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Abstract

With the discovery of next generationsequencingtechniques the landscape of
pathogenic gene discovery has shifted drastically over the last ten earthe
purpose of this thesis, focus was applied onifigdgeneic causes ofinherited
neuropathies, mainly Charebtarie-Tooth diseaseby using both old and new
genetic techniquesand theaccompanyingfunctional investigationdo prove the
pathogenicity of these variants. MutationsAiiPase 6 the first mitochondrildy
encoded gene responsible for an isolated neuropathy, were iiodivé families

with CMT2 by a traditional Sanger sequencing approach. The same approach was
used to expand the phenotype associated RliB¥ mutations known as CMT4J.
Compound heterogpus mutations were found in a patient with a proximal and
asymmetric weakness and rapid deterioration of strength in a single limb, mimicking
CIDP.

Several appropriate cohorts were screened for mutations in candidate genes with the
traditional Sanger sgiencing approach; however, no new pathogenic genes were
found In the case of thelINT1 gene, the originally stated frequency of 11% could

not be replicated and a founder effect was suggested, underlyinggbgance of
considering the ethnic backgroumd a patient when screening for mutations in
neuropathyrelated genesAfter the incorporation of exome sequencing, five CMT
families were provided with a genetic diagnosis due to mutations in three novel
genes and two previously known pathogenic geméany more families are
currently under investigation and candidate genes have beenifosmithe

Lastly, a series of divergent functional techniques was used to investigate the
pathogenicity ofIGHMBP2 mutations in 11 families with CMT2IGHMBP2
mutatiors normally lead to SMARD1 and fibroblast and lymphoblast studies
indicate that the IGHMBP2 protein levels are significantly higher in CMT2 than
SMARD1, but lower than controls, suggesting that ti@aa!l phenotype differences
correlateto the IGHMBP2 prtein levels.
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Chapter 1:

Introduction

1.1 Phenotypic spectrum of peripheral neuropathies

1.1.1 The peripheral nervous system
The main functiorof the peripheral nervous system (PNS) is to transfer information
from the limbsto and fromthe central nervous system (CNS), which consists of
brain and the spinal cord. The nerves responsible foirtbiigde thecranial nerves
that link to the brainsta and 31 pairs of spinal nerves with their roots and rami that
branch out between each of the vertebrae of the spine, connecting to the spinal cord.
Considering this is a twavay system, a division is made between the afferent nerves
that convey informatio from the sensory organs and limbs to the brainstem and the
spinal cordi the sensory nervésand the efferent nerves that transfer information
from the brainstem and the spinal cord to the neuromuscular junctions at the muscles
i the motor nerves. Workg in conjunction with this, there is the&tonomic nervous
system that extends out of the CNS and regulates the visceral organs, which is also
regarded as part of the PNS (Hubbard et al., 1974).

Characteristicof the peripheral nerves are the long axoestending to the
extremities of the body. The axons can be both unmyelinated and myelinated and are
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organised in multiple bundles or fascicles, together with their supporting elements, in
the peripheral nerves. Unmyelinated axons are solely envelopadibgle layer of
Schwann cell cytoplasm whilst myelinated axons are surrounded by concentric
layers of the Schwann cell plasma membrane which form the myelin sheath. This
myelin sheath serves as an insulating layer resulting in a higher conductionyvelocit
depending on the diameter of the sheath. In the context of peripheral neuropathies,
abnormalities can be found in both the axon and the myelin sheath, causing different
phenotypes (Hubbard, 1974).

1.1.2 Peripheral neuropathies
Whether abnormalities afeund in the axon or the myelin sheath or in the cell body,
the covering term for diseases affecting the PNS is peripheral neuropathies. Causes
for peripheral neuropathies can be multiple, such as hereditary, infectious,
inflammatory, exposure to toxingjetabolic or traumatic. These mainly result in an
overall phenotype of muscle weakness and/or sensory loss and sometimes pain.
Depending on the cause of disease, peripheral neuropathies can have an acute or
chronic progresen. When only one single nerves iaffected, the term
mononeuropathy is used and locatistrauma or infection is suspected to be the most
likely cause of disease. The myelin sheath or part of the axon can be damaged due to
long-term pressure on a nerve due to swelling or injury. Multipé@oneuropathy or
mononeuritis multiplex is characterised by two or more nerves being affected
simultaneously or sequentially where the pattern is asymmetric. These can be caused
by multiple medical conditions, such as diabetes mellitus, lupus erythermaios
HIV, and are sometimes difficult to distinguish from the polyneuropathies when
their progress becomes more symmetrical (Dyck, 1927).

Polyneuropathies such as Charbtdrie-Tooth (CMT) disease and Chronic
Inflammatory Demyelinating Polyneuropathy IPP) are characterised by the
involvement of multiple nerves and the effects can encompass the whole body.
Peripheral neuropathies can be manifested as part of a more widespread neilirologic
or multisystem disorder or thexan be the sole part of diseaBy/¢k, 1927). For the
purpose of this thesis, the main focus will be on the latter and in particular on the
different forms of Charcevlarie-Tooth disease (CMT).
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1.1.3 CharcotMarie-Tooth disease
CMT, also known as hereditary motor and sensory neuroptigN), functions as
a term covering a group of clinically and genetically heterogeneous inherited
neuropathies (Skre, 1974). Their prevalence in the general population can vary but
has an overall estimation of 1 in 2500. Depending on the genetic datesgverity
and age of onset, the disease can be extensively divergent. Clinical symptoms are
determined by the type of peripheral nerve that is affected (Harding 4980).
This results in a brogorimary classification in the following three groups
1 CMT, both motor and sensory nerves are affected
1 Hereditary Sensory and Autonomic Neuropathy (HSAN), predominantly
sensory and autonomic features are affected
91 Distal Hereditary Motor Neuropathy (dHMN), only motor neurons are
affected.
A clear distincion cannot always be made between these different groups and
especially patients presenting with dHMN on first examination can develop sensory

symptoms later on in life and be classified as having CMT.

Due to the phenotypic variability, classification@¥MT is not only based on clinical
presentation, but also on neurophysiology and/or genetic testing. An important
concept in this classification isnotor nerve conduction velocity MNCV).
Uniformly slow MNCV less than 38 m/s in the arms is characterisac f
demyelinating CMT1 whildMNCV above this cubff is typical of axonal CMT2.

The intermediate form of CMT hamtermediate electrophysiological features, i.e.
MNCYV from 25 to 45m/s (Harding et al., 1980).

1.2 Genetic diversity and classification of M T

Next to the phenotypic variability seen in patients with CMT, there is also a very
heterogeneous getypic presence that charactesshis disease. Mutations in more

than 80 genes have been found so far and more are being unravelled. The genetic
backgound plays an important role in the classification of the disease and will be
crucial to find common pathways to explain the characteristic features seen in most

patients. In this section, the different subgroups of CMT will be discussed and the
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most impatant causative genes that have been involved in each of these subgroups
will be highlighted (Braathen, 2012).

1.2.1 Demyelinating CMT
For the demyelinating form of CMT, genes are often associated with Schwann cells
and the myelin sheath surrounding thxera (Table 11), although their function can
be very disparate, which causes a phenotypic heterogeneity (Nave et al., 2007,
Berger et al., 2006). Inheritance can be dominant, recessiveliokedl and the
autosomal dominant form of demyelinating CMT iseaoftreferred to as CMT1,

accounting for at least two thirds of all patients with CMT.

PMP22 as the most common mutated gene in CMT1

The most prevalent mutation, which occurs in more than 70% of the European cases
with autosomal dominant inheritance, e tduplication of a region containing the
Peripheral myelin protein 2PMP22)gene on chromosome 17, and is classified as
CMT1A (Raeymaekers et al., 199This duplication results in the presence of three
copies of thePMP22gene instead of two and it Ielieved that the higher levels of
PMP22 result in CMT1A (Lupski et al, 1992). These altered levels of the protein
have been shown to influence the production of cholesterol, causing reduced myelin
thickness and shortened internodes during the developofignéripheral nerves.

This may partiallyexplain the slowed conduction velocity observed in CMT1A (Li

et al., 2013).

Patients with autosomal dominant CMT1A present in the first two decades with a
classical CMT phenotype, starting with foot deformitiesd aifficulty walking.

There is mainly distal involvement with wasting and weakness of the muscles and
sensory loss. This occurs more prominent in the lowerditmén the upper limbs. In

the absence of the duplication, CMT1 can also be caused by missets®ns in

the PMP22 gene, which results in a more severe phenotype in the patients and a
classification of CMT1E (Reilly, 2007). In contrast to the duplication, mutations in
PMP22 result in protein aggregates in Schwann cells and are believed to exert a
toxic gain of function (Li et al., 2013).
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Mutations in MPZ cause CMT1B

Another important protein involved in autosomal dominant CMT is Myelin Protein
Zero MP2), which causes CMT1B. In comparison to CMT1A, patientsgorewith

a more severe and earlienset of the disease or a milder lateset formMPZis the

major component of myelin, comprising up to 50% of the myelin sheath (Siskind et
al, 2013). Mutations in this gene have been shown to disrupt the myelination process
and the compaction of myali subsequently failing to be incorporated in the plasma
membrane or disrupting its structure due to a dominant negative effect (Berger et al.,
2006).

Rare causes of AD CMT1

The remaining cases of autosomal dominant CMT1 can be explained by mutations in
the Lipopolysaccharidénduced TNF Factorl(TAF), Early Growth Response 2
(EGR2)or Neurofilament Light ChainNEFL) genes, each on its own being a very
rare cause of CMT1 with only few families reported (Houlden et al., 2006). The role
of EGR2 protein inmyelination is crucial and mice harbouring mutations in this
gene present with nerves devoid of myelin. EGR2 serves as a transcription factor
directly working on MPZ, which explains its involvement in demyelinating CMT.

Mutations inLITAF are known to déct ubiquitination, sorting and/or degrading of

the myelin, but the exact pathway that causes the CMT1C phenotype is not known
yet (Berger et al., 2006)This is in contrast with the NL protein, which was
originally described in the context of axonal TR It has an important role within

the cytoskeleton of axons and it has been speculated that it exerts an effect on the

myelin sheath via the axemyelin interactions (Houlden et al., 2006).

Autosomal Recessive CMT4

The occurrence of autosomal reces€BMT1, also known as CMT4, is relatively

rare in the general population, although this varies depending on the community
(Schenone et al., 2011). Thatosomal &cessiveneuropathies tend to have an earlier
onset and a more severe progression thamub@somal dominamnarieties. Except

in the case ofonsanguinitythey appear only in sibs or as simplex cases (Espinos et
al., 2012). So far, fifteen genes have been described that cause an autosomal

recessive inheritance pattern aseveral different molecular genetic subtypes of

demyelinating AR CMT have been identiyed
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show a demyelinating phenotype but often have distinct clinical and nerve biopsy
features (Reilly et al., 2011). Some of the eernmplicated in the autosomal
dominant form of CMT, such &MP22, EGR2r MPZ, are predominantly found in
patients with CMT1, but are known to also cause the recessive variant in rare cases.
Others are only found toausethe recessive form but have sastilictive link to
demyelinating features. One example of the latter is Perid®X)( part of the

complex responsible for linking Schwann cells to the basal lamina.

Whilst all the abovenentioned genes appear to be involved in myelin pathways, a
consideablenumberof genes play a role in the mitochondrial compartment. One of
these has been shown to cause autosomal recessive CMT1. Ganghidsabsl
Differentiation Associated Protein GDAPJ) is a taitanchored protein in the outer
mitochondrial memlane, implicated in mitochondrial fission. Mutations in this
protein cause a range of early onset demyelinating, intermediate, and/or axonal
forms of CMT (CMT4A, CMTRIA, CMT2K). Since mutations in the Mitofusin 2
(MFN2) gene- involved in mitochondrial fusin - are the main cause for axonal
CMT, it is surprising that mutations in this mitochondrial fission protein mainly lead
to a demyelinating neuropathy. It has been established that mitochondrial dynamics
are a very important feature in the maintenanceh@ferves and have a significant
role in the pathogenicity of axonal neuropathies. It remains a mystery so far how
these mutations iGDAP1 correlate with a primary myelin defect in the peripheral

nerves (Berger et al., 2006; Tazir et al., 2013).

Apart from these two examples, there are many more genes responsible for
autosomal recessive CMT (Table 1.1), for whicill not go into further detail.
However, as mentioned before, the majority of these have specific clinical features
that can be of guidande finding a molecular diagnosis. For example, mutations in
the SH3 domain and tetratricopeptides repeats 2 g&H8T(C2 are often found in
patients with severe scoliosis and recent reports have suggested mutations in this

gene to be the commonest forfmaatosomal recessive CMT (Houlden et al., 2009).
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CMT1 Gene/Locus Function

Autosomal dominant

CMT1

CMT 1A Dup 17p PMP22  Myelin structure and formation

CMT 1B MPZ Myelin structure

CMT 1C LITAF Vesicular transport

CMT 1D EGR2 Transcription factg including myelin
proteins

CMT 1E PMP22(Point Myelin structure and formation

mutations)

CMT 1F NEFL Cytoskeleton component

Autosomalrecessive

CMT1

CMT4A GDAP1 Mitochondrial dynamics

CMT4B1 MTMR2 Vesicular transport, Active phosphatase o
PI(3,5P2 and PI(3)P

CMT4B2 MTMR13 Vesicular transport, Inactive phosphatase
PI(3,5)P2 and PI(3)P

CMT4B3 MTMR5 Vesicular transport

CMT4C SH3TC2 Endocytic recycling

CMT4D NDRG1 Signalling protein

CMT4E EGR2 Transcription factor, including myelin
proteins

CMT4F PRX Myelin structure

CMT4G (HMSN HK1 Glucose metabolism

Russe)

CMT4H FGD4 Cytoskeletal remodelling

CMT4J FIG4 Pl (3,5)P2 5phosphatase / endocytotic
recycling

AR CMT1 PMP22(point Myelin structure and formation

mutations)
Other SURF1 Assemby factor d OXPHOS complex
CCFDN CTDP1 Phosphatase in transcription

Table 11 Classification of demyelinating CMT according to genotyp®&, autosomal recessive;
Dup, duplication; PMP-22, peripheral myelin protein 22MPZ, myelin protein zero;LITAF,
lipopolysaccharidénduced tumour necrosis factoEGR2 early growth response 2NEFL,
neurofilament, light polypeptide 68 kDaDAP], gangliosideénduced differentiatiorassociated
protein 1; MTMR2 myotubularinrelated protein 2,MTMR13 myotubularinrelaed protein 13;
MTMR13 myotubularinrelated protein 5SH3TC2 SH3 domain and tetratricopeptides repeats 2;
NDRGJ] N-myc downstreanmegulated gene 1PRX periaxin;HK, Hexokinase 1FGD4, FYVE,
RhoGEF and PH domain containinglG4, Phosphoinositidetpsphatase 48URF1 Surfeit locus
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protein 1;CCFDN, Congenital Cataracts, Facial Dysmorphism & Neuropathy Syndr@fhBP1,

carboxyterminal domain RNA polymerase Il polypeptide A phosphatase subunit 1.

1.2.2 Axonal CMT

Autosomal dominant CMT2

Several gems are known to cause AD CMT2, but only a quarter of the patients
receive a molecular diagnosis. There is no main gene responsible for the majority of
cases in the way th&MP22is the main gene explaining the AD CMT1 phenotype.
From a genetic point of @w, point mutations in thBIFN2 gene account for 20% of
patients and are the most common cause of CMT2 (Zuchner et al., 2004). Eleven
additional genes have been identified to date causing the dominant variant of this
disease, most of them ubiquitously eegged(Table 1.2) The majority of these
genes were not specifically associated with the function of the axon before mutations
were discovered. By discovering these mutations, important pathways were revealed
that are necessary for amtaining the axonal ntegrity; for example the
mitochondrial fusion and fission process, in which not WBN2 but alsoGDAP1
participates (Patzkd et al., 2011), alterations of the cytoskeleton, mitochondrial
dynamics and endocytosis, have all been found to be affected lationsatthat
cause CMT2 (Niemann et al, 2006).

Classic CMT2 phenotype

A distinction between three different subtypes can be made according to the clinical
presentation of the patients. Most patients present with the classical CMT phenotype,
and differentiion between AD CMT2 and CMT1 is difficult before
neurophysiology is performedihe presence of reduced motor action potentials
(MAPS) with normal or near normalQV¥s will confirm the diagnosis of CMT2
(Reilly, 2007). The majority of these patients willdiagnosed with mutations in the
MFN2 gene, which frequently results in an eawlyset, more severe phenotype.
Interestingly, up to 20% of mutations MiFN2 are de novo, making it more difficult

to decide on the pathogenicity of a new variant. MFN2 is ®43€ located in the
outer mitochondrial membrane and serves as a regulator for mitochondrial fusion
and tethering to the endoplasmic reticulum. Together with MFN1, kaligomeric

and heteraligomeric complexes are formed between opposing mitochondria to
facilitate fusion of the outer membrane (Milone et al., 2012). Disruptions in this

process lead to increased mitochondrial fragmentation, where part of the fragmented
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mitochondria lose their membrane potential and show impaired mitochondrial
transport (Che et al., 2003). In the context of disease, it has been suggested that this
altered physiology and/or lack of healthy mitochondria at the distal parts of the

axons could lead to the degeneratiothef axons (Niemann et al., 2009

Apart from MFN2 mutatins, the classical phenotype can also be caused by
mutations in three genes known to cause CMNBREFL, MPZ or GDAP1- although

this accounts for only a very small percentage of patients (Reilly et al., 2011).

After the myelin and mitochondrial groups oérges, recent discoveries found
mutations in a range of tRNA synthetase genes, causing CMT. One of these, the
Alanyl tRNA synthetaseAARS gene, can also be responsible for the typical CMT2
phenotype. However, an accurate estimate of the prevalence efrtlueations has

not been established yet (Latour et al., 2010; Mclaughlin et al., 2012). Other tRNA
synthetase genes have been found in different CMT phenotypes and will be
discussed in section 1.3.6. Even though it was first only found to be involvkd in t
recessive form of axonal neuropathies, mutations inleéheine rich repeat and
sterile alpha motif containing 1LRSAM) gene were reported in several families
with a dominant inheritance, suggesting the phenotypes of these mutations might
expand furtler than causing recessive CMT2 (Weterman et al., 2012; Nicolaou et al.,
2013). Lastly, amutation in the dehydrogenase E1 and transketolase domain
containing 1 DPHTKD1) gene was found in a large Chinese family with five affected
generations. This gene hbsen implied to have a role in the degradation pathways
of several amino acids, but no further investigations regarding to disease pathways
have been made (Xu et al., 2012).

CMT2 with prominent sensory features

Patients with CMT2 can also present withrengprominent sensory features. Two
main genes have been described causing this phend®gsselated protein 7
(RAB7A and Serine palmitoyltransferase, long chain base subun8PTL(C).
Characteristically, patients suffer from lack of sensation and lkcatipns of
sensory loss leading to ulcerations, osteomyelitis, and even amputations. This is very
similar to patients with HSAN and it can be difficult to distinguish between the two

forms, especially since patients with mutationsSSPTLClare frequenil classified
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as having HSAN. These patients often suffer from neuropathic pain, which is the
main determining feature that differentiates them from patients with mutations in
RAB7A(Houlden et al.2006).

CMT2 with major motor involvement

The last phengpe associated with AD CMT2 hadaageoverlap with dHMN, since
patients present with major motor involvement due to mutations in six different
genes: Glycyl tRNA synthetas&ARS, heat shock protein befa (HSPBJ, heat
shock protein bet8 (HSPB§, Transient receptor potential cation channel subfamily
V member 4 TRPV4, dynein, cytoplasmic 1, heavy chainYNC1HJ or ATPase

6. Whilst mutations in the heat shock protein genes are a very rare cause of AD
CMT2 and are more frequently known to cause r@lgunotor phenotype, mutations

in TRPV4 not only cause CMT2C, but can lead to a spectrum of inherited
neuropathies with varying clinical features. However, caution has to be applied
before diagnosing these patients since asymptomatic carriers and pdiignin

the gene have been reported (Zimon et al., 2010; Fawcett et al., 2012).

It was not surprising when mutations in dynein were reportedatsse CMT,
considering it is the primary motor protein responsible for retrograde axonal
transport in neuronsMouse model studies have shown that mutations affect the
processivity of the protein and the ability to move along the microtubule (Ori
McKenney et al., 2010; Weedon et al., 2011).

As mentioned before, a small subségenes mutated in CMT encodgtochondrial
proteins, the most common of which MFN2. All of these are encoded by the
nuclear DNA, but our research recently showed that mutations in the mitochondrially
encodedATPase6gene could lead to axonal neuropathy with predominantly motor

involvement. More detail can be found in Chapter 3.

Mutations inGARScause CMT2D, which can be distinguished by involvement of
the small hand muscles (Reilly et al., 201&GARSwas the first aminoacyl tRNA
synthetase identified in 2003 by Antonellis et albé&xausativdor a humargenetic
disease and after its discovery, five more aminoacyl tRNA synthetase lygrees

been implicated in CMT disease, one is which isASA&Sgene, mentioned before.
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CMT2 Gene/locus Function

Autosomal dominant

CMT2
CMT 2A KI F1Bb Axonaltransport
CMT 2A MFN 2 Mitochondrial dynamics
CMT 2B RAB7 GTPase in vesicular transport
CMT 2C TRPVA4 Calcium homeostasis
CMT 2D GARS Aminoacyl synthetase
CMT 2E NEFL Cytoskeleton component
CMT 2F HSPB1 Heat shock protein/cytoskeleton
remodelling
CMT 2G 12912q13.3
CMT 21/ MPZ Myelin protein
CMT 2K GDAP1 Mitochondrial dynamics
CMT 2L HSPB8 Heat shock protein/cytoskeleton
remodelling
CMT 2M DNM2 Instability of microtubule and endocytosis
CMT 2N AARS Aminoacyl synthetase
CMT 20 DYNC1H1  Axonal transport
CMT 2P LRSAM1 E3-Ubiquitin Protein Ligase
CMT 2Q DHTKD1 Degradation of AA
MT- ATP production
ATPase6
AutosomalrecessiveCMT 2
CMT 2B1 LMNA Intermediate filaments protein
CMT 2B2 MED25 Transcription regulation
CMT 2H GDAP1 Mitochondrial dynamics
CMT 2P LRSAM1 E3-Ubiquitin Protein Ligase
CMT 2R TRIM2 E3-Ubiquitin Protein Ligase
ARAN-NM HINT1 Purine phosporamidase

Table1-2 Classification of axonal CMT according to genotyfel. F 1 lBnlsin family member 1B;
MFN 2 Mitofusin 2; RAB7: Ragelated protein 7;TRP\: Transient receptor potential cation
channel subfamily V member 4;GARS Glycyl tRNA synthetaseNEFL: neurofilament, light
polypeptide 68 kDaHSPB1 Heat Shock Protein 27 kDaMIPZ myelin protein zero;GDAPL:
gangliosideinduced differentiatiorassociated protein HSPB8 Heat shock protein, 22 kDBNM2:
Dynamin2; AARS Alanyl tRNA synthetaseDYNC1H?t dynein, cytoplasmic 1, heavy chain 1;

35



LRSAML1 leucine rich repeat and sterile alpha motif containin@HTKD1: dehydrogenase E1 and
transketolase domaicontaining 1;LMNA: Lamin A/C; MED25. mediator complex subunit 25;

TRIM2 tripartite motif containing 2HINTZL: histidine triad nucleotidéinding protein 1

It has been suggested that mutations in thige dead to an impaired GARS enzyme
activity and a GARS localisation defect that is predominantly present in the longest

axons due to a higher need in localised protein synthesis (Antonellis et al., 2006).

Autosomal recessive CMT2

Axonal autosomal recessiveuropghies are very rare and mostsea found to date

have been restricted to specific geographical areas or families. In a recent study,
mutations in the histidine triad nucleotidending protein IHINT1) gene have been
found in 11% of AR CMT patiestwith neuromyotonia, comprising a new disease
identity. In patients with AR CMT2 and neuromyotonia, this percentage went up to
76%. Most of these families were eastern European and presented with the same

homozygous mutation, suggesting a founder eftéiotgn et al., 2012).

In North Africa, multiple families were found with mutations in Lamin A/C
(LMNA), causing CMT2B1LMNA mutations can cause a variety of phenotypes,
ranging from peripheral neuropathies and cardiac disorders to lipodystrophy and
premdure aging disorders. More than ten different phenotypes have been shown to
be caused by mutations in this gene and many of them show overlapping clinical
features (Tazir et al., 2013).

Only one large consanguineous Costa Rican family was found withagiomuin the
mediator complex subunit 28ED25) gene (Leal et al., 2009), classifying this as a
very rare cause of AR CMT2. In very few cas€&®APL normally causing AR
CMT1, can also be found toauseAR CMT2. One papeby Guernsey et al.
investigatinga large Canadian family suggested a missense mutation of a splice site
acceptor in the leucine rich repeat and sterile alpha motif containih@3AM)

gene as cause of the disease. This encodes for ddbig@itin protein ligase
important for vesicle fsion. More recently, this gene has also been fourzhtise

the autosomal dominafdrm, as mentioned above.
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In 2013, a patient was reported with a mutation in the tripartite motif containing 2
(TRIM2 gene, which also encodes for an@8iquitin ligase(Ylik alio et al., 2013).

Loss of either of these proteins in mouse models leads to neurodegeneration,
indicating an important role for these proteins. In rare cases, genes known to cause
the dominant form of the disease are found to be the responsiblengtmeilies

with a recessive inheritance, suchNiSFL (Abe et al., 2009)HSPB1(Houlden et

al., 2008) andIFN2 (Polke et al., 2011).

1.2.3 Intermediate CMT
So far, five genes and one locus are known to specifically cause dominant
intermediate CMT, whreas the recessive form can be caused by three different
genegqTable 1.3) Intermediate CMT is characterised by patients having NCS values
in the intermediate range (:Z% m/s). In rare cases, genes that normally cause a
demyelinating or axonal form ofiskase can mimic intermediate conditions and be
classified as intermediate CMT. Patients with mutationdMiPZ normally have
NCV< 38m/s, however more recently several missense mutations have been shown
to results in NCV of the motor median nerve varyingnd <38 m/s to normal (De
jonghe et al., 1999; Banchs et al., 2010).

Similar results have been shown for mutationsGBAP1, where NC\$ were
between 25 and 35 m/s and peripheral nerve pathology showed axonal as well as
demyelinating changes (Senderek &t d@003). Apart from mutations in genes
implicated in the myelin pathway and mitochondrial dynamics, dysfunction of
cytoskeleton can also lead to intermediate forms of CMT. Dyn2n@dNM?2) has a

dual role in the regulation of the dynamic instability ofcrotubules and in
endocytosis. Different mutations can have their effect on either of these pathways
and result in intermediate CMT (Tanabe et al., 2012). So do mutations in inverted
formin-2 (INF2), a member of the diaphanereated formin family involed in
remodelling the microtubule cytoskeleton and actin (Rodriguez et al., 2013). Whilst
a connection with CMT is apparent in these patients, the pathologic mechanisms that
cause intermediate CMT in patients with mutations in the other genes sGiNBds
andPLEKHGDb5are not known yet (Azzedine et al., 2013; Soong et al., 2013).
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Intermediate CMT Gene/locus Function

Dominant intermediate CMT

(CMTDI)
CMTDIA 10g24.1

g25.1.
CMTDIB DNM2 Instability of microtubule and

endocytosis

CMTDIC YARS Aminoacylsynthetase
CMTDID MPZ Myelin structure
CMTDIE INF2 Cytoskeletal remodelling
CMTDIF GNB4 Signal transduction
Recessive intermediate CMT
(CMTRI)
CMTRIA GDAP1 Mitochondrial dynamics
CMTRIB KARS Aminoacyl synthetase
CMTRIC PLEKHG5 Signal transductio

Table 1-3 Classification of intermediate CMT according to genotypP&lM2: Dynamin2; YARS
tyrosyl tRNA synthetaseyiPZ, myelin protein zerolNF2: inverted formin, FH2 and WH2 domain
containing; GNB4 guanine nucleotide binding protein (G protein)tab@olypeptide 4,GDAPZ,
gangliosideinduced differentiatiorassociated protein KARS lysyl-tRNA synthetasePLEKHGS

pleckstrin homology domain containing, family G.

Three years after the discovery of tBARSgene, mutations in the tyrosyl tRNA
synttetase YAR$ gene were found, making it the second aminocyl synthetase
responsible for causing CMT. A dominamtgative effect on the normal function
and distribution of YARS in the neuronal endings was observed when the protein
was mutated. Even thoughetiexact pathway leading to CMT is still a mystehg
specific subcellular locala&ion of YARS to the nerve endingswhich was not
observed in other tRNA synthetases studieddicates an important function at the
neuronal endings (Jordanova et al.0@0 Four years later, another tRNA synthetase
gene was discovered to be involved in intermediate CN{/BYI-tRNA synthetase
(KARS. In these cases, compound heterozygous mutations resulted in-a-loss
function effect on the protein (McLaughlin et alQ1®). The presence of a null allele

in combination with a hypomorphic allele significantly reduces the charging activity
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to a level were barely any functionality remains, effects that have also been seen in
severalGARSmutations (Antonellis et al., 2008).

1.2.4 Hereditary Sensory and Autonomic Neuropathy
Patients presenting with mainly sensory involvement and autonomic features are
classified as having HSAN. Sensory loss, insensitivity to pain, a variable degree of
muscle weakness and wasting, as well @®reomic features have been observed.
This can occur in both dominant and recessive form and can be subdivided into six
different groups according to the age of onset, inheritance and characteristic clinical
features (Rotthier et al., 2010able 1.4.

Autosomal Dominant HSAN

All dominant forms are classified under the HSAN1 subtype and can be caused by
mutations in five known genes and one locus for which the gene has not been found
yet. As mentioned above, there is a significant overlap with some @éfDhexonal
phenotypes with predominantlyensoryfeatures and mutations iSPTLC1land
RAB7Aare known to cause phenotypes with varying degree of motor involvement.
These two phenotypes are very similar, apart from an overall sensory loss in the
somatosensgrsystem in patients witRAB7A Next to mutations in subunit 1 of the
serine palmitoyltransferase, mutations in subunit 2 can cause the same phenotype,
which are indistinguishable. The presence of lancinating pain can differentiate these

patients from otérs (Rotthier et al., 2010).

Two other genes are known to cause autosomal dominant HSAN: Atla@ir_ 1),

which has a role in ER formation, and DNA methyltransferag®NMTJ),
important in DNA methylation and gene regulation. Most of these genes Het |

cell body, but a common pathway for these genes resulting in HSAN has not been
established (Rotthier et al., 2012). Some families present with sensory loss, cough
and gastroesophageal reflux, also classified as HEBNout no gene responsible

for this phenotype has been found so far and linkage has narrowed it down to
chromosomal location 3p2@24 (Kok et al., 2003).

Autosomal Recessive HSAN
While all phenotypes of autosomal dominant HSAN are classified under the HSAN1
subtype, there are several difént sub classifications for autosomal recessive
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HSAN. HSAN Il is characterised by distal numbness and progressive loss of pain,
temperature and touch sensation and can be caused by mutations in three different
genesWNK lysine deficient protein kinase (WNKY), involved in sodium, chloride

and potassium homeostgsiBamily with sequence similarity 134, Member B
(FAM134B, a component of the egolgi matrix and kinesin family member 1A
(KIF1A), which has a role in anterograde axonal transport. So fark detween

these different genes has not been documented, although an interaction has been
found between KIF1A and the domain of WNK1 that is primarily mutated (Riviere

et al., 2011).

HSAN Il is also known as Rilepay syndrome or Familial Dysauton@amand is
caused by mutations in thehibitor of kappa light polypeptide gene enhancer in B
cells, kinase compleassociated proteinKBKAP). This gene encodes forh e | o B
kinase complexassociategrotein (ELP1), an important subunit of the RNA
polymerae Il complex, necessary for transcriptional elongation. Disruptions in this
gene result in prominent, widespread autonomic disturbances, as well asmmall
sensory dysfunction and are almost solely seen in patients with eastern European
Jewish ethnidy. Only three mutations have been found so far, of which one

accounts for more than 99% of the patients, suggesting a founder effect.

Patients with a more severe form of this disease, also involving prominent autonomic
features, are classified as havif§AN VI, linking to mutations in DystonirD(ST).

The neuronal isoform of DST has been shown to link actin filaments to the
microtubule to maintain the neuronal ckeketon organistion. Interestingly, DST

is upregulated in fibroblasts of patients with tations inIKBKAP, suggesting a
compensatory mechanism. The RNA polymerase Il complex has been shown to
interact with the microtubuli and microtubule disorganisation was observed in
fibroblasts, explaining the possibility of a compensatory mechanism by DST
(Edvardson et al., 2012).

In some cases, HSAN is accompaniedirsensitivity to temperature and pain and
generalised anhidrosis, known as congenital insensitivity to pain with anhidrosis
(CIPA) or HSAN V. Sveral families of different ethnicities andore than 40

different mutations have been found with mutations in the neurotrophic tyrosine
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kinase, receptor, type INTKRJ) gene.This encodes for théigh-affinity nerve

growth factor receptor TrlA protein, a kinase involved in neurotrophin signalling

supporting neurite outgrowth and survival of neurons.

HSAN

Gene/Locus Function

Autosomal Dominant HSAN

HSAN-I
HSAN-I
HSAN-I

CMT2B/HSAN-I

HSAN-I with dementia and
hearing loss

HSAN-IB

Autosomal recessive HSAN

HSAN-II
HSAN-II
HSAN-II
HSAN-III

HSAN-IV

HSAN-V
HSAN-VI

HSAN with spastic paraplegia

SPTLC1
SPTLC2
ATL1

RAB7A
DNMT1

3p24 p22

WNK1
FAM134B
KIF1A
IKBKAP

NTRK1
NGFB
DST
CCT5

Sphingolipid biosynthesis pathway
Sphingolipid biosynthesis pathway

GTPase in the Endoplasmatic
Reticulum
GTPase in vesicular transport

DNA methylation, gene regulation

Regulator of ion channels
Structural protein of theis golgi-body
Axonal transport

Scaffold protein for transcriptional
elongation
Neurotrophin signalling

Neurotophin signalling
Adhesion junction protein

Molecular chaperone

Table 1-4 Classification of Hereditary sensory and autonomic neuropathy according to genotype.

SPTLC1 Serine

palmitoyltransferase, long

chain base subunit SPTLC2 Serine

palmitoyltransferase, long chain base subuniAZl 1 Atlastinl; RAB7A: Rasrelated protein 7;
DNMT1: DNA methyltransferase 1IWNK21 WNK lysine deficient protein kinase FEAM134B
Family with sequence similarity 134, Member RIF1A: kinesin family member 1AJKBKAP:

inhibitor of kappa light polypeptide gerenhancer in Rells, kinase compleassociated protein;

NTRKZ neurotrophic tyrosine kinase, receptor, typeNGFB nerve growth factor, betsubunit;

DST: Dystonin;CCT5 chaperonin containing TCRbmplex subunib.

A very similar phenotype is seen patients with HSAN V, although patients suffer

from hypohidrosis instead of anhidrosis. This phenotype is also caused by nsutation

in a gene important in neatropin signalling, called nerve growth factdiGF),
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encodi ng-NGkr pit 6N&SE gernve downstream as a ligand for TAK
which will autophosphorylate to activate downstream signalling pathways
(Einarsdottiret al., 2004; Carvalho et al., 2011).

The last phenotype associated with recessive HSAN is accompanied with spastic
paraplegia and cabe explained by mutations in the chaperonin containing TCP1
complex subunit 5GCTYH gene. This protein is important for the protein folding and
assembly of a range of proteins, and it has been suggested that disruptions in this
process lead to proteinisfiolding and ERstress, causing the phenotype (Bouhouche

et al., 2006). Previous reports have also shown that this particular subunit is
important for the binding of the CCT5 protein to actin and tubulin (Llorca et al.,
2000). Patients with this phenotypan also be classified as having Hereditary
Spastic Paraplegia (HSP), when the lower extremity spastic weakness is the primary

clinical symptom (Fink, 2013).

1.2.5 Distal Hereditary Motor Neuropathy
In contrastto patients with HSAN, a significant grougf patients present with
predominantly motor involvement. Distal hereditary motor neuropathy (dHMN) is
characterised by the selective loss of motor neurons and/or their long axons in the
peripheral nervous system. Apart from the absence of sensory alihesndistal
HMN closely resembles axonal CMT2 and clinical overlap is -pvesent, often
dependent on the stage of disease and the age of the patient. Recurrently, mutations
in the same gene may cause either dHMN or CMT2. In some cases, minor sensory
involvement is present, comparable to the symptoms seen in other motor neuron
diseases such as Amyotrophic Lateral Sclerosis (ALS), Spinal Muscular Atrophy
( SMA) or Kennedyds disease. dHMN is ofte
Atrophy (dASMA) or Spnal CMT, since various hypotheses have suggested that the
primary pathological process is located in the cell body of the anterior horn.

Similarly to the previous subgroups, dHMN is also classified according to
inheritance, age of onset and phenotyp@nethough multiple genes can cause the
same subtype of dHMKT'able 1.5) Seven subtypes of dHMN have been described,
which will be discussed below depending on their mode of inheritance (Rossor et al.,
2012).
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Autosomal dominant dHMN

Of the seven subtypesf dHMN, four have an autosomal dominant mode of
inheritance: Types [, Il, V and VII. Patients presenting with typical dHMN
phenotype are classified as type | or Il, depending on whether they have a childhood
or adult onset respectively. Clinical featua® very similar to CMT2, apart from

the absnce of sensory abnormalities.

dHMN I and Il

The childhood onset (dHMN 1) can be caused by mutations in eli$f#B1
HSPB8 GARSor dynein, cytoplasmic 1, heavy chainlY(NC1HJ. As seen before,

all these gees have already been implemented in respectively CMT 2F, CMT 2L,
CMT 2D or CMT 20. Depending on the development of sensory signs, these will be
classified amongst dHMN or CMT2 and a significant amount of overlap can occur.
Interestingly, mutations in thelSPBland HSPB8genes can also cause the adult
onset subtype of dHMN II. Both of these genes encode for smalkheek proteins

and are part of a group of straeduced chaperone proteins that are ubiquitously
expressed. When mutated, protein aggregatedormed and it has been suggested
that mutations also influence the chaperone function (Carra et al., 2010). By using a
candidate gene approach screening, mutations in thesheek protein 2-ike
protein HSPBJ were also found to be responsible tloe adult onset subtype (Kolb

et al., 2010).

Apart from faulty chaperones, dHMN Il can also be caused by mutations in the
Berardinelli Seip Congenital Lipodystrophy typegene BSCL3, known to cause
Congenital GeneralisedLipodystrophy type 2 in a ressive mannerBSCL2
encodes for Seipin, a glygmotein present in the Endoplasmatic reticulum (ER).
Previous reports have suggested that malfunction of Seipin leads to incorrect folding
and activation of the Unfolded Protein response (UPR) in the E&havay implied

in many neurodegenerative diseasks ét al., 2008; Liu et al., 2003).

Lastly, a recent paper by Sumner et al. in 2013 reported mutationBdr protein
38 (FBXO3§ to causean adult onset of dHMN.
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dHMN V

In the event of more predonant upper limb symptoms, classification will lean
towards dHMN V. This can be caused by both @®RSand BSCL2genes. The
latter protein has been implied in a variety of disgasach as classical Silver
Syndrome, severe spastic paraplegia with amyotrgwhgominantly affecting the
lower limbs, dHMN Il as mentioned before and dHMN V (Irobi et al., 2006).-Inter
and intrafamilial variability has been shown in 14 unrelated Austrian families, which
raises the question of modifying factors (Au@mumbach etla 2005). In both cases,
families with a recessive inheritance have been found which will still be classified as
dHMN V. More recently, a new splice site mutation was found in receptor accessory
protein 1 REEPY in a family with dHMN and dHMN V. Missengautations in this
gene normally lead to HSP, due to a loffunction mechanism. Whilst the
majority of mutations found in HSP result in nonsemsliated decay, the
suspected skipping of exon 5 would not result in a frameshift, which could account

for the difference in penotype (Beetz et al., 2012).

dHMN VI

The last autosomal dominant dHMN subtype is characterised by an adult onset of
upper limb before lower limb involvement and the main distinguishing feature is the
presence of vocal cord paralysiour loci have been found to be linked to the
dHMN VIl phenotype, three of which have been narrowed down to a specific gene.
The first gene encodes for the P150Glued subunit of Dyna@@TRI), a
microtubule motor protein important in the retrogramena transport. As seen
before, compromised axonal transport is an important molecular pathway leading to
disease and previous reports have shown that mutati@STiN1linterfere with the

binding of dynactin to the microtubule (Puls et al., 2003).

The secad locus overlapped with one of the genes already known for CMTZ2,;
TRPV4 Whilst mutations in dynactin lead to issues with axonal transp&®V4
encodes for a neselective cation channel. In normal conditions it exhibits a
moderate permeability to calerny which will be affected when mutations are
present. There have been contradicting studies about the effects of mutations on the

calcium import, but recent studies in neuronal derived cell lines have shown a toxic
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gain of function, with a higher level @alcium import in comparison to basal levels
(Fecto et al., 2011).

The most recent gene responsible for the dHMN VII phenotype is the solute carrier
family 5, member 7 LC5A7Y. This is a choline transporter in the &thergic
neurons, dependent aodium and chloride. A dominannegative mutation was

found, resulting in reduced protdavels (Bawick et al., 2012).

SMA-LED

A separate entity of patients shows autosomal dominant inheritance with muscle
weakness predominantly affecting the proximal loadremities and is classified as
SMA-LED. This can be caused by two different geri@¢NC1H1land bicaudal D
homolog 2 BICD2). Dynein has already been implicated in CMT disease and is
known to have an important role in axonal transport. The BICD2 protes
discovered by thge groups simultaneouslyogtes et al., 2013; Peeters et al., 2013;
Neveling et al., 2013) and is known to bind to the dynatyimein complex to
transport cargo such as mRNA, Golgi, and secretory vesicles. Mutati@i€ DR

affect he binding to this complex and the small GTPase RAB6 and withte

extensively discussed inh@pter 5.

Autosomal recessive dHMN

The remaining three subtypes of dHMN have a recessive pattern of inheritance and
are classified as subtypes lll, IV and Wor both dHMN Il and IV, the causative

gene has not been found yet. Classification of these two subtypes depends on the
severity of disease and the presence of diaphragmatic palsy (Harding et al., 1980;
Pearn et al., 1979). Both have been linked to theedacus on chromosome 11913,
whi ch encompasses t he i mmu n olGHMBB2y | i n
responsible for dHMN VI. However, genetic studies rule out this gene as the
causative factor for disease and further studies in multiple families managed to
narrow down the linkage area to a region of 1Mb, telomeric tdGiHMBP2 gene.

Ten known genes are located in this area, but none of these were shown to segregate
with disease (Viollet et al., 2004).
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dHMN Gene/Loci Function

Autosomal Dominant

dHMN
dHMN | HSPB1 Heat shock protein
HSPB8 Heat shock protein
GARS Aminoacyl synthetase
DYNC1H1 Axonal transport
dHMN 1I HSPB1 Heat shock protein
HSPB8 Heat shock protein
HSPB3 Heat shock protein
BSCL2 Glyco protein in the Endoplasmatic Reticulur
FBXO38 Neuronal axon outgrowth and repair
dHMN V GARS Aminoacyl synthetase
BSCL2 Glyco protein in the Endoplasmatic Reticulur
REEP1 Olfactory receptor binding
dHMN VII DCTN1 Axonal transport
TRPV4 Calcium homeostasis
SLC5A7 Choline transporter
2q14
SMA-LED DYNC1H1 Axonal transport
BICD2 Motor adaptor protein
Autosomal recessive
dHMN
dHMN 1iI 11913
dHMN IV 11913
dHMN VI IGHMBP2  ATP-dependent helicase in RNA translation

Table1-5 Classification of Distal Hereditary Motor Neuropatagcording to genotypéiSPB1 Heat
Shock 27kDa Protein #HSPB8 Heat Shock 22kDa Protein &ARS Glycyl tRNA synthetase;
DYNC1H dynein, cytoplasmic 1, heavy chain HSPB3 Heat Shock 27kDa Protein 8SCL2
Berardinelli Seip Congenital Lipodystrophtype 2; FBXO38 F-box protein 38;REEP1 receptor
accessory protein IDCTNL P150Glued subunit of DynactiRPV4 Transient receptor potential
cation channel subfamily V member 3. C5A7 solute carrier family 5, member BJCD2: bicaudal

D homolog 2JGHMBP2 i mmunogl obul in € binding protein
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As mentioned in the previous paragraph, dHMN VI is caused by mutations in the
IGHMBP2 gene and results in a phenotype of Spinal Muscular Atrophy with
Respiratory Distress 1 (SMARDZ1). Patients typically preseetinty childhood with

a very severe neuropathy and diaphragmatic paralysis and rarely survive the first
decade. IGHMBP2 functions as an APe p e n dNjth &INj case and un
and DNA duplexes. Further detail can be fdum Chapter 6 of this thesis.

1.2.6 Xlinked CMT

Demyelinating CMTX1

The second commonest form of CMT is characterised by -#ink¥d inheritance

and mutations in the Gap Junction Protein Bet&JIPBJ) gene, encoding for the
connexin 32 protein (Cx32). Consistent with adinked disease, males typically
present with a more severe phenotype than fesnalentral nervous system

manifestations can also occur in these cases.

Connexin 32 is expressed by Schwann cells and oligodendrocytes that fail to
assemble functional gap junctions assemble defective gap junctions when
mutated. Being important for myelin homeostasis, disruptions in the function of

these gap junctions will lead to a demyelinating neuropathy (Scherer et al., 2012).

CMTX2 and CMTX3

One family with CMTX2 has been stigd by lonasescu et al., showing a disease
phenotype similar to CMT1 but showing both demyelinating and axonal
involvement in electrophysiological studies. This family showed an infantile onset,
with two out of five affected individuals having mental rd&tron and carrier
females being unaffected. Linkage analysis showed peak scores on Xpagle

1.6).

So far, three families have been reported with CMTX3 (lonasescu et al., 1991,
Huttner et al., 2006; Brewer et al., 2008). All families presented juvtbnile onset

of distal muscle atrophy and weakness and electromyography data showed variable
NCVs, both above and below 38 m/s. Again, carrier females were unaffected. In two
of the families, the majority of patients reported pain and paraesthesia imititi

sensory symptom before the onset of sensory loss. Linkage analysis carefully refined
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the locus to a 2:Mb region on Xg26.27.1, consisting of 10 genes that showed no

variants.

Axonal CMTX

Three other types of CMTX are predominantly axonal: GMT CMTX5 and
CMTX6. CMTX4 - also known as Cowchock syndromes characterised by early
onset polyneuropathygensorineural hearing loss and mental retardation, caused by

mutations in the apoptosismducing factor AIF) gene(Rinaldi et al. 2012)

RosenburgChutorian  syndrom, CMTX5, is caused by mutations in the
phosphoribosyl pyrophosphate synthetasd®RRS) gene. Patients present with a
very severe neuropathy, deafness and optic atrophy and can also be referred to as

having Rosenberg@hutorian syndrome (Kim et al., 2007)

The last Xlinked axonal form has only been found in one family so far and has been
linked to mutations in the Pyruvate dehydrogenase kinase, isoenzy@b¥3)(gene

(Kennerson et al., 2013).

X-linked dHMN

So far, only one gene has been found to lspassible in families with Minked

dHMN. ATPase, Cu++ transporting, alpha polypeptidelR7A encodes for a
coppertransporting ATPase 1 that is located to the transmembrane from the golgi in
response to copper. When mutated, there is a significant alationwof this protein

at the plasma membrane, interfering with the copper metabolism (Kennerson et al.,
2010). Originally, mutations in this gene wefeundt o cause Menkeos
characterised by an infantile onset of cerebral and cerebellar neunedsgm,

failure to thrive, kinky hair and connectiissue abnormalities. The mutation
spectrum of Menkeds disease does not i nc
dHMN families, which suggest the mutation spectrum might have an influence on

the plenotype.
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X-linked Gene/locus Function

X-linked CMT

CMTX1 GJB1 Myelin assembly/Myelin transport

CMTX2 Xp22.2

CMTX3 Xq26

CMTX4 AlF Apoptotic pathway

CMTX5 PRPS1 Purine metabolism and nucleotide biosynthe
CMTX6 PDK3 Regulation of glucose regolism

X-linked HMN  ATP7A Coppertransporting ATPase

Table 1-6 Classification of Xlinked CMT. GJB1 Gap Junction Protein Beta HKIF:
apoptosis inducing factor. PRPS1: phosphoribosyl pyrophosphate synthetasePDK3:
Pyruvate dehydrogenase kinasmenzyme 3ATP7A: ATPase, Cu++ transporting, alph
polypeptide.

1.3 Pathogenic pathways involved in CharceMarie-Tooth

1.3.1 Myelin assembly and Schwann cell dynamics
Not surprisingly, the first genes involved in CMT were found to be part of the
myelin pathway. In a normal situation, myelin will reduce the capacitance of the
internodal axonal membrane and cluster ion channels at nodes to facilitate saltatory
conduction. Demyelination increases internodal capace and disrupts the
organistion of ionchannels in the nodal region, resulting in conduction slowing and

even conduction block.

The majority of demyelinating neuropathies result from defects in the development
and functioning of Schwann cells and the myelin sheath they produce by mutations
in genes such aPMP22 MPZ GJB1 and PRX Axonal loss will occur as a
secondary outcome, displaying a higher correlation with the severity of disease than
the initial demyelination (Fledrich et al., 2012). Demyelination can be the result of
disrupted strumire of the myelin sheathMP2), formation of aggresomes and
actin/PI45P2 positive vacuolesPMP22, retention of the proteins in the ER
(PMP22, alterations of the gap junctions between compact and uncompact myelin
(Cx32 or interruption of the SchwanneltECM connection PRX, PMP22
Different mutaions in the same gene can ldgaddistinct effects, as is the case for
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MPZ depending on the location of the mutation, therdisruption of the myelin
structure or direct axonal loss, thought to arise fradmerrant Schwann cedixon
interactions (Berger et al., 2006). The effects do not limit themselves to the structure
of myelin. For example, mutations PMP22 will also result in misregulation of
apoptosis. How and whether this will be a determining fatdorthe observed

phenotype has not been established yet.

As evidenced by thpathogenic results of the altered dosage of the PMP22, protein
levels have to be tightly regulated to control myelination. An important transcription
factor in this pathway i€GR2, which is likely to control the expression of myelin
proteins such as MPZ (LeBlanc et al., 2006). Mice lacking this gene are devoid of
peripheral nerve myelin, and the phenotypehumans with mutationgenerally

results in severe demyelination or dygelination.

1.3.2 Altered protein synthesis, sorting and/or degradation
The internaliation and subsequent endosomal trafficking or recycling of proteins
and membrane along the endocytic pathwagfisndamental cellular process. Cells
can internalise amponents in diverse ways, such as phagocytosis, caveolea or
clathrinrdependent endocytosis (CDE). Along the latter pathway, several genes have
been found to result in a CMT phenotype when mutated (Fij. At the early
stages, DNM2 is involved as a largsTPase to constrict and deform membranes;
including pinching df newly formed clathrircoated vesicles. Mutations are mainly
located in the pleckstrithomology domain and can either cause axonal or
intermediate versions of CMT. This results in a reducedlibg of DNM2 to
vesicles, leading to a reduction of CDE (Zuchner et al., 2005; Durieux et al., 2010).
Few mutations will maintain the membrane localisation but instead affect the

microtubuledependent membrane transport (Tanabe et al., 2012).

Furtherin the endocytic pathway at the late endosdlysosome state, a small
GTPase, RAB7, regulates endosomal sorting, biogenesis of lysosomes and
phagocytosis (Zhang et al., 200%futant forms of the protein exhibited lower
GTPase activity, with a predispasit for GTP binding leading to a more activated
state of RAB7 (Spinosa et al., 2008).
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As mentioned in section 1.2.2, the axonal phenotype witinjprent sensory features
that originates from mutations iIRAB7A has an extensive similarity with the
SPTLC1phenotype, involved in sphingolipid synthesis, suggesting the pathogenic
mechanism originates from the transport or endocytosis of sphingolipnighe
small GTPase, RAB11, interacts with SH3TC2 to target the intracellular recycling
endosome, responsibfer the recycling of internaled membrane and receptors
back to the plasma membrahutant forms of SH3TC2 are unable to associate with
Rab11, esulting in a Iss of recycling endosome locai®n. Phenotypically, this

will result in progressive demyelination of the peripheral nerves (Roberts et al.,
2010).

Recently, one more autosomal recessive demyelinating form of CMT, linked to
mutations inthe NDRG1gene has also been implicatea vesicular transport. Even
though the exact function is not known yet, evidence shows localisatidhe
recycling/sorting endosomes fordadherin transport and recycling (Kachhap et al.,
2007).

As a whole, tk endocytic pathway is subject to regulation by phosphoinositides
(PIs), phosphorylated versions of phosphatidylinositol, a minor component on the
cytosolic side of cell membranes. Whilst phosphatidylinogitBlbisphosphate
[P1(4,5)P2] is the main PI psent, accountable for initiation of clathmtoated pit
(CCP) formation, generation of phosphatidylinos@gt-bisphosphate [PI1(3,4)P2]

and dephosphorylation of [PI(4,5)P2] later in the pathway are necessary for the
regulation of CCP maturation and vesiaincoating. [PI(3)P] is locaésl on early
endosomes and, together with [PI(3,3)P2], can be dephosphorylated by active
myotubularins such as MTMR2 and MTMR13. Mutant forms of these enzymes in
demyelinating CMT show reduced phosphatase activity and iedicaécessity for a

tight control of Pl levels along the endocytic pathway (Berger et al.,, 2002).
[PI1(3,5)P2] is one of the other Pls localised on the endosomal membranes, although
in a concentration almost 1490ld lower than [PI(4,5)P2]. Concentration of
[PI(3,5)P2] is tightly regulated by the PAS complex, containing both a
phosphoinositide kinase and phosphatase. Part of the phosphatase contains the FIG4
protein, mutated in recessive demyelinating CMT (McCartney et al., 2014) and will
be more extensivelgiscussed in Chapter 4.
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Regulating thesame pathway, SIMPLE/LITAF was first linked to the late endosome,
identifying as an E3 Ubiquitin ligase due to ai€h domain resembling the RING
finger motif. However, recent studies suggest it is an early enddsmembrane
protein, regulating cell signalling by promoting endosdmb/sosome trafficking

and degradation of signalling receptors (Lee et al.,, 2012; Chin et al., 2013).
Mutations will result in mislocaletion to the mitochondria, inhibiting endosomal
trafficking and lysosomal degradation of proteins (Lacerda et al., 2014). Again, this

will lead to a demyelinating phenotype.

Lastly, LRSAM1 has been identified as an E3 Ubiquitin ligase exhibiting an
opposite effect on the pathway. Ubiquitination by SAM1 will cause the
disassembly of sorting complexes, leading to a prolonged signalling of the activated
receptors (Engeholm et al., 2014). Mutant forms will lead to an axonal phenotype in
patients, with both dominant and recessive cases being reportednééy et al.,
2010; Engeholm et al., 2014). The regulation of cell surface receptors throughout the
endocytic pathway will modulate the intensity and duration of signal transduction in

cells.

None of these proteins are exclusively expressed in neucetlatypes and the
occurrence of demyelinating CMT indicates Schwann cells might be particularly
susceptible to defects in endosomal trafficking. Whilst in some cases, direct links
could be found with ERK1/2 activation, leading to demyelination (Lee ,e2@l2),

the link between endocytic dysregiiten and axonal neuropathiedess clear.

1.3.3 Axonal transport Altered Transport Processes
Axonal transport regulates the movement of different cell organelles such as
mitochondria, vesicles or lipids andogeins throughout the axon in a bidirectional
way. Anterograde transport directs the cargo from the cell body to the periphery,
with retrograde transport being responsible for transferring cargo along the

microtubule from to periphery to the cell body.

Anterograde transport uses a class of motor proteins called kinesins to drive the

cargo over the microtubule towards the plus end, located at the periphery.2ig
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Each step is catalysed by the hydrolisation of ATP into ADP, releasing energy
(Hirokawaet al., 2005). Multiple members exist in the human kinesin superfamily,
exhibiting individual functions. In relation to CMT, only one family has been found
with a mutation in th&IF1B gene, causing axonal neuropathy (Zhao et al., 2001).
Two different iséorms are encoded by th€lF1B gene and show affinity for
different cargos. KIF1BJ mediates transport of mitochondria, while KIFbB
associates with synaptic vesicles precursors. The mutation is located in the ATP
binding domain, which is part of both isoforms but heterozygous mice only showed
a defect in synaptic vesicle transport etiger with progressive muscle weakness.
This led to the suggestion that haploinsufficiency of the protein and impaired
transport of synaptic vesicle precursors could lead to the axonal neuropathy. Many
years later, truncating, recessive mutation«IiR1A were linked to patients with
HSAN. All mutations were found downstream of the motor domain, in an
alternatively spliced exon ¢fIF1A mainly expressed in the nervous syst&if=1A

is responsible for fast anterograde transport of synaptic vesicles and t@kss
indicatedKIF1A interacted with the HSN2 exon WNK1 another gene implied in
HSAN (Riviere et al., 2011).

In the same way for retrograde transport, dytsinactin complexes function as
motor proteins, transporting the cargo from the periphempé cell body. The first
mutation was reported RCTN1in 2003, in patients with dHMN (Puls et al., 2003).
Dynactin links the specific cargo with the microtubule and cytoplasmic dynein.
Mutant forms have shown a lower affection for microtubule, impgitive dynactin
function and leading to aggregates that associate with mitochondria and induce cell
death (Levy et al., 2006). Axonal transport will both be inhibited by the lower
interaction and the toxic gaiwf-function effect from the aggregates, leadito
axonal neuropathy. More recently, mutationsDWYNH1C1 the heavy chain of
dynein, were found in CMT2 patients (Weedon et al., 2011). One year later, different
mutations in the same gene were appointed as the cause fet. EDIATsurusaki et

al.,, 2012) All of these mutatios are located in the homodimeti®n domain,
resulting in a decreased affinity of dynein for the microtubule during the ATP step,
impairing motor domain cordination and subsequently reducing dyrgiiven

retrograde transport (Has et al., 2012).
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Further research showed profoundly modified mitochondrial morphology and
respiration due to these mutations, indicating that dynein is required for the
maintenance of mitochondrial morphology (Eschbach et al., 2013). Whilst dynein is
ubiquitously expressed, motor neurons seem to be most vulnerable to defects in
dynein function.

Important factors in the regulation of dyndiased vesicle motility, function dn
localisation are a group of proteins called Bicaudal D. These were first identified in
Drosophila flies and have two homologs in mammals: BICD1 and BICD2 (Kardon
et al., 2009). Mutations in the latter have been found in patients with a very similar
phendype toDYNC1HZassociated SMAED, indicating the pathogenicity of these
mutations (Oates et al., 2013; Peeters et al., 2013; Neveling et al., 2013). This will be

further discussed in Chapter 5.

Another way to regulate mitochondrial transport is throtighlevels of C& along

the neuron. High Cé levels will recruit more miichondria to take up the excess
Ccd"* through the uniporter into intracellular stores. MutationdRPV4 a cation
channel mediating calcium influx, result in a dominant axonalrapathy and
different hypothesis have been suggested in regards to the pathomechanism of these
mutations. Whilst initial studies showed a loss of function due to cytoplasmic
retention of the channels and decreased calcium channel activity of the mutant for
(Auer-Grumbach et al., 2010), other studies proposed a gain of function mechanis
showing physiological localedion and an increased calcium channel activity,
leading to an increased intracellular calcium influx (Fecto et al., 2011). Apart from
causingdominant axonal neuropathies, mutations in this gene can lead to a range of
skeletal and neuromuscular disorders, with a high variability even within families
(Auer-Grumbach et al., 2010).

1.3.4 Alterations of the Cytoskeleton
Not only can mutations oac directly in the molecular motors for axonal transport or
their modulators, mutations in proteins of the cytoskeleton can indirectly influence
the working of axonal transport. Alterations in the cytoskeleton will result in an
impaired axonal transporteduced axon diameter and a reduced capacity for nerve

regeneration. One of the major components of the neuronal cytoskeleton is
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neurofilament, which functions to provide structural support and regulate the axon
diameter (Lariviere et al., 2004). Neurofilant is built from three building blocks,
with names based on the molecular weight of each subunit: Neurofilament light
chain (NFL: 62 kDa), medium chain (NM: 168 kDa) and heavy chain (Nff: 200

kDa). After synthesis in the cell body, neurofilament Wil transported along the
microtubule to the nerve terminals, where -NRunctions as a scaffold for the
assembly of NFM and NFH (Ching et al., 1993; Xia et al., 2003). More than a
decade ago, the first nations inthe neurofilament light chain genBlEFL) were
found to causeaxonal CMT2, with further reports expanding the phenotype to
demyelinating CMT1 (Mersiyanova et al., 2000; Jordanova et al., 2003). Different
NEFL mutations exert various effects on NF biology, such as interference with the
transpot of mitochondria, axonal transport of mutant neurofilament and
neurofilament assembly (Brownlees et al., 2002; P&iéz et al., 2004), but no
genotype/phenotype correlations have been established so far (Milterkddtgryi

et al., 2007).NEFL knockou mice did not exert a CMT2 phenotype, whilst the
introduction of missense mutations led to a severe peripheral neuropathy, indicating
the dominant missense mutations dogaisdossof-function (Zhu et al., 1997; Lee

et al., 1994). In one of odiamilies with axonal neuropathynutations were found in

the neurofilament heavy chain, which will be discussed in Chapter 5. Interestingly,
studies have shown that dynein is partially responsible for the movement of
neurofilament along the axons, via an intamactwith NFM. Inhibition of the
dynein/dynactin complex leads to accumulation of neurofilaments in the axon
(Wagner et al., 2004; Motil et al., 2007).

The organisation of the neurofilament network requires the assistance of small heat
shock proteins sicas HSP27, encoded BSPB1 that regulate interactions that
occur between filaments in their cellular networks (Perng et al., 1999). Mutations in
HSPB1 disrupt the neurofilament network (Evgrafov et al., 2004) by
hyperphosphorylation of the neurofilamgntreducing anterograde transport and
subsequently leading to dominant axonal neuropathy or dHMN (Holmgren et al.,
2013). The role of HSP22, another protein implicated in CMT, has not been
characterised as extensively. Even though it does not directlyachtavith
neurofilament, it might play a role in the architecture of the cytoskeleton via
interaction with HSP2{Sun et al., 2004). NE metabolism is also regulated by
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TRIM2, an E3 Ubiquitin ligase. Studies have shown TRIM2 is responsible for the
ubiquitination of NFL and mutant forms lead to a reduction of-NRbiquitination

with subsequent NEE accumulation in aggregates (Balastik et al., 2008). Only one
patient with axonal neuropathy has been found so far with compound heterozygous
mutations in thigene (Ylikallio et al., 2013).

Most of the mutated genes implied inetheuronal cytoskeleton metabolism will
result in axonal CMT with the exception of NIFwhich has been shown &dsolead

to demyelinating CMT. However, no consistent differences ccdag found in
between the mutations causing either axonal or demyelinating CMT, with several

mutations causing both (Miltenbergidiltenyi et al., 2007).

A characteristic component of the cytoskeleton for all cell lines is microfilament,
consisting of lnear polymers of actin which, in neurons, are located at nodes of
Ranvier and post synaptic densities and in dendritic spines. They are situated right
under the plasma membrane of the axon and provide mechanical strength to the cell
or link transmembranergteins to cytoplasmic proteins. Multiple genes have been
found to be mutated in demyelinating CMT or HSAN that influence the actin
cytoskeleton as mentioned before, suclC&35 iinvolved in the folding of actin

DST Tilinking actin filaments to microtube-, and FGD4 imediating actin
cytoskeleton changes (Bouhouche et al., 2006; Edvardson et al., 2012; Delague et al.,
2007). All of these present with a recessive mode of inheritance but so far, none have

been &tensively studied to hypothesithe pathogac pathway involved.

1.3.5 Mitochondrial network dynamics and ATP production
Another concept important in the maintenance of axons is the dynamics of the
mitochondrial network. Due to high energy requirements and low intrinsic energy
reserves, neuronsqeire a constant delivery of mitochondria, producing ATP. Not
only low ATP levels, but also high &devels attract a flx of mitochondria, which
will take up the excess €ahrough the mitochondrial Eauniporter, as mentioned
before.Mutations in diferent genes affecting the function, transport, fusion, fission
or interactions with mitochondria have been found in patients with CMT.
Mitochondria are known as the OPower hou

function can lead toa broad spectrum of disases, most commonly called
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mitochondrial diseases. Mitochondrial diseases tend to present as multisystemic
disorders and are generally progressive. Despite the phenotypic variability, more
cases of neurodegenerative disorders due to mitochondrial defsztdeing

di scovered, such as Al zhei nemsis)Buntidgios e as e,
disease anddreditary spactic paraplegia (Lin et al., 200éh@& et al., 2011).

Whilst initially these disorders were mainly characterised by defects in
mitochandrial respiration, genes are being discovered that lead to faults in
mitochondrial trafficking, interorganellar communication and quality control defects
when mutated. Section 1.3.3 already showed examples of cases were the transport of
mitochondria was féected due to mutations in motor proteins, but many more are
implied in the context of CMT. As mentioned before, MFN2 is a GTPase located in
the outer membrane of the mitochondria and regulates mitochondrial fusion and
tethering. The fusion/fission proeglaysa critical role in maintaining healthy
mitochondria, for example after metabolic or environmental stress. Fusion will help
to diffuse stress by mixing contents of healthy mitochondria with partially damaged
mitochondria, whilst fission is neededl ¢reate new mitochondria. Mutant forms of
MFN2 will not only cause defects in the fusion of mitochondria (Detmer et al.,
2007), but also compromise the axonal transport of mitochondria leading to
mitochondrial clustering in the perikaryon (Baloh et aQ?). Axonal degeneration
correlated with the alteration of proper mitochondrial distribution along the axon,
due to disruption of local axonal energy sensing and positjanechanisms. Initial
hypothesis explained the vulnerability of long axons to thl@ydor prevention of
newly synthesisd mitochondriafrom reaching the most distal ends, but more recent
data suggests this might be due to a deficit in the regulation of local transport and
distribution of mitochondriaNlisko et al., 2012). Additionallymutations inMFN2
resulted in a reduced mitochondrial membrane potential together with an energetic
coupling defect (Loiseau et al., 2007).

Even though mutations inMMFN2 lead to axonal CMT, mutations in the
mitochondrial fission proteitGDAP1 most frequetly lead to demyelinating CMT

and in some cases to intermediate or axonal forms. Phenotypically, recessive
mutations result in a more severe disease than dominant mutations. Recessive mutant

forms have lost mitochondrial fragmentation activity (Niemanalet2005), whilst
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dominant forms interfere with mitochondrial fusion and result in an increased
production of reactive oxygen species (Niemann et al., 2009). Silenc@G®AP1

also influences C& homeostasis by reducing €anflow through storeoperaed

cd* entry (PlaMartin et al., 2013). However, the exact pathological changes that
lead to axonal or demyelinating changes have not been elucidated yet. Knockout
mouse models have been developed, showing progressive decreased nerve
conduction velocitigsaccompanied by mild hypomyelination. Investigations show
larger mitochondria in knockout mice axons and cultured sensory neurons showed

impaired mitochondrial transport (Niemann et al., 2014).

GDAP1 fission is dependent on Drpl (also knowrD&Bvi1L), a highly conserved
mitochondrial fission factor that regulates the interaction between mitochondria and
ER, and silencindprpl expression resulted in mitochondrial elongation and reduced
fragmented mitochondria (Niemann et al., 2009). Whilst mutationsisngéne are
lethal, one of the upstream regulators, inverted formitNEZ), has been shown to

be mutated in intermediate CMT. One postulation is thatldERlised INF2
assembles actin at the mitochoneiB constriction sites, providing initial
mitochondial constriction and enhancing further constriction by Drpl before rapidly
depolymerizing actin (Korobova et al., 2013). Originally, mutation&iNiIR2 were
found tocausefocal segmental glomerulosclerosis (FSGS) after which the phenotype
was expanded tdominant intermediate CMT with FSGS (Boyer et al., 2011).

Secondly, mutations can alsmterfere with the production of ATP in the
mitochondrion itself. When pyruvate is transported along the mitochondrial
membrane it enters the Krebs cycle after coneerso acetyl CoA, and results in

ATP and reduced FADHand NADH that will be transported to the electron
transport chain. CMT2ausing genes have been found at different stages of this
process, all leading to a neuropathy. The first step of oxidativeliegdation of
pyruvate is catalysed by the pyruvate dehydrogenase complex (PDC). PDC
deficiency normally leads to developmental delay, hypotonia, seizures and abnormal
cerebral neuroimaging with selected cases associated with peripheral neuropathy
(Patel et al.,, 2@2). This complex is regulated by four pyruvate dehydrogenase
kinase isoenzymes (PDKSs), each exhibiting tisspecific expression. PDK3, the
isoenzyme expressed in brain and spinal cord, has been found mutated in one family
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with X-linked CMT, resulting in overactivity of the isoenzyme leaving PDC in a
predominantly phosphorylated inactive state, which may lead to impaired ATP

production (Kennerson et al., 2013).

Although extremely rare, cases have been reported with mutations in the enzymes of
the Krebs cycle, leading to metabolic diseases (Rustin et al., 1997). The first and
only mutation leading to axonal neuropathy was found in the dehydrogenase el and
transketolase domait®ntaining protein 1HTKD1) which has been postulated to
function & a 2oxoglutaratedehydrogenase E1 component in the Krebs cycle.
Silencing of this protein resulted in severely reduced levels of ATP and NADH and
haploinsufficiency du¢o rapid mRNA degradation via nonsense mediated detcay

the nonsense mutation is g@gted to lead to insufficient energy production and

dysfunction of peripheral nerves (Xu et al., 2012).

In Chapter 3, the mitochondrial oxidative phosphorylation system and discovery of
mutations in complex V will be discussed extensively. There we fawrdtions in
CMT2 patients in the mitochondrially encoda&d@P6gene, normally known to cause
mitochondrial disorders such as Leigh syndrome or NARP. Not long after that
discovery, mutations in a different gene in the same pathway that normally causes
Leigh syndrome were found in patients with recessive, demyelinating CMT
(SURF). All three patients presented with an isolated peripheral neuropathy and
very little multisystem involvement (Echarliaguna et al., 2013). SURF1 is one of
the at least 6 assembfgctors of Cytochrome c oxidase (COX), also known as
complex IV in the electron transport chain, and mutant forms result in a markedly
reduced assembly and activity of COX. The exact pathways that lead from a COX

defect to an isolated peripheral neuropdthye not been elucidated yet.

1.3.6 tRNA synthetase genes
Aminoacyl tRNA synthetases are enzymes responsible for charging the appropriate
amino acid to their cognate tRNA before transferring the amino acid onto a growing
peptide. The first aminacyl tRNA synthetase discovered to cause axonal
neuropathy was glycyl tRNA synthetase (Antonellis et al., 2003). This led to the
subsequent discovery of an additional five arraegl tRNA synthetases implicated

in peripheral neuropathy: tyros§RNA synthetase @Qfdanova et al., 2006); alanyl
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tRNA synthetase (atour et al., 2010); lysRNA synthetase (McLauglin et al.,
2010); histidyfRNA synthestase (Vester et al.,, 2013) and methitRMA
synthetase (Gonzalez et al., 2013). Different hypothesis have beeeswwgo
explain the pathogenicity of mutations in tRNA synthetase genes and have been
predominantly studied IGARS due to the earlier discovery and the majority of
mutations being located in this gene. Considering the mutatidARSwas present

in theediting domain, misincorporation of amino acids has been observed, leading to
misfolded proteins and the activation of the unfolded protein response which could
lead to the observed neurodegeneration (Lee et al., 2006). HowMeEdoes not

have an edibg domain since the active site is conformationally constrained to only
accept glycine and only few mutations would adjust the dimer interface leading to
misincorporation, suggesting this would not be the pathological mechanism (Stum et
al., 2011). Mostlnctional approaches to prove pathogenicity of these ARS enzymes
involve aminoacylation and yeast growth assays. When performed on nine different
GARSmutations, all mutations affected the aminoacylation activity of the protein in
comparison with wild typend the majority of mutations also dramatically reduced
yeast cell viability (Griffin et al., 2014). Whilst this indicates pathogenicity of novel
mutations and insight in the functional consequences, it provides no further
elucidation about the pathomeadsm in axons. Research has suggested a role in
local translation in axons (Giuditta et al., 2002) and studies have shown a punctate
structure of wildtype endogenous GARS in peripheral axons, which is impaired in
certain mutated forms (Griffin et al., 20)1 However, additional research needs to be
performed to establish a link between impaired function and the observed axonal or
intermediate neuropathy in these six ARS found so far.

1.3.7 Unknown pathways
Apart from the previous recurring themes in thathpgenicity of peripheral
neuropathies, there are multiple genes involved that do not fit in any of these
pathways or have not had their pathogenic role clarified yet. Some of them affect the
same pathway, indicating the importance in neuropathy; otteensl alone with a
function notrelated to other proteins mutated. Examples are proteins involved in
RNA metabolism KIINT1, IGHMBP2 CTDPJ), sphingolipid biosynthesiSPTLC1
SPTLC2 or developmentWNK], IKBKAP,FBXO3§ or isolated proteins such as
LMNA, HK1 or SLC5A7 The majority of genes implicated in CMT are not restricted
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to one specific function and in many cases, it is not clear which exact function is

impaired in the mutant forms of the protein.

1.4 Thesis aims

The aim of this thesis was to cabtite to the knowledge of the genetic
heterogeneity and mechanism of disease of inherited neuropathies, in particular,
CMT. My work combined the use of genetic studies and functional analysis with the

overall aims of:

1. Investigating the presence of mudais in the mitochondrial genome leading
to CMT (Chapter 3)

2. Estimating the frequency of newly discovered genes in selected cohorts
(Chapter 4)

3. Screening new candidate genes in appropriate cohgrthe use of Sanger

sequencing (Chapter.4)

4. Using exome sequencing to establish the genetic cause of disease in
undiagnosed families with inherited neuropathy (Chapter 5)

5. Investigating the molecular mechanism of mutations&SHMBP2 leading to
both SMARD1 and CMT2 (Chapter.6)
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Chapter 2:

M aterial and methods

Materials: The country of origin is only indicated for companies that do not have

registered UK subsidiaries.

2.1 Genetic studies

2.1.1 Ethical approval and patient selection
This study has been granted ethical approval by the NatRessarch Ethics Service
Committee of the National Hospital for Neurology and Neurosurgery (NHNN) in
Queen Square, London, UKNritten informed consent was obtained from all
patients, parental guardians and/or included family membRetients were
identified by Professors Mary Reilly and Henry Houlden primarily and

collaborations were made with several additiarialicians around the world.

2.1.2 DNA extraction
DNA extraction was performed in the neurogenetics lab byclinecal diagnostic
service of tle National Hospital for Neurology and Neurosurgefhis was
performed using either automated purificationBN¥A from 1i5 ml or 510 ml
samples of fresh drozen whole blood using Autopure reagents on the Autop8re

or by manual extraction with th@iagen Flexigene ki{Qiager).
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2.13 DNA concentration and purity
DNA concentration and purity were assessed using the NanoDrofdORD
spectrophotometer as per the manufacture
Concentration was assessed at 260 Rarity was estimated by the 260/280 and
260/230 absorbance ratios, to assess contamination with respectively proteins or
other contaminants such as phenol, ethanol or other compounds. Absorbance ratios
between the spectrum of 128and 1.82.2 respectivel were required for DNA of

decent quality.

2.14 Polymerase Chain Reaction (PCR)
Human genome sequences were obtained from Ensembl Genome Browser
(http://www.ensembl.org/index.hml genome assembly build 37 (GRCh37;
GCA_000001405.14). Transcripts werttosen according to the project, depending
on previous papers or tHall length of the transcript. Genes for which the whole
gene was sequenced are listed below (Table 2.1). Transcripts for exome sequencing

variants were chosen according to the exome data

Gene Transcript
MT-ATP6 ENST00000361899
MT-ATPS8 ENST00000361851
FIG4 ENST00000230124
C9orf72 ENST00000380003
HINT1 ENST00000304043
ARL1 ENST00000261636
ARLG6ip1 ENST00000304414
SCN9A ENST00000409672
BICD2 ENST00000356884
TRAK2 ENST0000033284
ADD3 ENST00000356080
IGHMBP2 ENST00000255078

Table2-1 List of transcripts used for sequencing of genes.

Designing of primers
Primers were designed using the Primer3 software (http://primer3.ut.ee/, Rozen and
Skaletsky, 2000) unless stated otheewyiso amplify the exons and exartron

boundaries. Primers were chosen to be a length-@Bli&asepares long, resulting in
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a product size between 57000 basepares. Melting temperatures were betwedh 57
and 62°C andhe percentage of G or C bases inghener was50%. Primers with a

high selfcomplementarity were excluded. All primers are available on request.

Nuclear DNA

PCR reaction mix was made up to @and/z ol ume
included 10 € mol of e aacnhd plr2i.RastBtat PERf t o &
master (Roche)When necessary, 10% DMSO was included in the PCR reaction.

PCR was performed on an Eppendorf Mastercycler thermal cycler at a previously
determined optimal annealing temperature. Cycling conditions used for PCR
amplification reactions are described in Table 2.2. PCR reactions were maintained at

4°C after cycling and stored &0°C.

Step  Reactionstep Time Temperature

1 Initial denaturation 10 min 95°C

2 Denaturation 30 sec 94°C

3 Annealing primers 30 sec 60°C (0.4°Clcycle)
4 Elongation 45 sec 72°C

5 Denaturation 30 sec 94°C

6 Annealing primers 30 sec 50°C

7 Elongation 45 sec 72°C

8 Final elongation 10 min 72°C

Table 2-2 Standard 660 touchdown PCR reaction. Steps 2 to 4 were
repeated 25 fines; steps-F were repeated 12 times. Annealing temperature

in step 3 was 60°G(@.4°C/cycle) for the majority of exons sequenced.

Mitochondrial DNA

The whole length of 841 nucleotides of th&Pase Gand ATPase 8enes, with a
surrounding hundreds of neotides, was divided into three overlapping fragments

(Table 2.3). Primer sequences were originally designed as a set to screen the
complete mitochondrial genome in overlapping segments and the remaining primers

are available on request. All forward primehad a-21 M13 primer tail
(TGTAAAACGACGGCCAGT) and all reverse primers a M13 reverse tail

( CAGGAAACAGCTATGACC) . PCRs were made up
sterile deionised @ and i ncluded 10 pmol of each p
of Amplitag Gold360 Mastermix (ABI) with conditions listed in Table 2.4
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Fragment Primer Forward Length  Nucleotide
Primer Reverse (nt) location

1 5 -Gacagtttcatgcccatcgle 6 530 81968726
3 -gttcgtectttagtgttgtgs 6

2 5 -&ccgactaatcaccacccas 6 598 86469244
3 -Gggttttactatatgataggd 6

3 5 -Gatccaagcctacgttttca8 6 593 91519744

3 ctgaggcttgtaggagggtd 6

Table2-3 Primer sequences for tAedPase6 and §enes.

Step  Reactionstep Time Temperature
1 Initial denaturation 10 min 95°C
2 Denaturabn 30 sec 95°C
3 Annealing primers 30 sec 58°C
4 Elongation 30 sec 72°C
5 Final Elongation 7 min 72°C

Table2-4 PCR reaction. Steps 2 to 4 were repeated 30 times.

2.15 Agarose gel electrophoresis of PCR products

1.3% w/v agarose gel was prepared dgiag 1g of agarose powder (Roche) to 75

mL of 1XTBE buffer (10x TBE:121.1 g Tris (Sigm&ldrich), 61.8 g anhydrous
boric acid (MerckMillipore), 7.4 g EDTA (VWR), made up witdH,O; pH to 8.3)
and heating up the mixture in the microwave to dissolve.rAfeling,2 ¢ Lof 10

mg/mL ethidium bromidéPromega) was added to visualiDNA by intercalation

between the strandéfter PCR amplification, length of PCR products was verified

by | oading 5 €L

of

glycerol, 40% dHO, teaspoon of

Electrophoresis was run on 80V for 30 minutes to allow a goodatépa of the

t he

PCR produc%

orange G powder (SigAidrich)).

mi

bands and visuaksl under a UV transilluminator. Digital photographs were

obtained using the Syngene Geneides image acquisition system af@EneSnap

software (Synoptigs

2.16 DNA purification

To ensure PCR products were free of unincorporated single strand DNA

oligonucleotides and dNTPs,

two different methods were used. Millipore
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multiscreefi® PCR filter plateswere used up until 5/2/13, after this date ExoSap was

used.

Millipore
Vacuum at 25 inches Hg was applied fet® minutes after which the samples were
reconstituted in 50 €L of nanopure water

30 minutes, where after the purified PCR product was retrieved from each well.

ExoSap

PCRpopducts were pur i fFase(@80uluExa IN290ul2 FadtP, o f E X ¢
750pL Water) per 5 pL of amplified DNA by incubating at 37°C for 30 minutes and

80°C for 15 minutes. The resulting product was stored°@t Before sequencing

reaction was performed.

2.1.7Sequencing
Bi-directional sequencing was performed using a DNA sequencing kit (Big Dye
Terminator 3.1; Applied Biosystems). Eac
deionised HO and i ncluded 3.2 ¢ mol of pri mer,
BigDye Ter mi nat or v3.1 sequencing buffer (L
BigDye Terminator v3.1 reaction mix (Life Technologies). The cycling conditions
werethe following (96°C, 10 sec.; 50°C, 5 sec.; 60°C,4 min) x25.

2.1.8Cleanup reaction
To remove unincorporated dye terminators from the sequencing reaction, two
different methods were used. Before February 2013, the dye terminator removal kit
(Thermo Fisher Scientific) was used acc
Before loading onto the sep#om plate, samples were adjusted toe2Qwith water.
After centrifugation for 3 min at 950xg the samples were collected in a sterile 96

well plate.

After February 2013, erplatds,r0gEmnFgiasstfitsr EXE 9
filter, polystyrene (RImaAldrich) were used and columns warenually created

with 350pL of Sephadex B0 Bioreagent (Sigmaldrich) by dissolving 1.9g of
Sephadex in 40mL of sterile deionised water per plate. Plates were spun for 3

minutes at 750xg before adding the samples. After adding the entire volume of the
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sequencing reaction (10uL) onto the Sephadex columns, plates were spun for 5

minutes at 910xg and samples were collected in a sterile 96 well plate.

2.19 Sequence analysis
Samples were run on the ABI PRISM 3730x| Genetic Analyzer and mareially

analy®d using the SeqScape v2.5 program (ABI).

2.110Restriction endonuclease analysis
A fragment of theATPase &yene, which includes the mutation site, was amplified
using the sense mismatch primer (9/56184)
ACGTTTTCACACTTCTAGTGGGCC, and antisense Pmm (9,2739,253)
AGAGGGCCCCTGTTAGGGGTC, hereby introducing a BSP120I restriction site
(GGGCCC) in the mutant but not in the witgpe mtDNA. To calculate the
percentage of heteroplasmy, a FAM flophore (6carboxyfluorescein) was
attached t the antlsenseprimereTihalsanmefditions as stated above in
Table 2.4 were used, with an annealing temperature of 57°C and a repetition of steps
2-4 for 18 times.

Following amplification, restriction enzyme digestion by 10 units of BSP120Il was
performel to cleave the 113 nucleotides PCR product of mid&A into 89 and 24
nucleotidefragments. The reaction mix wdgenincubated for two hours at 37°C.

To denature the PCR product s, 12¢L of
0.3 €L of Liz 600 (ABIl) was wused as a
heated at 95°C for 3 minutes, after which it was put on ice immediately. It was then
loaded on the3730xI DNA analyser and the ratio of cut to uncut DNA was
calculated with the GeneMapper (ABI) program. This was all performed in triplicate,

after which the mean value was calculated.

2.111 Fragment analysis to look at the C9orf72 expansion repeat
Therepeat expansion was assayed with a repeated PCR which included a gene
specific fluorescently labelled forward primer in the C9orf72 exon la and two
reverse primerslhe use ofriplet-primed PCR (THPCR) for the detection of repeat
expansionsvas first suggested by Warner et al. in 1996, with the principle of the
technique relyingon the use of locuspecific PCR primers in combination with a
primer designed across the repeated sequence. After PCR reaction, products of

different sizes will be producedaccording to the number of repetitions. If an
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expansion occurs, a continuous ladder of PCR amplification fragments exceeding the
normal range will be visuaksl For this project, ne reverse primer consisted of four
GGGGCC repeat units and an anchorusege, while the second reverse primer
contained the anchor sequence. Before PCR reaction, a primer mix was constituted
according to volumes stated in Table 2.5ull of this primer mix was used in
combination with10 uL of Extensor mix, 1QL of Betaine ad 1L of DNA. PCR

conditions are stated in Table 2.6. A cohort of 185 patients with dHMN was

screened.
Primermix V (¢
F1: 6famagtcgctagaggcgaaagc 20
R1: tacgcatcccagtttgagacgggggccggggecggggecggggeecgg 10
R2: tacgcatcccagtttgagacg 10
H,O 50
Table2-5 Primer sequences for ti@dorf72e x pansi on repeat (506 to
Step  Reactionstep Time Temperature
1 Initial denaturation 10 min 98°C
2 Denaturation 35 sec 97°C
3 Annealing primers 2 min 53°C
4 Elongation 2 min 68°C
5 Denaturation 35 sec 97°C
6 Annealing primers 2 min 53°C
7 Elongation 2 min 68°C
8 Final elongation 10 min 68°C
Table2-6 PCR reation for theC9orf72expansion repeat. Stefst were
repeated 10 times, stepsBivere repeated 25 times.
To denature PCR product s, 9. 2¢L of for ma

eL of Liz 500 (ABlI) was wused as a si ze
95°C for 3 minutes, after which it was put on ice immediately. It was then loaded on
the 330xI DNA analyser and allele identification and scoring was accomplished
using GeneMapper v3.7 software (ABI).

2.1.12 Exome Sequencing
Enrichment of coding exons and flanking intronic regions was performed externally
with the use oft h e I 1 | umi Bxam& €EnrichmantSkat,gNimblegen EZ
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Capture og Agilent SureSelect in combination with HiSeq2000 sequencing. Poor
quality samples were repeated with the same technology or ddreise with the
HiSeq 2500 in High output mod@rimary data analysis includinmage analysis,

base calling, alignment and variant calling, copy number variations and structural
variations was performed by ARG in-house.The exome sequencing performed
in-houseby Dr Deborah Hughes and Dr Alan Pittmatnthe UCL IONwas mapped

to the human reference genome build UCSC hgl9 by Novoalign Software
(Novocraft, Malaysia). After removal of PCR duplicates using Picard
(http://picard.sourceforge.net) as well as reads without a unique mapping location,
variants were extracted using the Mawpdel in SAMtools and filtered by the
following criteria: consensus quality >30, SNP quality >30 and root mean square
mapping quality >30. These variants were further filtered against the dbSNP 135 and
1000 Genomes databases by use of Annovar (http://wyentmoinformatics.org
/annovar/).The data filtering of the resslivere performed by me. Depenglion the
location in the genomesome genes, exons or genomic areas mayeaatovered

fully by the hybridisition probe design, leading to a variable numlbendependent
reads at a particular base pair, the read depth. Therefore, gene coverage and read
depths of known diseasessociated genes and candidates genes were determined by
exploring BAM files using the GenomeBrowse software (Golden Helix, USA). A
ba® was considered poorly covered if it had less thaBQLEmes coverage. These

were still included in the analysis but were regarded as potentially false positives.

After confirming known mutations causing CMT diseage variants in candidate
genes weraot presentSNPs present in public databases with a frequency higher
than 0.5% or a segmental duplication region higher than 0.96 were gnatted
variants within these regions are frequently false positive. &jlsonymous SNPs
were excluded and the pyopriate disease model was applied to the remaining list of
variants. Shared variants files were made in the event where multiple patients were
available. Further prioritising of variants was done by combining linkage analysis
results orbased onndividual gene dinction and expressiom-silico predictions of
pathogenicity and conservation between species were assesseetalsdofl gene
expression in various tissues and location of the mutated amino acid within the

protein were examined to prioritise candidgéme lists.
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2.113Linkage analysis

Genotyping was performed on the lllumina CytoSNP 12 array adtbhmplete panel

of 200,000genomewide tag SNPs and markers targeting all regions of known
cytogenetic importanceRaw data was processed using GenonwiStgoftware
(lumina, San Diego, CA). Uninformative markers with low call rates (<90%) and
monomorphic SNPS (MAF <0.5%) were removed and a subset of-GD
randomly select markers was extracted for use in linkage analysis with PLINK
(Purcell et al., @07; http://pngu.mgh.harvard.edu/purcell/plink/). Parametric linkage
analysis was run on MERLIN (Abecasis et al., 2002) for an autosomal dominant

model, specified with an estimated allele frequency of 0.0001 and 90% penetrance.

2.1.14 Haplotyping
Haplotype sharing analysis between families with the c.Cys46Ter mutation in
IGHMBP2was performed using five microsatellite markers (D11S1889, D11S4178,
D11S4113, D11S4095, D11S4139) surroundimyGHMBP2 region.These were
amplified with fluorescently labelte primers (Table 2.7) and denatured by adding
9.2¢L of formamide to 1.5 €L of PCR prod
a size standard. The resulting mixture was heated at 95°C for 3 minutes, after which
it was put on ice immediately. It was theratled on the 3730xI DNA analyser and

the results were analysed with the GeneMapper (ABI) program.

Microsatellite Chromosome  Allele size  Primers Sequence

Marker location

D11S1889 11:67313143 183207 Forward 5 -Gagctggactctcacagaat@ 6
67313325 Reverse 5 -Gcaagaggctggtagaaggtg 6

D11S4178 11:68189108  237- 260 Forward 5 -Gcaggcccagtctcttg3 6
68189359 Reverse 5 -Ocgtgtccagatgaaagtd 6

D11S4113 11.68765634  218- 262 Forward 5 -Gacctcacggtgtaatcee3 6
68765859 Reverse 5 -Octtgaagcccatttgc-3 6

D11S4095 11:69268159  173- 205 Forward 5 -Gtccctggctatcttgaate3 6
69268361 Reverse 5 -Octtgactgggtccacg3 6

D11S4139 11:70504269  151-195 Forward 5 -Gtatagacttcagccctgetg3 6
70504461 Reverse 5 -cctctgtaggatgcagttgg3 6

Table 2-7 Microsatellite markers used for haplotyping of theysd@Termutation in thedGHMBP2

gene.
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2.2 Cell Culture

2.2.1 Fibroblast culture
With ethical approval and informed consent, punch biopsies were taken from the
upper arm of controls, carriers aaffected individuals using a standard technique.
This tissue was dissected and the fibroblasts grown under standard tissue culture
conditions & 37 °C in 5% CO2 in DMEM with1% L-Glutamine (Invitoger)
supplemented with 10% fetal bovine serum (Heativated, Life Technologigs
and 1% PenStrep (Penicillin + Streptomycin; Invitrogen). Controls were obtained
from the MRC Centre for Neuromuscular Disorders Biobank Dubowitz Centre, UCL
Institute of Child Health (ICH) by Dr Diana Johnson, or were sent tbyusur
collaborators. Patients and controls for the ADD3 project were provided by Dr.
Kruerds | ab. Patients I1.21 and 11.2 of
Rasic and patient S1 was a contribution of Prof. Rita Horn&thwas obtained from
GOSH and S3 S4weresend to us by Dr. Katja Von Awom Germany

Cells were grown in standard 75 Ttftasks and media was changed evety @ays.
Cultures were passaged after reachin@@@ confluency. Media was removed from
the flasks and 5mL of sterile N&E; (Life technologies) was used to wash. 2 mL of
0.05% 1x TrypsiFEDTA (Life technologies) was added and flasks were placed in
the incubator at 3T for 5 minutes. In case of unsufficient detachment, flasks were
tapped against the surface before addingl7 of prewarmed media to stop the
reaction. To split cells, 3 mL was added to three new 7flasks and medium was
topped up to 15 mL. To freeze cells, contents of the flask were collected and
centrifuged at 1,200 rpm for 5 minutes after which media siacarded. Cell pellet
was resuspended in 3 mL of FBS with 10% DMSO (Sigxttaich) and added to
cryovials (1 mL per cryovial). Cryovials were placed in a Mr. Frosty freezing
container (Thermo scientific) to achieve a rate of cooling very closE@minute,

the optimal rate for cell preservation, and frozer88fC. For longterm storage,

cells were transferred to liquid nitrogen. For usage, cells were defrosted iCa 37
water bath and resuspended in 5 mL of media before centrifugation at 1,200rrpm f
5 minutes. Supernatant was removed, 5 mL of media was added to the pellet and

cells were seeded in a new flask.
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2.2.2 HEK293T Cell culture
HEK293T <cells were obtai nedl578)randngrownT CC
under standard tissue culture condiiaat 37 € in 5% CO2 in DMEM (Invitrogen
supplemented with 10% fetal boe serum (Life TechnologigsHEK293 cells are a
specific cell line originally derived from human embryonic kidney cells grown in
tissue culture and were chosen due to their easitoes/ork with and to transfect.
Cell culture techniques were the same as fibroblast techniques, although grown in
175 cnf flasks. For passaging, 3 mL of .05% 1x TrypBIDTA (Life technologies)
was added and flasks were placed in the incubator°& 8% 5 minutes. 9 mL of
prewarmed media was added to stop the reaction and 4 mL of the solution was

added to three new 175 E&iffasks to split cells. These were topped up to 25 mL.

2.2.3 Lymphoblast cell culture
Peripheral blood mononuclear cells were ismdafrom ACD blood by the FicoH
Hypaaque method (BD vacutainer CP@and were send off to the European Collection
of Cell Cultures (ECACC) for transformation with the Epstein Barr Virus. Two
immortalised SMARD1 lymphoblastoid cell lines were send to us hyBtja Von
Au. Immortalised cells were grown in suspension in 75 or 175 ftasks in an
upright position, in approximately 15 or 8L of RPMF1640 (Invitrogeh medium
that contained 2 mM dglutamine and 20% (v/v) fetal bovine serum (FBS) and
maintaingl in a humidified 5% CO2 incubator at 37 °C. Media was routinely
changed every 2 days by removing the medium above the settled cells and replacing
it with an equal volume of fresh medium. Cells were counted by adding- idf
suspension to 1QL of 0.4% typan blue (Sigm&ldrich). The result was pipetted
onto a disposable slide and counted with an automated cell counter (Life
technologies)For freezing,1 mL of freezing media, consisting of RPI640 with

10% DMSO, was added per 6 million cells and plaoeal microvial.

2.3 Molecular biology

2.3.1 Constructs and generation of mutations by gifieected mutagenesis
FLAG epitope tagged wild typ&GHMBP2 construct was a kind contribution of
Prof. Fischer in Germany. The backbone for thesstruct was a @MV-Tag 4b
(Fig. 2.1). To generate mutant forms of IGHMBP2, site directed mutagenesis was
carried out using the QuikChange Il mutagenesis kit (Agilent, Santa Clara, CA,
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USA) according to the manufacturer's instructions. PCR product was then incubated
with the restriction endonuclease Dpnl for 1 hr at 37 °C to digest the parental
supercoiled dsDNA and subsequently transfornmeid competent ToplO cells
(Section2.3.2). Constructs were sequenced prior to use and primer sequences used

for the mutagenesis arsted in Table 2.8.

e P CMV

MCS
FLAG

pCMV-Tag 4 >V40 pA

4.3 kb

\\ ‘1 o
neo/kan H:"'

P bla
Lp Sv40

Figure2-1 Circular map of the pCM\T'ag 4 vector.
Source: Instruction manual catalog #211174, Agilent

technologies.

Mutation Primer Sequence

C.238A>G Forward 5 © cgcggcagctcttcccggtaacagctttagitd 6
Reverse 5 © gaagtaaaggttaccgggaagagctgccge® 6

c.1591C>A Forward 5 © ggtggacgctggtgttacagccegt® 6
Reverse 5 © cacgggctgtaacaccagcgtccdcd 6

c.1738G>A Forward 5 © ccgtgatactgtccttcatcagatccaacaggadad

Reverse 5 0 tttcctgttggatctgatgaaggacagtatcacdg) 6

Table2-8 Primer sequences for mutagenesis ofl@idMBP2 construct.

2.3.2 Heatshock transformation of competent Top10 E.Coli
Constructs were transformed into One Shot TOP10 Chemically Competent E.Coli
cells (Invitrogen usi ng t he malniDihgot DNAwasradded top2b ot 0 C ¢
pL of competent cells and kept on ice for 30 minutes. The mixture was then placed
in a 42C water bath for 3@0 seconds to perform the hefiock and retuned on ice
for a further 2 minutes. 200L of LB medium without anbiotics (20 g of LB broth
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powder (SigmaAldrich) dissolved in 1 L dkD, followed by autoclaving) was then
added under sterile conditions and was incubated in a shaker for 1 houdCat 37
After this, transformed bacteria were grown on kanamsgeiective LBagar plates
(35 g of LB agar powder (Sigadrich) dissolved in 1 L dkD, followed by
autoclaving) by spreading 1QfL of the mixture on the plate and incubating it at
37°C overnight.

2.3.3 Purification
Single bacterial colonies from agar plates weleded from LBplates and added to
5 mL of LB broth containing 5Qug/mL of kanamycin. The cells were incubated
overnight at 37C under constant agitation. 2 mL of the resulting mixture was
pelleted by centrifugation at 9000g for 3 minutes and DNA wasetl using the
QiagenGenEIutt,E Plasmid Miniprep Kit(Qiagen according to the
protocol. Glycerol stocks were made by adding pD®f 50% glycerol to 50QuL of

bacterial mixture.

For large scale purification, 5mL of LB broth from the tea@al colony was
incubated for 8 hours before inoculating a larger flask consisting of 150 mL of LB
broth and containing 5Qg/mL of kanamycin with 30QuL of starter culture. This

was incubated with vigorous shaking overnight and harvested the next ghbsnin
centrifugation at the maximum speed for 20 minutes. DNA was extracted using the
Qiagen Qikilter Plasmid Maxi kit (Qiagen accor di ng t o t he
protocol. Pelleted DNA was resuspended in&0of sterile deionised water and

concentration/ pity was measured accordingdection2.1.2.

2.3.4 Stable transfection for Gammunoprecipitation
2 ug of plasmid DNA and 4 uL polyetitenimine (PEI, Polysciences, Warrington,
PA, USA) were each dissolved in 250 uL DMEM in a separate sterile eppendorf
tube before mixing the two solutions together and leaving them to incubate for a
minimum of 20 minutes at room temperature. During this incubation period, one or
more 80% confluent 175 dmflasks of HEK293T cells were trypsingsl and
collected in a 15 mLtsrile tube. One 175chflask is sufficient for four 10 cfn
dishes. After 20 minutes, the resulting mixture was plated on the appropriate number
of 10 cnf dishes by covering the surface with drops. 3mL of suspended HEK293T

cells were added to one 10tdish and media was topped up to 10mL. Transfected
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cells were incubated for 48 hr pdsansfection to obtain maximal levels of gene
expression. PEI solution treated HEK293T cells were used throughout the study as

control samples.

2.3.5 Stable transfection foATPase assay
10 pg d plasmid DNA and 20 pL polyettenimine (PEI, Polysciences, Warrington,
PA, USA) were each dissolved in 500 uyL DMEM in a separate sterile eppendorf
tube before mixing the two solutions together and leaving them to incubate for a
minimum of 20 minutes at room temperature. During this incubation period, three
80% confluent 175 chflasks of HEK293T cells wereypsinised and collected in a
50 mL sterile tube. One 175¢érflask is sufficient for two 15cfdishes. After 20
minutes, theesulting mixture was plated on the appropriate number of 4 8ishes
by covering the surface with drops. 5mL of suspended HEK293T cells were added to
a 15 cm dish and media was topped up to 20mL. Transfected cells were incubated
for 48 hr postiransfedion to obtain maximal levels of gene expression. PEI solution

treated HEK293T cells were used throughout the study as control samples.

2.4 Protein Biochemistry for HEK293T cell lines

2.4.1 Cell harvesting for Gammunoprecipitation
Forty-eight hours aér transfection, 10 ctndishes of transfected HEK293T cells
were washed with 2mL of ieeold phosphate buffered saline (NaCl/Pi) prior to lysis.
Cells were gently scraped off in NaGl/Placed in a sterile Eppendorf tube and spun
down for 1 minute at 4@rpm. Pellet was resuspended in 3&0of NP40 buffer
(50 mMTris pH 8, 150 mM NaCl, 0.5% NP3Ccontaining 1 x complete protease
inhibitor cocktail (Roche, Indianapolis, IN, USA). Subsequently cell lysates were
incubated for 10 minutes at 4 °C and fredzawed twice before spinning them at
14 000xg for 10 minutes to remove cell debris by centrifugation at maximum speed

for 10 minutes. Supernatant was used straight away or sto/@&@rat

2.4.2 Ceimmunoprecipitation
Lysates were thawed on ice or usrhight after harvesting. 0.2% (v/v) RNase A
was added and incubated at 37°C to detect Ri&pendent interactions.
Meanwhile, 3QlL of ANTI-FLAG® M2 Affinity Gel (SigmaAldrich) was washed
with 1mL of NP40 buffer for 10 minutes at RT. Beads were spwwd by
centrifugation at 8000 rpm for 1 minute. 2EQ of the wild type andiIGHMBP2
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transfected cell lines was added to the beads and incubated overnigi@.afhe
remaining 10QuL was kept for western blotting purposes. Depending on the species
of the primary antibody(Table 2.9) goat antimouse IgGHRP or goat arntrabbit
IgG-HRP was used in a 1:5000 dilution for the secondary antibody (Santa Cruz).

Primary antibody Species Concentration
Hint1, (SigmaAldrich) Rabbit Polyclonal 1:1000
TDP43, cloneAC-40 (Proteintech Rabbit Polyclonal 1:3000

FUS, AV40278 (Sigm&Aldrich) Rabbit Polyclonal 1:10 000
SOD1, AD-SOD-100 (Enzo Life sciencgs Rabbit Polyclonal 1:1000
HSP27, #2402 (Cell Signalling Mouse monoclona 1:500

LAS1I, SAB1409160 (SigmgAldrich) Mouse polyclonal 1:5000
Table 2-9 Antibodies used for western blotting to detect interactionk tie IGHMBP2

protein after Cammunoprecipitation.

2.4.3 Cell harvesting for ATPase assay
Forty-eight hours after transfection, 15 tmlishes of transfeed HEK293T cells
were washed with iceold phosphate buffered saline (NaQl/prior to lysis. This
was achieved by gently scraping off cells in 3 mL of NaC[Rcing the solution in
2 sterile Eppendorf tubes and spinning down for 1 minute at 4000Relhet was
resuspended in 1 mL of NP4®uffer (50 mMTris pH 8, 150 mM NacCl, 0.5%
NP40) containing 1x complete protease inhibitor cocktail (Roche, Indianapolis,
IN, USA). Subsequently cell lysates were incubated fomBtutes at 4C and
freezethawedtwice before spinning them at DO0xy for 10 minutes to remove cell
debris by centrifugation at maximum speed for 30 minutes. Supernatant was used
straight away or stored s80°C.

2.4.4 ATPase assay

Frozen down lysates were thawed on ice or used Btraftgr harvesting. 90QaL of
the wild type and mutanGHMBP2 supernatants were incubated with|[ A0 ANTI -
FLAG® M2 Affinity Gel (SigmaAldrich) overnight at £C, after preparing the
beads by washing 2x with cold PBS. The next day beads were washedeach of
three wash buffers (20 mM Tris, 106200 mM NaCl, 1% Triton) before being
eluted in elution buffer (50 mMTris pH 8, 150 mM NaCl, 0.5% NP4& protease
inhibitor cocktail) with 1500 g L:&UAG peptide (Sigmahldrich) for 40 minutes at
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4 °C. Eluted protein was then incubated with assay buffem{#0Hepes, pH 7.2,
2mMMgCI2, ImMdi t hi ot hrei t ol aRATPA5e @5 % BPRAX I a
Elmer, Waltham, MA, USA) was added to each reaction. Samples were incubated at
37°C with vigorous shaking and2L al i guots were removed &
to 120minutes and spotted onto TLC plates (Sigiidrich). Samples were then

subjected to risingfLC under 1M formic acid and 1.2/ LiCl. After drying the

plates they were exposed to Kodak biomax films (Kodak, Rochester, NY, USA)
overnight and developed the following day using a Kodak developer. The remaining
samples were denatured irx4SDS loadig buffer (NuPage SDS sample buffer,

Life Technologies) with 1% DTT at 7% for 10minutes and loaded ontd 12%

Bis Tris gels (Life Technologies). Proteins were then transferred to Hybond ECL
Nitrocelluose membrane (GE life scienge®blocked with 5% mk in NaCl/R-

Tween (NaCl/P+ 1% Tween20) and probed with primary antibodies afCl

overnight (1:1000 Mouse aniGHMBP2, clone mAb1424, millipore). The next

day membranes were washed three times in NalWeen and incubated forh

with secondary dibodies in 1% milk in NaCl/PTween at room temperature

followed by another three washes and incubation with Pierce ECL substrate. Finally
membranes were exposed to Kodak biomax films (Kodak, Rochester, NY, USA) and

developed on a Kodak developer accogdim the manufacturer's instructions.

2.5 Protein biochemistry for fibroblast cell lines

2.5.1 Cell harvesting for mRNA extraction
2 mL of 0.05% 1x TrypshEDTA (Life technologies) was added to a confluent
75cnf flask of fibroblasts and placed in thesirbator at 37°C for 5 minutes. In case
of unsufficient detachment, flasks were tapped against the surface before adding 7
mL of prewarmed media to stop the reaction. Cell were pelleted by centrifugation at
1200 rpm for 5 minutes and resuspended in 6mlmeflia. 1mL was added in
duplicate to 1 well of a 6 well plate and remaining solution was used to passage the
cell line. After 2448h, cells were harvested by adding 1mL of cold NaCl/Pi on ice,
gently scraping off the cells to transfer to a new sterile &geé tube and spinning
down the pellet by centrifugation at 4000 rpm for 1 minute. Pellet was resuspended
in 350 UL of QIAzol® reagent (Invitrogen, United States) and used straight away or
kept at-80°C.
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2.5.2 mRNA extraction
RNA was extracted from filbblasts usig the miRNeasy Mini kit (Qiagén An
amount of 1 million cells was used, correlating to the amount of cells in a confluent
well of a Gwell plate. A volume of 35QUL of 70% ethanol was added to the
QIAzol® cell suspension and mixed well by pifieg up and down. Sample was
transferred to a RNeasy mini spin column placed in a 2mL collection tube and
centrifuged at 8000g for 15 minutes. RNA was extracted following the
manufacturerds protocol , pLaohRNasereeuvatere wa s
Concentration and purity was estimated as statedention 2.1.2 with altered
absorbance ratios for RNA. Samples were expected to have a value of >2.0 for the
260/280 ratio and in the range of 22 for 260/230.

2.5.3 cDNA synthesis
cDNA was synthesexd using 500 ng total RNA, random primers and SuperScript Il
rever se transcriptase (Il'nvitrogen, Uni t
protocol. The resulting cDNA was used to perform a standard PCR reaction with
cDNA primers spanning the exon/introboundaries. Subsequent agarose gel
electrophorese was used to confirm the expression of cDNA in the fibroblasts.
Sequencing analysis was performed to investigate the presence of genomic DNA

mutations in the RNA of patiengad to assess neense mediateceday.

2.5.4 Quantitative PCR
The IGHMBP2 cDNA transcript levels were determined in triplicate using
Glyceraldehyde3-phosphate  dehydrogenase GAPDH) and  hypoxanthine
phosphoribosyltransferase HFRTJ) as reference genesull of cDNA at 500
ng/puL was addd to 12.5 pL of SybrGreen, 1 uM of each primer and topped up to 25
uL with RNasefree water. Primers used flisHMBP2cDNA levels were used from
the paper by Guenther el., in 2009. Reference genes primers were validated
beforehand by other groups inetdepartmentAccumulation of PCR products was
monitored through SYBR green incorporation on an Stratagene/Agilent MX3000P
with the protocol stated in Table 2.10.
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Step Reactionstep Temperature Time

1 Carryover prevention 50°C 2 min

2 PCR initial ativation step 95°C 10 min
3 Denaturation 95°C 15 sec
4 Annealing primers 60°C 30 sec
5 Elongation 72°C 30 sec
6 Final elongation 72°C 10 min

Table2-10 Protocol for quantitative PCR. Step$3vere repeated 40 times.

Relative quantities were calctat ed wi t h t he @pCt met hod (
in relation to the two housekeeping genes. Gene expression levels were calculated by

the ratio between the amount of target gene and two endogenous reference genes,
which is present in all samples. The f@reshold value is chosen as the cycle in

which there is a significant increase in reporter signal. This value is related to the
initial amount of DNA in inverse proportion to the expression level of the @fege

2.2). Firstly, t h getgpetandihe tefsrereengenesveas caleukated

for each s aundl|Cheerelce@et Fh€E€N the difference
of the patient and the @Ct of the contr
PPCt  iaget | (OBelerencdcontrd T (Cliarget I Clieferencdpatient. The Normalied target

amount in the sample is then equal 8% and can be used to compare expression

levels in samples. The data were depicted as a mean with standard deviation.

Figure 2-2 Sample plot of the amification curves (left) and the dissociation curves (right) for the
selected primers of the gPCR experiment in lymphoblasts. The ecaf@meed curves not reaching

the threshold of detection represent the fAno t emy
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2.5.5 Cell harvesting fowestern blot
2 mL of 0.05% 1x Tryps#EDTA (Life technologies) was added to a confluent
75cnt flask of fibroblasts and placed in the incubator at 37°C for 5 minutes. In case
of unsufficient detachment, flasks were tapped against the surface beforg addin
mL of prewarmed media to stop the reaction. Cell were pelleted by centrifugation at
1200 rpm for 5 minutes and washed in 1 mL of cold NaCl/Pi. Cells were pelleted
again by centrifugation at 4000 rpm for 1 minute and resuspendediin GONP40
buffer (50 mMTris pH 8, 150 mM NacCl, 0.5% NP30containing 1 x complete
protease inhibitor cocktail (Roche, Indianapolis, IN, USA). Subsequently cell lysates
were incubated for 10 minutes at 4 °C and frethzsved twice before spinning them
at 14 000xg for 10minutes to remove cell debris by centrifugation at maximum
speed for 10 minutes. Pellet was storeddd °C and supernatant was used straight

away or stored aB0°C.

2.5.6 Protein estimation
1 pL of each sample was pipetted in triplicate on av@l plate together with a
BSA standard ranging fromDug/uL. 1 uL of NP40 buffer was added to each well
of the standard to account for background digna RC DCE Pr ot i n Ass
was used according t o t he manufacturer
concentrations were calculated from the standard curve prepared by plotting the
average blankorrected 562nm measurement for each BSA standard vs. its average

concentration in pg/uL.

2.5.7 Western blot
60 €g of protein waldDS samm éuffer (invittobeh, 19%& Nu P a
DL-Dithiothreitol (Invitroger) and made up to the same volume with the NP40
buffer before denaturation at 75°C for 10 minutes. Samples, accompanied by a
marker, were run on a#2% BisTris gel for 90 minutes under 150 V in 1XMES
running buffer {00 mL 20x NUPAGE MES SDS running buffer (Life Technologies)
in 1,900 mL dHO.). All gels were electrdlotted to Hybod ECL membrane (GE
lifescience} in transfer buffer Z0% methanol, 10% Triglycine electroblotting
buffer 10X (NationalDiagnostics, USA) and 70% dB) and the membrane was
immersed in Ponceau red (SigiAldrich) to verify protein transfer. Blocking was
performed in 5% (w/v) milk powder in 1x NaC|/H1 PBS tablets (Life
Technologies) dissolved in 500 mL of gB) for 1 hr at room temperature.
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Membranes were incubated overnight with the primary antibody at 4°C, diluted to
their respective concentrations in 1% milk in NaCllRieen (Table 2.11).The
following day, after 3x washing in 1x NaCl/PTween for 10 minutes, the ménane

was incubated for 60 min at room temperature with horseradish peroxidase
conjugated secondary antibody (Santa Cruz). Depending on the species of the
primary antibody, goat anthouse IgGHRP or goat artiabbit IgGHRP was used

in a 1:5000 dilutionAn ECL kit with each ECL reagent at a 1.1 oatiThermo

Fisher Scientific) was used as a substrate and antibody binding was detected in a
dark room on Super Rx -Kay film (Fujifim, Japan) in an Amersham
autoradiography c addiewas esed(asGaHoading aonttolifar ar e )
normalisatiorand analysis was performed with the ImageJ program (Rasband, W.S.,
ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://imagej.nih.goV/ij/, 1992014).

Primary antibody Species Concentration
IGHMBP2, clone mAb1224 (Millipore) Mouse monoclona 1:1000
drActin, A3853 (SigmaAldrich) Mouse monoclona 1:20 000
TDP43, clone A&0 (Proteintech) Rabbit polyclonal 1:3000

Table2-11 Primary antibodies used for western blotting.

2.6 Immunocytochemistry

2.6.1 Subcellular localisation of proteins in patient fibblasts
Fibroblasts were cultured onto 13 mm autoclaved glass coverslipsvirelRglates
in standard DMEM + Glutamax media supplemented with 10% FBS and 1%
PenStrep after placing the plate under UV light for at least 20 min. After 24h, cells
were washé with cold NaCl/Pi and fixed in 4% paraformaldehyde (PFA) for 15
minutes. Cells were washed again with NaCIl/Pi and permeabilised in 0.05% Triton
X-100 for 10 minutes. After three more washes with NaCl/Pi, cells were then
blocked in 10% FBS in NaCl/Pi fane hour. Cover slips were incubated withpdO
of primary antibody for 60 minutes (Table 2.12), washed three times with NaCl/P
and incubated with the appropriate Alexa Fluor secondary antibody for 60 minutes
(Invitrogen, United States). Following, thever slips were washed with NaGl/P
and mounted on microscope sl i ddamidinei t h Pr
2-phenylindole(DAPI) (Life Technologiespnd imaged using a Zeiss 710 confocal
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microscope (Carl Zeiss AG, Germany) with the 63x oil imnogrsbbjective. A
negative control (incubated overnight in blocking solution only, with no primary

antibody) was included to assess the specificity of the secondary antibody.

Antibody Species Concentration
TRAK2 Antibody 137701-AP (Protein Tech Rabbit plyclonal 1:1000
TDP43, clone AGA0 (Proteintech Rabbit monoclonal 1:3000
IGHMBP2, clone mAb124 (Millipore) Mouse monoclona 1:1000

Alexa Fluor 488A11008 secondary antibody Goat anti rabbit 1:2000
Alexa Fluor 488A11001 secondary antibody Goat anti-mouse  1:2000
Alexa Fluor 555A21428 secondary antibody Goat antirabbit 1:2000

Table2-12 Primaryand secondargntibodies used for Confocal imaging.

2.6.2 Colocalisation
Fibroblasts were prepared as described in section 2.6.1. After cells wetedbinc
10% FBS in NaCl/Pi for one hour, cover slips were incubated witpl40f the
combined primary antibodies for 60 minutes (Table 2.12), washed three times with
NaCl/R and incubated with a combination of Alexa Fluor secondary antibodies for
60 minute (Invitrogen, United States). Following, the cover slips were washed with
NaClRand mounted on microscope slides wit
diamidinc2-phenylindole(DAPI) (Life Technologiespnd imaged using a Zeiss 710
confocal microscope Garl Zeiss AG, Germany) with the 63x oil immersion
objective. A negative control (incubated overnight in blocking solution only, with no
primary antibody) was included to assess the specificity of the secondary antibody.
Image processing and evaluation eperformed using the Volocity software
(Perkin Elmer). Thresholds were set manually by drawing a region of interest and the
gl obal Pearsonods correlation coef ficien
performed in triplicate and the average global Ped&wrson cor rel ati on <co

selected cells of the field of view was calculated from 3 images per cover slip.

2.6.3 Endocytosis investigation
Fibroblasts were grown overnight on 13 mm cover slips in standard DMEM +
Glutamax media supplemented with 1083-and 1% PenStrep. Cover slips were
then incubated at 37°C in labelling medium (F12 containing 10 mM HEPES, pH 7.3
and 0.2% w/v BSA) for 1h, where after they were labelled for 1h on ice with 50
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€ g/ mL -Fubred&8&ransferrin (Invitrogen) in labelling edium. Excess label
was washed off by rinsing twice with warm labelling medium and cells were
incubated for either 20 or 30 minutes at 37°C to allow transferrin uptake. Following,
the cells were fixed with 2% paraformaldehyde in NaQidP 30 minutes ataom
temperature, washed twice with 1x NaGE#RAd mounted on microscope slides with
Prolong Gold Antifade with DAPI and imaged using a Zeiss 710 confocal
microscope (Carl Zeiss AG, Germany) with the 63x oil immersion objective.

Image processing and evaliom were performed using the Volocity software
(Perkin Elmer). The experiment was performed in duplicate and triplicate for the
respective incubation times of 20 and 30 minutes and the average fluoresce/volume
of selected cells of the field of view wasladated from 9 images after an

incubation time of 30 minutes.

2.6.4 Basal mitochondrial membrane potential
The basal mitochondrial membrane potentighQ) was measured using the
tetramethylrhodamine methyl ester (TMRM) lipophilic cationic dye. This dye
accumulates in the mitochondria and is released in the cytosol wien t
mitochondria become depolai, which results in a decrease of signal intensity.
The fluorescence intensity of the dye is representative ofgilig as a more
polarised (more negatiye odm wi | | accumul ate more d)
fluorescence signal, whereas depolarised mitochondria accumulate less dye and
exhibit a lower TMRM signal. Patient and control fibroblasts were grown in standard
media and plated overnight on 25 mm covgrssin 6 well plates. An extra cell line
with fibroblasts from the patient with theSer700le variantwas used as a control.
Fibroblasts were incubated for 40 minutes at room temperature @it TMRM
(Invitrogen) in a HBSS solution composed of 18 NaCl, 3mM KCI, 2mM
MgSQ,, 1.25mM KH,PQ,, 2mM CaC}, 10mM glucose and 1M HEPES; pH
adjusted to 7.35 with NaOHThe dye was present throughout the experiment. The
Zeiss 710 confocal microscope (Carl Zeiss AG, Germany) was used to ebtatkz
images using a 63x oil immersion objective and a 560 nm laser to excite the dye.
Data was analysed using the Zeiss image analysis software (Zeiss). To control for
mitochondrial mass, the TMRM signal was averaged across all the voxels
corresponding to mitocmalria whose fluorescence was greater than the set
threshold.
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2.6.5 Response to mitochondrial toxins
For analysis of response to mitochondrial toxins, 25 mm cover slips were used after
measurement of the mitochondrial membrane potential. Images werele@cor
continuously from a single focal plane andtime-series was used to add the
mitochondrial toxins. After measuring baseline TMRM intensity feB 2nin,
oligomycin fromStreptomyces diastatochromoge2sg/mL; SigmaAldrich) was
added and fluorescenoeeasured until a plateau was reached, after which rotenone
(10 mMI; SigmaAldrich) was added. Lastly, M FCCP ( O9&l#ich) Si g ma
was added and recordings were stopped when the mitochondria had fully
depolarised. The effects of each drug are the fatigw
Oligomycin: Complex V inhibitor
If ATPase function is reversed to maintain tipe,, therewill be a
declinein TMRM fluorescence
Rotenone:  Complexl inhibitor
This will causea small declinein TMRM fluorescenceif cells rely
moreon complex| thancomplexll, therewill beagreaterdecline.
FCCP: Uncouplesoxidation from phosphorylatiorso ATP synthesiscannot
occur.Thiswill resultin animmediatedepolarisatiorof the o @, and
lossof fluorescence.
Time-series data were analysed using #teéss Zen softwareCarl Zeiss AG. A
total of 1020 areas were selected for analysis and the average dye intensity across
these areas was plotted on th@xys against time on the-axis. The change in
TMRM intensity after addition of each toxin was exgsedas a percentage of basal

intensity (basal=baselimpy mppy m after FCCP) .

2.7 Statistical analysis

All statistical analyses were performed using GraphPad Prism version 6.00 for
Windows/Mac (GraphPad Software, La Jolla California USA, www.graphpad.com).
For comparison of means of two groups, parametudent ttest was used and
statistical significance expressed as * p < 0.05; ** p < 0.01. For comparison of
means of > two groups, a bonferroni pbet analysis was used afteroaeway

analysis of variance (ANOVA).Unless otherwise stated, experimentsreve
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performed at least three times and data presented as mean * standard error of the
mean (S.E.M.).
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Chapter 3:

Mitochondrial mutations
In CMT2

3.1 Introduction

3.1.1 A role for mitochondria in neurodegenerative diseases
As seen in Chapter 1, assential process in the maintenance of neurons is the
provisioning of ATP, which will maintain the neuronal plasma membrane potential.
As mitochondria are the main source of ATP, correct mitochondrial function is
crucial for efficient axonal transport afl cargoes (Schon et al., 2011). Since the
central and peripheral nervous systems have intense metabolic requirements and are
particularly ATP dependent, any deficit in energy generation can have catastrophic
effects on neural functioning. It has alreatdygen shown that mitochondrial
dysfunction plays a relevant role in the pathogenesis of neurological and
neuromuscular diseases such as CMT (Palau et al, 2009) and apart from the
dysfunction of mitochondrial dynamics that can lead to CMT, impaired
mitochordrial function, communication with other organelles and mitochondrial

turnover can lead to neurodegenerative diseases such as Parkinson's disease (PD),
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spinocerebellar ataxias (SCA), HSP, Huntington's disease (HD), Amyotrophic lateral

sclerosis (ALS) andmpgressive epilepsy (Zsurka et al., 2013).

3.1.2 The oxidative phosphorylation system
The oxidative phosphorylation system (OXPHOS) is a set of biochemically linked
multisubunit complexes (complexes | to V) and two electron carriers
(ubiquinone/coenzym® and cytochrome c) that, together with the tricarboxylic acid
(TCA) cycle, provide a mechanism for the production of ATRrdugh a proton
gradient (Fig.3.1). The complexes form an electron transport chain (ETC) in the
inner mitochondrial membrane, wheremplexes -IV reduce molecular oxygen to
water by the sequential transfer of electrons, called oxidative phosphorylation. These
redox reactions release energy to form a proton gradient across the inner
mitochondrial membrane that will catalyse the foioratof ATP from ADP and
inorganic phosphate by the ATP synthase or respiratory chain complex V (Capaldi et
al., 1994; Nijtmans et al., 1995).

Complex 1 is the first enzyme in the ETC and is responsible for the oxidation of
NADH by transferring electronsotubiquinone, a lipid soluble electron carrier
embedded in the lipid bilayer of the inner mitochondrial membrane. It is made of 45
proteins of which seven are encoded by the mitochondrial genome. This enzyme
consists of three different domains and is alsmwn as NADHcoenzyme Q
oxidoreductase. The dehydrogenase domain will transfer two electrons from reduced
Nicotineamide Adeninedinucleotide (NADH), oxidizing it to NAD+, via Flavin
mononucleotide (FMN) to iron sulphur clusters. In the hydrogenase dothese

will reduce ubiquinone to ubiquinol. This electron transfer is coupled to the transfer
of 4 protons in the transporter domain from the inner membrane of the matrix to the
intermembrane space (Lenaz et al., 2006; Fato et al., 2008). Complex | can be
inhibited by more than 60 different families of compounds, one of which is rotenone,

regularly used as an inhibitor of complex | in mitochondrial membrane imaging.

Complex I, also known as Succind@e oxidoreductase, consists of four subunits
and is theonly complex in the ETC that lacks subunits encoded by the mitochondrial
genome. It is also the only enzyme that plays a role in both the ETC and the TCA
cycle, linking the two essential energyoducing processes of the cell.
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Intermembrane space

Succinate Fumarate

NADH + H* NAD*

Mitochondrial matrix

Figure 3-1 The oxidativephosphorylation system in the inner mitochondrial membrane. Cyt c= Cytochrome c; FAD= Flavine Adeninedinucleatide; NADeaMiclst

Adeninedinucleotide; Q= Ubiquinone; QH2= Ubiquinol.
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As part of the TCA cycle, complex Il oxidises the metabolite suceittafumarate

in the mitochondrial matrix by transferring the electrons to flavin adenine
dinucleotide (FAD), resulting in the formation of FADH2. The two electrons
generated will enter the ETC by passing them on to thre& ERisters and
cytochrome b andub sequentiallytransforming ubiquinone to ubiquinol in the

mitochondrial inner membrane (Gdinni, 2003; Kluckova et al., 2013).

Complex Il is composed of 11 subunits; cytochrome b is encoded by mitochondrial
DNA, with the remainder of the subunitsifig encoded by nuclear DNA genes. This
enzyme is a dimer, with each subunit complex containing the 11 protein subunits, an
ironi sulfur cluster and three cytochromes: one cytochrome cl and two b
cytochromes. Also known as-€ytochrome c oxidoreductase, thgemplex will
catalyse the transfer of electrons from reduced ubiquitmegtochrome ¢ and will
utilise the energy to translocate protons from the mitochondrial matrix to the
intermembrane space, adding to the proton gradient (Berry et al., 2000; Balrel e
2008).

Complex IV is the last complex of the ETC, also known as cytochrome c oxidase.
This complex contains three mitochondrial encoded subunits and ten nuclear
encoded ones and has a complicated structure that includes two-copiaening

redox centres, and two cytochromes, aa3, containing heme a moieties. It catalyses
the oxidation of cytochrome ¢ and the reduction of oxygen by transferring electrons
to the terminal electron acceptor oxygen, reducing it to water. This will again
contribute tolhe proton gradient (Calhoun et al., 1994).

Human FOFAATP synthase (Complex V of the oxidative phosphorylation system)
couples the synthesis of ATP from ADP and inorganic phosphate with the passage of
protons from the intermembrane space to the m@woj et al, 2001; Jonkheere et

al., 2012) (Fig. 3.2)This complex is comprised of 16 subunits, of which 14 are
encoded by the nuclear genome and two by nucleotides-8827 of the
mitochondrial genomeATPase GandATPase 8 Complex V is a massive structu
consi sti ng -ohetrO pariclg ahatdsseilzetidedbin the mitochondrial
membr ane and forms t he -teR pastiolé ashha site e |
of ATP synthesis. During ATP synthesis, protons are transferred through the
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channel causing rotation of the F1 particle, which condenses ADP and inorganic
phosphate to form ATP.

3.1.3 Mutations in the OXPHOS genes in patients with peripheral
neuropathy
Peripheral neuropathies have been linked to mutations in the OXPHOS genes;
however, the neuropathy is rarely the presenting or predominant clinical
manifestation of the disease. In contrast, patients presenting with mutations in
nuclearencoded mitochondrial genes suchMBN2 or GDAP1 typically present

with an isolated peripheral neuetfy.

T .

Mitochondrial matrix

Intermembrane space

Figure3-2The human ATP synthase. F1 is composed of th
one each of subunits o2, U and U, f-ringandangcogyhe cen:
each of subunits a, b, d, F6 and the oligomycin sensibatferring protein (OSCP). Subunits b, d,

F6 and OSCP form the peripheral stalk which lies to one side of the complex. A number of additional

subunits (e, f, g, and A6L), all spanning the membrane, are associated with Fo.
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In the scope of this thesis, we @stigated an extensive family with mitochondrial
disease and axonal neuropathy in which the index case presented with a pure motor
neuropathy in childhood evolving into motpredominant CMT2 in later life and
found a pathogenic missense mutation m.9185iFATPase 6encoding the ATP6
subunit of the mitochondrial ATP synthase (OXPHOS complex V). This segregated

with disease in affected members of the pedigree.

3.1.4 Mutations in ATP synthase
Mutations in respiratory chain complex V are known to causghLsyndrome or
Neurogenic muscle weakness, Ataxia and Retinitis Pigmentosa (NARP) (Holt et al.,
1990; Rahman et al., 1996; De Coo et al., 1996). In our study, we found two
mutations in the gene encoding for respiratory chain complex V, located on the
mitochondrial genome: m.9185T>C, substituting a leucine for a proline and
m.8993T>C, causing the same AMAAbstitution. The presence of these mutations
confirms the link between mitochondrial dysfunction and neurodegeneration and the
importance of this system @MT.
In order to examine the prevalence of this mutation and the importance of other
variants in the mitochondrial genome, | investigated a large number of patients with
CMT2, HMN and H&N for mutations in theATPase 6gene and the partially
overlappingATPase 8gene, the only other mitochondrially encoded subunit of
complex V of the respiratory chain. Since the overall phenotype in the CMT2 patient
was a severe axonal neuropathy, a number of CMT1 patients was included, to

examine whether this mutationudd influence the severity of the neuropathy.

3.1.5 Mitochondrial genetics in humans
Following the endosymbiotic theory, mtDNA is derived from the circular genomes
of the bacteria that were engulfed by the early ancestors of today's eukaryotic cells.
This separate evolutionary origin gives rise to some distinct features that distinguish
nuclear from mitochondrial DNA.
Each mitochondrion present in human cells will contain several copies of the
circular, covalently closed, doubs&randed mitochondrial DAl This results in the
presence of 160,000 separate copies of mtDNA per cell. There are no histones or
any other proteim associated with mitochondrial DNA and the genes contain no

introns. As a consequence of this lack of protective histonetharttyhly oxidizing
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environment there is a much higher rate of mutations than nuclear DNA (Wei et al.,
1998; Sigurgardottir et al., 2000).

The mitochondrial genome

The mitochondrial genome encodes for 37 genes and contains around 16,600 base
pairs. These geseencompass mitochondrial ribosome subunits, transfer RNAs and
subunits of the ETC. Twentgight out of 37 are located on the mitochondrial heavy
strand (Hstrand), so called due to its high content of guanine. The opposing light
strand (L-strand), mainlyconsisting of cytosines, encodes the remaining nine genes.
For replication and transcription, the mitochondrial DNA relies on a set of nuclear
gene products, after having lost the getbvisional qualities it had as a prokaryote.

The genetic code is, fahe most part, universal, with few exceptions: mitochondrial

genetics includes some of these. For mos
AUAGO, and AUGAO. I n vertebrate mitochon
codons, but not A WQGAyop, t owhiamh i mesdesadf orfi/

isoleucine in most organisms but for methionine in vertebrate mitochondrial mMRNA
(Barrell et al., 1979).

Inheritance of mitochondrial variants

In contrast to nuclear DNA, mitochondrial DNA gets passed on to futureajemes
by maternal inheritance only. An oocyte will carry around 100,00000,000,000
MtDNA copies, whilst a spermatozoid will only carry 10000 copies, which will

be degraded by ubiquitination (Sutovsky et al., 1999).

An important concept in mitocimdrial inheritance is the existence of the genetic
bottleneck. Only a fraction of the mtDNA copies in the geeltt precursor are
amplified to generate the approximately 105 mtDNA copies present in the mature
oocyte. During maturation, this specific supptation of genomes will be rapidly
replicated. Dependingn which oocyte will be fertilisd, this can result in different
populations of mtDNA in the offspring. In the presence of mutated mtDNA, a
different mutant load can be found between family mem@exglor et al., 2005).

Recent evidence also suggests a higher selectivity against nonsynonymous changes
in proteincoding genes, resulting in a reduction of mutations in following
generations. Differences have been found between different sites of mjtatio
resulting in levels that cause no phenotype at a lower level but can cause a disease
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like phenotype at higher levels (Taylor et al., 2005; Stewart et al., 2008; Samuels et
al., 2010).

Mitochondrial diseases

Several disorders affecting the nervoustsgn, the muscles, or both are caused by
mutations (acquired or inherited) in mitochondrial DNA or in nuclear genes that
code for mitochondrial components; these may be collectively called mitochondrial
diseases. Mitochondrial abnormalities have been foursgveral neurodegenerative
disorders, in multiple sclerosis and in an increasing number of axonal inherited

neuropathies (Chinnery, 2010).

Mitochondrial diseases take on unique characteristics both because of the way the
diseases are inherited and d#@se mitochondria are so critical to cell function.
Along with regulation of apoptosis, mitochondria also modulate cell pathogenesis by
means of energy production, heme synthesis, heat production, reactive oxygen
species (ROS) generation, and calcium biufte Patients with mitochondrial
diseases typically present with mediystem involvement, due to the critical
importance of ATP for all the organ systems. Primary symptoms can range from
seizures and liver failure, to cerebellar ataxia and myopathleloase of peripheral
neuropathies, these can either manifest as primary or additional features and NCS
usually point towards a predominantly axonal sensorimotor polyneuropathy
(Chinnery, 2010).

Since every cell in the human body has several copieseomtDNA, mutations
residing within the mtDNA can exist in a homoplasmic state, where all the mtDNA
molecules are either wiltype or mutated, or in a heteroplasmic state, whergngr
levels of mutated and wiltype mtDNA can coexist in one single cell.

The vast majority of mtDNA mutations require high levels of mutated mtDNA
necessary before a phenotype is observed in cells. The threshold efiegyested

to result from a loss of wildlype mtDNA molecules, andelow a critical level of
wild type mtDNA, a functional defect within a cell is likely to be obtained (Lax et al,
2011). As mentioned before, mitochondrial DNA is only transferred by the ovule

during the impregnation, which means that mitochondrial diseases will show a
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pattern of maternally inliéed syndromes. Since the precursor cells for the ovule
only replicate a limited amount of mitochondria, which are randomly distdbute
different ovules encompassrange of mutant mtDNA levels, causing offspring to
have variable disease severity (Taybal., 2005).

Leigh Syndrome

The pathogenic mutations found in our group of patients, m.9185T>C and
m.8993T>C, are known to cause Leigh syndrome and NARP. Leigh syndrome is an
earlyonset progressive neurodegenerative disorder with a characteristic
neuopathology consisting of focal, bilateral lesions in one or more areas of the
central nervous system, including the brainstem, thalamus, basal ganglia, cerebellum,
and spinal cord. The lesions are areas of demyelination, gliosis, necrosis, spongiosis,
or capillary proliferation. Clinical symptoms depend on which areas of the central
nervous system are involved, but often include hypotonia, spasticity, movement
disorders, hypertrophic cardiomyopathy, cerebellar ataxia, and peripheral
neuropathy.Onset of disase is typically between 3 to 12 montfiequently
following a viral infection(Dahl, 1998 Thorburn et al., 2003)

Leigh syndrome is a progressive disease, often with poor prognosis. Death occurs
usually within the first decade of liféiequentlydueto respiratory failure due to

brain stem lesions or cardiac failure. No effective treatments have been established
so far and management of the disease mainly insledecation and support for the
patients and their family, whilst monitoring progressiasf neurologic,
ophthalmologic and cardiologic features. Seizures, dystonia, acidosis,
cardiomyopathy and other complications are treated separately when appropriate
(Koene et al., 2011).

A high genetic heterogeneity exists between patients with Leigdrayre and
transmission can be -Knhked recessive, autosomal recessive or mitochondrial
(DiMauro et al, 1996), though approximately 30% of all Leigh syndrome is mtDNA
associated (Rahman et al, 1996). Patients keigh syndrome caused by a mtDNA

mutationar e often referred to as having Amat

(MILS) (Ciafaloni et al., 1993).

96



Apart from mutations in th&TPase6gene, Leigh syndrome can also be caused by
mutations in eleven additional mitochondrial encoded genes. Genetiogtésti

usually initially performed in muscle tissue to look for the two most common
mutations in theATPase 6gene (m.8993T>G and m.8993T>C). If negative, whole

mitochondrial genome screening is performed.

NARP

NARP (Neurogenic muscle weaknegdaxia, andRetinitis Pigmentosa) is
characterisd by proximal neurogenic muscle weakness with sensory neuropathy,
ataxia, pigmentary retinopathgeizures, learning difficultieand dementia (Holt at

al., 1990). Other clinical features include short stature, ser@oal hearing loss,
progressive external ophthalmoplegia, cardiac conduction defects (heart block) and a
mild anxiety disorder (Santorelli et al., 1997). Ataxia and learning difficulties often
present in early childhood and patients can be relativelylesfab many years.
Similar to Leigh syndrome, management consists of treatment for individual

manifestations (Koene et al., 2011).

The T-to-G transversion (m.8993T>G) is most common in NARP, butta-T
transition (m.8993T>C) has also been describemjether they account for up to
50% of NARP patients.ndividuals with moderate levels (~7090%) of the
m.8993T>G mutation present with the NARP phenotype, while those with mutant
loads above 90% have maternally inherited Leigh syndrome 3By.Individuals

with levels lower than 60% will be asymptomatihe transition is a less severe
mutation than the transversiomand virtually all symptomatic individuals have
mutant loads of more than 90% (THarrn et al, 2011). Patients with the T>C
mutation tendto present with milder symptoms but a higher frequency of ataxia
(Fujii et al., 1998).

For most mtDNAmutations it is difficult to distinguish a simple correlation between
genotypeandphenotypenot only because of the difference in heteroplasmic lefels
MtDNA. The clinical expression of a mtDN#utationis also influenced by the
pathogenicity of thanutationitself, the variation in mutant load among different
tissues, and the energy requirements of brain and other tissues, which may vary with
age (Thorburn et al, 2011).
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O wild type
O MtDNA
O O Mutant
O MtDNA
0% mutant DNA 30% mutant DNA
Unaffected Unaffected

70% mutant DNA 90% mutant DNA
NARP Leigh syndrome

Figure3-3 Genotypephenotype correlation for the m.8993T>G transversion.

Since this phenotypgenotype correlation is very important in mitochondrial
diseases, | performed a quantitation of the mutant load for several indivitltiaits
thesis to investigate whether this could have an influence on the severity of the

neuropathy in our cohort of patients.

In contrast to Leigh syndrome, no additional genes have been reported to cause
NARP. However, one paper recently stated thatatons in the mitochondrially
encodedMT-TL2 gene result in an overlapping phenotype of Myoclonic epilepsy
with ragged red fibres (MERRF) and NARP in one patient {iMalimenez et al.,
2012).

3.1.6 Structural results of mutations in the ATPase 6 gene
In humans, the mitochondrially encodédPase 6and 8 genes together with the
nuclearencodedATPase orm the FO membranrgpanning portion of the ATPase
complex. Membrane topology of Subunit 6, also known as subunit a, sujgest
presence of six trangmbrane domains. The fourth transmembrane helix of subunit

6 (Atp6p) is juxtaposed with the first transmembrane helix of subunit 9 and serves as
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a proton pump. The m.8.993T>C mutation replaces the highly conserved leucine
residue of subunit 6 that residegposite an essential glutamate residue of subunit 9
to a proline residue and thus interferes with the endriyen ATP synthesis.
Studies in yeast have shown a3 decrease in the rate of ATP synthesis in the
mitochondria of the mutant yeast straimiedto a less efficient incorporation of the
Atp6p region, modified by the m.8993T>C mutation (Kuckgkcet al., 2009). The
m.9.185BC mutation results in a leucine to proline change in the fifth
transmembrane helix adjacent to the outer membrane. Thedaesidue at position

220 is a well conserved residue in all animal species (Kaneko et al., 1993) and the
substitution of a very poor alpteelix former, proline, for a good alpfeelix-
former, leucine, may make the fifth transmembrane structure uasiabistorted in
configuration and thus interfere with the proton pump. This is the third substitution
of a Leucine to a Proline in the suggested transmembrane helix that is known to

cause Leigh Syndrome (Castagna et al, 2007).

3.2Results

3.2.1 Geneti screening of the ATPase 6 and ATPase 8 genes resuttea
mutation frequency of 4%
Standard PCR reaction was performed to amplify the overlagpiitase 6/&8enes
in a cohort of 673 patients. Of those patients, the majority (40.6%) was diagnosed
with CMT2, and HMN and HSN in respectively 172 (25.6%) and 133 (19.8%) of
the patients. 93 (13.8%) patients were diagnosed with CMT1 and were primarily
screened to examine whether mutations in the mitochondrial DNA could be a
modifying factor for the demyelating phenotype. All patients with CMT2 were
negative for mutations iMFN2. The majority of patients with CMT2 were also
screened for mutations iMPZ HSPB1 HSPB§ TRPV4 and GJB1 where
appropriate. Patients with dHMN were negative for mutationsl$S#B1, HSPBS
andTRPV4 and selected patients were negative for mutatioBSDL2andGARS

Mutations in theATPase 6gene that are known to cause Leigh Syndrome were
detected in five individuals diagnosed with CMT2. As mentioned before, the
investigation of an extensive family with mitochondrial disease and axonal

neuropathy in which the index case presented with a pure motor neuropathy in
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childhood evolving into motepredominant CMT2 in later life resulted in the
discovery of a pathogenic missense matatm.9185T>C inATPase 6 This
mutation was detected in three further unrelated probands by our genetic screening.
Considering 275 CMT2 index cases were analysed, the representing frequency for
this specific mutation in thATPase &ene results in a perntage of 4% amongst

CMT2 patients.

No pathogenic variants were found in patients with dHMNANSr CMT1, and no
pathogenic mutations irATPase 8were found in either of the groups. The
m.8993T>C mutation, which substitutes a leucine for proline, f@aad in one
patient diagnosed with CMT2. When looking at the chromatographs of the four
patients with the m.9185T>C mutation, a clear difference can be observed between
patients with a heteroplasmic mutant load and patients with a homoplasmic (or high

hetroplasmic) load (Fig. 3.4).

A B C
craagrT secppTaiceTee|lerasT GCCFLTACCTGC||CTAGT ECCTETACCTR o

! A MM\M )

Figure 34 Sequencing results for the m.9.185T>C variant. A: Homoplasmic wild tyg

heteroplasmic wild type/mutant; C: homoplasmic mutant.

3.2.2 Segregation analysis and the use of heteroplasmy investigation
Segregation analysis of these mutations all showed the presence of the pathogenic
mutation in the affected cases. Three of these probands wera paldarge family,
creating the opportunity to compare the percentages of heteroplasmy with the
severity of the phenotypes and the sequencing results. Different tissue samples were
used to compare the mutant load in the different organs. This was maifdynped
to analyse whether blood samples could be representative of muscle samples, to

reduce the need of muscle biopsy.

3.2.3 Family A
The first family consisted of four generations, with three generations of affected

individuals (Fig. 3.5). Blood samgd were available for seven members of the
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family, while muscle samples were provided for three members. The index case also

provided a urine sample.

Clinical details of family A are compatible with a diagnosis of mofmmedominant

CMT2

The index case (Rant 1lI-5) presented in the first decade with recurrent falls and
foot drop at age 6 after normal early development. Electrophysiologically, the
neuropathy was a pure motor neuropathy/neuronopathy, however, sensory signs have
since developed, making tdeagnosis clinically compatible with motpredominant

CMT2. Recent clinical examination at age 21 showed distal muscle wasting of the
legs, pes cavus, and clawing of the toes. Muscle strength was normal in the upper
limbs with mild proximal lower limb wdaess and moderate distal lower limb
weakness. Ankle jerks were absent. Plantar responses were extensor. Pinprick

sensation was normal, but vibration detection was reduced to the knees.

Extra clinical features present in Family A suggesting mitochondrialolvement

Apart from a pure motor neuropathy in all affected patients and minor sensory
involvement in patient I¥b, several patients also suffered from learning difficulties,
sensorineural hearing loss and retinal degeneration. Two patients dienl shpesis

at the ages of 9 (Patient 1) and 16 (Patient HR). This type of rapid
decompensation is distinctive for Leigh syndrome, suggesting mitochondrial
involvement. The neuropathy was particularly severe in 2 adults with wheelchair

dependence in thiird decade (patients-8 and IIF1).

Genetic analysis of family A indicate a homoplasmic m.9.185T>C mutation

After mitochondrial DNA sequencing the homoplasmic presence of the m.9185T>C
mutation was revealed, which segregated in the whole family. Ghises a
missense change from leucine to proline at amino acid position 220 of the ATP6
protein (Leu220Pro). Affected individuals all presented with a mutant load of 100%
in blood, whereas unaffected family members had lower levels of mutant load. The
mutation was also quantified in two muscle samples and one urine sample, which

showed an equivalent mutant load of 100% (Bi§).

Blue native gels of Family A show abnormalities in comparison to controls
Blue native gels for complex V of the respiratoryaich were also performed
elsewhere for three of the patients (Patient2 |lllI-3 and I\:2). These both showed
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reduced activity asvell asimpaired assembly of the complex in muscle samples

(results not shown).

| 1 2O

88.3% (b)

e .0 &0 .0 MO

100% (b) 62.6% (b) 100%b)
" @ n
1 2 3 4 }
100% (b) 100% (b) 100% (b)
100% (m) 100% (m) 100% (u)

v B .0

100% (m)

Figure 35 Pedigree of Family A. Black symbols specify patients with CMT2, light grey sy
specify patients with unknown clinical status. Arrow indicates index patient. b = blood; m =1

u = urine.
3.2.4 Family B

Clinical details of FamilyB show several generations with CMT2 and individuals
with solely Upper Motor Neuron signs

The second family has a history of four generations presenting with CMT2 (Fig.
3.6). Patients presented in their first or second decade with typical features of
inherited neuropathy, following a gradually progressive clinical course but
experienced rapid decline in mobility in their fifth and sixth decades with wheelchair
dependence from unaided walking over-gear period. Electrophysiological studies

in patient 119 pointed towards a pure motor neuropathy at age 29, but repeated
studies at a later age showed sensory involvement, characteristic of CMT2.
Generation Ill also included two individuals who displayed upper motor neuron

(UMN) signs without a peripheral neapathy.

Heteroplasmy analysis showed a difference in the mutant load between patients
with CMT2 and individuals with UMN signs
Restrictive enzyme analysis suggested a mutant load of 100% patahts of

Family B characteresd with CMT2, whereas botbf the patients with UMN signs
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