griffin. Variants were 

annotated as exonic/splicing, excluding synonymous variants 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) and also in 281 in-house exomes. By 

comparison with the Exome Aggregation Consortium (ExAC) database, the rates of rare copy 

number variations (CNVs) (<0.5% frequency) were investigated in the exome sequencing 

data (Ruderfer et al., 2016). Protein prediction and evolutionary sequence conservation 

algorithms downloaded via ANNOVAR were used to define protein altering and/or putative 

ódisease-causingô mutations. Protein prediction algorythms (SIFT, Polyphen2, Mutation 

Taster, A-GVGD, LRT) were used to analyse the in silico effects on protein functioning. 

Potentially deleterious variants were tested using QIAGEN Ingenuity Variant Analysis. This 

on-line 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 between genes/variants and the 

phenotypes (Wendelsdorf and Shah, 2015). We followed the guidelines of the American 

College of Medical Genetics and Genomics (Rehm et 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 of interest was searched by the gene names and exact base pair 

positions within the chromosomes using the Ensembl Genome Browser website 

(http://www.ensembl.org). Genome browsers provide a graphical interface to extract and 

summarise information of genomic sequence and annotation data, and promote cross-species 

comparative analysis. The Ensembl browser contains the most extensive set of gene and 

transcription-related data and the most extensive presentation of haplotype data (HapMap 

project) (Furey, 2006; Wang et al., 2013). 

 

Primer selection 

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

by Primer3 (http://primer3.wi.mit.edu). 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 their GC content (%). 

Polymerase chain reaction (PCR) amplifying a sequence target requires two primers (forward 

and reverse) anneal to the 3ǋ ends of the sense and antisense strands. The primers should be 

long enough to bind complementarily to the target sequence, while needing to be specific to 

avoid amplifying unwanted regions in the genome. The shorter primers have higher binding 

efficiency but their specificity is lower. Generally, primers of 18ï24 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 chance of mispriming, while high AT content was 

avoided to prevent unstable pairing (Untergasser et al., 2012; Hung and Weng, 2016). 

 

Primer validating 

The generated primer sequences were checked for all possible binding targets using Primer-

BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to exclude chances for mispriming 

across the genome.  

http://www.ensembl.org/
http://primer3.wi.mit.edu/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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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 primers and the target 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 reaction (Hung and Weng, 2016).  

 

Polymerase chain reaction (PCR) reaction 

The PCR is a powerful method 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 introduction of a thermal stable DNA polymerase from the bacterium Thermus aquaticus 

(Taq DNA polymerase) enabled the process to become automatic. Each PCR cycle consists of 

thermal denaturation of double-stranded target molecules, primer annealing to both strands 

and enzymatic synthesis of DNA (Vosberg, 1989; Lorenz, 2012). 

 

DNA amplification 

The availability of adequate quality and quantity of the genomic DNA is essential for genetic 

analysis. Although the quantity of DNA in the sample can be determined in ng/ɛl by 

nanospectrophotometers, the number of molecules (optimal target between 104 and 107) 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 high-temperature denaturation to provide a single-stranded 

template, therefore it reduces DNA degradation and increases the specificity of the 

amplification (Dean et al., 2002; Wang et al., 2011; Lorenz, 2012).  

The REPLI-g ultrafast minikit (Qiagen, Valencia, CA) utilising isothermal MDA with a 

uniquely processive DNA polymerase was used for the uniform 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 REPLI-g UltraFast DNA Polymerase was added to the 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, DNA polymerase (ImmolaseTM DNA Polymerase, Bioline or 

MyTaqTM 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 deoxynucleotides (dNTPs) and MgCl2, which otherwise needed to be 

added to other DNA polymerase systems (Table 3.3).  

In each PCR reaction negative control and normal DNA positive control was introduced. 

When multiple PCR experiments were 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. 

 

 

Table 3.3 Standard MyTaqTM  PCR protocol 

(taken from Product note, Bioline) 

 



 

 20 

PCR cycling conditions 

The cycling times and temperatures varied, dependent on the DNA polymerase and the 

template characteristics used in the experiment (Table 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 three-step temperature cycle was the next step, including a short (15-30 

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 contained 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 products can be detected by loading aliquots of each reaction into wells of an Agarose 

gel. Orange G loading dye (dH2O, 15% glycerol, 1% orange dye) was used at a 1:1 ratio to 

stain the PCR product and usually 6ɛl was mixed with 6ɛl PCR product. The stained DNA 

product was uploaded into a 2% Agarose gel (2g agarose gel in 1xTAE, Tris base Acetic acid 

and EDTA (Ethylenediaminetetraacetic acid) buffer pH8.0) mixed with 40 ɛl/100ml of 

ethidium bromide. The stained PCR product migrated into the gel following electrophoresis 

for a minimum of 30 minutes at 75V. Gel images were captured on a GelDoc-It 310 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 the PCR bands  

Parallel to the PCR products a ready to use molecular weight marker (HyperLadderTM 100 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 weight, the PCR product was further 

processed for sequencing. Occasionally 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, non-specific PCR 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 enhance the PCR amplification of G-C rich targets. Modifications 

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 clean-up 

Amplified samples were subsequently treated with a mixture of two hydrolytic enzymes, 

exonuclease I (20U/µL, Thermo Fisher) and thermosensitive alkaline phosphatase, FastAP 

(1U/µL, Thermo Fisher) for rapid and efficient removal of unincorporated primers and 

degradation of unwanted deoxynucleotides left from the PCR reaction (Mardis and 

McCombie, 2016). 

The reaction mix of 0.5µl ExoI and 1µl FastAP with 3µl PCR product was loaded to 

each well of the 96-well plate and incubated at 37°C for 15 minutes, while the reaction 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 spin-column (nucleic acid purification column) technology by a commercially 

available kit (QIAquick Gel Extraction Kit, QIAGEN®) 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 gel with sharp scalpel, cautiously removing extra 

agarose gel. DNA fragments were extracted from the gel by dissolving the gel-slice in 3 

volumes (300µl to 100mg gel) of chaotropic salt buffer reagent (Buffer QG) at 50°C for 10 

minutes. To increase the yield of the DNA fragment one volume of isopropanol was added to 

the sample. The sample solution was then applied to the QIAquick spin-column to bind the 

DNA fragments after spinning at 13.000rpm for 1 minute. To remove all traces of agarose, an 

additional 0.5ml BufferQG was applied with spinning at 13.000rpm for 1 minute. The spin 

column was washed by using an ethanol containing BufferPE with a two-step spinning at 

13.000rpm. Finally, the DNA was eluted in a small volume (30µL) of BufferEB and was 

centrifuged to collect. The received sample was kept immediately on ice and the DNA content 

was measured by nanospectrophotometer.  

 

Dye-terminator cycle sequencing 

Automated large-template DNA sequencing uses fluorescent dyes for the detection of the 

electrophoretically resolved DNA fragments (Rosenblum et al., 1997). The dyes attach to the 

terminating ddNTP. The implication of 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 brightness (Sanger et al., 1977; Rosenblum et al., 

1997; Heiner et al., 1998). Fluorescent cycle sequencing of the PCR products was performed 

by utilising the dye-terminator cycle sequencing approach (ABI BigDye® v3.1 3130xl 
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Genetic Analyzer, Life Technologies). A 15µl mixture consisted of 1µl BigDye® Terminator 

v3.1 (Applied Biosystems), 2µl BigDye® Terminator v1.1/v3.1 5X Sequencing Buffer, 1µl 

primer (forward or reverse) and 11µl sterile water was added to the ExoFAP reaction already 

in the 96-well plate, reaching the 20µl 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 reaction was stopped 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 methods. Ethanol/EDTA precipitation was carried out in two wash-out steps. 

Initially 2µl 125mM EDTA, 2µl 3M Sodium acetate and 70µl 100% Ethanol were added to 

each well of the plate and was incubated for 15 minutes at room temperature. Subsequently, 

the plate was centrifuged for 30 minutes at 2000g, which was followed by spinning the 

inverted plate up to 100g. In the second step an additional 70µl 70% Ethanol was added to the 

wells and the plate was centrifuged at 1650g for 15 minutes, followed by a repeated inverted 

spin up to 100g. The plate was air dried in dark for 10 minutes and was ready for sequencing 

or could be stored sealed at -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 analysers detects the fluorescence. A minimum of 10ɛl sample 

volume was required in the 96-well plate, so that the ends of the capillaries remain submerged 

in liquid to inject each sample multiple times. Hi-DiTM Formamide (Applied Biosystems) was 

used to re-suspend the sample to reach 10ɛl volume. The sample re-suspended in Hi-DiTM 

was heated for 2 minutes at 97°C and then sequenced with the 3130xl Genetic 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, which was accessible 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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3.2.2.2  cDNA sequencing 

RNA isolation 

To purify RNA from small amounts of blood or fibroblast cells a commercial kit 

(RNeasy®mini kit, QIAGEN) was used, which utilises a specialised high-salt buffer system to 

prepare up to 100ɛg total RNA per sample. 

Blood samples collected in specialised RNA tubes were defrosted and 4 ml blood was 

centrifuged at 3500g for 10 minutes, while the supernatant was discarded by cautious 

pipetting. The pellets were re-suspended in 5ml RNase free water and centrifuged at 3500g 

for 10 minutes and the overflow was discarded. The sample was first lysed and homogenised 

in the presence of a highly denaturing guanidine-thiocyanateïcontaining buffer (600ɛl RLT 

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

lines, which are rich in RNases, then 10ɛl ɓ-mercaptoethanol was added to the Buffer RLT 

before use. Subsequently, 70% Ethanol was added to provide appropriate binding conditions 

and a 700ɛl sample 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 steps using 700ɛl RW1 Buffer and 500ɛl ethanol containing RPE Buffer 

with centrifugation at 11.000rpm for 15 seconds. The high-quality RNA was eluted by adding 

30ɛl RNase-free water and the RNA content was measured by nanospectrophotometer. 

 

Reverse-transcription (RT) PCR 

The total RNA extracted from the cells was converted to a single-stranded cDNA by applying 

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

a 10ɛl reaction mix consisted of 2ɛl 10X RT Buffer, 0.8ɛl 25X dNTP Mix (100mM), 2ɛl 10X 

RT Random Primers, 1ɛl MultiScribeÊReverse Transcriptase and 4.2ɛl nuclease-free water 

was prepared and added to the 10ɛl RNA sample in a 96-well reaction plate. A reverse 

transcription was performed in a thermal cycler at 25°C for 10 minutes, 37°C for 2 hours, 

85°C for 5 minutes 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 working 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 were carried out 

according to the same protocol described earlier in Chapter 3.2.2.1.  
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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 at -80°C in the Biobank at the Institute of Genetic 

Medicine, Newcastle University.  

The human primary fibroblasts were grown in plastic flasks (CELLSTAR®, Greiner Bio-One 

International, T25, 25 cm2 Item No: 690175 and T75, 75 cm2, Item No:658175) in 1x 

Dulbecco Modified Eagle Medium (DMEM) (Gibco®), which was additionally supplied with 

50ml 10% FBS (F7524, Sigma), 5ml 1% Pen/Strep (10,000U/mL, Gibco®), 5ml DMEM 

Vitamin Solution 100x (11120-037, GIBCO), 5ml Sodium Pyruvate (S8636, SIGMA), 5ml 

Non-essential Amino Acids 100x (11140-035, GIBCO), 5ml L-Glutamine 200mM 100x 

(25030-024, GIBCO) and 1ml Uridine 25mg/ml (U3003, SIGMA).  

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 culture conditions in a 5% CO2 

incubator at 37°C. Soon, when the cells attached, the medium containing DMSO was 

removed and replaced with 5 ml of fresh DMEM media. Once a confluent cell monolayer was 

seen under the light microscope, fibroblasts were dissociated with 0.05M Trypsin-EDTA 10x 

(15400-054, GIBCO) and were diluted in 10 ml culture DMEM medium in a new T75 flask. 

During the incubation of the cells intermittently the culture DMEM medium was changed, 

using autoclaved water dissolved PBS (Oxoid Ltd., BR0014G). In order to grow a larger 

amount of cells, once a confluent monolayer was achieved in the T75 flask, fibroblasts were 

dissociated using Trypsin-EDTA and were split into new T75 flasks containing fresh DMEM 

media. 

The fibroblast cells grown for further protein immunoblotting were detached by 

Trypsin-EDTA 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 stored at -20°C until 

further manipulation.  

Alternatively, the grown fibroblast 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 at -80°C.  
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3.2.3.2  Western blot 

Protein extraction  

Total protein was isolated from cell lysate supernatants by solubilising fibroblast cells 

dependent on pellet size in a 30ɛl / 80ɛl RIPA buffer (Radio Immuno Precipitation Assay 

buffer) containing 50mM Tris HCl pH8, 1mM EDTA, 150mM NaCl, 0.5% sodium 

deoxycholate, 0.1% SDS (sodium dodecyl sulphate) and 1% NP-40. After incubation for 10 

minutes at 4°C cells were frozen-thawed 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 supernatant was determined by Bradford Protein Assay 

utilising the Coomassie blue G-250 dying system, which indicates protein binding with colour 

change. This can be measured at 595 nm with the Infinite® F50 (Tecan) plate reader 

spectrometer. Standard serial dilutions were prepared using control bovine serum albumin 

(BSA, 1ɛg/ɛl) at concentrations of 0ɛg/ml; 0.1ɛg/ml; 1ɛg/ml; 3ɛg/ml; 5ɛg/ml; 10ɛg/ml; 

15ɛg/ml by adding 200ɛl Bradford reagent (BioRad Protein Assay Solution) and sterile water 

up to 1 ml. From the sample protein 1ɛl was added to 200ɛl Bradford reagent and 799ɛl 

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 and the protein concentration in ɛg/ɛl could be determined. 

 

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 be unfolded by denaturation 

using a loading buffer and an anionic denaturing agent. A total of 20ɛg and 25ɛg 

sample/control protein was planned to upload for electrophoresis and the necessary protein 

volumes were calculated based on the Bradford assay. A total volume of 10ɛl mixture was 

prepared by adding 2.5ɛl NuPAGE® LDS Sample Buffer (4x; Life technologies), 1ɛl 

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 

weight. Both sample and control proteins were loaded at a 20ɛg and 25ɛg amount into a 4-

12% SDS polyacrylamide gel (NuPAGE® Bis-Tris Mini Gel, Novex®) along with protein 
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molecular weight ladders, Biotynilated Protein Ladder (#7727, CellSignal) and SeeBlue® 

Plus2 Pre-stained Protein Standard (Novex®). The electrophoresis tank was filled with a 20 

times diluted NuPAGE® MES SDS Running Buffer (20X) (Novex®) as running buffer and 

500µl of NuPAGE® Antioxidant (Novex®) was added to the internal chamber of the tank. 

Samples, accompanied by the markers, were run on the gel for 40-50 minutes dependent on 

the molecular weight under 150V. 

 

Protein transfer 

Proteins were transferred to a PVDF membrane with an iBlot®2 PVDF 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 minutes. The success 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 blotting buffer, TTBS (20 ml 1M Tris HCl 

pH 7.5, 29.2g NaCl, 1ml Tween®(Sigma) made up to 1L dH2O). To avoid non-specific 

binding of the antibodies, the membrane was blocked with 5% non-fat dry milk (5g non-fat 

milk powder per 100ml of Tris HCl Buffer Saline Tween20 (TBST) 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 the primary 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 HRP-conjugated secondary antibody for 1 hour 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 with a ClarityÊ Western ECL Blotting Substrate peroxide 

solution and luminol/enhancer solution (Bio-rad). The chemiluminescence signal was 

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

Life Science). To analyse the blot, GAPDH was used as a loading control for normalisation. 

The membrane was incubated with anti-GAPDH 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 of the 

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 system (Irobi 

et al., 2006; Dierick et al., 2008; Rossor et 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 cases (Pearn and Hudgson, 1979). Later in the same region 

the cumulative incidence of CMT was identified as 11.8 per 100.000 inhabitants (Norwood et 

al., 2009; Foley et al., 2012).  

The classical phenotype of the distal hereditary motor neuropathy (dHMN) is a length-

dependent motor weakness and atrophy, initially affecting the intrinsic feet muscles and the 

peroneal compartment of the leg (Jonghe et al., 1998). Foot 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 gradually involving the more proximal leg 

muscles and/or affecting the intrinsic hand muscles. Congenital non-progressive conditions 

have been described as congenital distal spinal muscular atrophy (CDSMA) (Fiorillo et al., 

2012). Other congenital- or infantile-onset 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 (SMA-LED) (Harms et al., 2012). Various ages of onset, varying 

clinical course and accompanying neurological features complicate the phenotypes further 

and serve as a basis 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 diagnosis (Bansagi et 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 endpoint of the CMT 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 changes (Irobi et al., 2006; Rossor et al., 2012). A considerable 

clinical and genetic overlap exists between axonal CMT (CMT2) and dHMN. Different 
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mutations in the same gene can cause both allelic phenotypes (Dierick et al., 2008). It has still 

remained difficult to distinguish clinically between the two entities and the differentiation 

continues to rely on the presence or absence of sensory electric nerve changes, regardless of 

the presence of clinical sensory deficits (Jonghe et al., 1998). In addition, detailed 

neurophysiology studies revealed somatosensory abnormalities in patients complaining about 

sensory symptoms, suggesting proximal sensory pathway changes alongside normal 

peripheral sensory nerve tests (Devic et al., 2012).  

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

emphasizing the 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 

neuropathies (Irobi et al., 2006; Rossor et 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 dHMN-related genes is also causative for overlapping motor 

neuron diseases, including amyotrophic lateral sclerosis (ALS), hereditary spastic paraplegia 

(HSP), spinal muscular atrophy (SMA) and Kennedyôs disease (Irobi et al., 2006; Van Den 

Bosch and Timmerman, 2006; Rossor et al., 2012) (Figure 4.1). 

 

4.2 Aims 

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

electrophysiology features of hereditary motor neuropathies and to review the classification. 

 

4.3 Methods 

4.3.1 Patient recruitment 

Patients suffering from motor and sensory neuropathy symptoms were referred either directly 

or after general neurology investigations to the specialised clinic for inherited peripheral 

neuropathies at the Institute of Genetic Medicine, Newcastle University. Referrals were 

accepted from the catchment area of Newcastle-upon-Tyne Hospitals NHS Trust 

(Northumberland, Durham, Cumbria, parts of Yorkshire 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 investigations of CMT. Therefore this service is well placed to provide 

representative epidemiologic data about CMT and related disorders in the North-East of 

England. 
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Figure 4.1 Classification of dHMN 
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4.3.1.1  Inclusion 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 were further classified based on detailed family and 

clinical history, physical examination, neurology and electrophysiology findings into one of 

the overlapping groups of pure dHMN (dHMN), motor predominant CMT2 (motor CMT2) 

and complex motor neurono- or neuropathies (HMN plus).  

Diagnosis of the dHMN 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/or neurogenic changes on needle EMG 

examination (Jonghe et al., 1998).  

Patients with dHMN phenotype but presenting decreased sensory action potentials (SNAP) 

indicative of an accompanying sensory axonopathy were grouped as motor CMT2.  

We considered HMN plus when the hereditary motor neuropathy was accompanied by other 

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, which 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 features, we performed specific laboratory tests for 

antibodies and immunological abnormalities, metabolic studies for acyl-carnitines, very long 

chain fatty acids, serum and urinary amino acids and organic acids, alpha-fetoprotein, 

neuroimaging, nerve and/or muscle biopsies.  

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 (dHMN) was 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 inhabitants in the population of North-East 

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 (CI) was calculated based on the sample 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 of confidence was adjusted at 0.95. 

4.3.3 Neurophysiology studies 

Electrophysiology studies were analysed 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 while qualitative 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 

Chapter 3.1.2 and they were reported by the same expert Neurophysiologist Consultants (Dr 

Whittaker, Dr Lai and Dr Baker) at the Neurophysiology Department, Newcastle-upon-Tyne 

Hospitals NHS Trust. Patients unavailable for testing at Newcastle-upon-Tyne Hospitals NHS 

Trust were referred and tested in local Neurophysiology services. Electrophysiology studies 

were not carried out in genetically 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 neuropathy from 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 length-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 of the dHMN 

diagnosis. Clinical manifestation of motor neuropathy with accompanied sensory changes on 

electric nerve testing enrolled 16 patients from 10 families in the motor CMT2 group. A 

further 25 patients from 23 families were classified into the HMN plus group showing 

complex neuropathology and overlapping symptoms between the previous entities. 
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Table 4.1 Phenotype statistics, efficacy of genetic methods and mutation detection rate in the classified patient subgroups 

(Bansagi et al., 2017) 
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There was a male predominance in all phenotype groups. Clinical symptoms started at a 

significantly younger age in the dHMN (mean age onset: 16 years) and HMN plus groups 

(mean age onset: 17.6 years) compared to the motor CMT2 (mean age onset: 23.8 years) 

(Table 4.1). The main inheritance pattern was autosomal-dominant in motor CMT2 families 

while autosomal-recessive and X-linked inheritance were more frequent in the group of HMN 

plus. The dHMN group consisted of an almost equal large number of dominant families 

(n=16) and óisolatedô patients with negative or unavailable family history (n=20), while 

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 groups of motor 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 diagnosis of distal hereditary 

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

with inherited neuropathy in the specialist clinic between 2010 and 2015 (Table 4.1). 

Considering that the population of North-East England (Northumberland, Durham, Cumbria, 

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 prevalence of dHMN was calculated as 

2.14 affected individuals per 100.000 inhabitants (95% CI: 1.62-2.66) (Figure 4.2). 

 

 

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

Electrophysiology data were available for evaluation in 96 patients. Ninety-two patients were 

examined at the Newcastle-upon-Tyne Hospitals NHS Trust, while 4 patients had the test 

performed at different hospitals and detailed parameter 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), where we could identify pathogenic or likely 

causative genetic mutations (Table 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 North-East England 

Although hereditary motor neuropathies are suggested to be rare, we diagnosed HMN in 105 

patients from 73 families of North-East England origin. We determined the minimum 

prevalence of dHMN in the same population, which was calculated as 2.14 affected 

individuals per 100.000 inhabitants (95% CI: 1.62-2.66). There has been no recent data 

reported on the prevalence of dHMN. In comparison to earlier findings that the point 

prevalence of spinal muscular atrophy was 1.87/100.000 in the same region in 2009 

(Norwood et al., 2009) and a previous 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 hereditary motor neuropathies 

The motor predominant manifestation in dHMN and motor CMT2 patients caused diagnostic 

difficulties solely on clinical findings and required precise neurophysiology assessments for 

the differentiation. However, dHMN is strictly considered as the pure motor end of the CMT 

spectrum, many patients show minor sensory abnormalities (Irobi et al., 2006; Rossor et al., 

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

and motor CMT2, which will be discussed in Chapter 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 inheritance 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; Rossor et al., 2012). 
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Table 4.2 Nerve conduction parameters in dHMN with confirmed pathogenic mutations 
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Table 4.2 continued Nerve conduction parameters in dHMN with confirmed pathogenic mutations 
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Table 4.3 Nerve conduction parameters in dHMN with possibly causative mutations 
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Table 4.4 Nerve conduction parameters in motor CMT2 
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Table 4.5 Nerve conduction parameters in dHMN plus with confirmed pathogenic mutations 
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Table 4.6 Nerve conduction parameters in dHMN plus patients with possibly causative mutations 
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The distinct entity of SMA-LED has been introduced to characterise the congenital or early 

childhood-onset non-progressive form of dHMN, caused by autosomal-dominant disorders of 

motor neuron development (Rossor et al., 2015). The clinical phenotype of 17 patients was 

compatible with SMA-LED in the examined cohort. By definition these are non-length-

dependent conditions, predominantly affecting the lower limb distal muscles with prominent 

additional proximal leg muscle involvement. Foot deformities and arthrogryposis-like lower 

limb contractures are frequently seen. At a later disease stage mild upper limb involvement 

may be present but sensory changes are absent. Motor nerve studies are often normal with 

only rare presence of axonal motor neuropathy, but electromyography indicates chronic 

neurogenic denervation. Correction of early-onset deformities is important, since these 

patients do not develop significant deterioration in 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 

muscular atrophy (SMA) or Kennedyôs disease (Irobi et al., 2006; Van Den Bosch and 

Timmerman, 2006; Rossor et al., 2012). Accompanying complex neurological and/or other 

organ impairments observed in some cohort patients with distal predominant motor 

neuropathy urged us to introduce the HMN plus group. Patients with motor neuropathy 

enrolled in this phenotype group well illustrated the significant overlap with other 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 neuropathies used to 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 genetically undefined groups of patients (Timmerman et al., 

2014). Furthermore, next generation 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 heterogeneity) while different mutations in the same gene can lead to variable allelic 

phenotypes (allelic heterogeneity) (Berciano et al., 2012; Timmerman et al., 2014). 

Compared to the previously reported 7 genes and 13 chromosomal loci 10 years ago (Irobi, 

De Jonghe, et al., 2004; Irobi et al., 2006; Dierick et al., 2008), to date we acknowledge 

around 30 genes responsible for autosomal-dominant, recessive and X-linked forms of 

dHMN. Despite the increasing number of novel genes, a large proportion of patients with 

motor neuropathies, estimated around 75-80%, have still remained without genetic diagnosis 

(Rossor et al., 2012; Rossor et al., 2015).  

The so far identified genes encode ubiquitously expressed proteins involved in diverse 

cellular functions, most of which 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, axonal guidance, intracellular trafficking and synaptic activity. 

Detailed analysis of gene- and phenotype specific data of patientsô cohorts and natural history 

studies along with unravelling gene and protein functions will facilitate the better 

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

therapy approaches (Peeters et al., 2014; Timmerman et al., 2014).  

 

5.2 Aims 

I aimed to determine the mutation frequency in the North-East 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 motor neuropathy (dHMN) with the use of next generation techniques and compare 

the result to previously studied cohorts. I also aimed to examine the efficacy and limitations 

of next generation sequencing as a tool in gene and mutation discovery in these highly 

heterogeneous diseases. Furthermore, I 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 North-East of England in the genetic study, who 

were clinically diagnosed with hereditary motor neuropathies in Chapter 4. We applied 

diagnostic and/or research based genetic testing methods in all patients, who were previously 

classified into one of the phenotype subgroups of dHMN, motor CMT2 or 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 from each phenotype group. 

Routinely, PMP22 gene mutation was excluded in all participants. Testing for candidate 

CMT2 and dHMN-related genes was led by clinical and inheritance features based on 

algorithms suggested by previous groups (Saporta et al., 2011; Murphy et al., 2012; Rossor et 

al., 2012). We proceeded with inherited peripheral neuropathy (IPN) gene panel testing in 

undiagnosed patients, in order to screen for the batch of known motor and sensory 

neuropathy-related genes. Where diagnosis could not be achieved by available diagnostic 

genetic methods, we applied whole-exome sequencing (WES) in the specialist research 

laboratory at Newcastle University (Chapter 3.2.1).  

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

findings, assumed to have the same genetic 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 and flanking intronic regions was 

performed by automatic DNA sequencing on an Applied Biosystems 3730xl DNA Analyser 

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

The multi-gene panel assay utilising next generation sequencing (NGS), as described in 

Chapter 3, was performed by Dr Antoniadi, Dr Greenslade and Dr Forester in the Bristol 

Genetics Laboratory, using the UK Genetic Testing Network approved approach (Chapter 

3.2.1.1).  

5.3.3.3  Whole-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 (Illumina TruSeqÊ 62 Mb and HiSeq 2000, 100 bp paired-end reads) and 

bioinformatics analysis was carried out as described in (Chapter 3.2.1.2). Putative pathogenic 

variants were confirmed by Sanger sequencing according to the description in (Chapter 

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

I aimed to discover novel gene mutations by intersecting patientsô WES data with datasets 

from members of same family or from independent patients, who shared a similar fully 

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

against a set of 132 known or likely causative IPN-related genes, as well as against a batch of 

69 known motor neuron disease-related genes (9 SMA, 41 ALS and 19 HSP) (Table 5.1). 

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

the likelihood of their pathogenicity. Variants were defined as óconfirmed pathogenicô, if the 

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 additional affected family member. 

Highly conserved in silico deleterious novel sequence variants of known or novel genes were 

determined as ópossibly pathogenicô in case segregation studies could not be carried out (Pyle 

et al., 2015).  

5.3.4 Statistical analyses 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 neuropathy was 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 of óconfirmedô and 

ópossiblyô subcomponents based on the confirmed or possibly causative nature of the 

identified gene mutations. 
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Table 5.1 Set of genes related to IPN, HSP,SMA and ALS filtered in the WES data of HMN cohort 
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The efficacy of each applied genetic method 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 tools 

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 families (Table 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 diagnosis in 5 out of 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 WES from a total of 40 analyses (45%) (Table 

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 studies (Table 4.1).  

The implication of combined genetic methods was required to achieve molecular results in 

most of the cases. The spectrum of the genes identified among dHMN families was highly 

variable. Interestingly, we did not detect mutations in some otherwise frequent dHMN-related 

genes, such as HSPB1 and BSCL2, in the cohort.  

5.4.2.1  Confirmed pathogenic mutations 

Mutations were considered óconfirmed pathogenicô in 13 index patients and the óconfirmedô 

mutation detection rate was calculated as 32.5% (Table 4.1). Among them, 7 index patients 

carried known pathogenic dHMN mutations. 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 with distinct pathomechamism in a large autosomal-

dominant pedigree (Table 5.2). 

A young female patient with dominant family history (Family 1) carried the previously 

reported heterozygous missense c.421A>G, p.Lys141Glu pathogenic mutation in the 
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Table 5.2 Summary of the clinical presentation of the patients in the dHMN group with confirmed causative mutations 

(Bansagi et al., 2017) 
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Table 5.2 continued Summary of the clinical presentation of the patients in the dHMN group with confirmed causative mutations 

(Bansagi et al., 2017) 
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HSPB8 gene (Irobi, Van Impe, et al., 2004). She presented with a juvenile-onset, rapidly 

progressive lower limb predominant phenotype. 

Two novel GARS mutations were found in two independent families. The novel heterozygous 

c.647A>G, p.His216Arg missense variant was detected in a two-generation family (Family 2) 

with predominant upper limb involvement (dHMN-V). Another novel heterozygous 

c.1528A>C, p.Lys510Gln missense mutation co-segregated in a three-generation dominant 

family (Family 3) with prominent lower limb weakness, foot deformities and less severe hand 

involvement.  

Six patients from a three-generation dominant pedigree (Family 4) were identified to carry the 

heterozygous missense c.923C>T, p.Pro308Leu mutation in the SYT2 gene (Herrmann et al., 

2014).  

The common c.320C>T, p.Ser107Leu BICD2 mutation was diagnosed in 5 patients from two 

independent families (Families 5-6) presenting with distal congenital non-progressive SMA-

LED (Bansagi, Griffin, et al., 2015).  

One male patient carried the heterozygous c.1834G>A, p.Val612Met missense mutation in 

the DYNC1H1 gene. His phenotype was compatible with SMA-LED (Family 7). This variant 

has been previously reported in 4 SMA-LED families worldwide, even though a common 

founder could not be identified (Scoto et al., 2015).  

The homozygous frameshift c.292_303delinsATGCT, p.Gly98fs mutation in the IGHMBP2 

gene led to the spinal muscular atrophy with respiratory distress (SMARD1) phenotype in 2 

male siblings of consanguineous Pakistani origin (Family 8).  

A brother and sister from another family presented with childhood-onset slowly progressive 

distal spinal muscular atrophy and lack of respiratory involvement (Family 9). They carried 

the heterozygous c.1813C>T, p.Arg605* nonsense IGHMBP2 mutation, which was 

hemizygous in the cDNA suggesting the loss of the second allele (Cottenie et al., 2014).  

The de novo c.805C>T, p.Arg269Cys TRPV4 mutation (Auer-Grumbach et al., 2010) was 

reported in a young boy with clinical and electrophysiological signs of scapuloperoneal SMA 

combined with metatropic dysplasia (Family 10) and the c.184G>A, p.Asp62Asn variant in a 

48-year-old woman (Family 11) with a predominant motor neuropathy affecting the lower 

limbs (Evangelista et al., 2015).  

An adolescent-onset, rapidly progressive dHMN was diagnosed in a young male patient 

(Family 12) with the de novo heterozygous c.1126A>G, p.Met376Val mutation in the MFN2 

gene, which has been previously reported in a Spanish CMT2 family (Casasnovas et al., 

2010). The heterozygous c.2119C>T, p.Arg707Trp MFN2 mutation (Nicholson et al., 2008; 
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Carr et al., 2015) was identified in a late adult-onset, unilaterally distributed dHMN 

phenotype in a 70-year-old man (Family 13). 

 

5.4.2.2  Possibly pathogenic mutations 

óPossibly pathogenicô mutations were considered in 4 additional families carrying possibly 

causative variants in known dHMN/CMT-related genes, where segregation studies were not 

available or not sufficient to confirm the diagnosis (Table 5.3).  

A single heterozygous c.2752 C>T, p.Arg918Cys IGHMBP2 variant co-segregated in a large 

Pakistani family with motor neuropathy and no signs of respiratory dysfunction (Family 14). 

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

Another heterozygous c.767C>G, p.Ala256Gly IGHMBP2 variant was detected in a 3,5-year-

old boy with juvenile-onset phenotype, where the pathogenicity could not yet been confirmed 

due to the lack of a second mutation (Family 15).  

In a dominant dHMN pedigree we found the co-segregating novel heterozygous c.628G>T, 

p.Ala210Ser missense DHTKD1 variant (Family 16).  

In a young female patient (Family 17) a heterozygous, not yet reported c.1949G>A, 

p.Tyr650Cys sequence change was identified in the ARHGEF10 gene, causing the 

substitution of the highly conserved amino acid downstream to the catalytic Dbl homology 

domain, that is required to activate RhoGTPases (Verhoeven et al., 2003).  

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

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

70% óconfirmedô mutation detection rate in this group as a result of a óconfirmed pathogenicô 

molecular diagnosis in 7 CMT2 families (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 in the cohort than it was expected from 

previous studies. However, alanyl-aminoacyl-tRNA synthetase gene mutations (AARS) were 

commonly found in this overlapping phenotype group (Table 5.4). 

The recurrent heterozygous c.986G>A, p.Arg329His AARS mutation was identified in 6 

patients from 4 independent families (Families 18-21) (Bansagi, Antoniadi, et al., 2015).  

A dominant pedigree presented with early-onset intermediate motor neuropathy (Family 22) 

linked to the previously reported missense c.1739T>C, p.Met580Thr DNM2 mutation 

(Haberlová et al., 2011). The 59-year-old index patient had hearing impairment, split hand 
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Table 5.3 Summary of the clinical presentation of the patients in the dHMN group with possibly causative mutations 

(Bansagi et al., 2017) 
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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 pathogenic heterozygous c.1403G>A, p.Arg468His MFN2 mutation, 

which has been previously reported in lower limb predominant neuropathy (Casasnovas et al., 

2010). 

The recently reported heterozygous c.754C>T, p.Arg252Trp mutation in the microrchidia 

CW-type zinc finger 2  MORC2 gene was identified by whole-exome sequencing in a de novo 

form in identical twin male patients (Family 24). They presented with an early-onset motor 

predominant neuropathy, progressively affecting the distal and proximal limb muscles and 

leading to a severe disability in adulthood (Albulym et al., 2016; Sevilla et 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 features were observed in the 25 patients from 23 families, who belonged to 

the HMN plus group. The genetic diagnosis was óconfirmed pathogenicô in 6 patients, while 

ópossibly pathogenicô mutations were identified in an additional 5 index patients. The 

cumulative mutation detection rate was 47.7 % in this phenotype group (Table 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 patients (Table 5.5). 

The compound heterozygous c.916G>A, p.Gly306Arg and c.1016T>C, p.Leu339Pro 

mutations were detected in the SLC52A2 gene (Family 25) (Foley et al., 2014) and the 

homozygous truncating c.96_99dupATCC, p.Pro34Ilefs*25 mutation in the c12orf65 gene 

(Family 26) (Pyle et al., 2014). The heterozygous previously reported c.1529A>G, 

p.Lys510Arg FUS mutation (Waibel et al., 2010, 2013) was identified in a 52-year-old male 

patient with dominant family history (Family 27). Initially, he demonstrated asymmetric 

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, dystonia and 

ataxia characterized the male patient, who carried the heterozygous c.3823C>T, 

p.Arg1275Cys missense DCTN1 mutation (Family 28) (Daud et al., 2015).  

A 29-year-old male patient was examined with upper and lower motor neuron pathology and 

cerebellar dysfunction (Family 29). WES identified the hemizygous missense c.2279A>G, 
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Table 5.4 Summary of the clinical presentation of the patients with confirmed mutations in the motor CMT2 group 

(Bansagi et al., 2017) 
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p.Tyr760Cys novel ATP7A variant, which was carried by the patient and his healthy mother 

and in silico prediction tools suggested deleterious effects (Bansagi et al., 2016). 

The novel compound heterozygous c.1580C>G, p.Ser527* and c.6781C>A, p.Leu2261Ile 

SACS mutations were identified in a 71-year-old man with late teen-onset gait difficulties, 

evolving leg spasticity and lower limb predominant motor neuropathy (Family 30) (Yu-Wai-

Man et al., 2014). 

5.4.4.2  Possibly causative mutations 

óPossibly pathogenicô novel sequence changes were identified in 5 index patients (Table 5.6). 

Despite that all mutations affected known disease-causing genes and had deleterious 

predictions, the molecular diagnosis remained possibly causative due to either a lack of 

segregation or insufficient supportive functional studies.  

A 17-year-old man presented with distal motor neuropathy and optic atrophy compatible with 

CMT type 6 (Family 31), who carried the single, previously reported heterozygous 

c.2386C>T, p.Gln796* nonsense mutation in the FIG4 gene (DiVincenzo et al., 2014).  

The pathogenic c.1371C>G, p.Phe457Leu SLC52A3 mutation (Green et al., 2010) was found 

in heterozygous form by WES in a 19-year-old man (Family 32), who presented with 

characteristic symptoms of Brown-Vialetto-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 pathogenic heterozygous c.331G>T, p.Asp111Tyr TBX5 mutation, which was previously 

linked to Holt-Oram syndrome (Granados-Riveron et al., 2012) was detected in a 19-year-old 

male patient with a multifocal motor neuropathy (Family 33).  

A sibling pair presented with postnatal growth retardation, limb girdle and facial muscle 

weakness jointly with peripheral motor neuropathy carried the novel homozygous c.944T>G, 

p.Glu315Ala missense mutation in the STAT5B gene (Family 34).  

A de novo c.269T>C, p.Phe90Ser PTEN mutation was identified in a 29-year-old male 

patient with asymmetric motor weakness, cranial nerve involvement, pyramidal signs and 

multifocal motor neuropathy with conduction blocks (Family 35).
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Table 5.5 Summary of the clinical presentation of the patients in the HMN plus group with confirmed pathogenic mutations 

(Bansagi et al., 2017) 
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Table 5.6 Summary of the clinical presentation of the patients in the HMN plus group with possibly causative mutations 

(Bansagi et al., 2017) 
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5.5 Discussion 

5.5.1 Mutation detection 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 mutation detection rate has been reported ~20% in 

axonal forms, including dHMN and motor CMT2 (Rossor et 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 carried out (Chapter 

4) in order to determine phenotype-genotype correlations and to distinguish between 

overlapping allelic phenotypes (Figure 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 achieved in 32.5% of 

the patients and a possibly causative mutation was identified in an additional 10% (Table 

4.1). This result is significantly higher than the 15-20% detection rate reported in previous 

studies (Dierick et al., 2008; Rossor et al., 2015) 

There was a large genotype heterogeneity observed with each HMN phenotype (Figure 5.2). 

Furthermore, different mutations in the same gene led to various disease phenotypes. As an 

illustrative sample, 17 patients were diagnosed with the SMA-LED phenotype. The causative 

mutations were identified in the SYT2, BICD2, DYNC1H1 and ARHGEF10 genes, while the 

genetic cause could not be detected in 4 patients. Mutations in the DYNC1H1 gene have been 

reported to cause not only SMA-LED but more complex clinical phenotypes (Scoto et al., 

2015; Strickland et al., 2015). There was no major common pathway found to explain the 

mechanism of the various gene mutations, which resulted in the SMA-LED phenotype. 

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

Improving genetic testing technology led to a rapid increase in discovering CMT-causing 

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 atypical and varied within the families, the inheritance pattern is 

often uncertain and wide range of genes contribute to the phenotype (Klein et 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 3: GARS B) Patient 19: IGHMBP2 C) Patient 23: TRPV4 D) 

Patient 32: IGHMBP2 E) not yet diagnosed dHMN F) Patient 18: DYNC1H1 

G) Patient 10: SYT2 H) Patient 16: BICD2 I -J) not yet diagnosed SMA-LED 

K)  Patient 42: AARS  L)  Patient 39: AARS  M)  Family 22: DNM2 N) Patient 

51: FUS O) Patient 53: ATP7A P) Patient 57: TBX5 Q) Patient 58: STAT5B 

R) not yet diagnosed dHMN plus. 

(Bansagi et al., 2017) 

 
























































































































































































































































































































