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Abstract

Hereditary Sensory Neuropathy Type | (HSN1) secondary to SPTLC1/2 mutations is a rare,
slowly progressive sensory-motor neuropathy, leading to profound sensory loss and
variable, but often severe, motor deficits. The genes SPTLC1/2 encode for Serine
Palmitoyltransferase, an essential enzyme in de-novo sphingolipid biosynthesis. SPTLC1/2
mutations alter its substrate specificity, leading to the synthesis and accumulation of atypical

metabolites, 1-deoxysphinigolipids (1-deoxySLs).

1-DeoxySLs have been postulated to be neurotoxic however the underlying
pathomechanism has not been elucidated. L-serine oral supplementation is a potential
therapeutic candidate but the lack of responsive outcome measures is an obstacle in
carrying out a definitive clinical trial. The first objective of this thesis was to determine if 1-
deoxySLs are neurotoxic and to investigate the mechanism of their toxicity using two in-vitro
neuronal models: 1) mouse primary motor and DRG neurons and 2) human iPSC derived
sensory neurons. The second objective was to identify a responsive outcome measure by

carrying out a natural history study.

1-deoxySL treatment resulted in dose dependent neurotoxicity in both in-vitro models.
Findings in the mouse in-vitro model suggest mitochondrial and ER dysfunction as possible
mediators of 1-deoxySL toxicity. Probing further into ER dysfunction using SH-SY5Y cells
suggests 1-deoxySLs cause early ER stress leading to the activation of the unfolded protein
response. In the HSN1 iPSC derived sensory neurons there was increased production of 1-
deoxySLs and early cell loss but no functional or structural ER and mitochondrial defects in

these neurons at 5 months.

Assessments used in the natural history study included CMT Neuropathy score version 2,
nerve conduction studies, quantitative sensory testing, computerised myometry, intra-
epidermal nerve fibre density (thigh), MRI determined calf intramuscular fat accumulation,
plasma 1-deoxySLs and patient based questionnaires. MRI determined calf muscle fat
fraction showed validity and high responsiveness over 12 months and will be useful in HSN1

clinical trials.



Impact Statement

Applications of the research relevant to patient care

HSN1 is slowly progressive, lifelong condition, which over time causes significant disability
due to profound sensory loss and resultant sensory complications and weakness. HSN1
patients require long-term intensive support. There is currently no treatment for HSN1
secondary to SPTLC1/2 mutations. One of the key obstacles in undertaking a clinical trial in
slowly progressive neuropathies is the lack of responsive outcome measures. In a rare
condition like HSN1, limited patient numbers and marked phenotypic heterogeneity, require
the outcome measure to be highly sensitive to change. The HSN1 natural history study has
shown that MRI determined calf fat fraction is highly responsive over 12 months and could
be used in a clinical trial. This study has also highlighted the limitations of using
assessments such as nerve conduction studies, quantitative sensory testing and intra-

epidermal nerve fibre density measures as outcome measures in progressive neuropathies.

As the result of these findings, a grant application is currently underway, led by Professor
Reilly, for a double blind placebo controlled trial of L-serine in HSN1. The lessons and
knowledge gained from using MRI determined fat fraction in an effective clinical trial in a
rare inherited neuropathy like HSN1 will be useful in future clinical trials in a range of

neuromuscular diseases.

A better understanding of the clinical phenotype will help with earlier diagnosis and

counselling of patients.

Applications of the research relevant to academic colleagues

The development of a human iPSC derived sensory neuron model will provide a platform for
investigating the effects of endogenous 1-deoxysphingolipids. Research on this model has
continued in Professor Bennett’s lab, Oxford with further phenotyping of the HSN1 iPSC
derived sensory neurons and evaluation of the effects of L-serine supplementation on these
neurons. This model can also be used to gain a better understanding of the sphingolipid

biosynthetic pathway.



The in-vitro mouse model using primary motor neuron and DRG cultures provides another
model that can be used to investigate the neurotoxic effects of 1-deoxysphingolipids. This
model, in conjunction with the iPSC model, can be used to assess the reproducibility of
pathomechanisms and can suggest phenotypes (both in-vivo and in-vitro) that can be tested

in transgenic mouse models in potential pre-clinical trials.

There is emerging evidence that raised levels of 1-deoxysphingolipids are found in other
diseases, including non-neurological diseases, and that they play a role in the pathogenesis.
One such disease is diabetes. Better understanding of sphingolipid metabolism will enable
manipulation of aberrant pathways for therapeutic use in diseases other than HSN1 which

have considerably higher levels of prevalence.

Applications of the research relevant to Industrial Partners

The human iPSC derived sensory neuron model of HSN1 can be used in large scale studies

of small molecule libraries with the potential for both biological insights and therapeutics.
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1. Introduction

1.1 Peripheral Neurons

The peripheral nervous system (PNS) is split into the somatic and autonomic systems. The
somatic PNS consists of afferent sensory fibres and efferent motor fibres. Each spinal nerve
is formed of two roots: (1) ventral root which consists of motor neuron axons and (2) dorsal
root which contains the sensory fibres. The autonomic nervous system is responsible for
internal organ homeostasis. The neurogenesis and maintenance of sensory and motor
neurons involves a complex interplay of a multitude of intrinsic and extrinsic factors. This
section focuses only on sensory and motor neurons as these are the predominant neuronal

types affected in HSN1.

1.1.1 Sensory Neurons
Development

The dorsal root, as it emerges from the intervertebral neural foramina, forms the dorsal root
ganglion (cell bodies of the peripheral sensory neurons). The peripheral sensory neurons in
the dorsal root ganglia (DRG) transmit sensory information from the skin, bones, visceral
organs and muscles and are sub-classified into (i) proprioceptors which sense body
positions (ii) low threshold mechanoreceptors which sense touch, pressure and vibration (iii)
thermoreceptors which detect innocuous cold or warm temperatures (iv) nociceptors which
are activated by pain inducing high threshold stimuli and (v) pruriceptors which respond to

itch inducing compounds (Liu and Ma, 2011).

Somatic sensory neurons are derived from the neural crest cells (NCCs). Following specific
inductive signals, the neural crest cells delaminate from the dorsal neural tube and migrate
along a ventral pathway and coalesce into DRG at regular intervals in the anterior half of
each somite, adjacent to the neural tube (Marmigere and Ernfors, 2007). During this
migration, sensory neurogenesis occurs in three successive waves. The first wave of
neurogenesis involves a third of the NCCs and has limited cell division, producing on

average 3.1 neurons. These cells give rise to large myelinated DRG neurons (AB- fibre

21



neurons) which include proprioceptors and mechanoreceptors (Marmigere and Ernfors,
2007). The second wave of neurogenesis involves the remaining NCCs and these on
average produce 35.9 neurons each and lead to the formation of non-myelinated or thinly
myelinated DRG neurons (C-fibre and Ad fibre neurons respectively), all of which initially
express tropomyosin-receptor-kinase A (TrkA) receptors. These neurons will become
nociceptors, thermoreceptors, pruriceptors and C-fibre low threshold mechanoreceptors
(detect gentle touch). The third wave of neurogenesis occurs much later with the cells
involved originating from the boundary cap (cellular structure at boundary between PNS and
CNS) and constitutes 5% of almost exclusively TrkA expressing DRG neurons (Marmigére

and Ernfors, 2007).

Sensory neurogenesis is controlled by two pro-neural transcription factors Neurogenin 1
(Ngnl) and Neurogenin 2 (Ngn2). These early differentiation programmes are switched off
by two homeobox class transcription factors, Brn3a and Isletl which are expressed by all
sensory neurons (Liu and Ma, 2011). The diversification into neuronal types is therefore
orchestrated by transcription factors which not only induce and maintain expression of
different growth factor receptors but also control their timely suppression to drive

segregation into unique types.

Diversification into sensory neuronal types

Sensory neuron types can be delineated by the expression of neurotrophic factor receptors,
tropomycin-receptor-kinase A (TrkA), TrkB, TrkC, Met and Ret receptor tyrosine kinases,
which serve as receptors for the neurotrophins [nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF) and neurotrophin 3 (NT3)], hepatocyte growth factor (HGF) and
glial-derived neurotrophic factor (GDNF) family ligands respectively (Lallemend and Ernfors,
2012). These receptors are vital for cell survival, peripheral innervation of appropriate
targets and expression of ion channels and receptors which determine the functional
properties of the different sensory neurons. Large diameter DRG neurons conveying
mechanoreception express Ret and/or TrkB (e.g. Neurofilament 200 positive neurons)
whereas large proprioceptive neurons express TrkC. Small and medium sized neurons,
most of which are nociceptors, express TrkA, Met and /or Ret (Lallemend and Ernfors,

2012).

22



Nociceptive neurons, which express TrkA, undergo two distinct differentiation pathways that
lead to the formation of peptidergic and nonpeptidergic nociceptors. During development,
about half the nociceptors switch off TrkA expression and begin to express Ret and become
non-peptidergic neurons (Woolf and Ma, 2007). Most of these neurons bind isolectin B4
(IB4). The remaining nociceptors retain TrkA expression and become peptidergic neurons

which also express calcitonin gene related peptide (CGRP) and substance P (SP).

Each sensory neuron type exhibits stereotypical termination patterns in the spinal cord as
well as peripherally, either in specialised end organ structures or as free nerve endings.
Individual sensory modalities are determined by the expression of unique set of channels
and receptors. For example, TRPV1, a type of Transient receptor potential (TRP) ion
channel, responds to heat, protons, toxins and capsaicin and activation of the receptor
produces a painful burning sensation (Liu and Ma, 2011). There are various subtypes of low
threshold mechanoreceptors. Meissner’s corpuscles are an example. These are
encapsulated nerve endings and respond to low frequency vibration (Jenkins and Lumpkin,
2017). DRG neurons are pseudo-unipolar with one axon that bifurcates into two separate
branches. Myelinated nerve fibres consist of a single axon that is enveloped by a series of
schwann cells (Geuna et al., 2009; King, 2013). Adjacent schwann cells join at nodes of
Ranvier and each schwann cell encapsulates the axon with concentric layers of schwann
cell plasma membrane forming the myelin sheath. Unmyelinated nerve fibres are composed
of several nerve axons enveloped as a group by a single schwann cell. In cutaneous nerves
and dorsal spinal roots, unmyelinated fibres constitute about 75% of the axons (Geuna et

al., 2009).

1.1.2 Somatic Motor Neurons

Lower motor neuron cell bodes are located in specific brainstem nuclei and in the ventral
horn of the spinal cord. They can be classified into three groups according to their target
innervation: (i) branchial (located in the brainstem and innervate branchial arch derived
muscles of the face and neck), (ii) visceral (belong to the autonomic nervous system and
control smooth muscle and glands) and (iii) somatic (located in the Rexed lamina 1X in the
brainstem and the spinal cord and innervate skeletal muscles) (Stifani, 2014). The somatic

motor neurons are further sub-divided into three types: (i) alpha motor neurons (innervate
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extrafusal muscle fibres which are the main mediators of muscle contraction), (ii) beta motor
neurons (innervate both extrafusal and intrafusal muscle fibres thereby control both muscle
contraction and responsiveness of sensory feedback from muscle spindles respectively) and
(iil) gamma motor neurons (exclusively control the sensitivity of muscle spindles) (Stifani,

2014).

In embryogenesis, following neurulation, the gradient expressions of several inductive
signals are responsible for the dorso-ventral and rostro-caudal patterning of the neural tube.
Sonic Hedgehog, a secreted glycoprotein, plays a critical role in motor neuron generation
via its action in two temporally distinct phases. In the early signalling period, it induces
neural plate precursors to become ventralised and in the late signalling phase, it drives the
ventralized precursors into becoming motor neurons (Patani, 2016). Further specification of
motor neurons enables the co-ordinated movement of distinct muscle groups (Davis-
dusenbery et al., 2014). Motor neuron precursors have unique subsets of transcription
factors where each transcription factor has a distinct role in motor neuron specification. The
motor neurons sub-types are further organised into discrete columns which extend along the
rostro-caudal axis of the neural tube, reflecting their developmental origins and future
function. Retinoic acid signalling plays a key role at this stage, contributing to diversification

of motor neuron sub-types and the spinal cord columnar organisation (Patani, 2016).

1.1.3 Blood Nerve Barrier (BNB)

The BNB is located at the innermost layer of the perineurium and at the endoneurial
microvasculature (Kanda, 2013). The main mode of transperineurial passage of substances
is the paracellular pathway. This is regulated by belts of intercellular tight junctions
(Reinhold and Rittner, 2020). The endothelial cells of the endoneurial vessels are normally
non-fenestrated with adjacent endothelial cells being connected by continuous tight
junctions (Kanda, 2013). However, the endothelial tight junctions are more permeable than
those of the perineurium (Mizisin and Weerasuriya, 2011). These tight junctions are fairly
leaky at birth and tighten gradually (Reinhold and Rittner, 2020). The BNB plays a critical
role in protecting the endoneurial homeostasis. The endothelial cells forming the BNB
express various receptors and transporters which play a role in importing essential

compounds and eliminating toxic metabolites (Kanda, 2013). Impairment in BNB function
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could therefore result in the entry of toxic compounds and immunoglobulins leading to

neuronal damage.

The DRG consist of neuron rich region (NRR) and fibre rich region (FRR) and their
respective epi-/perineurium. The blood DRG batrrier is considerably more permeable than
the BNB and the NRR contains a 7 fold higher density of capillaries (Reinhold and Rittner,
2020). Whilst the FRR shares many features of the BNB, the NRR is markedly different. It
enables more contacts between neurons and blood, thus allowing more molecular exchange

(Reinhold and Rittner, 2020).

As nerve fascicles approach sensory and motor end organs, the number of concentric
perineural layers decreases (Mizisin and Weerasuriya, 2011). Although ultrastructural
evidence is limited, it is likely that there is an open ended perineural sleeve for simple
sensory formations/arborizations in connective tissue as well as naked nerve ending in intra-
epidermal innervation (Mizisin and Weerasuriya, 2011). In rat motor neurons, the perineural
sleeve ends just before it reaches the motor endplate where at its termination, the
perineurium is open-ended (Burkel, 1967). The peripheral terminations of both sensory and
motor neurons are therefore sites of increased blood-nerve exchange. Another key site with

reduced blood nerve barrier properties is at the spinal root (Kanda, 2013).

1.1.4 Growth factor dependency of mature sensory and motor neurons

In sensory neurons, neurotrophins (NGF, BDNF, NT3, NT4) exert target dependent
retrograde survival effect through binding and activation of high affinity tyrosine kinase
receptors (Gould and Oppenheim, 2011). Studies of NGF and TrkA deficient mice show a
complete absence of nociceptive sensory neurons (Klein, 1994). Similarly, different sub-
types of motor neurons, respond to distinct neurotrophic factors (GDNF, ciliary neurotrophic
factor-CNTF, insulin-like growth factor-IGF, hepatocyte growth factor-HGF, vascular
endothelial growth factor-VEGF) or combinations of neurotrophic factors (Gould and
Oppenheim, 2011). The neurotrophic heterogeneity is also the result of different sensory
and motor neurons expressing unique combinations of neurotrophic receptors depending on

target innervation, position and maturational stage of the neurons (Davidson et al., 2012).
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1.2 Genetic Neuropathies

Genetic neuropathies encompass a broad spectrum of diseases. The diseases range from
those where the neuropathy is the sole or predominant feature of the disease to those
where the neuropathy is a component of a multisystem disease, for example the
mitochondrial disorder SANDO (Sensory Ataxia Neuropathy Dysarthria and

Ophthalmoplegia).

The genetic neuropathies in which the neuropathy is the predominant or sole feature are
collectively referred to as Charcot-Marie-Tooth (CMT) disease and related disorders
(Rossor et al., 2015). Within this group, there is again a spectrum ranging from neuropathies
which are solely or predominantly motor, called distal hereditary motor neuropathies to
hereditary sensory neuropathies, where there is purely or predominantly sensory

involvement. CMT, a sensory-motor neuropathy, lies along the middle of this spectrum.

CMT is the commonest inherited neuromuscular disorder with an overall European
prevalence estimated at 10-28 per 100000 (Pareyson et al., 2017). The prevalences of
distal hereditary motor neuropathy and hereditary sensory neuropathy are considerably less
with distal hereditary motor neuropathy having a reported prevalence of 2.14 per 100000
(Pareyson et al., 2017). CMT is a clinically and genetically heterogenous group of disorders
characterised by sensory loss, weakness and muscle wasting, starting in the feet and later
slowly progressing in a length dependent manner to involve the upper limbs. The advent of
techniques to study nerve neurophysiology and pathology in the latter half of the 20t
century, has enabled classification of CMT into two main sub-types: CMT1 (demyelinating)
and CMT2 (axonal) based on upper limb motor conduction velocities (MCV). Demyelinating
is defined as MCV below 38m/s and axonal as MCV greater than 38m/s (Harding and

Thomas, 1980).

The genetic era of inherited neuropathies began with the discovery of the duplication in the
short arm of chromosome 17 containing the peripheral myelin protein 22 gene as the cause
of CMT1A. Since then, the field of inherited neuropathies has witnessed an explosion of
gene discovery which has paved the way for understanding the molecular basis of many
forms of CMT and related disorders. This has been facilitated by the evolution in genetic

techniques from “first generation” sanger sequencing to next generation sequencing (NGS)
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which allows multiple parallel sequencing of either targeted genes (panels), only the protein
coding sequences (whole exome sequencing, WES) or the whole genome (whole genome
sequencing). With advances in NGS, this technique has become increasingly more
affordable and more practical in terms of timescale. The genetic advances have broadened
the phenotypic spectrum of CMT and related diseases. They have also highlighted the
complexity of genetic neuropathies whereby mutations in a single gene can have different
clinical phenotypes and the limitations of the clinical features traditionally used to distinguish

between acquired and inherited neuropathies (Rossor et al., 2013).

1.3 The Hereditary Sensory (Autonomic) Neuropathies

In 1975, Dyck (Dyck, 1975) proposed a descriptive classification of hereditary peripheral
neuropathies and introduced the term Hereditary Sensory Neuropathy (HSN). They
concluded that there were at least 4 varieties of hereditary sensory neuropathies: a
dominantly inherited variety (HSNI), a congenital sensory neuropathy (HSN II), familial

dysautonomia (HSN IIl) and a congenital insensitivity to pain (HSN V).

It was further subdivided in 1993 by Dyck et al. (1993) and in the presence of prominent
autonomic features in some subtypes, it was renamed hereditary sensory autonomic
neuropathy. This classification still largely stands today even following the discovery of
causal genes (Auer-Grumbach, 2008) (Table 1.1). HSN is becoming the preferred term
again due to the lack of prominent autonomic features in most of the sub-types. The
presence of severe motor involvement in some cases creates a source of confusion by
blurring the boundaries between HSN and CMT. For example, CMT 2B was initially
classified as CMT due to the presence of severe distal weakness. However, the phenotype
also includes severe sensory disturbance and ulcerations and hence could be included

among the HSNs (Vance et al., 1996).

The HSNs are a rare group of clinically heterogeneous disorders, ranging from phenotypes
with pure sensory involvement, through phenotypes with variable motor involvement to
almost pure autonomic neuropathies (Table 1.1). The molecular mechanisms that underlie
HSNs are equally diverse and include disturbances in axonal transport, ion channel function

and neuronal development.
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1.3.1 Epidemiology

Within the United Kingdom, HSN1 secondary to mutations in SPTLC1 is the commonest
HSN (Davidson et al., 2012), with most having the p.Cys133Trp mutations due to a founder
effect in the United Kingdom (Nicholson et al., 2002). However, in a European cohort
(Rotthier et al., 2009), mutations in RAB7 and NTRK1 (both 7%) were found to be the
commonest mutations whilst mutations in SPTLC1 was the third most common (2%). In
both studies, where patients fitting the HSN phenotype were recruited, a genetic diagnosis
was not possible in the majority (mutation frequency 14-19%) indicating that further HSN

genes are yet to be identified.
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Sub-Type OoMIM Inheritance Gene/ Protein/mechanism Clinical Features
locus
HSN1A 162400 AD SPTLC1 Encodes a subunit of Serine Palmitoyltransferase | Sensory-motor neuropathy (sensory predominant),
which catalyses the first step in de-novo lancinating pain, ulcero-mutilating complications
sphingolipid biosynthesis. Mutations alter
substrate specificity
HSN1B 608088 3p22-p24 Sensory neuropathy with chronic cough and gastro-
oesophageal reflux. Sensorineural hearing loss and
lancinating pain frequently reported. (Spring et al., 2005)
HSN 1C 613640 SPTLC2 Encodes a subunit of Serine Palmitoyltransferase. | Sensory-motor neuropathy (sensory predominant),
Mutations alter substrate specificity lancinating pain, ulcero-mutilating complications
HSN1D 613708 ATL1 Encodes Atlastin-1, a dynamin-related GTPase Sensory-motor neuropathy (sensory predominant), ulcero-
which plays a part in the formation of tubular mutilating complications, brisk reflexes common, cases with
endoplasmic reticulum (ER) network and in axon spasticity reported. Allelic with Hereditary Spastic Paraplegia
elongation. SPG3A (Guelly et al., 2011; Leonardis et al., 2012)
HSN1E 614116 DNMTI1 Member of the DNA methyltransferases which Sensory neuropathy (infrequent motor involvement),
maintain patterns of methylated cytosine sensorineural deafness and dementia (onset 30-40’s) (Klein
residues in mammalian genome. etal., 2011).
HSN1F 615632 ATL3 Paralogue of ATL1. Mutations have a disruptive Sensory neuropathy, distal lower limb bone destruction,

effect on ER structure.

ulcero-mutilations (Kornak et al., 2014). Brisk reflexes

reported (Fischer et al., 2014)
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Sub-Type oMM Inheritance Gene/ Protein/mechanism Clinical Features
locus
CMT2B 600882 RAB7 Encodes a small Ras related protein, Rab-7, which | Sensory-motor neuropathy, early motor involvement,
is a Rab GTPase. This family of proteins has a ulcero-mutilating complications (Verhoeven et al., 2003).
major role in intracellular vesicle formation and
transport and endosomal membrane tethering
and fusion
HSN2A 201300 HSN2/ Nervous tissue specific exon of WNK1 which Sensory neuropathy with mild or no motor involvement.
WNKI encodes a serine-threonine protein kinase. High Ulcero-mutilating complications. Mild/no autonomic
level of expression of HSN2 containing isoforms in | dysfunction. Onset in early childhood/adolescent (Lafrenie
DRG cell bodies and axons. etal., 2004) .
HSN2B 613115 FAM134B | Member of ER resident receptors that bind to Exclusive or predominant sensory neuropathy, frequent
autophagy modifiers and facilitate ER degradation | severe ulcero-mutilating complications. Early onset (Kurth et
by autophagy (Khaminets et al., 2015) al., 2009).
HSN2C 614213 AR KIF1A Encodes a motor protein involved in anterograde | Sensory-motor neuropathy. Early onset (1%t decade). Mild
transport of synaptic vesicle precursors along the | autonomic involvement (Riviere et al., 2011).
axon.
HSN2D 243000 SCN9A Voltage gated sodium channel (Nav1.7). Loss of Sensory-motor neuropathy (sensory predominant).

function mutations.

Associated with hyposmia, hearing loss and autonomic
dysfunction (hypohydrosis/anhydrosis). Onset: infancy-
adulthood (Yuan et al., 2013).
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Sub-Type oMM Inheritance Gene/ Protein/mechanism Clinical Features

locus

HSN3 223900 IKBKAP Component of Elongator, transcription elongation | Familial dysautonomia/Riley—Day Syndrome. Decreased
factor complex. Most are splice site mutations sensitivity to pain and temperature, autonomic dysfunction
which results in premature truncated protein (cardiovascular instability, gastrointestinal and respiratory

dysfunction), absence of fungiform papillae of the tongue
and scoliosis (Slaugenhaupt et al., 2001). High carrier
frequency in individuals of Ashkenazi or Eastern European
Jewish extraction.

HSN4 256800 NTRK1 Neurotrophic Tyrosine Kinases receptor type 1 Congenital Insensitivity to Pain with Anhydrosis (CIPA). Lack
which encodes a high affinity nerve growth factor | of normal responses to pain, self-mutilating behaviour,
receptor Trk-A. Trk-A activation is required to anhydrosis, episodic fevers and mental retardation (Indo et
support neurite outgrowth and survival of al., 1996; Indo, 2001).
sympathetic ganglia neurons and nociceptive
neurons in dorsal root ganglia

HSN5 608654 NGF8 Encodes Nerve Growth Factor beta. Belongs to Loss of pain and temperature sensation, ulcero-mutilations,
the neurotrophin family of proteins which variable autonomic involvement and lack of mental
regulate neuronal survival, development and retardation (Einarsdottir et al., 2004).
function

HSN6 614653 DST Encodes dystonin, which is member of family of Neonatal onset of hypotonia, respiratory difficulties,

proteins that bridge cytoskeletal filament

networks.

autonomic dysfunction , severe psychomotor retardation,

distal contractures and early death (Edvardson et al., 2012).

31




Sub-Type oMM Inheritance Gene/ Protein/mechanism Clinical Features
locus
HSN7 615548 AD SCN11A Encodes voltage gated sodium channel (Nav 1.9). | Congenital pain insensitivity, self-mutilations, multiple
Possible gain of function mutation resulting in painless fractures, mild muscular weakness, delayed motor
excess sodium influx and cell depolarization at development and autonomic dysfunction (Leipold et al.,
rest 2013).
HSN8 616488 AR PRDM12 Encodes a family of transcriptional regulators. Congenital insensitivity to pain, large fibre sensory
PRDM12 is expressed in nociceptors and their modalities mostly normal. Minor autonomic dysfunction
progenitors and participates in the development (reduced sweating). (Chen et al., 2015)
of sensory neurons
HSN with 256840 AR CCT5 Chaperonin containing T-complex polypeptidel Sensory neuropathy, ulcero-mutilating complications and
spastic subunit which is involved in the folding of spastic paraplegia (Bouhouche et al., 2006).
paraplegia cytoskeletal proteins
HSN and AD PRNP Encodes the prion protein. Presenting with chronic diarrhoea in the 30s followed by
dementia autonomic failure, length dependent axonal predominantly
sensory neuropathy and cognitive decline noted in the 40s
or 50s. (Mead et al., 2013)

Table 1.1 Classification of Hereditary Sensory Neuropathies (HSN)

OMIM: online Mendelian Inheritance in Man, SPTLC1/2: Serine Palmitoyl Transferase Long Chain base unit 1/base unit 2, ATL1: Atlastin GTPase 1, DNMT1: DNA
Methyltransferase 1, ATL3: Atlastin GTPase 3, RAB7: RAS related GTP binding protein, WNK1: WNK lysine deficient protein kinase 1, FAM134B: Family with

32



sequence similarity 134, member B, KIF1A: Kinesin family member 1A, SCN9A: Sodium channel, voltage gated, type 9, a, IKBKAP: Inhibitor of k light polypeptide
gene enhancer in B cells, kinase complex—associated protein, NTRK1: Neurotrophic tyrosine kinase, receptor, type 1, NGF: Nerve growth factor (b polypeptide),
DST: Dystonin, SCN11A: Sodium channel, voltage gated, type 11, a, PRDM12:PRDI-BF1 and RIZ homology domain containing protein 12, CCT5: Cytosolic
chaperonin-containing complex peptide-1, PRNP: Prion Protein, AR; autosomal recessive, AD: autosomal dominant
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1.4 Hereditary Sensory Neuropathy Type 1 (HSN1)

secondary to SPTLC1/SPTLC2 mutations

1.4.1 Historical note

An early report of a phenotype resembling HSN1 dates back to 1852 by Nélaton who
described familial neurotrophic plantar ulcers in three out of six brothers (Nélaton M, 1852).
Hicks, in 1922, described a London family of 34 members, spread over 4 generations ,10 of
whom had symptoms suggestive of HSN1 (relatively painless foot ulcers noted in early
adulthood, later lancinating pain and deafness) (Hicks, 1922). Denny-Brown, in 1951,
reviewed one of the cases from the same family (third generation) (Denny-Brown, 1951).
From post-mortem findings, he concluded that this was a degenerative condition of the
dorsal root ganglia. Since then, many other families have been reported with a phenotype

consistent with HSN1.

1.4.2 Identification of the gene

The HSN1 locus was mapped to chromosome 9g22.1-g22.3 region following genome wide
linkage screen in four large Australian kindreds (Nicholson et al., 1996). Using fine linkage
mapping this region was narrowed down further to a stretch of 3-4Mb (Blair et al., 1997).
The SPTLC1 gene was one of seven genes encoding identified proteins in this linked region
(Bejaoui et al., 2001).SPTLC1 along with SPTLC2 and SPTLC3 encode for separate
subunits of the enzyme serine palmitoyltransferase (SPT). The SPTLC1 gene comprises 15
exons spanning approximately 85kbp. In 2001, two groups discovered three missense
mutations in the SPTLC1 gene, each changing a conserved amino acid. Bejaoui et al.
(2001) analysed the full DNA sequence of SPTLC1 in 8 different HSN1 families and
detected mutations in 2 different nucleotides of codon 133 (C133Y- German origin and
C133W- Canadian origin) in exon 5 in 2 out of 8 families. Dawkins et al.- (2001) discovered
three mutations in 11 different HSN1 families: 8 families (most families were of English or

Australian with English extraction) carried the C133W mutation, 2 families (Australian with
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English/Scottish extraction) carried the V144D mutation on exon 6 and one family

(Austrian/German origin) carried the C133Y mutation.

Nicholson et al. (2002) found that three Australian families of English extraction and four
English families had the same mutation (C133W), same chromosome 9 haplotype and the
same phenotype. Based on this, they concluded that the Australian and English families
may have a common founder. Houlden et al. (2006) found a common haplotype across the
SPTLC1 gene and in flanking markers in six English HSN1 families suggesting a founder
effect. Based on the size of the conserved haplotype, they estimated that the mutation

occurred approximately 900-1600 years ago.

Two further mutations in SPTLC1 were discovered in 2009. Rautenstrauss and Neitzel
(Rautenstrauss and Neitzel , 2009) described a female patient with age of onset at 50 years.
Her predominant symptom was distal, symmetric hyperaesthesia with no motor involvement
detected on nerve conduction studies or EMG. She had a heterozygous missense mutation
p.C133R. Up to this point, all the missense mutations reported in SPTLC1, were located
within a 12 amino acid segment encoded by exons 5 and 6. Rotthier et al. (2009) reported a
patient (French-Gypsy origin) with a de novo missense mutation downstream of this
segment, p.S331F, with a severe congenital phenotype associated with microcephaly,
severe growth retardation, vocal cord paralysis and sleep apnoea requiring non-invasive
ventilation. Within the same study, they discovered another sequence variant in SPTLC1,
p.A352V, in a patient with the typical phenotype of HSN but the pathogenicity of the variant
could not be verified at that time as DNA from family members were not available for
segregation analysis and the target amino acid is not well conserved in evolution. Both
these mutations (S331F and A352V) were later proved to be pathogenic with functional
studies assessing Serine Palmitoyltransferase (SPT) activity in-vitro and the presence of
raised levels of plasma 1-deoxysphingolipids (1-deoxysphingolipids will be discussed in

more detail in section 1.4.3) in patients with these two mutations (Rotthier et al., 2011).

Another sequence variant, p.G387A, was identified in twin sisters with a phenotype
consistent with HSN1 (Verhoeven et al., 2004). Hornemann et al. (2009a) later
demonstrated that this mutation was not pathogenic but instead a rare non-synonymous

SNP. In-vitro studies showed that G387A mutation did not result in a change in SPT activity
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and that G387A mutant can reverse the phenotype of a SPTLC1 deficient cell line.
Furthermore, this sequence variant was found in a homozygous state in an asymptomatic

relative.

Mutations in SPTLC2 were first described in 2010. SPTLC2 gene comprises 12 exons
spanning approximately 110kbp on chromosome 14g24.3-q31. Rotthier et al..(2010)
reported three heterozygous missense mutations in SPTLC2: p.V359M (Austrian), p.G382V
(German/Austrian) and p.1504F (Czech Republic). V359M and G382V mutations have the
typical HSN phenotype but I504F is atypical with early age of onset (5 years) and
anhydrosis. All three mutations were associated with raised plasma levels of 1-
deoxysphinganine (1-deoxySA). Another mutation in SPTLC2, p.A182P, was later identified
(Murphy et al., 2013). Two female patients were identified with the age of onset younger

than typical for HSN1. More recently, two mutations in SPTLC2 (p.S384F and p.R183W)

have been described which have similar phenotypes: late onset, slower progression and no
lancinating pain (Ernst et al., 2015; Suriyanarayanan et al., 2016). The latest reported

mutation in SPTLC2, has the typical HSN1 phenotype (Suriyanarayanan et al., 2019).

As yet, no mutations have been identified in SPTLC3. A summary of the currently known

mutations in SPTLC1 and SPTLC2 is shown in Table 1.2.
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Variant Age of onset Clinical Features Identified
SPTLC1
p.C133W | Adolescent- Predominant sensory neuropathy, Bejaoui 2001
adult ulceromutilations, lancinating pain Dawkins 2001
p.C133Y | Adolescent- Predominant sensory neuropathy, Bejaoui 2001
adult ulceromutilations, lancinating pain Dawkins 2001
p.C133R [ Adult (50) Predominant sensory neuropathy Rautenstrauss
2009
p.v144D | Adolescent- Predominant sensory neuropathy, Dawkins 2001
adult ulceromutilations, lancinating pain
p.S331F Congenital to Congenital: Insensitivity to pain, Rotthier 2009
early onset ulcerations, motor involvement,
severe growth and mental
retardation, microcephaly, vocal
cord paralysis
Early onset: Insensitivity to pain, Rotthier 2011
ulcerations, motor involvement,
juvenile cataracts
p.S331Y Infant Growth retardation, severe diffuse Auer-Grumbach
muscle wasting and hypotonia, 2013
prominent distal sensory deficit and
bilateral juvenile cataracts
p.A352V 16yrs Predominant sensory neuropathy, Rotthier 2009
lancinating pain. No
ulceromutilations
SPTLC2
V539M 52yrs Predominant sensory neuropathy, Rotthier 2010
ulceromutilations
p.G382V | adult Predominant sensory neuropathy Rotthier 2010
p.1504F 5yrs Sensory neuropathy, Rotthier 2010
ulceromutilations, anhydrosis
p. A182P | 1stdecade Predominant sensory neuropathy, Murphy 2013
ulceromutilations, prominent motor
involvement
p.S384F 4th-5t decade | Sensory motor neuropathy Ernst 2015
(predominant sensory),
ulceromutilations
Macular telangiectasias, pyramidal Triplett 2019
signs
p.R183W | 5™ decade Sensory-motor neuropathy Suriyanarayanan
2016
p.N177D | 2nd-6" decade | Sensory-motor neuropathy, Suriyanarayanan
ulcerations 2019

Table 1.2 Summary of the currently known SPTLC1 and SPTLC2 mutations
(Adapted from Rotthier et al.(2011))
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1.4.3 Clinical features

There is a large variability in the clinical presentation of HSN1 (Table 1.2). In the typical
HSN1 phenotype, the onset is usually between the second to the fifth decades of life with
slow progression thereafter (Rotthier et al., 2012). A large study performed by Houlden et
al.(2006) looking at 8 HSN families showed age of onset varying between 12-70 years with
one patient still asymptomatic at the age of 89. Recently, mutations in SPTLC1 (Rotthier et
al., 2009) and SPTLC2 (Rotthier et al., 2010) have been described which have

congenital/early childhood onset (Table 1.2).

Pes cavus, pes planus and/or hammer toes may be present since childhood (Auer-
Grumbach et al., 2003). The initial symptoms are loss of pain and temperature sensation
distally in the lower limbs which gradually progresses up the limbs. An early but transient
period of hyperpathia can also be seen (Rotthier et al., 2012). There is a length dependent
dissociated sensory loss where pain and temperature sensations are affected earlier and
more severely than joint position sense and vibration (Auer-Grumbach et al., 2003; Houlden
et al., 2006). Painless ulcerations that are slow to heal are a frequent feature and can lead
to complications such as osteomyelitis and amputations. Another common symptom, which
is relatively unique, is the brief episodes of spontaneous lancinating pain in the limbs: (Auer-
Grumbach et al., 2003). There is considerable variation in motor weakness, ranging from no
weakness to severe weakness (Houlden et al., 2006). Variable autonomic involvement has
been reported. Some studies have reported that there is no autonomic involvement
(Geraldes et al., 2004; Houlden et al., 2006) whereas others have reported that there is
frequent autonomic involvement consisting mainly of disturbances in sweating (Auer-

Grumbach et al., 2003; Davidson et al., 2012; Rotthier et al., 2012).

Houlden et al. (2006) noted that females had older age of onset and a milder phenotype.
Another finding in the study is the earlier age of onset and often more severe disease
phenotype in successive generations. The earlier age of onset could reflect closer
monitoring of these individuals. The team also reported that there was significant variation in
the phenotype within family members, which suggests that additional acquired factors as

well as genetic factors contribute towards the clinical presentation.
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With advances in genetic diagnosis, the phenotypic spectrum of HSN1 has broadened
(Table 1.2). Mutations at the same locus on SPTLC1, S331F and S331Y, are associated
with early onset severe phenotypes (Rotthier et al., 2009, 2011; Auer-Grumbach et al.,
2013). Rotthier et al. (2009) described a severe congenital phenotype in a HSN1 patient
with S331F mutation. The clinical features include congenital insensitivity to pain,
microcephaly, severe growth retardation, vocal cord paralysis, bilateral cataracts, gastro-
oesophageal reflux and sleep apnoea requiring non-invasive ventilation. Later, atypical
phenotypes were also seen in patients with mutations in SPTLC2. I504F and A182P
mutations were associated with early onset and anhidrosis was noted in patients with the
I1504F mutation (Rotthier et al., 2010; Murphy et al., 2013). Macular telangiectasias and
pyramidal signs have also been noted in two generations of a single family with S384F

mutation (Triplett et al., 2019).

1.4.4 Neurophysiological findings

The most detailed neurophysiological assessment of HSN1 patients can be found in the
study by Houlden et al. (2006). Overall, the findings showed a length dependent axonal
sensory-motor (sensory>motor) peripheral neuropathy. Sensory potentials were absent in
the lower limbs but were often recordable in the upper limbs. Motor studies showed greater
variability between patients. Motor responses were often reduced in amplitude or absent in
the lower limbs and normal or only moderately reduced in the upper limbs. Motor conduction
velocities ranged from normal, to intermediate slowing (35-50m/s) to definitely in the
demyelinating range (£35m/s). Demyelinating features were most clearly seen in male

patients.

Geraldes et al. (2004) described one patient (one out of three males from a family with the
C133Y mutation) who had intermediate slowing of ulnar and peroneal motor studies.
Dubourg et al. (2000), reported on a single patient from a large family with HSN1 phenotype
with linkage to HSN-I locus on 9922.1-q22.3 who had an ulnar motor nerve conduction
velocity clearly in the demyelinating range at 31m/s with compound muscle action potential
of 2.6mV. More recently, patchy motor conduction slowing has been reported in patients

with SPTLC2 mutations (Rotthier et al., 2010; Murphy et al., 2013; Triplett et al., 2019).
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1.45 Pathological findings

Denny-Brown (1951) performed a post mortem examination of a member of the family (third
generation) described by Hicks (Hicks, 1922). This showed primary degeneration of dorsal
root ganglia in a length dependent pattern. There was considerable loss of fibres in the
dorsal columns and great loss of ganglion cells with severe degeneration of both the
peripheral and central parts of the dorsal nerve roots. The ventral nerve roots were intact
throughout. There was a diffuse perineural fibrotic connective tissue in the ganglia. In
Hicks’a family and similar cases, the diagnosis was thought to be syringomyelia because of
the sensory dissociation. However, there was no evidence of deformity of the cord in this

autopsy.

Lindahl et al. (2006) described similar autopsy findings in a genetically confirmed HSN1
patient (T399G mutation) with symptom onset around the age of 68. The spinal cord
showed moderate loss of myelinated nerve fibres from the dorsal column. There was
moderate loss of dorsal root ganglion cells with evidence of satellite cell proliferation and
scattered residual nodules of Nageotte. The sural nerve and the cutaneous branch of the
radial nerve were moderately fibrotic and almost completely depleted of myelinated nerve
fibres. The loss of peripheral nerve fibres was much more than would be expected for age.

There was no significant abnormality of the vagus, coeliac or other sympathetic ganglia.

Sural nerve biopsies in the study by Houlden et al. (2006) (6 in total, 3 from the same family)
were similar to each other. They were very few remaining myelinated fibres and the
presence of stacks of flattened Schwann cell processes suggests there is also unmyelinated
axon loss. There was very little to suggest regenerative activity. There were equivocal
demyelinating features: teased myelinated nerve fibre preparation from the sural nerve of
one patient showed two fibres possibly undergoing primary (segmental) demyelination.
Electron microscopy revealed that numerous unmyelinated axons still remained and there
were no abnormal inclusions in any cell type. The team also performed an autopsy on a
male patient who died at the age of 81 with symptom duration of 49 years. There was mild
to moderate loss of dorsal root ganglia neurons and the sites of ganglion cell degeneration

were marked by nodules of Nageotte. The dorsal spinal roots were mildly fibrotic and
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depleted of myelinated fibres. The anterior horn cells appeared to be well preserved at all
levels and the ventral roots were relatively well preserved. The sympathetic trunk, superior
and coeliac ganglia and the vagus nerve appeared normal. Sural nerve biopsy of a 62 year
old patient with SPTLC2 mutation (R183W), 12 years after symptom onset showed subtotal
loss of myelinated fibres with the number of non-myelinated fibres being relatively preserved

in all nerve fascicles (Suriyanarayanan et al., 2016).

1.5 Exploration of the pathomechanism

1.5.1 Serine Palmitoyltransferase (SPT)

SPT belongs to a family of pyridoxal 5-phosphate (PLP)-dependent a-oxoamine synthases
(POAS): SPT requires pyriodoxal 5 phosphate as a co-factor (Hanada, 2003). It catalyses
the first and rate limiting step of de-novo sphingolipid biosynthesis. The first step is the
condensation of serine with palmitoyl CoA (Figure 1.1). SPT strictly uses L-serine as its
amino acid substrate and competition analysis of SPT activity with serine analogues (L-
alanine, L-serinamide, D, L-serinol and L-serine methylester) indicated that all of the
hydroxyl, carboxyl and amino groups of L-serine are needed for the recognition of the amino
acid substrate by SPT (Hanada et al., 2000). SPT is located on the outer membrane of the

endoplasmic reticulum (Mandon et al., 1992).

Interestingly, a recent study by Wei et al. (2009) demonstrated that in addition to the
endoplasmic reticulum, the subunit 1 of SPT was also localised in focal cell adhesions and
played a role in cell morphology. Knock down of SPT1 mRNA caused cell rounding. The
localisation of SPT in focal adhesions disappeared when cells grew to confluence and
reappeared when cells were induced to proliferate and spread to refill gaps made by scratch

wound healing assay.

The de-novo pathway for sphingolipid biosynthesis can vary between species however the
entry point catalysed by SPT is conserved across species (same in plants, fungi, bacteria

and mammals) (Lowther et al., 2012). Sphingolipids are lipids that contain sphingoid bases
as a structural back bone. They are ubiquitous components of eukaryotic lipid membranes.

Sphingosine is the most abundant of the sphingolipids with sphinganine being the second
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most abundant. The sphingolipids are associated with a vast number of cellular processes
ranging from mediating cell stress responses, regulating actin cytoskeleton to roles in cell
survival (Hannun and Obeid, 2008). As well as having a single entry point, there is only one
exit pathway mediated by sphingosine -1-phosphate (S1P) lyase which metabolises

sphingosine -1-phosphate.

The sphingolipid biosynthetic pathway in its entirety is hugely complex (Hannun and Obeid,
2008). The individual components are intimately connected to each other providing a
mechanism of regulating lipid production by interconnected network of positive and negative
feedback. These pathways can occur in parallel, further adding to the complexity. Finally, as
these lipids have hydrophobic properties, they are restricted to biological membranes.
Sphingolipid metabolism is highly compartmentalised to avoid potential futile cycles of
opposite anabolic and catabolic reactions (Lone et al., 2019). Hence, sub-cellular and sub-
membranous localisation of specific reactions also adds to the complexity. Where there is a
lack of specific transport mechanisms, the site of generation of the sphingolipids will dictate
the site of action. Another thing to bear in mind is that the cellular levels of the various
bioactive sphingolipids vary greatly. For example, ceramide is often found in concentrations
that are more than an order of magnitude higher than that of sphingosine. Therefore, small
changes in ceramide levels can have profound changes in the level of sphingosine. A
comprehensive understanding of the sphingolipid biosynthesis therefore requires integration
of information in different planes and makes the task of predicting the effects of

perturbations of a single component of the pathway very difficult.

In keeping with the ubiquitous presence of sphingolipids in eukaryotic lipid membranes, SPT
activity is detected in many tissue types (Dickson et al., 2000) however the level of
expression varies between tissues (Weiss and Stoffel, 1997). SPT tissue distribution
analysed in 3 month old mice by northern blot analysis revealed the highest expression in
lungs and kidneys and lowest expression in muscle. Specific expression in peripheral

nerves was not studied (Weiss and Stoffel, 1997). SPT activity is also determined by the
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developmental stage of the tissue. Longo et al. (1997) assayed SPT activity in rat lung
microsomes during foetal, neonatal and adult stages of development. SPT activity steadily
increased from day 17 gestation to the neonatal period where the highest values of activity

were detected. The activity plateaued in the adult lung.

43



2 )k<\
/\/\/\/\/\/\/\)LSCOA 0 ¢ OH
HN H
Palmitoyl CoA N
L-serine
Serine palmitoyltransferase
(SPT) FMH +CO,
o}
/\/\/\/\/\/\/\)’\‘/\OH
3-ketodihydrosphingosine (KDS) NH3
NADPH + H*
KDS reductase
(KDSR) NADP* Sphingosine kinase (SphK)
ATP  ADP
Dihydroceramide synthase (CerS) /\/\/\/\/\/\/\/k/\ e o/ /\/\/\/\/\/\/\A/\
OH — O’ / ‘OH
- e NHJ PR FERGSSSIE. NH; /\/\/\/\/\/\/\)?\
(dihydrosphingosine) H
CoAsH 0 Hexadecanal
"
> Sph 1-phosphate lyase o fon +

/\/\/\/\/\/\/\)k/\ phingosi P P ly: i .
OH (S1PL) NH; 0
NH Phosphoethanolamine 't
/\/\/\/\/\/\/\[r Sphingosine kinase (SphK) /\/\/\/\/\/\/\)LH

Dihydroceramide O ATP  ADP
W .AL. MNVV\W rensesdecen
Sphingosine yH, von 2 phosphiae phamptchyirosss Sphingosine 1-phosphate t‘"’
Ceramide desaturase
(CerDS)
. H\ OH
NADE /\/\/\/\/\/\/W\OH
NADPH + H* N
Ceramide o}
Sphingomyelin Glycosphingolipids

44



Figure 1.1 De-novo sphingolipid biosynthetic and degradation pathway in mammals (from Lowther et al., 2012)

There is a single entry point which is catalysed by serine Palmitoyltransferase, SPT (green), which is conserved amongst different species and a single exit
point which is catalysed by sphingosine -1-phosphate lyase (S1PL). The other major enzymes in the pathway are labelled in red. Steps up to the point of
ceramide synthesis occur exclusively at the ER. The downstream individual steps are compartmentalised within different organelles and are mostly reversible

except for the last step catalysed by sphingosine-1-phosphate lyase.
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Genetic analysis in yeast has shown that eukaryotic SPT consists of a heterodimer of 2
related subunits, LCB1 and LCB2 (Nagiec et al., 1994) which is in keeping with other PLP-
dependent a-oxoamine synthases (POAS). SPTLC1 and SPTLC2 are their mammalian
counterparts. It is thought the heterodimer comprises a non-PLP-binding LCB1/SPTLC1
subunit and a PLP binding LCB2/SPTLC2 subunit (Lowther et al., 2012). There has been
no analysis of the PLP binding capacity of the two subunits as yet but the inability of the
LCB1/SPTLCL1 to bind the co-factor PLP has been inferred from sequence
homology/alignment studies. LCB2/SPTLC2 has all the residues required for PLP binding
and catalysis which are conserved among the POAS. LCB1/SPTLCL1 has none of these
residues (Lowther et al., 2012). However, LCB2 is not expressed in the absence of LCB1

(Nagiec et al., 1994).

A third mammalian subunit, SPTLC3 was identified by Hornemann et al. in 2006
(Hornemann et al., 2006) which shows 68% homology to the SPTLC2 subunit and contains
a PLP consensus motive. Quantitative real time PCR revealed that its expression was
variable between different human tissues. Relative to SPTLC1 and SPTLC2, high levels of
expression were seen in heart, kidney and placenta and low levels in brain and muscle. The
same study demonstrated that over-expression of SPTLC3 in HEK293 cells, which
otherwise have very little endogenous SPTLC3, led to a 2- to 3-fold increase in cellular SPT
activity (similar increase seen with SPTLC2 over-expression but no increase noted with
SPTLC1 over-expression). Silencing of SPTLC3 expression resulted in a significant
reduction of cellular SPT activity. A later study by the same group has shown that SPTLC3
incorporated SPT has different substrate specificity and leads to the formation of different
metabolites (Cis-sphinganine and Cis-sphingosine) (Hornemann, Penno, Ruitti, et al., 2009).

These metabolites constitute a significant proportion of human plasma sphingolipids (15%).

The current consensus is that in eukaryotes such as yeasts and humans, SPT is a
membrane bound heterodimer consisting of a SPTLC1 subunit associated with either a
SPTLC2 or SPTLC3 subunit (Rotthier et al., 2010) . In bacteria, it is a cytoplasmic
homodimer. Yard et al. (2007) were the first to describe the structure of the bacterial

(Sphingomonas paucimobilis) SPT at 1.3 A resolution. The structure consists of a
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symmetrical homodimer with two active sites. Models of the human SPTLC1/SPTLC2
heterodimer were created from the bacterial structure using bioinformatic tools. This model
provides clues as to how the common mutations in SPTLC1 can affect the activity of the
enzyme. For example, the model predicts that the C133W mutation will result in a steric
clash between Trp133 and the carbonyl oxygen of the active site lysine residue which

anchors the PLP cofactor.

Hornemann et al. (2007) proposed a different model to the heterodimer. On pull down
assays using lysates from HEK-293 cells and human placenta tissue, they demonstrated
that all three subunits (SPTLC1-3) co-precipitated indicating that all three subunits are
located within a simple complex. They proposed that SPT is not a dimer but a higher
organised complex composed of three subunits (SPTLC1, SPTLC2 and SPTLC3) where the
stoichiometry between SPTLC2 and SPTLC3 may vary depending on tissue specific

expression.

A curious finding by Gable et al. (2000) and the subsequent discoveries have completely
changed the view of SPT as a simple heterodimer. Gable et al discovered that a third gene,
TSC3, was needed in addition to LCB1 and LCBZ2, for optimal de-novo sphingolipid
synthesis in yeast. TSC3 encodes a 80 amino acid membrane bound protein (Tsc3p) that
co-immunoprecipitates with LCB1 and/or LCB2. Tsc3 mutant cells have reduced SPT
activity but Tsc3p expression is not necessary for LCB1/LCB2 expression, stability or

membrane localisation.

Since then several studies have found that there is a non-linear relationship between the
level of expression of LCB1/LCB2 in over-expression models and SPT activity (Han et al.,
2009). For example, Han et al. (2004) noted that although co-expression of SPTLC1 with
SPTLC2 subunit in mammalian cells increases SPT activity, the increased activity does not
correlate with the levels of subunit expression. In addition, co-expression of LCB1 and LCB2
subunits from a variety of higher eukaryotes in yeast did not confer activity comparable to
that measured in the organisms of origin (Han et al., 2009). In 2009, two proteins, small
subunit SPTa (ssSPTa) and small subunit SPTb (ssSPTb) were discovered (Han et al.,
2009) which enhance the activity of mammalian SPT (>10 fold) expressed in either yeast or

mammalian cells. This results in the creation of different isoenzymes (SPTLC1+SPTLC2 or
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SPTLC1+SPTLC3 combined with either ssSPTa or ssSPTb). The combination of
SPTLC1+SPTLC2+ssSPTa led to the most enhancement in SPT activity. Given the fact that
all three of these proteins co-purify, this led the team to conclude that these subunits were
integral components of the SPT complex. When each SPT isoenzyme was expressed in
either yeast or CHO cells lacking endogenous SPT activity, characterization of their in vitro
enzymatic activities, and long-chain base (LCB) profiling revealed differences in substrate
preferences (different chain length acyl-CoAs) between them and as a consequence,

production of different chain length sphingoid bases.

It has been known for some time that SPT is homeostatically regulated by intracellular levels
of sphingolipids. Mandon et al. (1991) demonstrated that murine cerebellar cells
(microsomes) when treated with sphingosine of different alkyl chain lengths, had a
concentration and time dependent decrease in SPT activity. Van Echten-Deckert et al.
(1997) studied the effects of four different methyl-branched sphingosine analogues as well
as cis-sphingogsine and 1-deoxysphingosine on sphingolipid biosynthesis in primary
cultured neurons. Addition of all compounds led to a reduction in sphingolipid biosynthesis
which paralleled the reduction in SPT activity. However, until recently, the mechanism

underlying this regulation was unknown.

In yeast, Orm1/2 (genes ORM1 and ORM2 ) have been discovered to associate with SPT
and negatively regulate its activity. Their mammalian orthologues are the three ORMDL
isoforms (ORMDL 1/2/3). Orm proteins belong to a family of transmembrane endoplasmic
reticulum proteins. Absence of Orm1 and Ormz2 proteins in yeast led to the accumulation
(4.8 fold increase) of sphingolipids when compared to controls (Han et al., 2010). This rise
was abolished in the presence of myriocin which blocks SPT activity. In the same study,
western blot analysis revealed that Orm2 co-immunoprecipitates with LCB1 and LCB2
indicating a physical interaction between the proteins. The mammalian ORMDLs also form a

stable complex with SPT as measured by immunoprecipitation (Davis et al., 2018).

Breslow et al (2010) also had similar findings using human cells. In addition, they
discovered another protein, Sacl, in yeast. Sacl, a phosphoinositide phosphatase, was
involved in the formation of the SPT complex and played a role in regulating its activity.

Absence of Sacl leads to increased de-novo sphingolipid production and resistance of
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LCB1/2 to the inhibitor myriocin. Absence of both Sac1l and ORM1/2 is lethal. Their
combined immunoprecipitation studies with mass spectrometry has revealed that Orm
proteins bind with Sac1 thereby creating what is now called the “SPOTS” (Serine
Palmityoltrasferase-Orm1/2-Tsc3-Sacl) complex. They also proposed a phosphorylation
based feedback regulation of sphingolipid production in yeast whereby increased levels of
downstream sphingolipids leads to hypophosphorylation of Orm1 and Orm2. The
hypophosphorylated Orm1/Orm2 can then bind to the SPT complex and inhibit SPT activity.
In support of this theory, they discovered that Orm1 and Orm2 contain several
phosphorylation sites. Mutations at these sites lead to a significant reduction in sphingolipid
production and the inability to phosphorylate maintains the attachment of Orm1/2 to the SPT
complex. Finally, they noted that the level of Orm1/2 phosphorylation is determined by
levels of downstream sphingolipids. Gururaj et al. ( 2013) have also found evidence in
support of this feedback mechanism. Both Orm1 and Orm2 underwent rapid
hypophosphorylation upon acute treatment with downstream SPT products. Mammalian
ORMDLs are not regulated via this phosphorylation mechanism as they lack the stretch of
amino acids located on the amino terminus which contains the phosphorylation sites. The
level of association of the mammalian ORMDLs with SPT is the same in both high and low
sphingolipid conditions indicating that ORMDL regulation of SPT is mediated by a
conformational change in the ORMDL/SPT complex rather than by a regulated association
of ORMDL with SPT or by changes in expression levels of either of these two proteins.
Davis et al. (2019) have demonstrated a strict stereospecificity in the ability of ceramide to
induce ORMDL dependent inhibition of SPT. Since stereospecificity is a hallmark of direct
ligand binding, this suggests that ceramide directly binds to the ORMDL/SPT complex rather

than exerting an effect by altering the lipid environment of the complex.

A recent study suggests that there is another regulator of SPT (Cantalupo et al., 2015). In
endothelial cells, Nogo-B (membrane protein of the endoplasmic reticulum primarily located
in vasculature) directly interacted with SPT subunits, inhibited their function and led to
increased production of nitric oxide. This raises the question of whether there are other

tissue specific regulators of SPT.

Diet, especially during development, can affect SPT activity. Rotta et al. (1999) analysed

SPT activity in hypothalamic microsomal fractions of rats pre and postnatally
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undernourished (protein restricted) from 21 days gestation to 21 days postnatal. SPT activity
was significantly lower in the undernourished rats when compared to the control group.
Various biological and chemical stimuli have been shown to upregulate SPT activity
transcriptionally and post-transcriptionally (Linn et al., 2001; Hanada, 2003; Hannun and
Obeid, 2008). Such stimuli include cytokines, ultraviolet B radiation, heat stress,

chemotherapy (e.g. etoposide, daunorubicin).

Over the past few years there has been a dramatic expansion in the understanding of the
sphingolipid biosynthetic pathway and its key enzyme, SPT. An important point to bear in
mind is that increased flux through this de-novo sphingolipid biosynthetic pathway does not
necessarily lead to an increase in downstream components unless further metabolic
transformation is limited/saturated or inhibited (Hannun and Obeid, 2008). It is becoming
increasingly clear that full understanding of the impacts of any perturbation in this pathway

cannot be achieved by studying individual reactions in isolation or by compartmentalisation.

1.5.2 Effects of SPTLC1/SPTLC2 mutations on SPT function

The early molecular background of HSN1 is confusing and contradictory. Initially, an
increase in glucosyl ceramide synthesis (ceramide metabolite) was reported in cultured
lymphoblasts from HSN1 patients (175% of that seen in controls) , with a possible
pathomechanism being ceramide induced apoptosis (Dawkins et al., 2001). This was
thought to reflect increased SPT activity and mutations were proposed to have a (toxic) gain

of function.

However, since then, corresponding mutations in various cell types have shown a decrease
in SPT activity (Bejaoui et al., 2002; Gable et al., 2002). Evidence from mouse models
suggests that haploinsufficiency is not the cause of the disease. Homozygous SPTLC1
knockout and SPTLC2 knockout mice are not viable however heterozygous SPTLC1 and
SPTLC2 knockout mice are viable. They have marked reduction in SPT activity however no
neuropathy was documented (Hojjati et al., 2005; Eichler et al., 2009). This favoured the
emerging theory that these mutated SPTLC1 subunits competed with the wild-type subunits
for SPTLC2 binding, forming inactive complexes and creating a dominant negative effect.
Gable et al. (2002) were the first to propose this idea. Their study demonstrated that HSN1
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like substitutions in yeast LCB1 catalytically inactivated SPT when co-expressed with wild-
type alleles and also that the mutant protein (Icbpl) retains its ability to interact with the wild-
type Icbp2 protein. Bejaoui et al. (2002) probed further and showed that overproduction of
mutant LCB1C133Y or LCB1C133W subunits in CHO (Chinese Hamster Ovarian) cells

inhibited SPT activity despite the presence of wild-type LCB1 subunits.

However, reduced SPT activity by itself was not a sufficient explanation for the
pathomechanism in HSN1. Reduced SPT activity is not associated with decreased total
sphingolipids. Dedov et al. ( 2004) noted that despite a 44% reduction in SPT activity in EBV
transformed lymphocytes from HSN1 patients with C133W mutation, the lipid composition,
cell proliferation and apoptosis were unchanged when compared to control cell lines. The
reduction in activity of the SPT is suggestive of equal amounts of active and inactive
enzyme and not consistent with a dominant negative effect. They also noted that there was
an overlap in SPT activity between controls and patients with some controls having SPT

activity levels lower than that of patients.

Similar findings were reported by McCampbell et al. ( 2005), who created transgenic mice
that ubiquitously over-expressed either wild-type (SPTLCWT mice) or mutant SPTLC1
(SPTLC1C133W mice). The SPTLC1¢133W mice had decreased SPT activity however there
was no difference in lipid composition between the SPTLC1¢133W mice and SPTLCYT mice.
There was however an increase in a subset of ceramides (C16:0 and C18:0 fatty acids).
These are precursors of glucosylceramide, previously reported to be elevated in HSN1
lymphoblasts (Dawkins et al., 2001). The mutant mice developed age dependent sensory
changes (noted at 10 months) where they were significantly more sensitive to thermal pain.
There was no difference between the two groups to von Frey, pinprick or acetone (cold)
stimuli. Unlike HSN1 patients, none of the mice developed ulcerative mutilations. In terms of
motor involvement, hind leg hyperkinesis was noted at 6-8months but this remained stable
and other measures of motor performance (e.g. rotarod) were normal up to 10 months
(sacrificed at 10 months). The aged mice showed a loss of myelinated fibres in the ventral
and dorsal roots with preservation of unmyelinated fibres. The g-ratio (the ratio of axon
diameter to overall fibre diameter) was significantly increased in the ventral roots of the
SPTLC1C133W mice reflecting myelin thinning but no difference was noted in the dorsal roots.

There was no significant difference in the gross appearance of the DRG. There was also no
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change in the large fibre neurofilament positive and peptidergic neurons however there was

a significant reduction in the number of non-peptidergic 1B4 positive cells.

There was also autonomic involvement. Autopsy performed on some of the mice showed
exocrine pancreatic degeneration (acinar cells largely replaced by fatty infiltrates) with
absence of neuritic staining in regions of the acinar cells. Gastro-intestinal transit assays
showed reduced smooth muscle motility in SPTLC1¢133W mice with normal morphology of
the smooth muscle wall suggesting that the delayed transit was related to neuronal
dysfunction. Although there are some parallels between the HSN1 patients and this mouse
model, there are several features unique to the mouse model such as the early autonomic
involvement and the phenotype is considerably milder than that seen in patients at

comparable ages.

Following on from the work of McCampbell et al., Eichler et al. (2009) reported that the
mutant SPTLC1 protein is not inherently toxic. The phenotype of the above mentioned
SPTLC1C133W mice was reversed when these mice were crossed with transgenic mice over-
expressing wild-type SPTLC1. The team performed behavioural assays in older
SPTLC1¢13W mice and noted that the hyperpathia previously reported at 10months
disappeared at 12 months and by 14 months, the mice became hypopathic. By 14 months,
these mice showed significant deficits in mechanical sensitivity (von Frey) and hotplate
testing. At this age, significant deficits in motor function (rotarod) were also noted. The
double transgenic mice showed no evidence of a neuropathy following detailed behavioural

and morphological studies despite continuing the assessments to 22 months of age.

The pivotal finding in how the mutations in SPTLC1/2 cause disease came in 2008 when
Hornemann et al. (2008) reported on the accumulation of two atypical sphingolipids (1-
deoxysphingolipids) in lymphoblasts of HSN1 patients and corresponding increase in 1-
deoxysphingolipids (1-deoxySLs) in the plasma of HSN 1 patients. Penno et al. ( 2010)
showed that in cultures of HEK293 cells expressing the mutant SPTLC C133W (HEKc133w)
and C133Y (HEKcissv), there was an accumulation of an unknown metabolite which was not
observed when SPT activity was blocked by myriocin. Analysis with liquid chromatography-
mass spectrometry revealed two distinct metabolites: 1-deoxysphinganine (1-deoxySA,

m18:0) and 1- deoxymethylsphinganine (1-deoxymethylSA, m17:0). This was noted to occur
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as a result of the shift in the SPT substrate specificity. Gable et al.(2010) showed that the
mutant SPT enzyme in yeast only had a two-fold greater K, (Km = concentration of
substrate at which the reaction achieves half Vmax which is the maximum rate of a reaction)
for serine than wild-type enzyme (1.4 versus 0.75mM respectively) with Vmax of 275
and1350pmol/mg/min respectively. However, the mutant SPT utilised L-alanine better than
wild-type SPT. K and Vmax of approximately 9.6mM and 110pmol/mg/min for mutant SPT.
The wild-type SPT did not efficiently utilize alanine, precluding direct measures of enzyme
kinetics. The K; (inhibitor constant=concentration required to produce half maximum
inhibition) for alanine inhibition of serine utilisation by the mutant enzyme is similar to that of
wild-type SPT. This constellation of findings led the authors to speculate that the major
effect of HSN1 mutation is not to facilitate L-alanine binding but to allow bound L-alanine to

react with acyl-Co A substrate.

Bode et al. (2016) compared 17 SPT mutants, the majority of which were identified in HSN1
patients, for their enzymatic activity and substrate affinity. None of the mutations resulted in
a reduced formation of canonical Cis sphingoid bases. Mutations resulting in typical HSN1
phenotypes (STPLC1p.C133W, p.C133Y and SPTLC2p.A182P, p.G382V, p.S384F)
clustered around the active site whereas mutations (STPLC1p.S331F, p.S331Y and
SPTLC2p.1504F) associated with a more severe phenotype were located on the surface of
the protein. These three mutations also resulted in increased canonical activity as well as 1-
deoxySL and Czosphingolipid formation. It is possible that the more severe phenotype seen
with these mutations is the result of altered interactions with the small subunits ssSPTa and
ssSPTb. Mutation in ssSPTb has been linked with increased Czosphingolipid formation and

neurodegenerative changes in the eyes and brain of mutant mice (Zhao et al., 2015).

1.5.3 1-Deoxysphingolipids

1-deoxySLs are evolutionarily conserved and have been found in fungal and lower
invertebrate species (Lone et al., 2019). 1-deoxySA was first isolated from the arctic clam
Spisula polynyma as part of a screen for anti-cancer agent (Cuadros et al., 2000). Originally
named Spisulosine (ES-285), treatment with it led to reduction in cell growth and altered cell

morphology with absence of actin stress fibres which are important for cell adhesion. It was
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tested as an anti-cancer drug in several phase | trials and was associated with dose limiting
adverse effects which included hepatic and neurological toxicity (sensory-motor neuropathy

+/- associated with pain) (Schoffski et al., 2011; Vilar et al., 2012).

Almost a decade later, Penno et al. (2010) in their seminal paper published in 2010, probed
further into the link between 1-deoxySLs and HSN1. They demonstrated that HSN1
mutations (C133W and C133Y) induced a shift in substrate specificity whereby the mutated
SPT is able to use alanine and to lesser extent glycine instead of the canonical substrate
serine to form 1-deoxySA and 1-deoxymethylSA respectively (Figure 1.2). Addition of
alanine to the culture medium produced a 3-4 fold increase in 1-deoxySA without
significantly altering the level of 1-deoxymethyISA. Conversely the addition of glycine

produced a 10 fold increase in the level of 1-deoxymethylSA.

1-deoxySA and 1-deoxymethyISA lack the C1 hydroxyl group and hence cannot be
converted to higher sphingolipids such as phosphosphingolipids and glycosphingolipids or
be degraded by the conventional pathway via sphingosine-1-phosphate lyase as this
requires formation of a phosphoester bond at Ci. As a result, they accumulate. There is
however limited N-acylation and desaturation of these two 1-deoxySLs by ceramide
desaturase to form 1-deoxy-ceramide and 1-deoxymethyl- ceramide (Zitomer et al., 2009).
These in turn are converted to 1-deoxysphingosine (1-deoxySO) and 1-
deoxymethylsphingosine (1-deoxymethylSO) by ceramidase. The ceramides synthesised in
the ER are translocated to the Golgi to be converted into complex sphingolipids via either a
ceramide transporter protein or in vesicles. Fluorescently labelled (dihydro)ceramide
analogue was shown to be trafficked to the Golgi however the 1-deoxy(dihydro) ceramide
did not localise to the golgi (Kok et al., 2002). Therefore, the 1-deoxySLs do not appear to
undergo the typical trafficking of traditional ceramides. Also, the position of the carbon-
carbon double bond in 1- deoxySA is distinct from that of the canonical position and
indicates that the metabolism of 1-deoxySA deviates from that of canonical sphingolipids
(Steiner et al., 2016). Interestingly, the glycine derived 1-deoxymethylSA seems to follow

the traditional metabolic pathway.

A recent study by Alecu et al. (2017a) suggests that the notion of considering these 1-

deoxySLs as “dead end metabolites” might not be strictly correct. They identified eight 1-
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deoxySL downstream products which appear to be formed by the action of cytochrome
P450 (CYP4A) enzymes. Inhibition and induction of these enzymes resulted in blocking and
stimulating the formation of the downstream metabolites, respectively. However, compared
to the canonical sphingolipid catabolism which occurs within minutes to hours, the
conversion of 1-deoxySLs occurs over days. Nuclear receptor, peroxisome proliferator-
activated receptor (PPARa) regulates the genes CYP4A and CYPA4F. Fenofibrate, a
clinically used PPARa agonist has been shown to lower plasma 1-deoxySLs in dyslipidemic

patients (Othman et al., 2015a).

Penno et al. (2010) showed that that the serum levels of 1-deoxySLs are elevated in all
HSNL1 patients (C133W, C133Y and V144D mutations). Low levels of 1-deoxySA is
detected in wild type cells and plasma of control subjects but to a significantly lesser degree
than in mutant cell lines.1-deoxymethylSA is only detected in mutant cell lines and plasma
of HSN1 patients. They assessed the plasma 1-deoxySL levels in a large family with the
C133W mutation and their data suggested a correlation between disease severity and
plasma levels of 1-deoxySLs. Yeast cells and CHO-LysB cells expressing mutant SPTLC1
(C133W) were also found to have raised 1- deoxySL levels when compared to controls
(Gable et al., 2010). Raised 1-deoxySL levels were also found in HEK293 cells expressing
mutant SPTLC2 (V359M, G382V and 1504F) and HSN patient lymphoblastoid cell lines
(SPTLC2 mutations G382V and 1504F) (Rotthier et al., 2010). Eichler et al. (2009)
demonstrated that these 1-deoxySLs were significantly raised in the plasma and sciatic
nerves of transgenic mice over-expressing mutant SPTLC1 (SPTLC1133W mice) when
compared to their wild-type counterparts. In phenotypically uninvolved areas such as the

brain, there was little or no accumulation of 1-deoxySLs.

Penno et al. (2010) also investigated if these deoxysphingolipids were neurotoxic. The 1-
deoxySLs appear to be neurotoxic to avian in-vitro DRG and motor neuron cultures. 1-
deoxySLs caused a dose-dependent reduction in neurite length at concentration ranges
seen in the plasma of patients. 1-deoxySA was more toxic than 1-deoxymethylSA and

DRGs were more vulnerable to the neurotoxic effects than motor neurons.
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Figure 1.2: Abbreviated pathway for the biosynthesis of canonical sphingoid and 1-deoxysphingoid bases.

This diagram summarises the key steps of the biosynthesis of the traditional sphingoid bases produced from condensation of L-serine with palmitoyl-CoA in blue.
Mutations in SPTLC1 and 2 alter its substrate specificity, enabling the enzyme to use alanine and to a lesser extent glycine to form 1-deoxysphinganine and 1-
deoxymethylsphinganine respectively. The analogous metabolic steps are shown in red for mutant SPT derived 1-deoxysphinganine and in green for mutant SPT
derived 1-deoxymethylsphinganine. The 1-deoxysphingoid bases lack the C1-hydroxyl group of sphinganine which prevents the addition of a head group to form

complex sphingolipids and also blocks their degradation as the essential catabolic intermediate sphingosine-1-phosphate cannot be formed.
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The discovery of these atypical 1-deoxySLs led Garofalo et al. (2011) to undertake a
treatment trial of L-serine on transgenic mice over-expressing SPTLC1 (C133W). They
noted a suppression of 1-deoxySA production in HSN1 mutant HEK293 cells with increasing
concentration of L-serine in the media (Figure 1.3). This indicated that the deoxysphingolipid

production could in theory be overcome by increased systemic availability of L-serine.

Transgenic mice over-expressing mutant SPTLC1 (C133W) supplemented orally with L-
serine led to a significant reduction in plasma 1-deoxySA levels within three days of
treatment. No significant change was noted on behavioural assessments with 2 month
supplementation of L-serine starting at 13 months of age. Long term supplementation (10
month duration) starting at 2 months of age resulted in a significant improvement in rotarod
performance and a trend towards improved mechanical sensitivity (von Frey). Importantly
however, no differences were seen on hotplate testing after short or long term treatment. L-
serine treatment had no effect on axon density of myelinated sciatic nerves but led to two
fold increase in the number of unmyelinated nerve fibres when compared to the untreated
group. The group also performed a pilot study of oral L-serine supplementation in HSN1
patients (C133Y mutation). 14 patients were treated with either low or high dose L-serine
(200 or 400mg/kg/d respectively) for 10 weeks. A significant lowering of plasma 1-
deoxysphingolipid levels was seen in both groups (greater reduction seen in the higher dose
group) with a nadir at 6 weeks. Neurological symptoms were not assessed due to the short

duration of the treatment and no significant side effects were reported.

Fridman et al. (2019) have recently completed a randomised, placebo- controlled trial of L-
serine (400mg/Kg) with open label extension in 18 patients with HSN1 in the United States.
The primary end-point was the Charcot-Marie-Tooth Neuropathy Score (CMTNS).
Secondary end-points used in the study were nerve conduction studies, autonomic function
tests, intra-epidermal nerve fibre density measurements (distal leg and proximal thigh),and
patient based questionnaires, Neuropathic Pain Scale and the 36-item Short Form health
questionnaire (SF-36). The primary outcome, defined as the proportion of patients
progressing more than 1 point on the CMTNS at 1 year, was not significantly different

between the L-serine and placebo groups.
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Figure 1.3 Kinetic characterisation of SPT (from Garofalo et al. 2011)
Suppression of 1-deoxySA (DoxSA) generation in SPTLC1 wild-type and HSN1 mutant
expressing HEK293 cells at increasing L-serine medium concentrations (constant

background of 2mM L-alanine)
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However, it was reported that the L-serine group experienced an improvement in CMTNS
relative to the placebo group (-1.5units, 95% CI:-2.8 to -0.1, p=0.03). No significant
treatment effects were seen in the secondary end-points. There were also no significant

adverse effects observed during the two years of the study.

154 Pathomechanism of 1-deoxysphingolipid induced neurotoxicity

Despite these rapid advances towards a possible treatment option for HSN1 patients, the
exact pathomechanism underlying the neurotoxic effects of these 1-deoxySLs remains to be

discovered.

Toxicity of 1-deoxySA varies greatly between different cell types. Fibroblasts can tolerate
relatively high concentrations of 1-deoxySA whereas cells of neural origin are far more
susceptible (Lone et al., 2019). Glia are the main suppliers of L-serine to neurons in-vivo
(Jun et al., 2015). Glia in the peripheral nervous system tend to ensheath axon in a much
lower ratio than in the CNS. This distinct environment of the peripheral sensory and motor
neurons might lead to greater production of 1-deoxySLs due to alterations in the L-serine/L

alanine ratio.

Different mechanisms for 1-deoxySL mediated toxicity have been proposed. Mechanisms
suggested by early studies of 1-deoxySA as an anti-tumour agent include de novo ceramide
synthesis and activation of PKCC (protein kinase C which is involved in apoptotic responses)
and caspases (3 and 12, involved in the execution phase of cell apoptosis) (Salcedo et al.,

2007; Sanchez et al., 2008).

In in-vitro models of HSN1, studies have suggested that the 1-deoxySLs may mediate
cellular toxicity via an ER stress response. It was observed that GADD153, an ER stress
response protein, was induced in un-transfected CHO-LysB cells grown in 1uM 1-deoxySA
and was increased in cells expressing mutant SPT (Gable et al., 2010). Later studies have
showed further evidence of ER involvement in the pathogenicity. Prolonged exposure of
MEF (mouse embryonic fibroblasts) cells to toxic concentrations of 1-deoxySA induced
splicing of X-box binding protein 1 (XBP1) and led to morphological changes of the ER

(Alecu et al., 2017b). XBP1 is an unfolded protein response (UPR) specific transcription
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factor. Accumulation of unfolded/misfolded proteins, which can occur for various reasons
(perturbations in ER homeostasis, oxidative stress, hypoxia, increased protein production)
activates the adaptive cellular response, UPR (Cao and Kaufman, 2013). UPR increases
the ER protein folding capacity, reduces global protein production and enhances ER
associated degradation of misfolded proteins. SPTLC1 mutant lymphoblasts derived from
HSN1 patients have decreased levels of BiP (ER stress marker) and ERO1-La (responsible

for maintaining reduction potential of ER) (Myers et al., 2014).

Mitochondria have also been suggested as potential molecular targets of the 1-deoxySLs.
Mitochondria in SPTLC1 mutant lymphoblasts derived from HSN1 patients had altered
morphology but no demonstrable alteration in function (Myers et al., 2014). Another study
using SPTLC1 mutant lymphoblasts has shown increased levels of ubiquinol-cytochrome ¢
reductase core protein 1, which is an electron transport chain protein, in the mutant lines
(Stimpson et al., 2014). Alecu et al. (2017b) demonstrated that exogenous 1-deoxySA
predominantly localises to the mitochondria and induces mitochondrial fragmentation and
dysfunction in MEF cells. Exogenous 1-deoxySA also caused alterations in the morphology
of mouse DRG neurons. Of note, the 1-deoxySA toxicity was rescued by inhibition of
ceramide synthase activity and suggests that N-acylated deoxySA metabolite might be the

agent causing the toxicity.

1-DeoxySLs could also have an impact on axonal growth. Jun et al. (2015) showed that
DRG cultures from transgenic mice overexpressing the C133W mutant exhibited increased
neurite length and branching with restoration of the normal growth patterns following L-
serine supplementation or removal of L-alanine. This coincided with increased p-ERM
expression in the neuronal growth cones. ERM proteins (ezrin/radixin/moesin) tether actin
filaments to the cell membrane when phosphorylated and are important for neurotrophin
mediated chemotactic growth in sensory neurons (Marsick et al., 2012). Penno et al. (2010)
however, observed a dose dependent reduction in neurite number and length following 1-

deoxySL treatment in chick primary motor neuron and DRG cultures.

Structurally, 1 -deoxySLs differ from their canonical counterparts by the lack of C1 hydroxyl

group and the double bond position. This could have implications for the biophysical
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properties of membranes. Canonical ceramides are more miscible with sphingomyelin
bilayers than 1-deoxyceramides (Jiménez-Rojo et al., 2014). The presence of these 1-

deoxyceramides could have a large impact on membrane structure and integrity.

Marshall et al. (2014) found a significant increase in lipid droplets in HSN1 patient derived
lymphoblasts without a parallel increase in adipophilin which is involved in the regulation of
lipid metabolism. They postulated that dysregulation of lipid metabolism might play role in
the pathogenesis of HSN1. Similar accumulation of lipid droplets has not been reported in

other studies using HSN1 in-vitro models.

Effects of 1-deoxySLs have also been evaluated in cortical neurons (primary neuronal
cultures isolated from cerebral cortex of mouse embryos). Guntert et al. (2016) showed that
as was the case with primary motor and DRG neurons, 1-deoxySLs were neurotoxic
(mitotoxic, increased cell death, disruption of cytoskeleton structures) to cortical neurons.
Metabolism to 1-deoxyceramide species was found to be largely responsible for 1-deoxySA
mediated toxicity and resulted in NMDAR (N-methyl-D-aspartate receptor) activation. The
toxicity can be significantly reduced by using NMDAR antagonists. The relevance of this
cortical model findings for HSN1 is uncertain given that HSN1 is a disease of the peripheral

sensory and motor neurons.

In addition to cortical neurons, 1-deoxySLs have been shown to be toxic to various other cell
types: mouse embryonic fibroblasts (MEF), lymphoblasts, insulin producing cells (Zuellig et
al., 2014, Stimpson et al., 2014; Esaki et al., 2015; Alecu et al., 2017b). It is unknown why
the pathologically elevated 1-deoxySLs in HSN1 have a detrimental effect on
solely/predominantly the peripheral sensory and motor neurons and in a length dependent

manner.

1.6 Role of deoxysphingolipids outside HSN1

De novo sphingolipid biosynthesis occurs at the crossroad between fatty acid and amino
acid metabolism. Serine is formed from the glycolytic intermediate, 3 phophoglycerate

therefore de-novo sphingolipid biosynthesis is also closely related to carbon metabolism
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(Lone et al., 2019). Several studies have shown that 1-deoxySLS are elevated in metabolic

diseases and could potentially act as biomarkers for metabolic control.

There is emerging evidence that deoxySLs may play a role in the pathogenesis of Type I
diabetes. The link was first made in 2010 when diabetic patients were found to have

increased levels of 1-deoxySLs (1-deoxySA and 1-deoxySO) (Bertea et al., 2010). There
were no differences in the other sphingoid bases between the diabetic patients and controls.
This forms an interesting link since diabetic neuropathy and HSN1 phenotype share some
similar characteristics. 1-deoxySLs have also been identified as predictive biomarkers for
the incidence of type Il diabetes in asymptomatic patients (Mwinyi et al., 2017). 1-deoxySL

levels are not significantly elevated in patients with type | diabetes (Wei et al., 2014).

Recently, 1-deoxySLs were found to be cytotoxic for insulin producing Ins-1 cells (Zuellig et
al., 2014). Treatment of Ins-1 cells with 1-deoxySA resulted in a dose-dependent
cytotoxicity. As in other cell types, metabolic conversion of 1-deoxySA to 1-
deoxydihydroceramide appears to be responsible for the toxicity.1-deoxySA treatment also
induced alterations in actin cytoskeleton and activated multiple key signalling pathways
which include JNK (c-Jun N-terminal kinase-and MAPK [p38 mitogen-activated protein
kinase]). INK/MAPK mediate cell responses, including autophagy, to a wide range of stress
insults. 1-deoxySLs therefore have the potential to exacerbate the disease course of type I
diabetes. Othman et al. (2015b) evaluated the therapeutic potential of L-serine
supplementation, in both a therapeutic and a preventative setting, in streptozotocin (STZ)
induced rat model of diabetes. The diabetic rats had significantly increased levels of plasma
1-deoxySL levels. L-serine supplementation significantly reduced plasma 1-deoxySL levels
in both treatment regimens and resulted in a significant improvement in mechanical

sensitivity.

Patients with metabolic syndrome also have raised 1-deoxySL levels, with the levels being
comparable to those found in patients with Type Il diabetes (Othman et al., 2012). The
increase in 1-deoxySLs in metabolic disorders is caused by dysregulated carbohydrate and
fatty acid metabolism instead of by mutant SPT. It has been suggested that elevated
triglycerides could be triggering 1-deoxySL production in these metabolic disorders (Wei et

al., 2014). The expression of Cyp4f , which have been shown to play a part in 1-deoxySL
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catabolism, is downregulated in instances of metabolic dysregulation (Lone et al., 2019).
This degradation pathway therefore offers a potential therapeutic target in patients with both

HSN1 and metabolic syndromes/type Il diabetes.

The formation of 1-deoxySLs is closely related to L-serine depletion. Deprivation of external
L-serine in MEF cells lacking 3-phosphoglycerate dehydrogenase (Phgdh), which catalyses
the rate limiting step in the formation of de-novo L-serine, results in the production of 1-
deoxySLs (Esaki et al., 2015). Genetic ablation of Phgdh in MEF cells led to reduced cell
proliferation and activation of p38 MAPK and JNK in conditions of L- serine depletion (Esaki
et al., 2015). Survival of these MEF cells was reduced by p38 MAPK inhibition. As was the
case in insulin producing cells, 1-deoxySA can activate p38 MAPK. It is possible that in
situations of L-serine deficiency, 1-deoxySA production may be an adaptive response.
Patients with primary serine biosynthetic defects have varied phenotypes which include
intellectual disability, microcephaly, ichthyosis, seizures and peripheral neuropathy. They
have also been shown to have significantly elevated deoxySLs, especially
deoxydihydroceramides (Ferreira et al., 2018). Patients with primary mitochondrial disorders
(MERRF, POLG deletion, LHON, MELAS) were found to have significantly reduced levels of
plasma serine and elevated levels of alanine and 1-deoxySLs (Ferreira et al., 2018). This
has led some to speculate whether elevated 1-deoxySLs play a role in the aetiology of the

peripheral neuropathy seen in many primary mitochondrial disorders (Ferreira et al., 2018).

Plasma 1-deoxySL levels are elevated in patients with glycogen storage disease type | and
are associated with an altered plasma L-serine to Alanine ratio (Hornemann et al., 2018).
Continuous glucose monitoring in these patients revealed that the plasma 1-deoxySA
concentration correlated with occurrence of hypoglycaemia. 1-deoxyceramides have been
shown as potential biomarkers to assess progression of non-alcoholic fatty liver disease to
non-alcoholic steatohepatitis (NASH) (Gorden et al., 2015). Elevation of 1-deoxyceramides

in NASH could be related to L-serine deficiency (Mardinoglu et al., 2014).

Paclitaxel is one of the most commonly used chemotherapy agents however its use is often
hampered by dose limiting painful peripheral neuropathy. Paclitaxel chemotherapy in
patients with breast cancer caused a dose dependent increase in 1-deoxySLs and there

was a correlation between the severity of neuropathy, especially motor neuropathy, and the
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levels of 1-deoxyceramides (Kramer et al., 2015). In a rat model of paclitaxel induced
peripheral neuropathy, paclitaxel treatment led to a reduction in L-serine concentration in
the dorsal root ganglia but not the sciatic nerve or spinal cord (Kiya et al., 2011). In addition,
paclitaxel treatment decreased the expression of Phgdh which on immunostaining was
localised in satellite cells but not in DRG neurons. This demonstrates the important role
played by glial cells in determining the susceptibility of neurons to 1-deoxySL mediated
toxicity. Intra-peritoneal administration of L-serine improved paclitaxel induced mechanical

allodynia/hyperalgesia and the reduction in sensory nerve conduction velocity.

1.7 Summary

HSN1 secondary to SPTLC1/2 mutations is the commonest subtype of HSN and is
phenotypically heterogenous. SPTLC1/2 encode for separate subunits of the enzyme, SPT,
mutations of which result in altered substrate specificity and the production of atypical

metabolites, 1-deoxySLs.

1-deoxySL production in mammals occurs primarily under two, interlinked circumstances:
mutations in SPT which alter substrate specificity, as in HSN1 or when there is metabolic
dysfunction. Metabolic dysfunction can either be as a result of dyslipidaemia or due to
perturbations in serine metabolism/ availability. Recent advances in biochemical analytical
technologies have enabled the understanding of the canonical and atypical de-novo
sphingolipid pathways. However, the targets and mode of action of these atypical 1-
deoxySLs is yet unknown. As elevated 1-deoxySLs are found in various diseases with
different clinical phenotypes, it is unlikely that their cellular toxicity can be attributed to a
single effect. Site of production, accessibility to L-serine and elimination pathways will also
determine the cell types affected. There is now emerging evidence that 1-deoxySLs might
also have a physiological role. There is still a long way to go before the complex web of 1-
deoxySLs is unravelled but further understanding of these conserved metabolites will have

widespread impact.
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1.8 Thesis overview

Overall, this thesis has two objectives. First, to investigate the pathomechanisms of 1-
deoxySL mediated neurotoxicity using different cellular models. Second, to identify

responsive outcome measures that can be used in a definitive therapeutic trial in HSN1.

Chapter 2 describes a series of experiments in a murine in-vitro model using primary motor
and DRG neurons. The effects of exogenous application of 1-deoxySLs on cell survival,
neurite outgrowth, ER stress response and mitochondrial function were investigated. Effects
of 1-deoxySLs on the mediators of the ER unfolded protein response were further evaluated
using SH-SY5Y (human neuroblastoma cell line) cells. Some of the results of this chapter

were published in Neurobiology of Disease (Wilson et al., 2018).

Chapter 3 focuses on a human iPSC derived (reprogrammed fibroblasts form HSN1 patients
and control subjects) sensory neuron model of HSN1. Effects of endogenous and
exogenous 1-deoxySLs on cell survival, neurite outgrowth and expression of caspase 3
(mediator of apoptosis) and markers of axonal injury were investigated. Effects of
endogenous 1-deoxySLs on ER and mitochondrial structure and function were also

assessed.

Chapter 4 describes the baseline cross-sectional profile of HSN1 patients in the natural
history study and provides an in-depth phenotype of HSN1. Various assessments were
used in the natural history study in order to capture the spectrum of deficits noted in HSN1
patients. These included Charcot-Marie-Tooth Neuropathy Score (CMTNS), nerve
conduction studies, quantitative sensory testing, intra-epidermal nerve fibre density (upper
thigh), computerised myometry, MRI determined calf fat fraction and patient based

questionnaires (Neuropathic Pain Symptom Inventory and SF-36 version 2).

Chapter 5 covers the one year natural history study in HSN1. The responsiveness and
validity of the individual assessments used in the study were evaluated. The results of
Chapters 4 and 5 were recently published in the Journal of Neurology, Neurosurgery and

Psychiatry (Kugathasan et al., 2019).

Finally, Chapter 6 presents the overall conclusions and discusses areas for future research.
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2. 1-Deoxysphingolipid (1-deoxySL)
induced neurotoxicity in a mouse in-vitro
model

2.1 Introduction

Plasma 1-deoxySL levels are raised in patients with HSN1. Prior to the start of this project,
1-deoxySL induced neurotoxicity had only been demonstrated in one in-vitro primary culture
model of chicken primary motor neuron and dorsal root ganglia (DRG) cells by Penno et al.
(2010). This study demonstrated a dose-dependent reduction in neurite number and neurite
length with 24 hour 1-deoxySA treatment in DRG cultures and a less pronounced effect in
motor neuron cultures. More recently, 1-deoxySL mediated toxicity has also been
demonstrated in mouse primary DRG cultures in which 1-deoxySA causes a dose
dependent reduction in longest neurite length and mitochondrial morphological
abnormalities as well as mouse primary cortical neuron cultures where a dose dependent
cytotoxicity was observed (Guntert et al., 2016; Alecu et al., 2017b). 1-deoxySL mediated
toxicity has also been demonstrated in various cell lines including Mouse Embryonic
fibroblasts (MEF), human SH-SY5Y cells (neuroblastoma line) and CHO-LyB cells (Gable et

al., 2010; Alecu et al., 2017h).

Investigations into the mechanism underlying dSL toxicity have used one of two
approaches: exogenous application of 1-deoxySLs or the endogenous production of 1-
deooxySLs in cells expressing mutant SPT. Alecu et al. (2017b) investigated the sub-
cellular localisation of exogenously applied 1-deoxySLs and the underlying
pathomechanism of 1-deoxySL induced toxicity. By synthesising alkyne analogues of 1-
deoxySA, they were able to determine their localisation within cells by fluorescence
microscopy. Treatment of MEF cells with a non-toxic concentration of alkyne-deoxySA led to
rapid uptake in the mitochondria (5 minutes after treatment) and to lesser extent in the Golgi
body. After one hour, a minor degree of uptake was also seen in the ER. This delayed
uptake in the ER coincides with the conversion of alkyne-deoxySA to deoxydihydroceramide
and deoxyceramide metabolites as the enzyme (ceramide synthase) responsible for this

conversion resides in the ER. With longer treatment periods of toxic concentration of alkyne-
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deoxySA (24 hours), significant cell death and fragmentation of the mitochondria were
observed. Co-treatment with fuminosin B, a ceramide synthase inhibitor, ameliorated the
alkyne-deoxySA induced mitochondrial fragmentation. These findings led the authors to
conclude that it was the downstream metabolites rather than 1-deoxySA that was
responsible for the mitotoxicity, suggesting that the initial accumulation of 1-deoxySA in the
mitochondria is not directly toxic to the mitochondria. With longer periods of 1-deoxySA
treatment, they also observed morphological alterations in the ER, from a reticular pattern to
enlarged and dense appearing sheets and ER stress. Glintert et al. (2016) used primary
cortical neuronal cultures to investigate the effects of exogenous 1-deoxySLs. Following
treatment for 24 hours with 2uM 1-deoxySA, they observed alterations in cytoskeletal
regulators and associated proteins, with a reduction in the expression of IRSp53 (insulin
receptor substrate 53, a target of RhoGTPases which are major modulators of cytoskeletal
organisation and cell survival) and upregulation of phosphor-Ezrin (links plasma membrane
to the actin cytoskeleton). In both of these studies described above, pathomechanisms have
been investigated using doses and time points at which cell death occurs. However, it is
unclear whether these findings are end stage processes or whether they reflect the initial
mode of toxicity. Interestingly, both studies reported that co-treatment of 1-deoxySA with
fuminosin B1 ameliorated 1-deoxySA induced toxicity, providing a consensus that it is the
downstream metabolites (1-deoxy-dihydroceramide/ 1-deoxyceramide) that are responsible

for the toxicity rather than 1-deoxySA per se.

Several pathomechanisms of endogenous 1-deoxySL induced neurotoxicity have been
proposed, based on results from a variety of non-neuronal in-vitro models. Gable et al. (
2010) used yeast expressing human SPT and found increased GAD153/CHOP expression,
a marker of ER stress, in yeast carrying the mutant SPT which was further enhanced when
cultured in alanine enriched media. In the same study, increased GAD153/CHOP
expression was seen in untransfected CHO-LyB cells treated with 1uM 1-deoxySA. In a
study using HSN1 patient derived lymphoblasts (C133W and V144D mutations), increased
lipid droplet formation was reported, without a corresponding increase in expression of
adipophilin, a membrane associated protein present in mature lipid droplets and widely used
as a marker for lipid droplets (Marshall et al., 2014). This led the authors to conclude that

there might be an underlying deregulation of lipid metabolism in cells expressing HSN1
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mutations. The same group also observed abnormalities in mitochondrial ultrastructure and
disruption of ER homeostasis including a reduction in the expression of BiP, an ER
chaperone and ERO1-La which maintains the redox potential of ER, in HSN1 patient
derived lymphoblasts. Stimpson et al. (2014) examined mitochondrial protein isolates from
control and HSN1 patient (V144D) lymphoblasts and found an increased expression of

ubiquinol -cytochrome C reductase core protein, an electron transport chain protein.

The effects of endogenously produced 1-deoxySLs have been examined in primary DRG
cultures obtained from transgenic mice overexpressing the C133W SPT mutation (Jun et al.,
2015) and in a transgenic (C129W) drosophila model of HSN1 (Oswald et al., 2015). Mutant
DRGs from transgenic mice exhibited increased neurite growth and branching and
increased expression of p-ERM, an actin crosslinking protein. L-serine supplementation or
removal of L-alanine independently restored normal neurite growth patterns in the mutant
DRGs. In the drosophila model, mutant sensory neurons were found to have impaired ER to
golgi trafficking and reduced dendrite arborization. Co-expression of dominantly active form
of Rab, an effector of ER to Golgi membrane trafficking, restored the nociceptive defect

observed in transgenic mutant drosophila.

Despite these findings, the precise pathomechanism of 1-deoxySL induced toxicity in
mammalian neurons remains unclear. Various mechanisms have been proposed, but two of

the most prominent defects appear to include ER stress and mitochondrial dysfunction.

2.2 Aims

1) To determine whether 1-deoxySLs are toxic to mammalian (mouse) motor and DRG

neurons by evaluating their effects on:

a) survival

b) neurite outgrowth (DRG neurons)
2) To determine if there is differential vulnerability to exogenously applied 1-deoxySLs within
DRG subpopulations, i.e., small peptidergic sensory neurons and large myelinated sensory

neurons.
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3) To investigate the underlying pathomechanisms of 1-deoxySL neurotoxicity:

a) To determine if there is mitochondrial dysfunction in the initial stages of 1-
deoxySL induced neurotoxicity

b) To determine if 1-dSL treatment induces ER stress and the activation of the
unfolded protein response (UPR).

c) To determine if 1-deoxySLs alter ER or golgi morphology.
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2.3 Materials and Methods

2.3.1 Animals used

C57BL/6J (Charles River Laboratories) wild-type mouse colonies were maintained by Dr.
Bernadett Kalmar in accordance with the Animals (Scientific Procedures) Act 1986. For the
motor neurone cultures, the pregnant mice were terminally anaesthetised with
pentobarbitone (intra-peritoneal, 140mg/kg) under Schedule 1 as specified by the UK
Animals Scientific Procedures Act 1986. For the DRG cultures, 5-8 day post-natal pups
were sacrificed by Schedule 1 methods as outlined in the UK Animals Scientific Procedures

Act 1986.

2.3.2 Primary mixed motor neuron cultures

Prior to the start of the culture, 13mm glass coverslips were coated with polyornithine (3ug/ml,
Sigma) dissolved in Hanks Buffered Saline Solution (HBSS) and incubated at 37°C overnight.
The solution was then replaced with laminin (5pg/ml, Sigma) and incubated for a further 2
hours prior to use. All reagents stated below were obtained from Gibco by ThermoFisher

Scientific unless otherwise specified.

Day 12.5-13.5 (E12/13) embryos were harvested from female mice by hysterectomy and
placed in a petri dish containing chilled HBSS and 2% penicillin/streptomycin which was
kept over an ice pack during the dissection. Individual embryos were transferred one at a
time to a petri dish containing HBSS and 2% penicillin/streptomycin and placed under a
dissecting microscope. The ventral horns of the spinal cord were dissected out according to
the method described by Camu and Henderson (1992). This involved removing the head of
the embryo and laying the body prone. The skin overlying the neural tube was removed and
the neural tube was gently separated from the rest of the body. The dura mater with the
attached DRGs was then removed, followed by the removal of the lateral/dorsal region of
the spinal cord via scalpel dissection. The cords were then trypsinized (incubated for 10
minutes at 37°C) in HBSS containing 0.025% bovine pancreatic trypsin (Sigma). The tissue
was transferred into a solution containing 800ul of Leibovitz’s L15 media, 100ul of 4%
bovine serum albumin (BSA) 100ul of DNAase (1mg/ml) and gently triturated 3-4 times
using a 1ml pipette. The supernatant was collected and another solution containing 900pl of

Leibovitz’s L15, 100ul of 4% BSA and 20pl of DNAase (1mg/ml) was added to the pellet.
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This solution was triturated gently about 10 times and again the supernatant was collected.
The supernatants were pooled and centrifuged for 5 minutes at x375g through a 4% BSA
cushion (4% in Leibovitz's L15 media). The supernatant was discarded and the pellet re-
suspended in 1ml of complete neurobasal medium containing 2% B27 supplement, 2%
horse serum, 0.5mM glutaMAX, 0.05% 2 mercaptoethanol, penicillin/streptomycin (50 units
per ml/50ug per ml) (all Invitrogen) and supplemented with 0.1ng/ml murine glial cell derived
neurotrophic factor (GDNF), 0.5ng/ml human ciliary neurotrophic factor (CTNF) and

0.1ng/ml human brain derived neurotrophic factor (BDNF, all Peprotech).

Cell density of the suspension was estimated using a haemocytometer. Cells were plated
onto 24 well plates with coated glass coverslips at a density of 5 x104and cultured in 1ml

volumes of complete neurobasal media under standard culture conditions (37°C, 5% CO3).

2.3.3 Primary dorsal root cultures
Glass coverslips were prepared as above but poly-D-lysine (100ug/ml) was used to coat the

coverslips instead of polyornithine.

Mouse pups aged between 5 and 8 days were used. The DRGs were dissected using the
technique described by Hall (Hall, 2006). This involved placing the pup dorsal surface up
under a dissecting microscope and the limbs were fixed with pins. The back fur was soaked
with 70% ethanol. A flap of dorsal skin was removed extending along the spine from the
lower back to the neck. The vertebral column was cut through transversely near the base of
the spine and the spinal canal was located. The vertebrae were cut through by inserting the
tip of a small scissor into the spinal canal and cutting along to create a V-shape (cutting at 3
o’clock and 9 o’clock positions), working rostrally. Along the way, the dorsal piece of the
vertebrae was peeled back to expose the spinal cord. The DRGs were isolated by pushing
the spinal cord to one side to reveal the ventral roots leading to the DRGs. Both the ventral
and dorsal roots were cut and the DRG was placed in a petri dish containing chilled HBSS
containing 2% penicillin and streptomycin. The dish was kept over ice during the dissection.
Lumbar, thoracic and cervical DRGs were removed. 30-35 DRGs were removed from each
mouse. The dissociation protocol applied in this study was a modification of three previously

described (Malin et al., 2007; Owen and Egerton, 2012; Sun et al., 2012). The harvested
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ganglia were transferred into a falcon containing 3ml HBSS with 60u of Papain (Sigma) and
incubated on a rotating incubator for 10 minutes at 37°C. The solution was then centrifuged
at x200g for one minute. The papain solution was removed and replaced with 2ml pre-
warmed HBSS (with Calcium and Magnesium added) containing 0.1% collagenase type Il
and 1.5u/ml dispase and incubated for further 45 minutes in the rotating incubator at 37°C.
The solution was centrifuged again at x200g and the collagenase mixture removed. The
pellet was re-suspended in 1ml of neurobasal media containing 2% B27 supplement, 1%
foetal calf serum, 2mM GlutaMAX, 1% Penicillin and streptomycin and supplemented with
50ng/ml mouse nerve growth factor (NGF, Promega). The solution was gently triturated 4
times to dissociate the DRGs, taking care to maintain a constant slow speed of trituration to
reduce the shear force applied to the cells in the suspension. The solution was allowed to
settle. The supernatant was collected, and the pellet was re-suspended in 0.5ml of media.

The above process was repeated twice and the supernatants were pooled together.

It was difficult to estimate accurately the density of the cells in the suspension using a
haemocytometer. Some of the cells were too large to be sucked into the measuring grid.
The DRGs from one pup were sufficient to provide adequate plating density for 8 wells of a
24well plate (each well contained cells from an average of 4 DRGSs). Cells were plated onto
24 well plates with coated glass coverslips and cultured in 1ml volumes of complete
neurobasal media under standard culture conditions (37°C, 5% CO3). For live-cell imaging
cells were plated onto glass bottom dishes (35 mm petri dish with 14 mm microwell,
MatTek) and cultured in 2ml culture media. For western blots, cultures were plated onto 6

well plates (approximately 16 DRGs per well).

2.3.4 Sphingolipid treatment

1mM sphingolipid-ethanol stock solutions were prepared for sphinganine (SA, molecular
weight 301.51), 1-deoxysphinganine (1-deoxySA, molecular weight 285.51) and 1-
deoxymethylsphinganine (1-deoxymethylSA, molecular weight 271.48) by dissolving these

lipids in ethanol. All sphingolipids were obtained from Avanti Polar Lipids.

Both the motor and sensory neurons were cultured for 3-4 hours before the start of the
treatment regime. Motor neuron and DRG cultures were treated with sphingolipids at a final

concentration of 1uM (adding 1pl of stock to 1ml of culture media). Following the addition of
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the sphingolipids to the culture, the plates were gently swirled to distribute the sphingolipids
throughout the wells. Control cultures were treated with the ethanol (EtOH) vehicle (1ul of

ethanol in 1ml of complete neurobasal media).

Four treatment durations were used for the motor neurons: 12 hours, 24 hours, 36 hours
and 48hours. 12 hours, 24 hours and 48 hour treatment durations were used for DRGs. Due

to the relatively short culture times, media changes were not necessary.

2.3.5 Immunocytochemistry

The motor neurons and DRG cells were fixed by the addition of 4% paraformaldehyde in
phosphate buffered saline (PBS) for 20 minutes followed by a PBS wash. Before primary
antibody labelling, the cells were permeabilised by incubating in blocking solution (5%
goat/donkey serum in PBS) containing 0.1% Triton X-100 (PBST: Sigma) for one hour at
room temperature. Cells were then washed with PBS and incubated overnight with the
primary antibody (Table 2.1) at 4°C. The cells were washed in PBS and the nuclear marker,
4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI, Sigma) was applied at a dilution of
1:1000 for 5 minutes. The cells were again washed and incubated in the secondary antibody
(Table 2.1) at room temperature for 1.5hours. After three more PBS washes, the coverslips

were mounted onto slides using mounting media (Glycerol/PBS solution at 4:1 ratio).
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molecular probes
568

Culture Blocking Primary antibody | Secondary Manufacturer
serum antibody
Motor neuron 5% Goat Rabbit 3- 11l Goat anti-rabbit Covance
serum Tubulin IgG Alexa MRB-435P
1:500 molecular probes
568
1:1000
DRG (cell 5% Goat Mouse B- Il Goat anti-mouse Covance
count) serum Tubulin IgG Alexa MMS-435P
1:500 molecular probes
568
DRG 5% Mouse Donkey anti- lowa RT97
(evaluating Donkey Neurofilament 200 | mouse IgG Alexa
sensory neuron | serum 1:100 molecular probes
sub- 488
populations) Goat CGRP Donkey anti-goat | AbDSerotec
1:200 IgG Alexa
molecular probes
568
DRG (Golgi) 5% Goat Rabbit B-IlI Goat anti-rabbit Covance
serum Tubulin IgG Alexa MRB-435P
1:500 molecular probes
488
1:1000
Mouse Giantin Goat anti-mouse Biolegend
1:500 IgG Alexa
molecular probes
568
DRG (ER) 5% Goat Rabbit B-111 Goat anti-rabbit Covance
serum Tubulin IgG Alexa MRB-435P
1:500 molecular probes
488
1:1000
Mouse PDI Goat anti-mouse Enzo
1:500 IgG Alexa

Table 2.1 Commercial antibodies used for immunocytochemistry of primary motor

neuron and DRG cultures

2.3.6 Microscopy and analysis of cell survival and neurite outgrowth

Images were taken using Leica inverted epifluorescence light microscope and Leica

Application Suite software. Neuronal cell survival was measured by counting the number of

beta Ill tubulin and DAPI co-stained positive cells present per field of view (x200

magnification used for motor neurons and x100 magnification used for sensory neurons).

Ten fields of view, selected randomly, were examined per treatment condition for the

individual experiments. Fields of view with significant clumping or mechanical distortion
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were avoided. The cell counts were normalised to equivalent cell counts in the ethanol

vehicle control.

Differential neuronal survival was evaluating by measuring neurofilament 200 (heavy chain)
positive DRG neurons (large diameter, myelinated neurons) and Calcitonin Gene Related
Peptide (CGRP) positive DRG neurons (small, unmyelinated peptidergic neurons). The cell

counts were normalised to those obtained from cultures treated with the ethanol vehicle.

Neurite outgrowth measurements were performed on DRG neurons labelled with beta IlI
tubulin in the 12hour treatment group. Individual neurites were traced to determine average
neurite length for each sensory neuron. Neurite arborization area was measured by drawing
a line which joined the ends of the neurites together. For both methods, the Leica
Application Suite software was used. Only neurons with clearly identified neurites and where
the whole neurite arborization could be clearly visualised were selected for analysis.

Neurons from 10 randomly selected fields of view were used.

2.3.7 Mitochondrial membrane potential measurement

Primary DRG cultures 2-3 DIV (days in-vitro) were treated with 1uM sphingolipids for 2
hours prior to live cell imaging. The cultures were then washed twice with warmed recording
media (156 mM NaCl, 10 mM HEPES, 10 mM D-glucose, 3 mM KCI, 2 mM MgSOa4, 2 mM
CaClz, 1.25 mM KH2PO4, pH 7.35). Cells were loaded for 30 minutes at room temperature
with tetramethylrhodamine methyl ester (TMRM) (20 Nm, ThermoFisher Scientific) in
recording media supplemented with pleuronic acid F-127 (0.005%, ThermoFisher Scientific).
TMRM is a cell-permeant potentiometric dye which becomes sequestered in the
mitochondria because of the electrochemical gradient that exists between the mitochondria

and the cytosol.

Immediately before live imaging, calcein blue AM dye (1pM, ThermoFisher Scientific), which
acts as a viability probe, was added to the cells. Z stack images were taken on Zeiss Laser
Scanning Microscope (LSM) 780 confocal microscope using ZEN LE Digital Imaging 2012
software. The cells were maintained at 37°C and 5% CO:inside a stage top incubator. Z-

stacks were taken at 1um depth intervals using 40X oil objective. TMRM intensity
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measurements (in arbitrary units) of mitochondria located within the cell bodies were
measured. TMRM intensities were measured using ZEN 2 lite blue edition software and
were taken as estimate readouts of mitochondrial membrane potential. Neuronal diameters
were also measured by drawing around the cells highlighted by calcein blue AM on sections

bisecting the nucleus.

2.3.8 Culture of SH-SY5Y cells

SH-SY5Y cells was used in the analysis of expression of proteins of ER stress and UPR
following sphingolipid treatment. SH-SY5Y cell line (ECSCC catalogue humber 94030304)
is derived from female, human neuroblastoma cells. The cells were cultured in Dulbecco’s
modified Eagle’s Medium (DMEM-12, Gibco) containing 2mM Glutamine, 1% Non-essential
amino acids (NEAA), 15% Foetal bovine serum (FBS) and 1% penicillin/streptomycin (50
units per ml/50ug per ml). The cells were maintained in an incubator at 37°C in a saturated

humidity atmosphere of 5% CO:..

The cells were passaged when about 90% confluent. The culture was split by washing the
cells with PBS followed by the addition of 0.5ml warmed trypsin (0.25%)-EDTA in HBSS
(Ca?/Mg? free) and incubation in incubator for 1 minute. The flask was gently tapped to
detach any remaining adherent cells. 0.5ml of culture medium was added to halt trypsin’s
enzymatic activity and cells were transferred to a falcon and centrifuged at 400g. The
supernatant was removed and the pellet resuspended in 6 ml of culture media. 6 T75 flasks
were filled with 15ml of culture medium and each flask seeded with 1 ml of the cell
suspension. 24 hours later, the media was replaced with culture media containing 10uM all-
trans retinoic acid (Sigma). The SH-SY5Y cells were cultured until 90% confluent. Media
(containing trans-retinoic acid) was changed every 2 days. When 90% confluent,
sphingolipid (1pM) treatment was initiated and treatment durations of 2 hours, 6 hours and
24 hours were used. At the end of the treatment regime, the cells were harvested for

western blot experiments.
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2.3.9 Western blot

Cell lysate preparation

DRG cultures were treated with 1 uM sphingolipids (SA, 1-deoxySA and 1-deoxymethylSA)
and 1uM thapsigargin (positive control for ER stress, AdipoGen) 3-4 hours after plating into
6 well plates. After 24 hours of treatment, the cells were washed with ice cold PBS. 150ul of
urea buffer (8M urea, 2% SDS and 20mM Tris Base, pH=7.07) and 1% Halt Protease and
Phosphatase Inhibitor cocktail was added to each well and the plate kept on ice for one
minute. The cells were scraped off with a cell scraper and transferred into an Eppendorf,

held on ice and then stored at -20°C.

For SH-SY5Y cultures in T75 flasks, 1ml of urea buffer and 1% Halt Protease and

Phosphatase Inhibitor cocktail was added and the cells scraped off with a cell scraper.

Protein Assay

Protein standards were made by diluting 2mg of BSA (Sigma) in 1ml of urea buffer, Serial
dilutions of this solution were carried out to obtain further BSA protein standards of 1,
0.5,0.25 and 0.125mg/ml. With DRG cultures, 5l of cell samples and BSA protein
standards were plated in triplicate onto a 96 well Falcon plate. With SH-SY5Y cultures, 10pl
of cell sample were plated onto a 96 well plate. Protein assays were performed using the
Bio-Rad Laboratories Protein Assay DC reagents A and B. 25yl of Bio-Rad reagent A
followed by 200pl of Bio-Rad reagent B were added to each well. The plate was kept in the
dark for 15 minutes at room temperature. The absorbance at an excitatory wavelength of
750nm was measured using a plate reading spectrophotometer. Absorbance measurements
for the protein standards were used to produce a scatter graph of known protein
concentrations against absorbance readouts. A best fit line was drawn and the equation of
this line used to calculate the protein concentrations of the cell samples from their

absorbance measurements.
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Gel protein electrophoresis

A Protean Bio-Rad system was used to make 1mm thick, 10% polyacrylamide gels. The
gels were immersed in running buffer (distilled water containing 0.025M TRIS, 0.192M
glycine and 0.1% SDS). Cell sample buffers were prepared from the cell samples to contain
10ug of protein by mixing with 4x Laemmli sample (75%, Bio-Rad). B-Mercaptoethanol
(10%) was added to these cell sample buffers. 8ul of a standard western ladder (Precision
Plus Protein Western Standards, Bio-Rad), together with 15ul of sample buffer (30ul for
DRG samples) for each condition were loaded into individual wells. A 160V was applied and
the gel was run until the front just run off the gel (approximately 1 hour). The gel was then
packed in a cassette containing sponges and blotting paper on either side and nitrocellulose
membrane (all soaked in ice cold transfer buffer). The cassette was then placed in chamber
containing ice cold transfer buffer (distilled water containing 0.025M TRIS, 0.192M glycine
and 20% methanol), ice box and a magnetic stirrer. A potential difference of 100V was
applied for 60 minutes. The nitrocellulose membrane was then removed and immersed in

Ponceau C solution for 2 minutes to confirm the transfer of proteins.

The membrane was then immersed in a blocking solution (PBS containing 0.1% Tween 20
and 5% milk) for one hour. Primary antibody (in PBS 0.1% Tween 20 and 5% milk) was
added next and left overnight at 4°C (Table 2.2). The membrane was then washed three
times with PBS-Tween before the application of the horse radish peroxidase (HRP)
conjugated secondary antibody (1:1000 dilution) mixed with Strep Tactin- HRP conjugate
(Bio-Rad, for detection of western ladder) for 2 hours at room temperature. The membrane
was again washed three times with PBS-Tween. In-order to visualise the protein bands, the
membrane was incubated in mixture of solution A and B (1:1, Supersignal West Pico
Chemiluminescent substrate, ThermoFisher Scientific) and then exposed to Kodak X-ray
film in a dark room. In later experiments, the protein bands were visualised using ChemiDoc
Imaging system (Bio-Rad). The optical densities of the protein bands were quantified using

the image analysis software, Image J.
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Culture Primary antibody Concentration | Manufacture
Mouse monoclonal 1:1000 Enzo (ADI-SPA-891)
PDI
Rabbit polyclonal BiP | 1:1000 Abcam (ab21685)
(GRP78)
Rabbit monoclonal 1:1000 Cell Signaling
PERK (C33E10)
DRG and SH-SY5Y | Rabbit monoclonal 1:1000 Cell Signaling
cultures IRE1at (14C10)
Rabbit polyclonal 1:1000 Novusbhio
phospho-IRE1a (NB100-2323)
DRG cultures Rabbit monoclonal 1:1000 Novusbio
ATF6 NBP1-40256

Table 2.2 Commercial antibodies used for Western blots in this study

2.3.10 Statistical analysis

Statistical analysis was performed using SPSS 22.0 and GraphPad Prism version 7.0

software. Frequency distribution graphs of the data were visually inspected to determine if
normally distributed. Motor neuron and DRG cell counts were normalised to vehicle
(ethanol) control. Statistical significance for the relative cell counts, were determined using
the non-parametric, One-sample Wilcoxon Signed Rank test. Neurite length and
arborisation area for the various treatments are given relative to the ethanol and compared
using the Kruskall-Wallis test and corrected for multiple comparisons with Dunn’s test.
Statistical significance for mitochondrial membrane potentials were determined using one-
way Anova followed by post-hoc correction for multiple comparisons (Dunnett test).
Statistical difference in western blot protein levels were determined using One-sample
Wilcoxon Signed Rank test for DRG cultures and using Kruskall-Wallis test (corrected for
multiple comparisons with Dunn’s test) for SH-SY5Y cultures. Data are represented as

mean = standard error of the mean (SEM).
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2.4 Results

2.4.1 Maturation of sensory and motor neurons in-vitro

Neurite outgrowth was faster in DRG cultures compared to motor neuron cultures. At 12
hours post-plating, elaborate neurite arborisations can be seen in the DRG cultures whereas
only early sprouting of neurites can be seen in motor neuron cultures (Figure 2.1). By 24
hours after plating, dense network of neurites can be seen in DRG cultures (Figure 2.1). The
differences in maturation may reflect the differences in age of the animals the primary
cultures were obtained from: 12.5-13.5 day old mouse embryos for motor neuron cultures

and 5-8 day old pups for DRG cultures.

2.4.2 1-DeoxySLs reduce DRG neuron survival

Primary DRG cultures were treated with 1uM sphingolipids at two different time points
following plating, at either A) 3-4 hours post plating referred hereafter as ‘early treatment’, or
B) 48 hours post plating, referred to as ‘late treatment’ (Figure 2.2A). For the early treatment
paradigm, the treatment duration consisted of 12, 24 and 48 hours. In contrast, in the ‘late
treatment’, the cells were treated for 48 hours only. The concentration of 1uM was chosen
since a dose response experiment in a previous study in chick DRG cultures has shown that
this concentration has deleterious effects on DRG cultures (Penno et al., 2010). In these
experiments the number of B-IIl tubulin positive cells were counted as neurons. Sensory
neuron survival was determined by comparing the extent of sensory neuron survival in

sphingolipid treated cultures relative to survival in vehicle (ethanol) treated cultures.

The effects of ‘early treatment’ with sphingolipids on sensory neuron survival is summarised
in Figures 2.2B and C. There was a clear reduction in sensory neuron survival in cultures
treated with 1-deoxySA and 1-deoxymethylSA. With 1-deoxySA treatment, a reduction in
cell survival was seen after 12 hours of treatment and 82 + 4% of neurons survived
(p=0.043). With longer 1-deoxySA treatment durations, there was a further reduction in the
number of surviving sensory neurons and 72 + 3% of neurons survived at 24 hours,
(p=0.028) and 31 + 7% neurons survived at 48 hours (p=0.043). 1-deoxymethyISA was less
neurotoxic and only caused a significant reduction in sensory neuron survival after 48 hours

of treatment, when only 60 + 6% of neurons survived (p=0.043). Treatment with the
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Motor neurons Sensory neurons

12 hours after plating

24 hours after plating

Figure 2.1 Maturation of motor and sensory neurons in-vitro

The images show primary motor and sensory (DRG) neurons in-vitro which have been
immunostained for neuronal marker B-IIl Tubulin (red) and the nuclear marker DAPI (blue)
at either 12 or 24hours after plating. The growth of neurites in-vitro was faster in the sensory
neurons than in motor neurons. Complex neurite arborisations were seen in sensory

neurons as early as 12 hours after plating. Scale bars = 100um
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Figure 2.2 The effects of 1-deoxysphingolipids on sensory neuron survival in-vitro

A) A schematic showing the two sphingolipid treatment regimes. Early treatment started
3-4 hours after plating and the cells were fixed after 12, 24 and 48 hours of treatment.
Late treatment was initiated 48 hours after plating and the cells were fixed after 48 hours
of treatment. (B) Representative images of sensory neurons following ‘early’ treatment
with 1uM sphinganine (SA), 1-deoxySA and 1-deoxymethylSA and vehicle control for 48
hours and immunostained for neuronal marker Bl Tubulin (red) and co-stained with
nuclear marker DAPI (blue). Scale bar=200um (C) The survival of sensory neurons
treated ‘early’ with SA, 1-deoxySA and 1-deoxymethylSA for 12, 24 and 48 hours. ‘Early’
treatment with 1-deoxySA results in a significant death of DRGs by 12 hours. Treatment
with 1-deoxymethylSA also decreases DRG survival but this only reaches significant after
48 hours of treatment. (D) The survival of sensory neurons following ‘early’ or ‘late’
treatment with sphingolipids. Early and late deoxysphingolipid treatments are equally
cytotoxic with 1-deoxySA being more toxic than 1-deoxymethylSA in both cases. n=5-6
independent experiments. Sensory neuron survival is displayed as a percentage relative
to ethanol vehicle control. For statistical comparison, each treatment group was compared
to its ethanol vehicle control. *p<0.05, Error bars=SEM.
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normal enzymatic product, SA, did not cause any significant reduction in sensory neuron
survival over the 48 hours of treatment however there appears to be a trend towards

decreased sensory neuron survival with longer treatment duration of 48 hours.

Interestingly, following 48hours of treatment with 1-deoxySLs, the significant loss of sensory
neurons was also accompanied by the loss of non-neuronal cells (DAPI positive/p-III tubulin

negative cells) such as fibroblasts (Figure 2.2B)

‘Late’ treatment with sphingolipids for 48 hours has a similar pattern of toxicity to early
treatment, with no significant difference (Figure 2.2D). Both 1-deoxySA and 1-
deoxymethylSA ‘late’ treatments led to reduction in sensory neuron survival where 18 + 8%

(p=0.028) and 72 £ 5% (p= 0.028) of neurons survived, respectively.

2.4.3 1-DeoxySLs reduce motor neuron survival

Primary motor neuron cultures were treated with sphingolipids 3-4 hours after plating
(Figure 2.3A) for treatment durations of 12, 24, 36 or 48 hours. The effects of early
treatment with sphingolipids on motor neuron survival is summarised in Figure 2.3B and C.
There was time dependent 1-deoxySA neurotoxicity, with 66 + 4% of motor neurons
surviving following 36 hours of treatment (p=0.042) and 61 + 3% of neurons surviving
following 48 hours of treatment (p=0.043). 1-deoxymethylSA appears to have delayed
neurotoxicity when compared to 1-deoxySA with a significant reduction in motor neuron
survival seen after 48 hours of treatment when 64 + 6% neurons survived (p=0.043).
However, following 48 hours of treatment, both 1-deoxySA and 1-deoxymethylSA caused a
similar reduction in cell survival. Interestingly, both SA and 1-deoxymethylSA appeared to
improve motor neuron survival initially at 24 hours so that 112 + 3% (p=0.042) and 111 + 3%
(p=0.043) neurons survived respectively. As with DRG cultures, 48 hours of treatment with

1-deoxySLs caused a loss of non-neuronal cells in additional to motor neurons.
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Figure 2.3 The effects of 1-deoxysphingolipids on motor neuron survival in-vitro

(A) The schematic shows the treatment protocol used. (B) Primary motor neuron cultures
were treated for 48 hours with 1 yM sphingolipids (sphinganine (SA), 1-deoxySA and 1-
deoxmethylSA) or vehicle control 3-4hours after plating. The neurons were then
immunostained for 3-111 Tubulin (red) and stained with the nuclear marker DAPI (blue).
Scale bar=50 ym (C) 1-DeoxySLs cause a time- dependent reduction in motor neuron
survival (after 36 hours of treatment for 1-deoxySA and 48 hours for 1-deoxymethylSA).
Motor neuron survival is shown as a percentage relative to ethanol vehicle control. n=5

independent experiments. *p<0.05 Error bars =SEM.
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2.4.4 Differential toxicity of 1-deoxySLs on DRG sub-types.

The purpose of this series of experiments was to determine if there is differential
vulnerability to the deoxySLs in the different types of sensory cells. To differentiate between
sensory neuron subtypes, DRG cultures were co-labelled with a marker for large myelinated
sensory neurons (an antibody recognizing neurofilament 200) and a marker for small
peptidergic nociceptors (an antibody recognizing Calcitonin Gene Related Peptide, CGRP).
These two subtypes were chosen for study because in the HSN1 clinical phenotype there is
a sensory dissociation whereby small fibore mediated nociception and temperature sensation
are affected earlier and more severely than large, myelinated fibre mediated vibration and
joint position sense (Auer-Grumbach et al., 2003; Houlden et al., 2006). The number of
neurofilament 200 (NF200) and CGRP positive cells in each condition were counted and
expressed as a percentage of the number of NF200 and CGRP positive cells, respectively,

in the vehicle control group.

Representative images of DRG cultures stained for CGRP and NF200 following ‘early’
treatment with sphingolipids for 48 hours are shown in Figure 2.4A. In the CGRP positive
neuronal sub-population, there was a time-dependent reduction in cell survival so that
following treatment with 1-deoxySA, 57 + 18% of neurons survived at 24 hours (p= 0.043)
and 19 + 6% survived at 48 hours (p=0.043) (Figure 2.4B). 1-deoxymethylSA was also toxic
to this sub-population of neurons with 78 + 5% (p=0.028) neurons surviving at 12hours and
only 44 + 14% (p=0.043) of neurons surviving after 48hours of treatment. In the NF200
positive neuronal sub-population, 1-deoxySA treatment also caused a significant reduction
in cell survival but only following the longest treatment duration of 48 hours, when 41 + 10%
(p=0.043) of neurons survived (Figure 2.4C). 1-deoxymethylSA treatment caused an initial
reduction in cell survival following 12 hours of treatment where 75 £ 7% (p=0.043) of

neurons survived, however the cell numbers remained stable thereafter.

The small diameter, CGRP positive (peptidergic) sensory neurons appear more susceptible
to 1-deoxySL mediated toxicity than the large, myelinated NF200 positive sensory neurons.
The CGRP positive neurons showed signs of 1-deoxySA toxicity at an earlier time point of
24 hours compared to 48 hours for the NF200 positive cells. After 48 hours of 1-deoxySA
treatment, there was a greater reduction in CGRP positive neurons compared to the

neurofilament positive neurons. For both NF200 and CGRP positive neurons, 1-
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deoxymethylSA appears to be less neurotoxic than 1-deoxySA. This milder toxicity is

particularly apparent in NF200 positive large myelinated neurons.

2.4.5 Effects of sphingolipid treatment on early neurite outgrowth

For these experiments, the early treatment protocol was used, in which cells were exposed
within 3-4hours of plating to 1pM sphingolipids for 12 hours, then fixed and stained for the
neuronal marker beta Il tubulin. The effects on neurite outgrowth was then determined by
assessing two parameters: i) average neurite length for each sensory neuron and ii)
average neurite arborisation area. The methods for assessing these parameters are
illustrated in Figures 2.5B and 2.5D respectively and described in detail in the methods

section, 2.3.6.

The average neurite length per sensory neuron was significantly reduced in all sphingolipid
treatment groups and were found to be 199 + 8um with SA (p<0.0001), 203 + 8um with 1-
deoxySA (p=0.0001) and 200 + 8um with 1-deoxymethylSA (p<0.0001), compared to the
vehicle control which was 262 + 11um (Figures 3.5A and C). Individual neurite lengths per
sensory neuron appeared more uniform in the vehicle (ethanol) control group, whereas in
the sphingolipid treatment groups there was greater variation in neurite length and the
branching pattern was less complex. These findings are better represented by measuring
the overall neurite arborisation area, which is less influenced by individual neurite lengths.
Sphingolipid treatment significantly reduced the neurite arborisation area from 1.361x10° +
1.290x10% in vehicle control cultures to 8.655x104 + 8.848x103um?in SA (p=0.0006),
7.730x10% + 8.001x103um?in 1-deoxySA (p<0.0001) and 7.934x10* + 8.408x10%um?in 1-
deoxymethylSA (p<0.0001) treated cells (Figure 3.5E). Assessment of the neurite
arborisation area revealed a more dramatic reduction in neurite growth following
sphingolipid treatment to 64% with SA, 57% with 1-deoxySA and 58% with 1-
deoxymethylSA versus 76%, 78% and 76%, respectively, when average neurite length
measurements were used. The reduction in neurite length and arborisation area caused by

SA treatment was comparable to that caused by 1-deoxySL treatment.
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Figure 2.4 Differential toxicity of 1-deoxysphingolipids on sensory neuron sub-types.

(A) Primary DRG cultures were treated after 3-4hours of plating with 1uM sphingolipids
(sphinganine (SA), 1-deoxySA and 1-deoxymethylSA or vehicle control (ethanol) for 48
hours. The cells were immunostained for markers of large myelinated neurons (NF200:
green) and small peptidergic neurons (CGRP: red) and co-stained with the nuclear marker,
DAPI (blue). Scale bar=100um (B) The small CGRP positive (peptidergic) sensory neurons
appear to be more vulnerable to 1-deoxySL induced neurotoxicity compared to the large
(C), myelinated NF200 positive neurons. Sensory neuron survival is shown as a percentage

relative to vehicle control. n= 5-6 independent experiments. *p<0.05. Error bars=SEM
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Figure 2.5 Treatment with sphinganine and 1-deoxysphingolipids reduces neurite

outgrowth in sensory neurons in-vitro

(A) Primary DRG cultures were treated 3-4 hours after plating for 12 hours with 1yM
Sphinganine (SA), 1-DeoxySA and 1-DeoxymethylSA or vehicle control. The cells were
stained for neuronal marker 3-111 Tubulin (red) and co-stained with nuclear maker, DAPI
(blue). Scale bar=100um. (B) The longest neurite growth was determined as illustrated. The
longest course for individual neurites were traced and an average neurite length per sensory
neuron was recorded. (C) Sphingolipid treatment led to a reduction in neurite length. (D)
Sensory neuron arborisation area was measured by tracing around the ends of individual
neurites. (E) Sphingolipid treatment reduced sensory neuron arborisation area. Neurite
arborisation data are represented as medians. Error bars= SEM (Figure C) and 95%
confidence interval (Figure E). ***p<0.001, ****p < 0.0001. n=135-173 cells per condition

from 5 independent experiments.
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2.4.6 Effects of 1-deoxySLs on mitochondrial membrane potential in sensory neurons
Since treatment with 1-deoxySLs induced significant neuronal death and altered neurite
development, | next examined whether there were any early functional deficits.
Tetramethylrhodamine methyl ester (TMRM, a potentiometric dye which accumulates in
mitochondria relative to the mitochondrial membrane potential) fluorescence was used as a
readout for mitochondrial membrane potential. Mitochondrial membrane potentials were
measured following 2hour treatment with sphingolipids to determine if there was early
mitochondrial dysfunction in 1-deoxySL induced neurotoxicity. DRGs were cultured for 2-3

days prior to treatment with the sphingolipids.

DRG neurons in the vehicle treatment group displayed an average intensity of 3862 + 48au.
1-DeoxySL treatment led to a small but significant reduction in TMRM intensity with a
greater reduction observed following 1-deoxySA treatment (3627 + 59au, p=0.0065)
compared to 1-deoxymethylSA treatment (3687 + 43au, p=0.045) (Figures 2.6A and B).
Since the survival data for this treatment group revealed a differential vulnerability to 1-
deoxySA induced toxicity between the large myelinated and small peptidergic neurons, the
DRG neurons in the current experiment were sub-divided into large and small diameter
neurons to determine if smaller sensory neurons exhibited a larger decline in mitochondrial
membrane potential. Neurons with diameters less than 27um were classified as ‘small’ and
neurons with diameters =27um were classified as ‘large’ (Scroggs et al., 1994, Barabas et
al., 2014; Aboualizadeh et al., 2015).1-DeoxySA treatment led to a reduction in TMRM
intensity in both small (mean intensity of 3515 + 38au, p=0.0002 ) and large neurons (mean
intensity of 3582 +59au, p=0.012) compared to control cultures, with mean TMRM
intensities of 3843 +42au and 3900 +54au respectively (Figure 2.6C). 1-DeoxymethylSA
treatment however, only induced a significant reduction in TMRM intensity (3596 + 38au,
p=0.003) in small neurons. 1-DeoxySA led to similar reductions in mean TMRM intensities
in both the small and large DRG neurons. A significant difference in the mean TMRM
intensities between the two DRG sub-populations was only seen with 1-deoxymethylSA

treatment (p=0.0095).
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Figure 2.6 The effects of 2-hour sphingolipid treatment on mitochondrial membrane

potential in sensory neurons in-vitro.

(A) Representative images of DRG cultures at 3DIV loaded with TMRM following 2 hours of
treatment with 1uM sphingolipids. Scale bar=20um. (B) 1-DeoxySA and 1-DeoxmethylSA
treatments cause a reduction in mitochondrial membrane potential (TMRM intensity)
compared to the vehicle control. (C) 1-DeoxySA treatment causes a reduction in
mitochondrial membrane potential in both small diameter (<27um) and large diameter (=
27um) DRG neurons however 1-DeoxymethyISA treatment only reduced the membrane
potential in the small diameter DRG neurons. n= 6 independent experiments representing
61-67 neurons per condition. Error bars= SEM. *p=<0.05, *p=<0.01, ***p=<0.001.
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2.4.7 Effects of 1-deoxySL treatment on ER and Golgi structure

The structure of the ER and golgi were next assessed in DRG neurons treated for 24 hours
with 1uM SA, 1-deoxySA and 1-deoxymethylSA and the findings were compared with that of
the vehicle treated DRG neurons. The golgi marker, Giantin and the ER marker, protein

disulphide isomerase (PDI) were used to visualise the organelles.

As can be seen in Figure 2.7, there was no difference in giantin immunoreactivity between
the vehicle control and sphingolipid treated DRG neurons, suggesting an absence of any
gross alteration in the structure of the golgi following sphingolipid treatment. Decreased PDI
staining intensity was consistently observed in DRG neurons treated with SA and 1-
deoxySA compared to the control cultures. An increased staining intensity was seen
following 1-deoxymethyISA treatment (Figure 2.8A) which was seen maximally in the
periphery of the neuronal cell bodies. These differences were quantified by Western blot
analysis (Figures 2.8 B-C) using thapsigargin (TG) treatment as a positive control for ER
stress. There was a significant reduction in PDI protein levels following SA and 1-deoxySA
treatment (52 £ 12% and 59 £ 9% respectively, p=0.043) and a significant increase in levels
following 1-deoxymethylSA and thapsigargin treatments (157 + 16% and 139 + 12%

respectively, p=0.043).

2.4.8 Sphingolipid treatment and the activation of the Unfolded protein response
(UPR).

PDI has two main functions. Firstly, it catalyses the oxidation, reduction and isomerisation of
protein disulphide bonds via disulphide interchange activity (Perri et al., 2016). Secondly, it
acts as a chaperone which is dependent on its redox status and is involved in the UPR (Ali
Khan and Mutus, 2014; Perri et al., 2016). Due to its involvement in the UPR, protein levels
of the three main ER stress sensors of the UPR (PERK, IRE1a and ATF6) and another ER
chaperone, BiP were evaluated in the same lysates of DRG cultures treated with 1-
deoxySLs. PERK, IRE1a and ATF6 are bound to BiP under basal conditions and are
therefore inactive. When ER stress arises, there is accumulation of misfolded proteins in the
ER lumen. BiP dissociates from the three mediators and binds to the misfolded proteins

which results in the activation of the three ER stress sensors.

There was no significant change in these three ER stress sensors or BiP following treatment
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Control

1-DeoxySA

Figure 2.7 The effects of sphingolipid treatment on the Golgi structure of sensory
neurons in-vitro.

DRG neurons were treated for 24 hours with 1uM Sphinganine (SA), 1-DeoxySA and 1-
DeoxymethyISA or vehicle control and then fixed and immunostained with the neuronal
marker B-1lIl Tubulin (green), the Golgi marker Giantin (red) and co-stained with the nuclear
marker, DAPI (blue). There is no difference in the Golgi structure between the vehicle

treated and sphingolipid treated DRG neurons. Scale bar=10um
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Figure 2.8 The effects of sphingolipid treatment on Protein Disulphide Isomerase

(PDI) expression in sensory neurons in-vitro.

(A) DRG neurons treated for 24 hours with 1uM Sphinganine (SA), 1-DeoxySA (DSp), 1-

DeoxymethylSA (DMSp) or vehicle control, then fixed and stained with the neuronal marker

B-1ll Tubulin (green), the ER marker PDI and the nuclear marker DAPI (blue). Scale

bar=10um (B) Representative Western blot for PDI following 24 hour treatment with 1uM

sphingolipids. 1uM thapsigargin (TG) was used as a positive control for ER stress. (C) PDI

levels were normalised to B-actin and then normalised to vehicle control. There was a

reduction in PDI expression with SA and 1-deoxySA treatments and an increase in

expression with 1-deoxymethylSA and TG treatments. n=5 independent experiments. Error

bars=SEM, *p<0.05
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Figure 2.9 The effects of Sphingolipid treatment on markers of the Unfolded Protein
Response (UPR) in sensory neurons in-vitro.

DRG neurons were treated for 24 hours with 1uM Sphinganine (SA), 1-Deoxysphinganine
(DSp), 1-Deoxymethylsphinanine (DMSp), thapsigargin (TG), a positive control for ER
stress or vehicle control. Representative Western blots and quantification of protein levels
were performed for (A) BiP, (B) IRE1a, (C) phosphorylated IRE1a (D) PERK and (E) ATF6.
Protein levels were normalised to 3-actin followed by normalisation to vehicle control. There
were no significant changes in expression of UPR markers with sphingolipid treatment. n=4

independent experiments. Error bars=SEM
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with sphingolipids when compared to the vehicle control (Figure 2.9). There was a slight
increase in the levels of IRE1a (164 £ 24% for 1-deoxySA and 197 + 37% for 1-
deoxymethylSA) (Figure 2.9B) and ATF6 (178 + 32 for 1-deoxySA and 201 + 53% for 1-
deoxymethylSA) (Figure 2.9E) following 1-deoxySL treatment compared to vehicle control.
Since significant cell death was observed following 24 hours of treatment with 1-deoxySA, it
is possible that a time point of 24 hours might be too late to capture early activation of the
UPR. To determine if there is early activation of the UPR following sphingolipid treatment,
SH-SY5Y cultures were treated for 2,6 and 24 hours with sphingolipids and the lysates
analysed for levels of PDI, BiP and the UPR ER stress sensors, PERK and IRE1a. Analysis
of ATF6 was attempted however the bands on the western blots were indistinct when using
SH-SY5Y cultures. SH-SY5Y cultures were used instead of DRG cultures as it was difficult
to obtain sufficient protein concentrations required for the Western blot technique using

DRG cultures.

Following 24 hour treatment with sphingolipids, the SH-SY5Y cultures show a similar pattern
of reduction in PDI levels following 1-deoxySA treatment (69 + 6.3% versus vehicle control
of 85 + 20%) and an increase following 1-deoxmethylSA treatment (145 + 11%) (Figures
2.10 C and D). However, these changes were not significant (p=0.10). Unlike DRG cultures,
there was no reduction in PDI levels in SH-SY5Y cells following SA treatment (96 + 23%).
With a shorter treatment duration of 2hours, there was an increase in PDI levels in all
treatment groups including the vehicle control relative to the untreated control (vehicle
control=234 + 59%, SA=281 £76% and 1-deoxymethylSA=305 + 107%) with the largest
increase with 1-deoxySA treatment (481+ 159%) (Figure 2.10 A and D). There was no
significant difference at 2hours of treatment between the sphingolipid treatment groups and
the vehicle control (p=0.70). The PDI levels peak at 2 hours, with a rapid decline seen

thereafter with 1-deoxySA treatment (Figure 2.10D).

Levels of BiP, another chaperone protein involved in the UPR, increased initially at 2 hours
with SA and 1-deoxySA treatments relative to the untreated control (239 + 69% and 302 +
132% respectively), however there is marked variability between the cultures, especially

with 1-deoxySA treatment (Figures 2.11A and D). Unlike with PDI, a biphasic increase in BiP

levels was seen following SA and 1-deoxySA treatments, with a second peak occurring
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Figure 2.10 Variation in PDI levels following treatment of SH-SY5Y cells with
sphingolipids.

SH-SY5Y cultures were treated for 2, 6 and 24 hours with 1uM Sphinganine (SA), 1-
deoxysphinganine (DSp), 1- deoxymethylsphinganine (DMSp) or vehicle (ethanol).
Representative western blots for 2 hours (A), 6 hours (B) and 24 hours (C) are shown.
There was an initial increase in PDI levels in all treatment groups with 1-deoxySA treatment
causing the greatest increase (D). Cont.=untreated control, Veh Cont./VVehicle cont.= vehicle

control, n=3 cultures. Error bars=SEM

100



BiP

B-Actin

BiP

B-Actin

BiP

2 hours

Cont. Veh Cont. SA DSp DMSp
L R~ ) ~*| 75kDa

T > - w4,

6 hours

Cont. Veh Cont. SA DSp DMSp

. - > - el .

-

75kDa

b L eeapepp—a—— L B 0E

24 hours

Cont. Veh Cont. SA DSp DMSp
&9 = © M=l W& %] 75KDg

B-Actin |~———..——| 47kDa

BiP normalised to untreated

control (%)

500+
4004 Bl 2 hours
B 6 hours
3004
24 hours
2004
100 I
0_
Vehicle cont.  SA DSp DMSp

Figure 2.11 Variation in BiP levels in SH-SY5Y cells following treatment with

sphingolipids.

SH-SY5Y cultures were treated for 2, 6 and 24 hours with 1uM Sphinganine (SA), 1-
deoxysphinganine (DSp), 1- deoxymethylsphinganine (DMSp) or vehicle (ethanol).

Representative western blots for 2 hours (A), 6 hours (B) and 24 hours (C) are shown.

There was a trend towards a biphasic increase at 2 and 24 hours with SA and DSp

treatments (D). Cont.= untreated control, Veh Cont./Vehicle cont.= vehicle control, n=3

cultures. Error bars=SEM
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Figure 2.12 Variation in PERK levels in SH-SY5Y cells following treatment with
sphingolipids
SH-SY5Y cultures were treated for 2, 6 and 24 hours with 1uM Sphinganine (SA), 1-
deoxysphinganine (DSp), 1- deoxymethylsphinganine (DMSp) or vehicle (ethanol).
Representative western blots for 2 hours (A), 6 hours (B) and 24 hours (C) are shown.
There are no significant differences (p=0.07) in the PERK levels between the different
treatment groups at the three time points (D). The highest PERK levels were seen with 1-
deoxySA treatment which peaks at 6 hours of treatment. Similar PERK levels were seen
with DMSp and the sphingolipid control, SA, treatments. Cont.= untreated control, Vehicle
cont./Veh= vehicle control, n=3 cultures. Error bars=SEM
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Figure 2.13 Variation in Phosphorylated IRE1a (P-IRE1a) levels in SH-SY5Y cells
treated with sphingolipids.

SH-SY5Y cultures were treated for 2, 6 and 24 hours with 1uM Sphinganine (SA), 1-
deoxysphinganine (DSp), 1- deoxymethylsphinganine (DMSp) or vehicle (ethanol).
Representative western blots for 2 hours (A), 6 hours (B) and 24 hours (C) are shown.
Following an initial increase after 2 hours of treatment seen with vehicle control, SA and 1-
deoxySA treatments, there was second peak in P-IRE1a levels with SA and DSp
treatments. DMSp treatment, led to the highest elevation in P-IRE1a levels which was seen
after 24 hours of treatment (D). Cont.= untreated control, Vehicle cont./\Veh= vehicle control,

n=3 cultures. Error bars=SEM
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Figure 2.14 Variation in IRE1a levels in SH-SY5Y cells treated with sphingolipids.

SH-SY5Y cultures were treated for 2, 6 and 24 hours with 1uM Sphinganine (SA), 1-

deoxysphinganine (DSp), 1- deoxymethylsphinganine (DMSp) or vehicle (ethanol).

Representative western blots for 2 hours (A), 6 hours (B) and 24 hours (C) are shown.

There is a trend towards increased IRE1a levels following 24 hours of treatment with all

sphingolipids (D). Cont.= untreated control, Veh/Vehicle cont.= vehicle control, n=3 cultures.

Error bars=SEM
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at 24hours (BiP levels of 295 + 103% with SA and 320 + 179% with 1-deoxySA treatments)

(Figure 2.11D). With 1-deoxymethyISA treatment, the increase in BiP levels was delayed

and a peak (329 £ 61%) was only seen after 24 hours of treatment.

A progressive increase in PERK levels was observed in SH-SY5Y cells following all
sphingolipid treatments, when compared to the untreated control cultures, whereas a
progressive decline in PERK levels was observed following vehicle treatment (Figure
2.12D). The highest levels were observed following 6 hours of treatment with 1-deoxySA
(226 + 6% versus 173 + 34% with SA, 164 + 2% with 1-deoxymethyISA and 131 + 28% with

vehicle control treatments) however the increase was not significant (p=0.07).

The pattern of increased expression of phosphorylated IRE1a (P-IRE1q, activated form of
IRE1a) was similar to that observed with BiP. There was an initial increase in P-IRE1a
levels following all treatments except 1-deoxymethylSA, compared to the untreated control
(vehicle control=155 * 33%, SA=182 + 22% and 1-deoxySA=169 + 18%) (Figure 2.13D). A
biphasic elevation in P-IRE1a levels was observed following SA and 1-deoxySA treatments,
with the second peak occurring after 24 hours of treatment (170 £ 33% and 183 = 50%
respectively). A delayed elevation in P-IRE1a levels was observed following 1-
deoxymethylSA treatment, with the peak (275 + 13%) detected only after 24hours of
treatment. There were no significant differences in P-IRE1a levels between the different
treatment groups at the 3 time points. Levels of IRE1a were also elevated following all
sphingolipid treatments compared to the untreated control and vehicle control, but only after
24hours of treatment (Figure 2.14D). There was no significant difference between the
treatment groups (p=0.06). At this treatment duration of 24 hours, IRE1a was comparably
elevated amongst the sphingolipids (SA=199 + 37%, 1-deoxySA=221 + 32% and 1-
deoxymethylSA=214 + 35%). The differences in the pattern of elevation between IRE1a and
P-IRE1a might be because IRE1a reflects the summation of IRE1 and previously

phosphorylated IRE1a.

In summary, these results suggest that sphingolipid treatment leads to ER stress and
activation of the UPR. Initially, there is upregulation of the early players in the UPR, PDI and
BiP. The largest increase in PDI levels is observed following 1-deoxySA treatment. This is

followed by the increase in the ER stress sensors: PERK and IRE1a/P- IRE1a. 1-DeoxySA
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and SA treatments have a similar pattern of upregulation of BiP and the ER stress

sensors.1-DeoxymethylSA treatment leads to a slower upregulation of BiP and P-IRE1a.
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2.5 Discussion

The aims of the experiments presented in this chapter were to determine if 1-deoxySLs
were toxic to primary mammalian motor and DRG neurons and to investigate underlying

pathomechanisms of 1-deoxySL induced neurotoxicity using this in-vitro model.

2.5.1 Exogenous 1-deoxySLs are toxic to mammalian neurons

The results presented in this chapter clearly demonstrate that exogenously applied 1-
deoxySLs are toxic to mammalian primary motor and DRG neurons. At 1uM concentrations,
1-deoxySLs (1-deoxySA and 1-deoxymethylSA) cause a treatment duration-dependent
reduction in motor and DRG neuron survival. 1-deoxySA was more toxic than 1-
deoxymethylSA and this difference was more pronounced in DRG cultures. With prolonged
treatment, motor neurons were equally vulnerable to 1-deoxySA and 1-deoxymethylSA
induced toxicity. Penno et al. (2010) previously reported that they did not observe any
reduction in DRG and motor neuron survival after 24 hours of treatment with 1pM 1-
deoxySLs but they did observe a dose dependent effect on the number of neurites per
sensory/motor neuron. However, there is a discrepancy in the data presented in this paper
so that the analysis of neurite outgrowth also suggests a reduction in the number of

surviving neurons.

DRG neurons appear more vulnerable to 1-deoxySLs than motor neurons, with respect to
the onset and degree of toxicity so that 69%DRG neurons and 36% motor neurons died
after 48 hours of treatment with 1-deoxySA. However, a direct comparison between the two
neuronal cultures cannot be made as motor neuron cultures were derived from mouse
embryos (E13-14) whereas DRG cultures were derived from mouse pups (P5-8). At the
embryonic stage, neurons might be less susceptible to 1-deoxySL toxicity. Motor neuron
and DRG cultures could also have different vulnerability to the culturing process which could
influence their ability to withstand subsequent 1-deoxySL treatment. Embryonic motor
neurons were used in this study because it is not possible to culture primary motor neurons
from older embryos or pups. Similarly, embryonic DRG cultures could not be used due to

technical limitations with the dissection procedure.

Clearly, the toxicity of 1-deoxySLs to developing neurons in culture does not reflect the

phenotype of HSN patients who exhibit a very slowly progressive neuropathy. The
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sphingolipid concentration of 1uM used in these experiments was chosen as this was at the
higher end of the 1-deoxySA concentrations detected in plasma of HSN1 patients (Penno et
al., 2010) and therefore more likely to produce discernible differences in the relatively crude
measure of cell survival. The concentrations of these 1-deoxySLs in the cerebrospinal fluid
(CSF) of HSN1 patients remains unknown. In plasma, 1-deoxySLs are bound to low density
lipoproteins (LDL) and very low density lipoproteins (VLDL), which indicates that plasma 1-
deoxySLs are of hepatic origin (Bertea et al., 2010). The blood brain barrier (BBB) restricts
plasma lipoproteins (LDL, VLDL) from entering the central nervous system (Mahley, 2016).
Based on mammalian in-vivo studies, the blood nerve barrier is only second to the BBB in
terms of restrictive barrier properties (Ubogu, 2013) therefore it is possible that peripheral
nerves would not be exposed to the high levels of 1-deoxySLs used in this study. This in
combination with having undergone the stressful procedure of culturing, might explain the
enhanced vulnerability of cells in this in-vitro model compared to peripheral nerves in HSN1

patients.

With longer treatment durations, 1-deoxySL treatment resulted in a loss of non-neuronal
cells in both motor neuron and DRG cultures. This toxicity was greater with 1-deoxySA
treatment. This is difficult to explain given the HSN1 phenotype (Houlden et al., 2006). One
possible explanation is that 1-deoxySLs may be endogenously produced. In culture, many
cell lines can produce high levels of 1-deoxySLs due to the tendency to deplete L-serine
and accumulate L-alanine in the medium (Zitomer et al., 2009; Duan and Merrill, 2015).
Rapidly multiplying non-neuronal cells, which form a dense basal layer in culture wells,
could easily deplete L-serine in the surrounding media resulting in the usage of L-alanine

and the production of the toxic 1-deoxySLs.

The effects of 1-deoxySLs on neurite outgrowth were analysed in DRG cultures 12 hours
following treatment with 1-deoxySLs. At 1uM concentrations, SA, in addition to the 1-
deoxySLs caused a reduction in neurite outgrowth including neurite length and arborization
area. All three sphingolipids (SPT enzyme products) led to similar reductions in neurite
outgrowth. With the same concentration, Penno et al. (2010) did not observe a reduction in
neurite outgrowth with SA treatment and 1-deoxySA had a more toxic effect on neurite
outgrowth than 1-deoxymethylSA. In this study, sphingolipid treatment was initiated 3-4

hours after plating and the neurite length assessed after 12 hours of treatment. Penno et al.
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(2010) grew the sensory neurons for 12 hours in control medium before adding
sphingolipids and the neurite lengths were analysed after 24 hours of treatment. During the
very early phase of growth, the neurons might be more vulnerable to any perturbations and

this could explain why SA and 1-deoxymethylSA had greater effect in this study.

2.5.2 Differential 1-deoxySL induced neurotoxicity within sensory sub-populations
HSN1 patients have dissociated sensory loss whereby pain and temperature sensation are
affected earlier and more severely than joint position sense and vibration. This part of the
study looked at whether there is differential toxicity between the different sub-populations of

sensory neurons responsible for these modalities.

There are three principle sensory neuron subtypes: nociceptive, mechanoreceptive and
proprioceptive neurons. Mechanoreceptive and proprioceptive neurons are large/medium
sized neurons, myelinated, fast conducting (Aa and A fibres) and can be identified based
on expression of heavy chain neurofilament (NF200+ve) (Lawson and Waddell, 1991;
Tucker et al., 2006). These constitute about 40% of lumbar DRGs (Priestley et al., 2002).
This subclass of neurons also expresses the p75 neurotrophic receptor and tropomycin
related kinase C (TrkC). These cells are therefore able to respond to nerve growth factor
(NGF), neurotrophin 3 (NT3) and brain derived neurotrophic factor (BDNF). Some
nociceptive neurons are myelinated (Ad fibres) but most are unmyelinated (C fibres, slowly
conducting) and this subtype represents the majority of the sensory neurons in the
peripheral nervous system (Woolf and Ma, 2007). Ad fibres convey cold and nociceptive
input. C fibres are responsible for conveying information about innocuous warm sensations
and noxious inputs from several different high threshold mechanical, chemical and thermal
stimuli (Themistocleous et al., 2014). Nociceptors can be separated into peptidergic and
non-peptidergic neurons which differ in their expression of receptors, ion channels and

innervate distinct peripheral and central targets.

Peptidergic neurons express CGRP and substance P and cannot bind isolectin B4 (I1B4).
These neurons also retain the expression of nerve growth factor (NGF) receptor, tropomycin
related kinase A (TrKA) (Woolf and Ma, 2007) and also express high levels of p75 but
preferentially respond to NGF. There is an overlap between NF200 +ve and CGRP +ve

populations which corresponds to Ad nociceptors (Priestley et al., 2002). Non- peptidergic
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neurons switch off TrK expression early on in development and instead express Ret tyrosine
kinase receptor and growth factor receptor a and hence these neurons are responsive to
glial derived neurotrophic factor (GDNF) and are unresponsive to NGF, NT3 and BDNF
(Priestley et al., 2002; Tucker et al., 2006). These neurons can be identified by their binding
of IB4. The functional difference between CGRP+ve peptidergic neurons and non-
peptidergic neurons is not fully understood. There is growing evidence that CGRP positive
neurons are responsible for noxious heat sensation (Ye et al., 2012; McCoy et al., 2014). As
loss of thermal sensation occurs early in the disease process, CGRP +ve neurons were

quantified in this study.

1-DeoxySA was found to be toxic to both NF200+ve (large, myelinated neurons) and the
CGRP+ve, small peptidergic neurons. However, the CGRP+ve neurons appear more
susceptible to 1-deoxySL toxicity with earlier onset of toxicity and a greater reduction in cell
survival when compared to NF200+ve neurons. In both sensory sub-types, 1-
deoxymethylSA appears to be less toxic. This is especially the case with the large
NF200+ve neurons where there is no progressive loss of neurons with increasing 1-
deoxymethylSA treatment time. Embryonically, small neurons are preferentially lost in NGF
and TrkA mutant mice indicating these neurons rely more on the trophic support of NGF
than large neurons (Ernsberger, 2009). However, the requirement of NGF for survival of
CGRP+ve neurons is rapidly reduced postnatally and lost in adult (Lewin et al., 1992;
Ernsberger, 2009). Whether this differential requirement for NGF postnatally, despite NGF
supplementation in the growth media, contributes to the intrinsic vulnerability of CGRP+ve
neurons is uncertain. This intrinsic vulnerability might exaggerate the effects of 1-deoxySL

induced toxicity.

The preferential loss of CGRP+ve neurons would be expected given the clinical phenotype
of HSN1. However, this clear preferential loss is not seen in the sural nerve biopsies
reported by Houlden et al. (2006).In the biopsies of six male HSN1 patients (27-65 years
old), there were very few myelinated fibres, but electron microscopy revealed a reasonable
number of unmyelinated fibres. Lindahl et al. (2006) noted similar findings in an autopsy of
93 year HSN1 female patient. Examination of the cutaneous branches of the radial and
sural nerves showed almost complete depletion of myelinated fibres but less severe loss of

unmyelinated fibres. This discrepancy is difficult to explain. One possible explanation is that
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the non-peptidergic IB4 +ve neurons are relatively well-preserved resulting in improved
unmyelinated fibre counts. Another possible explanation is that there is a phenotypic switch
via alteration in transcription which changes the molecular identity of the neurons whereby
they no longer express CGRP thereby mimicking the loss of CGRP+ve neurons. Phenotypic

switches have been found to occur in instances of axonal injury (Woolf and Ma, 2007).

2.5.3 Potential pathomechanisms of 1-deoxySL induced toxicity

In sensory neurons both 1-deoxySA and 1-deoxymethylSA caused a small but significant
reduction in mitochondrial membrane potential following just 2 hours of treatment. This
could indicate that mitochondrial dysfunction is an early event in the pathological process or
it could reflect the fact that exogenously applied 1-deoxySLs are first taken up by the
mitochondria. In large neurons, 1-DeoxymethylSA treatment does not cause a reduction in
the mitochondrial membrane potential. This finding, as with the cell survival data, supports
the proposal that mitochondrial dysfunction plays a role in 1-deoxySL toxicity. Wilson et al.
(2018) demonstrated a significant reduction in mitochondrial membrane potential in mouse

primary motor neuron cultures following 2hour 1-deoxySL treatment.

Studies have suggested that it is the N-acyl downstream products of 1-deoxySA,1-
deoxydihydroceramide (1-doxDHCer) and1-deoxyceramide ( 1-doxCer) which are the toxic
agents, not 1-deoxySA itself (Glintert et al., 2016; Alecu et al., 2017b). The enzyme
responsible for the N-acylation, ceramide synthase, resides in the ER. These N-acyl
products are highly hydrophobic, especially 1-deoxymethyldihydroceramide (unable for form
lipid bilayers), and are transported to the golgi (Jiménez-Rojo et al., 2014). 1-
Deoxyceramide cannot be converted to more complex sphingolipids or be degraded via the
conventional sphingolipid degradation pathway (Penno et al., 2010) and therefore is likely to
accumulate in the golgi. The hydrophobic nature of these N-acyl downstream metabolites

could alter the structure of the ER or the golgi.

| found no gross alterations in the morphology of the golgi in DRG cultures following 1-
deoxySL treatment. However, there was a significant reduction in PDI expression, which
was used to localise the ER, following 24 hours of SA and 1-deoxySA treatment and a
significant elevation following 1-deoxymethyISA treatment which was most prominent in the

periphery of the neuronal cell bodies. The hydrophobicity of 1-deoxymethylSA and its N-acyl
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downstream metabolites could restrict their cellular localisation to the periphery following
intracellular uptake and hence explain the peripheral localisation of the PDI. PDI, an ER
protein, has multiple functions but two of the most well-known are as a chaperone and a
catalyst of protein disulphide bond formation. Using SH-SY5Y cell cultures, it was possible
to track the changes in the two ER chaperones, PDI, BiP and the ER stress sensors, PERK
and IRE1a, over the course of 2-24 hours of sphingolipid treatment. Although the changes
in these proteins with sphingolipid treatment are not significant when compared to the
vehicle control, the changes are complementary and suggest that 1-deoxySL treatment
induces early ER stress followed by the initiation of the UPR. Within 2 hours of treatment
there is upregulation of PDI and BiP expression followed later by upregulation of PERK
which peaks at 6 hours and IRE1a which peaks at 24 hours. This sequence of activation

matches the physiological sequence of events in the UPR.

The UPR is essentially an adaptive program which combines the early inhibition of protein
synthesis (via PERK mediated pathway) with later upregulation of genes that promote
protein folding or disposal (IRE1a and ATF6 mediated pathways). Both the changes in
translation and transcription aim to protect the cell from being overwhelmed by unfolded
proteins and allow ER homeostasis to be restored. However, under conditions of chronic or
unmitigated ER stress, there is a shift in the paradigm from the UPR being protective to pro-
apoptotic. PERK activation, in addition to global translational suppression, induces the
translation of several mMRNAs including ATF4 (activation transcription factor 4) (Cao and
Kaufman, 2013). One of the downstream targets of ATF4 is the transcription factor CHOP
(C/EBP homologous protein), which is an important mediator of ER stress induced
apoptosis. IRE1a activation can induce apoptosis by the recruitment of the apoptosis

signalling kinase (ASK1) (Cao and Kaufman, 2013).

A key point to note is that both 1-deoxySLs and the canonical SPT enzyme product, SA,
appear to cause ER stress and activation of the UPR. The pattern of upregulation is very
similar following both SA and 1-deoxySA treatments, however the degree of PDI and PERK
upregulation is greater with 1-deoxySA treatment. Since there is no significant cell death
following SA treatment, this suggests either that ER homeostasis is sufficiently restored
following the UPR with SA treatment but not with 1-deoxySA treatment, leading to UPR

mediated apoptosis or that ER stress is not the only mechanism of 1-deoxySL induced
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toxicity. Canonical dihydroceramides are converted to ceramides by the addition of a A4,5
trans double bond whereas a A14,15 cis double bond is most commonly added in 1-
deoxydihydroceramides (Alecu et al., 2017a). This suggests that 1-deoxySL metabolism
may follow a different route to the canonical sphingolipids. Dihydroceramides produced by
metabolism of SA are rapidly converted to sphingosine and more complex sphingolipids
whereas 1-deoxydihydrosphinganine produced by metabolism of 1-deoxySA is metabolised
more slowly to 1-deoxysphingosine, resulting in the accumulation of 1-
deoxydihydroceramides and sustained ER stress (Alecu et al., 2017b). Dihydroceramides
have been shown to induce ER stress (Gagliostro et al., 2012). Fuminosin B1is a mycotoxin
which inhibits ceramide synthase (catalyses conversion of SA to dihydroceramide).
Inhibition of ceramide synthase by Fuminosin B1 mainly results in elevated levels of SA
which is normally present in cells at very low concentrations (0.5-3nml/g wet weight)
(Stockmann-Juvala and Savolainen, 2008). It appears to be the accumulation of SA which is
responsible for most of the adverse effects of Fuminosin B1 with some studies proposing
oxidative stress as a possible pathomechanism (Linn et al., 2001; Stockmann-Juvala and

Savolainen, 2008). It is therefore not surprising that SA treatment led to ER stress.

Other studies using models of exogenous 1-deoxySL application have suggested ER stress
as a possible mechanism of 1-deoxySL induced toxicity (Gable et al., 2010; Alecu et al.,
2017b). During my PhD | collaborated closely with Emma Wilson, a fellow PhD student, who
focused on assessing ER and mitochondrial dysfunction following 1-deoxySL treatment in
mouse motor and DRG neurons using in-vivo calcium imaging. We published our combined
results in Wilson et al. (2018). We showed a marked reduction in ER calcium concentration
in mouse DRG neurons treated for just two hours with 1-deoxySLs. Of note, there was no
change in the ER calcium concentration following SA treatment. In keeping with the clinical
phenotype, 1-deoxySL induced calcium dysregulation was seen later (following 24 hours of
treatment) in primary motor neurons. These findings support the role of ER dysfunction in 1-
deoxySL induced toxicity. Our combined findings suggest that 1-deoxySLs cause severe ER
stress which leads to ER dysfunction and disruption of calcium homeostasis. Following SA
treatment, the UPR is able to restore ER homeostasis and mitigate disruption of calcium
regulation. Loss of calcium ions during ER stress is mediated through activation of calcium
handling proteins in the ER and through calcium release into the cytosol via Inositol 1,4,5-
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trisphosphate receptor (IP2R) (Gorlach et al., 2015). The process of protein folding is highly
regulated and monitored but also very sensitive to changes in ER homeostasis such as
calcium depletion, hypoxia, redox stress, oxidative stress as well as increases in protein
synthesis or expression of misfolded proteins (Cao and Kaufman, 2013; Smith and
Wilkinson, 2017). Calcium dysregulation following treatment with 1-deoxySLs would itself

result in further ER stress creating a positive feed-back loop that leads to apoptosis.

After the initial two hours following exposure to 1-deoxySLs, the pattern of activation of the
two chaperones, PDI and BiP, differ. PDI levels progressively decline beyond two hours of
treatment with SA and 1-deoxySA treatment, with the greatest decline observed with 1-
deoxySA treatment. BiP, however, appears to have a biphasic pattern of upregulation,
initially increasing within two hours and later after 24 hours of treatment. ATF6, one of the
three ER stress sensors activated by ER stress, induces translation of BiP and PDI (Walter
and Ron, 2011). This could explain the second peak of BiP upregulation after 24 hours of
treatment but raises the question of why PDI is downregulated. PDIs are a family of
oxidoreductases. The prototype of this family is PDIAL (referred to as PDI). PDIA5 is
needed for the cleavage of the intramolecular disulphide bridges of ATF6 which is
necessary for the transport of ATF6 from the ER to its target, the golgi (Higa et al., 2014).
Another PDI family member, PDIAG, directly interacts with the activated form of IRE1a and
inactivates it by converting the disulphide linked oligomers (active form) of IRE1a to its
monomers (inactive form) (Okumura et al., 2015). PDIA6 can also inactivate PERK (Kranz
et al., 2017). Downregulation of PDI could therefore lead to persistent activation of PERK
and IRE1q, the two mediators of UPR led apoptosis. PDI also facilitates the degradation of
misfolded proteins via the ER associated degradation pathway (ERAD) which involves
translocating misfolded proteins to the cytoplasm for subsequent proteosomal degradation
(Parakh and Atkin, 2015). Decreased PDI levels would result in further accumulation of

misfolded proteins in the ER, compounding existing ER stress.

A protective role of PDI has been demonstrated in several neurodegenerative diseases, in
particular amyotrophic lateral sclerosis (ALS). PDI is upregulated in the SOD1 mouse
models of ALS and overexpression of PDI in these mice results in a decrease in mutant
SOD1 aggregation in neuronal cells and a decrease in markers of ER stress (Perri et al.,

2016). More recently, PDI variants have been identified as a risk factor for ALS (Perri et al.,
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2016). However, depending on the cellular environment, high levels of PDI can have
detrimental effects. In the mammalian ER, the network for the catalysis of protein disulphide
formation comprises of PDIs and PDI-oxidising enzymes such as ER oxidoreductin-1a
(Ero1a), oxidised glutathione and glutathione peroxidases (Parakh and Atkin, 2015). Protein
disulphide formation is an oxidative process. When PDI has oxidised substrate proteins, it
needs to be oxidised itself to complete the catalytic cycle. When Ero1a oxidises PDI,
reactive oxygen species (ROS-hydrogen peroxide) are formed (Kanemura et al., 2016).
High PDI levels can lead to excess production of ROS, reducing the levels of glutathione
(main redox buffer) available for reduction and increasing Ero1a. During ER stress, high
levels of Ero1a have been observed which accelerates protein oxidation (oxidative stress)
(Parakh and Atkin, 2015). PDI also interacts with NADPH oxidase complex (Nox) which is a
major contributor of ROS (Ali Khan and Mutus, 2014). Increased PDI levels can lead to
increased activation of NADPH oxidase which results in increased levels of ROS (Ali Khan
and Mutus, 2014). Hence the protective/apoptotic inducing role of PDI is finely poised. In
early remedial instances of ER stress, it appears to play a protective role. In unmitigating

ER stress, its role is switched to promoting apoptosis. This might be the case in this study.

The functional roles thought to be played by PDIs have greatly expanded in recent years.
PDIs are predominantly located in the ER but there is growing evidence that some members
of the family can be found in the cytoplasm and on the cell surface (Moretti and Laurindo,
2017). Several studies have shown a novel, emerging role for PDI in cytoskeleton
organisation (Moretti and Laurindo, 2017). Oestrogen can bind to PDI and non-competitively
inhibit it (Tsibris et al., 1989; Fu et al., 2011). This might be one of the factors contributing to

the milder phenotype seen in female HSN patients compared to male patients.

The ER and mitochondria are tightly linked physically via the contact sites, defined as
mitochondria-associated membranes (MAM). Under normal conditions, there is a
continuous ebb and flow of calcium between the ER and mitochondria (Simmen et al.,
2010). This exchange serves three functions (Kornmann, 2013). Firstly, it regulates cellular
bioenergetics as some citric acid cycle enzymes are calcium dependent. Secondly, it is
cytoprotective as the mitochondria buffers ER calcium efflux preventing cytotoxic cytosolic
calcium accumulation. Thirdly, it can induce cell death as cytotoxic accumulation of calcium

in the mitochondria triggers the opening of mitochondrial permeabilization pore (MPP) which
115



leads to the leakage of cytochrome c and other proapoptotic proteins into the cytosol. The
MAM contains complexes of IP3R on the ER membrane with mitochondrial voltage
dependent anion channel (VDAC) which are linked by cytosolic BiP (Kornmann, 2013).
Frequently, ER stress leads to the release of calcium from the ER lumen via the IP3R
(Deniaud et al., 2008). Mitochondria take up these high levels of calcium in the
microdomains of the MAM via the VDAC. Sustained ER stress leads to accumulation of
calcium in the mitochondria and loss of mitochondrial membrane potential (Scorrano et al.,
2003). This might be the case in this study where a significant reduction in mitochondrial
membrane potential was seen two hours after treatment with 1-deoxySLs. High levels of
calcium in the mitochondria results in the translocation of cytochrome c¢ from the
mitochondria to the ER where it binds IP3R (Simmen et al., 2010). This binding releases the
calcium mediated inhibition of IP3R and results in a feed-forward amplification of ER calcium

release.

The SPT enzyme is ubiquitously expressed, however mutations in SPT causing HSN1 result
in a length dependent sensory motor neuropathy. Many cells are relatively well protected
from accumulation of misfolded proteins by the continued dilution of the ER by cell
replication (Roussel et al., 2013). This process is unavailable to neurons which are post-
mitotic and hence neurons depend exclusively on UPR for survival during insults to ER.
Neurons are particularly vulnerable to redox dysregulation due to their large size, lower
ability to maintain the balance between antioxidants and reactive oxygen species (ROS) and
high oxygen demand which results in the formation of ROS (Parakh et al., 2013; Perri et al.,

2016).

In summary, this study clearly shows that sphingolipids are toxic to mammalian primary
motor and DRG neurons, causing adverse effects on cell survival and neurite outgrowth.
Within the DRG neuronal sub-populations, the small peptidergic neurons appear to be more
susceptible to this toxicity than the large, NF200 positive neurons. This mirrors the clinical
phenotype observed in HSN1 patients. 1-deoxySL treatment causes early mitochondrial

dysfunction and ER stress resulting in the activation of the UPR.
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The in-vitro neuronal model used in this Chapter involved exogenous application of
1deoxySLs. In the next Chapter, | examined an induced pluripotent stem cell (iPSC) derived
sensory neuron model of HSN1 in which the 1deoxySLs are endogenously produced by the

human neurons.
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3. Human induced Pluripotent Stem Cell
derived sensory neuron model of HSN1

3.1 Introduction

Animal models have played a longstanding key role in medical research. As noted in earlier
chapters, there is an HSN1 mouse model (McCampbell et al., 2005; Eichler et al., 2009)
with the transgenic mice over-expressing SPTLC1 (C133W) mutation. This same model was
used in the HSN1 pre-clinical trial with L-serine (Garofalo et al., 2011). The transgene
expression in the mutant lines ranged between 0.4-3.9 times the endogenous levels. There
are several morphological and behavioural differences between the transgenic mouse
model and HSN1 patients (Houlden et al., 2006). In 10month old mice, histological
examination showed no difference in the unmyelinated fibres in the dorsal roots and myelin
thinning (increase in g-ratio) in the ventral roots. Behavioural studies demonstrated a
difference only in thermal sensitivity (hyperpathic) (McCampbell et al., 2005). At 14-15
months of age, histological studies showed loss of small unmyelinated axons in the sciatic
nerve and in the behavioural studies, mouse were hypopathic with deficits evident in both
mechanical and thermal sensitivity (Eichler et al., 2009). Overall, the mice appear to have a

considerably milder phenotype compared to HSN1 patients with the same mutation.

There have been several other pre-clinical trials using murine models in inherited
neuropathies e.g. curcumin in CMT1B (Patzké et al., 2012), progesterone antagonists in
CMT1A (Sereda et al., 2003) and vitamin C in CMT1A (Passage et al., 2004). Only vitamin
C progressed to the next stage in the translational process whereby there have been
several double-blind randomised placebo controlled trials using vitamin C in CMT1A (Gess
et al., 2015). However, none of the trials demonstrated an improvement in the impairment
with vitamin C intake. The high failure rate for animal models to translate to humans has
pushed researchers to find alternative models to check the validity of pathogenic
mechanisms and therapeutic agents identified in animal models. One of the many reasons
attributed to this failure rate in transgenic animal models is the substantial species

differences.
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Human iPSC derived cells provide an attractive alternative model. In 2006, it was
discovered that induced pluripotent stem cells (cells with a gene expression profile and
developmental potential similar to embryonic stem cells) can be created from mouse
somatic cells using four transcription factors, now called the Yamanaka factors: Oct4, Sox2,
KIf4 and c-Myc (Takahashi and Yamanaka, 2006). A year later, two different research
groups published methods to generate iPSCs from human fibroblasts using either the
original four transcription factors or a different combination consisting of Oct4, Sox2, Nanog
and Lin28 (Takahashi et al., 2007). Since then, there continues to be advances in the
reprogramming technique to simplify the process and decrease potentially detrimental side
effects of the reprogramming process, such as the elimination of c-Myc which is known to
promote tumour growth in some cases (Takahashi and Yamanaka, 2016). The generated
iPSCs are then tested to ensure they meet the defining criteria for pluripotent stem cells:
expression of stem cell markers, forming tumours containing cell types from all three
primitive embryonic layers (teratoma assay) and displaying the capacity to contribute to
many different tissues when injected into mouse embryos at very early stage of
development. The iPSCs are also karyotyped as culturing iPSC is associated with adaptive
amplification which results in the increased incidence of chromosomal trisomies and copy
number gains (Lund et al., 2012). Finally, the established iPSCs are also tested to ensure

they are free of reprogramming transgenes or plasmids.

In-vitro iPSC differentiation protocols have been developed for many cell types. There are
many human iPSC derived disease models for neurological diseases, including inherited
neuropathies: Familial dysautonomia (Hereditary Sensory Neuropathy Type 3)(Lee et al.,
2009), axonal CMT secondary to mitofusin 2 (CMT2A) and Neurofilament light chain
polypeptide (CMT2E) mutations (Saporta et al., 2015). Large scale screening using familial
dysautonomia iPSCs has identified compounds that rescue the expression of the gene
responsible for the disease (IKBKAP) (Lee et al., 2012). Initially neuronal differentiation
protocols used the presence or absence of canonical markers on immunocytochemistry to
confirm the cell lineage (for example Brn3a*/Peripherin* for peripheral sensory neurons,
Tyrosine hydroxylase*/Peripherin* for peripheral sympathetic neurons and HB9 and
ISLET1/2 for motor neurons) (Lee et al., 2007; Dimos et al., 2008). Later these neurons

were also shown to be electrically active upon maturation (Burkhardt et al., 2013) and in the
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case of sensory neurons, to respond to specific stimuli such as capsaicin and ATP
(Chambers et al., 2012). Advances in reprogramming techniques and neuronal
differentiation protocols have allowed the production of neurons from a large number of

donors thereby reducing the possibility of results being driven by aberrant cell lines

Initially hailed as being able to model human disease in a culture dish, the iPSC field has
rapidly evolved with greater understanding of the model’s limitations. There are
considerable clonal variations and the reasons for this variation can be grouped into three
categories: cellular changes as a result of the reprogramming process; in-vitro differentiation
induced heterogeneity; and differences in genetic background (Soldner and Jaenisch,
2012). Various non-integrating methods have now been developed to circumvent the risk of
insertional mutagenesis and genetic alterations associated with retroviral and lentiviral
transduction-mediated introduction of reprogramming factors. To reduce the effects of in-
vitro induced heterogeneity, there is now a trend to increase the number of patient lines
studied as well as multiple clones per patient line. Variation in clinical phenotype (age of
onset/ disease progression) in monogenetic disorders have been attributed to epistatic
effects from genetic background differences. These differences can make it more difficult to
ascertain a distinct phenotype in the iPSC derived cells. This may be particularly
problematic in later onset, slowly progressive diseases where subtle changes are expected
in-vitro. Recent advances in gene editing techniques (CRISPR-Cas9 system, transcription
activator-like effector nucleases-TALENs and zinc-finger nucleases) have markedly
improved gene editing efficiency and provide a possible solution (Shi et al., 2017). These
gene editing techniques enable researchers to eliminate disease causing mutations in
patient iPSCs to create isogenic controls whereby the disease causing genetic variation is

the sole experimental variable.

Despite the tremendous advances in the field of iPSCs over the past decade, there is
ongoing intensive debate as to the value of iPSCs as a disease model. One of the concerns
is based on the genetic and epigenetic stability of human iPSCs. Somatic mosaicism is
amplified during clonal generation and expansion of iPSCs. Most of the genomic variation in
iPSCs have either been inherited from the cell of origin or induced during long-term culture

(Tapia and Schéler, 2016). During maintenance in culture with increasing passage number,
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iPSCs are prone to epigenetic alterations: X-chromosome inactivation, imprinting and DNA
methylation status can vary and can be unstable (Lund et al., 2012). Repeated freezing-

thawing cycles or changes in the oxygen or nutrient levels can affect the epigenome of the
iPSCs (Lund et al., 2012). These differences will be maintained despite the use of isogenic

controls.

The extent to which iPSC derived neurons recapitulate the functional features exhibited by
their native counterparts remains uncertain. The reversal of cellular age during
reprogramming results in embryonic-like state of iPSCs and their differentiated lineages
(Studer et al., 2015). Many differentiation protocols for iPSCs discuss how mature the
differentiated neurons are however, the maturity of these neurons or whether they will ever
reach the maturity of their in-vivo counterparts are not definitely known (Sandoe and
Eggan, 2013). This poses additional challenges to modelling later onset neurodegenerative

diseases such as HSN1.

Despite these difficulties, human iPSC derived sensory neurons provide a unique
opportunity to study the effects of endogenously produced 1-deoxySLs, rather than just
exogenous and in a human cellular context. The model also provides opportunities to
identify genetic modifiers. Genetic modifiers discovered in other iPSC derived disease
models have been shown to be potential therapeutic targets in monogenic diseases (Chai et
al., 2018) . In this model, there is a normal level of expression of mutant SPTLC1, unlike
primary DRG and motor neuron cultures transfected with the mutant SPTLC1 gene. These
iPSC derived neurons can be maintained in culture for months, which is not possible with
primary motor neuron and DRG cultures, and thus it would be possible to detect a subtle,

slowly evolving phenotype.

3.2 Aims

1) To determine if 1-deoxySLs are neurotoxic to iPSC derived sensory neurons.

2) To determine if there is elevated autonomous production of 1-deoxySLs in HSN1 iPSC

derived sensory neurons compared to controls.
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3) To determine if there is a disease specific phenotype in the HSN1 iPSC derived sensory

neurons when looking at:

a)
b)

<)

d)

Neuronal survival and neurite outgrowth

In vivo endoplasmic reticulum and mitochondrial function

Mitochondrial ultrastructure

Altered ultrastructural mitochondrial morphology has been reported in HSN1 patient
lymphoblasts (Myers et al., 2014) and mouse embryonal fibroblasts (MEF) treated with
1-deoxySA (Alecu et al., 2017b). In HSN patient lymphoblasts (C133W and V144D
mutations), mitochondria had discontinuous outer membrane with sections where there
was complete breakage of the membrane and electron dense grossly swollen cristae
(V144D). MEF cells treated with 1-deoxySA had spherical mitochondria with most
showing loss of internal cristae structures.

Analysis of cell surface morphology using scanning electron microscopy

The downstream metabolites of 1-deoxySA (1deoxy-(dihydro) ceramides and 1-
deoxyceramides) and 1-deoxymethylSA (1-deoxymethyl(dihydro)ceramides and 1-
deoxymethylceramides) are highly hydrophobic. Jimenez-Rojo et al. ( 2014) studied the
behaviour of these 1-deoxySLs and their interaction with sphingomyelin, a major
constituent of neuronal membranes. Ceramides are known to be among the least polar
and most hydrophobic lipids in membranes. This study showed that their 1-deoxy
counterparts were even more hydrophobic and less miscible in sphingomyelin bilayers.
The authors proposed that the presence of these metabolites might impact the structure
and integrity of cellular membranes. Pharmacological treatments which increase the
dihydroceramide/ceramide ratio result in increased rigidity of plasma membrane

(Rodriguez-Cuenca et al., 2015).

4) To determine if L-serine supplementation can ameliorate disease specific phenotype. In

cultures of HEK cells transfected with SPTLC1 mutants, increasing the L-serine medium

concentration suppressed endogenous 1-deoxySL production, even with elevated L-alanine

levels (Garofalo et al., 2011). Long-term L-serine supplementation in the HSN1 mouse

model resulted in reduced plasma 1-deoxySL levels and improved motor performance

(Garofalo et al., 2011).
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3.3 Materials and Methods

3.3.1 Induced Pluripotent stem cell (iPSC) generation

3.3.1.1 Control lines

iPSC-AHO017-7 (from 67 year old female) were reprogrammed using the SeVdp(KOSM)302L
Sendai virus system containing genes for KLF4, OCT3/4, SOX2 and c-MYC and has been
described previously (Handel et al., 2016).The iPSCs were karyotyped and pleuripotency
checked using PleuriTest which is an open access bioinformatic assay of pleuripotency
based on gene expression profile (Muller et al., 2011). Clearance of the Sendai virus from

the iPSCs was confirmed by RT-gPCR.

iPSC- AD2-1 (from 51 year old male) was derived from commercial fibroblasts (Lonza, CC-
2511) and reprogrammed using the CytoTune® iPSC Reprogramming kit (ThermoFisher
Scientific). This is a commercially available kit and uses Sendai virus based reprogramming
vectors each capable of expressing one of the four Yamanaka factors (KLF4, OCT3/4,
SOX2 and c-MYC). Quality control checks performed include tests for Sendai virus
clearance via RT-qPCR, fluorescence- activated cell sorting (FACS) and
immunocytochemistry analysis for pleuripotency markers, genomic integrity checks and

embryoid body tri-lineage differentiation experiments (van de Bunt et al., 2016).

iPSC-NHDF1 (from 44 year old female) was derived from commercial fibroblasts (Lonza,
CC-2511) reprogrammed with retroviruses SOX2, KLF4, OCT3/4, c-MYC and NANOG.
Quality checks undertaken were assessment of genomic integrity, PluriTest, generation of

embryoid bodies and differentiated into three germ layers (Hartfield et al., 2014).

iPSC-AD4-01 (from 68 year old male) fibroblasts were obtained from a commercial source
(Lonza, CC-2511) and reprogrammed using the CytoTune® iPSC Reprogramming Kit
(ThermoFisher). Quality control checks performed were Sendai virus clearance, FACS for
pleuripotency markers, genomic integrity checks and embryoid body tri-lineage
differentiation experiments. This line was obtained through the IMI/EU sponsored
StemBANCC consortium via the Human Biomaterials Resource Centre, University of

Birmingham, UK.
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3.3.1.2 Patient lines

Three male patients with similar age and disease severity were chosen from the natural
history study to provide the fibroblasts for the generation of the patient iPSC lines. The
fibroblasts were obtained from upper thigh skin biopsies. All the patient derived iPSC lines
were obtained through the StemBANCC consortium. The fibroblasts were reprogrammed
using the CytoTune®-iPSC Reprogramming Kit (ThermoFisher). During the bulking up
process, the passage number was kept to a minimum. The following quality control checks
were performed on the lines: Sendai virus clearance, FACS for pleuripotency markers,
genomic integrity checks including cytoSNP and embryoid body tri-lineage differentiation

assays.

3.3.1.3 Ethics

Skin biopsies for the fibroblasts were obtained following signed informed consent. AHO17-7
and NHDF1 were reprogrammed with the approval from research ethics committee: Health
Research Authority, NRES Committee South Central, Berkshire (REC 10/H0505/71). The
reprogramming of the patient lines was approved by the Health Research Authority, NRES

Committee London-Queen Square (REC 09/H0716/61).

3.3.2 Expansion and maintenance of iPSCs

iPSCs were thawed in 10ml of PBS and centrifuged at 400 x g for 4 minutes. The iPSC
pellet was re-suspended in mTeSR®1 (STEMCELL Technologies) medium containing 1%
Antibiotic-antimycotic (100x, ThermoFisher) and Rho-associated coiled-coil containing
protein kinase (ROCK) inhibitor (ScienCell) (10uM). The cells were plated onto Matrigel®
coated 6 well plate. The media was changed daily (maintained in mTeSR®1 medium
containing 1% penicillin/streptomycin/amphotericin B). iPSCs were split when 90% confluent
usually at a ratio of 1:3. The spent medium was removed and the cells were washed with
1ml of phosphate-buffered saline (PBS, Gibco) and then incubated in warmed 0.02% EDTA
(ethylenediaminetetraacetic acid) at 37°C for 4-5 minutes. The EDTA was removed and the
wells were flushed with mTeSR®1 medium containing 1%
penicillin/streptomycin/amphotericin B and ROCK inhibitor (10uM) to remove the adhered
cells. The cells were plated onto Matrigel® coated 6 well plates. ROCK inhibitor was

included in the medium for 24 hours after each passage.
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Each line was expanded until four T75 (75cm?) culture flasks were 90% confluent. The
flasks were washed with PBS and the cells incubated in 5ml of warmed TrypLE express
(Gibco) at 37°C for 5 minutes. The flasks were gently shaken to dissociate the cells and cell
suspension was aspirated and diluted in PBS (1:6). The cells were counted using a
haemocytometer and then centrifuged at 400 x g for 5 minutes. The cells were re-
suspended in 1ml chilled freezing media containing 20% Dimethyl sulfoxide (DMSO,
Sigma), 60% embryonic stem cell qualified Foetal Bovine Serum (FBS, Gibco) and 20%
KnockOut® DMEM (DMEM, ThermoFisher). The cells were gently titurated to evenly mix
the suspension. Further freezing media was added to reach the desired freezing density of
2million/ml. Cryovials containing 1ml of freezing media were quickly placed into isopropanol
containing freezing container and placed in a -80 freezer overnight. The vials were

transferred to liquid nitrogen for storage the following day.

3.3.3 Differentiation of iPSCs into sensory neurons

The differentiation protocol by Chambers et al. (2012) was used for the differentiation of
iPSCs into sensory neurons (Table 3.1). For each experiment, all the iPSC lines used had
the same passage number. Prior to the start of differentiation, the iPSCs were plated onto
Matrigel® coated 6-well plates. When the cells were about 30% confluent, the medium was
exchanged from mTeSR®1 to mouse embryonic fibroblast conditioned medium (MEF,
(ScienCell) supplemented with 10ng/ml human recombinant Fibroblast Growth Factor 2

(FGF2) and maintained in this medium for 24 hours.

At the start of the protocol, the medium was exchanged to knockout serum replacement
(KSR) medium (KnockOut® DMEM, 15% knockout-serum replacement (ThermoFisher), 1%
Glutamax (100x, Thermofisher), 1% nonessential amino acids (100x, ThermoFisher),
100uM B-mercaptoethanol (ThermoFisher), 1% penicillin/streptomycin/amphotericin B)
containing SMAD inhibitors: SB431542 (10uM, Sigma) and LDN-193189 (100nM, Stratech).
The medium was gradually transitioned from KSR medium to N2 medium (Neurobasal
medium without phenol red (ThermoFisher), 1 % Glutamax (ThermoFisher) and 1%
penicillin/streptomycin/amphotericin B) over a 11day period as shown on Table 3.1. From
day 2, SMAD inhibitors were combined with the three small molecules: CHIR99021 (3 pM,

Apollo Scientific), SU5402 (10uM, R&D Systems) and DAPT (10uM, Sigma). Densely
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covered wells on day 2/3 were passaged at this stage to provide more growing area for the
neurons to develop into. On day six, the SMAD inhibitors were removed leaving only the
three small molecules. From day 8 onwards, depending on the cell line, immature neurons

can be seen.

On day 11, the immature neurons were re-plated onto 24 well plates. Glass coverslips were
coated with 150ul of Matrigel® droplets and incubated at 37°C for at least one hour. The
immature neurons were washed with PBS and then incubated with warmed TrypLE express
at 37°C for 5 minutes. The TrypLE was aspirated with a 1ml pipette and used to gently flush
the cells. The cells were gently titurated to break up any clumps. If significant clumps were
still visible, a cell strainer (100uM) was used to remove the clumps. The suspension was
diluted in 10ml PBS and 10ul sample removed for cell counting with a haemocytometer. The
remaining suspension was centrifuged at 400 x g for 5 minutes and the pellet resuspended
in N2 containing human recombinant Nerve Growth Factor (NGF), Glial Derived
Neurotrophic Factor (GDNF), Brain Derived Neurotrophic Factor (BDNF) and Neurotrophin3
(NT3) (all at 25ng/ml, Peprotech). The medium was also supplemented with ROCK inhibitor
(10uM) and CHIR99021 (3uM). The Matrigel® was partially removed from the coverslips
and 150yl of the cell suspension was pipetted on to the coverslip, again to form droplets.
The cells were plated at a density of approximately 3000 cells per well and placed in an
incubator. The next day, the wells were flooded with 250ul of N2 medium as above but
without the ROCK inhibitor. If needed, Cytosine 3-D-arabinofuranoside (araC, 2uM, Sigma)
was added to this N2 medium to eliminate any non-neuronal dividing cells present in the

culture.

Medium changes were performed twice weekly. CHIR99021 was only included in the
medium until day 14. AraC was withdrawn from the medium once a pure neuronal culture
was established as judged by the absence of morphologically non-neuronal cells on phase
contrast light microscopy. Laminin (1ug/ml, ThermoFisher) was added to the media from

day 20 onwards.

126



Day | Medium Inhibitors/small molecules

KSR medium 2 SMAD inhibitors: SB431542 (10uM) and LDN-193189
(100nM)

N RO

KSR medium 2 SMAD inhibitors: SB431542 (10uM) and LDN-193189
(100nM)

3 small molecules: CHIR99021 (3uM), SU5402 (10uM) and
DAPT (10uM)

4 75% KSR medium | 2 SMAD inhibitors: SB431542 (10uM) and LDN-193189
25% N2 medium (100nMm)

3 small molecules: CHIR99021 (3uM), SU5402 (10uM) and
DAPT (10uM)

6 50% KSR medium | 3 small molecules: CHIR99021 (3uM), SU5402 (10uM) and
50% N2 medium DAPT (10uM)

8 25% KSR medium | 3 small molecules: CHIR99021 (3uM), SU5402 (10uM) and
75% N2 medium DAPT (10uM)

10 N2 medium 3 small molecules: CHIR99021 (3uM), SU5402 (10uM) and
DAPT (10uM)

Table 3.1 iPSC sensory neuron differentiation protocol

3.3.4 L-Alanine Supplementation and L-Serine supplementation

To enhance any 1-deoxySL induced phenotype, the media was supplemented with varying
concentrations of L-Alanine one week after the end of the differentiation. Selection of the
concentrations used was guided by the findings of Garofalo et al. (2011) who looked at
endogenous 1-deoxySL production in HEK cells at various concentrations of L-alanine and
L-serine supplementation. The concentrations of the alanine supplementation, 0.4mM,
0.8mM and 1.6mM were chosen to represent serine: alanine ratios of 1.1, 1:2 and 1:4

respectively. Stock concentrations of L-alanine (Sigma) were made by dissolving it in PBS.

A trial of L-serine supplementation on long-term cell survival was performed and treatment
was initiated three weeks after the end of the differentiation protocol. Concentrations of
2.5mM and 5.0mM were selected. Higher concentrations resulted in very little further
reduction in 1-deoxySA formation in the HEK cells (Garofalo et al., 2011). Stock

concentrations of L-serine (Sigma) were made by dissolving it in PBS.
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3.3.5 Neuronal collection for 1-deoxySL analysis

For 1-deoxySL analysis, the immature neurons at the end of the differentiation protocol were

re-plated onto six well plates (3 wells per line). The cells were collected 28 days later.

The cells were washed with PBS and 1ml of TrypLE express added to each well and then
incubated at 37°C for 10 minutes. The adhered cells were removed by forceful flushing with
the TrypLE using a 1ml pipette. The suspension was made up to 10 ml with PBS and
centrifuged at 500 x g for 5 minutes. The pellet was re-suspended in 1ml of PBS and the

suspension titurated several times to disperse any clumps. 50ul was removed and stored

separately for protein quantification. All the samples were stored in a -80°C freezer.

Protein quantification was performed using Nanodrop 1000 spectrophotometer (A280
method) (ThermoFisher). Initially, a blank measurement was made by loading a 2ul PBS
sample. This was followed by loading 2ul samples of cell lysates after tituration of the
sample to homogenise the solution. For each sample, an average protein value was taken
from triplicate measurements. The detection limit of the Nanodrop 1000 A280 method is

0.10mg/ml.

3.3.6 1-DeoxySL analysis of neuronal lysates

Sphingolipid analysis were performed by Thorsten Hornemann’s lab at the University
Hospital Zurich, Switzerland as previously described (Suriyanarayanan et al., 2016). In
summary, the 0.95ml samples of cell suspension were centrifuged at 4°C and at 1.2rcf for 5
minutes. The cell pellet was re-suspended in 100ul of PBS. 500ul of methanol (Honeywell,
Germany) and 200pmol of deuterated internal standards (d7-sphinganine and d7-
sphingosine, Avanti Polar Lipids) were added to the cell suspension. The lipids were
extracted for one hour at 37°C with constant agitation and the precipitated protein
centrifuged at 16000 x g for 5 minutes. 75ul of hydrochloric acid (32%) was added to
hydrolyse the lipids and the lipids were incubated at 65°C for 16 hours. Hydrochloric acid
was neutralised with 100ul of 10M potassium hydroxide. Free sphingoids were extracted by
adding 125ul of chloroform, 100ul of 2M ammonium hydroxide and 500ul of alkaline water.

These bases were separated on a C18 column (Uptispere 120 A, 5um, 125 x 2 mm,
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Interchim, France) and analysed using a TSQ Quantum Ultra Mass Spectrometer (Thermo

Scientific).

The following sphingolipids were measured: Sphinganine (SA), sphingosine (SO), 1-
deoxysphinganine (1-deoxySA), 1-deoxysphingosine (1-deoxySO), 1-
deoxymethylsphinganine (1-deoxymethylSA) and 1-deoxymethylsphingosine (1-

deoxymethylSO).

3.3.7 1-DeoxySL treatment of control lines

1mM sphingolipid stock solutions were prepared for SA, 1-deoxySA and 1-deoxymethylSA

as described earlier (section 2.3.4).

Control (AH017-7, AD2-1 and NHDF-1) iPSC derived sensory neurons were treated with the
sphingolipids 3 weeks after the end of differentiation protocol (day 11). 1mM Stock solutions
were diluted in culture medium to the desired concentrations of 1uM, 3uM and 6uM. An
ethanol vehicle control was included for each concentration. The sensory neurons were

treated with the sphingolipids for 48 hours.

3.3.8 Immunocytochemistry

The coverslips were transferred to PBS and fixed in ice cold 1% paraformaldehyde for 20
minutes. The coverslips were then washed 2/3 times in PBS followed by incubation with the
primary antibody mixed in blocking solution (5% donkey serum, 0.5% milk powder, 0.05%
sodium azide, 0.3% Triton x100, 0.1% dimethylsulphoxide and 0.1% bovine serum albumin)
at 4°C overnight. Next, the coverslips were washed with PBS three times (middle wash
consisting of incubation with DAPI at 1:300 dilution for 5 minutes) and then incubated with
the secondary mixed in PBS for 2 hours at room temperature. The secondary antibody was
washed off with three PBS washes and the coverslips were mounted onto Superfrost Plus
microscope slides (Thermo Scientific) using Vectashield mounting medium (Vector
laboratories). The primary antibodies used and their dilutions are shown in table 3.2. The

secondary antibodies used were Alexa Fluor 488 and 546 at 1:1000 dilutions.

Confocal images (Zeiss LSM-710 confocal microscope) were acquired using Zen Black
Software (Zeiss, Germany). Ten images were taken at random per coverslip, systematically

covering the area of the coverslip to ensure objective sampling.
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Antigen Host species Dilution Manufacturer

Neurofilament 200 (NF200) Mouse 1: 1000 Sigma

ATF3 Rabbit 1:900 Santa Cruz (C-19,
SC188)

B Il Tubulin Mouse 1:100 R&D Systems

Cleaved Caspase llI Rabbit 1:400 Cell Signaling

BRN3A Rabbit 1:200 Millipore

CGRP Sheep 1:500 Enzo

IB4 Streptavidin 1:100 Sigma Aldrich

conjugated

Table 3.2 Primary antibodies used in the iPSC study

3.3.9 Analysis of cell survival, axonal injury and caspase 3 activation.

Cell survival and axonal injury were assessed in the control iPSC derived sensory neurons
following treatment with sphingolipids. Cells positive for Neurofilament 200 (NF200) and
DAPI counter-stain were counted as neurons. Axonal injury was assessed by determining

the percentage of these neurons that also co-stained for ATF3, a marker of axonal injury.

Activated caspase Il (cleaved) is a key mediator of apoptosis in neuronal cells (D’Amelio et
al., 2010). At four weeks after the end of differentiation protocol, control and patient iPSC
derived sensory neurons were fixed and stained for cleaved caspase 3 and BllI tubulin.
Images were randomised and analysed blind to cell line and treatment. Cells positive for fllI
tubulin and DAPI were counted as neurons. Percentage of these neurons that co-stained for
cleaved caspase 3 was determined. Later, at 3 months, axonal injury was also assessed in

these neurons.

3.3.10 Assessment of neurite outgrowth

Neurite outgrowth was assessed at 3 months in NF200 stained neurons. Images were
processed and analysed using Fiji (Fiji Is Just ImageJ) (NIH) software. Binary images were
created using a thresholding technique (Otsu’s thresholding method) by a purpose written
macro program (written by Steve West, Nuffield Department of Clinical Neurosciences,
University of Oxford). Percentage of each image area covered by neurites was normalised

to the number of neurons (NF200 and DAPI co-staining) within that area.
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3.3.11 Assessment of long-term neuronal survival

Long-term neuronal survival was assessed at 5 months. At this stage, the coverslips are
covered with a dense network of neurites which are prone to peeling off with media changes
and the fixation process. Due to this, live imaging was performed to assess cell viability
using Neurite Outgrowth Staining Kit (Life Technologies). The kit consists of a cell
permeable viability indicator dye that is converted by live cells to emit green fluorescence
and fluorescent outer cell membrane surface stain (orange-red). The two agents were
combined (1:1000) in Dulbecco’s Phosphate Buffered Saline containing calcium and
magnesium (DPBS, Gibco). The cells were washed with PBS and then incubated in the
DPBS containing the two dyes at room temperature for 15 minutes. After the incubation, the
staining solution was removed and replaced with DPBS containing the background
suppression dye (1:200). The cells were imaged with a Zeiss LSM-710 confocal microscope

(x10 magnification) and analysed using Zen Black Software (Zeiss, Germany).

3.3.12 Transmission Electron Microscopy (TEM) and Scanning Electron

Microscopy (SEM)

Fixation, processing and imaging were performed by the Dunn School Electron Microscopy

Facility, University of Oxford.

For TEM, cells adhered to coverslips were fixed in pre-warmed fixative (4% PFA [Agar
Scientific] +2.5% glutaraldehyde in 0.1M PIPES buffer [Sigma] at pH of 7.2) for 1 hour at
room temperature and then incubated at 4°C overnight. Cells were then thoroughly washed
5 times in 0.1M PIPES buffer, each wash lasting 15 minutes. 50mM Glycine was included in
the fourth wash to quench free aldehydes. Cells then underwent secondary fixation in 0.1M
PEPES containing 1% osmium tetroxide (TAB Laboratories) at 4°C for one hour followed by
five washes with milliQ water, each 10minutes each. Tertiary fixation involved incubation in
0.5%uranyl acetate (agar Scientific) overnight at 4°C, in the dark followed by a wash with
milliQ water for 10minutes.The cells were dehydrated in 30%, 50%, 70%, 80%, 90% and
95% ethanol (Sigma), each for ten minutes followed by incubation in 100% ethanol for 90
minutes with three solution changes during this time. To infiltrate with the epoxy resin, the
cells were incubated in 3:1 100% dry ethanol: Agar100 resin (Agar Scientific) for 1 hour,

then 1:1 100% dry ethanol:Agar100 resin for 2 hours, and 1:3 100% dry ethanol:Agar100
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resin for 1 hour. This was followed by incubation in 100% Agar100 overnight at room
temperature and 2 resin changes the following day. For embedding process, the coverslips
were inverted onto Beem capsules filled with fresh 100%Agar 100 resin. The blocks were
polymerized for 24 hours at 60°C then submerged in liquid nitrogen. The cover slip was
shapped, leaving the cells embedded as a monolayer on the surface of the block. Ultrathin
sections (90nm) were cut using a Diatome diamond knife (Leica UC7 ultramicrotome) and
mounted onto 200 mesh copper grids. Sections were post-stained with Reynold’s lead
citrate for 5 minutes, washed with degassed water and dried. Sections were imaged with
FEI Tecnai 12 transmission electron microscope at 120kV. Images were acquired using

Gatan OneView CMOS camera with Digital Micrograph 3.0 software.

For SEM, the culture was fixed in fixative containing 2.5% glutaraldehyde and 2-4%PFA in
0.1M sodium cacodylate buffer and incubated at room temperature for at least one hour.
The cells were rinsed three times with 0.1M phosphate buffer with each wash lasting 5
minutes. Secondary fixation involved incubating the samples in 0.1M phosphate buffer with
1% osmium tetroxide at 4°C for one hour. This was followed by three washes with MilliQ
water, each lasting 5 minutes. The ethanol dehydration series was the same as that used
with TEM. The coverslip was then dried for 3 minutes using hexamethyldisilazane (HMDS,
Sigma) and mounted on carbon adhesive tape and placed onto an SEM stub and sputter

coated with 10-15nm thickness of gold.

TEMSs were analyzed qualitatively to determine if there were any abnormalities in
mitochondrial and ER ultrastructure. Mitochondria were screened for structural
abnormalities such as swollen or whirling cristae, discontinuous outer membranes,
inclusions, compartmentalization, linearization of the cristae, nanotunneling and
hyperbranching (Siskova et al., 2010; Vincent et al., 2016). ER images were compared to

published descriptions of ER (Wu et al., 2017).

3.3.13 ER and mitochondrial calcium imaging

ER calcium concentration can be indirectly determined by measuring cytosolic calcium
concentration following the administration of drugs that selectively deplete ER calcium such
as Thapsigargin. Thapsigargin is a non-competitive inhibitor of sarcoplasmic reticulum

calcium-ATPases (SERCA) which are calcium re-uptake pumps. Mitochondrial calcium
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levels were determined by measuring cytosolic calcium following the application of
ionomycin, an ionophore. After my initial optimisation, the experiments were carried out by

Alex Clark (Nuffield Department of Clinical Neurosciences, University of Oxford).

Calcium imaging experiments were performed on 3.5 month old neurons. Cultures were
incubated with media containing 5uM Fluo4AM (non-ratiometric, single wave dye) and 80uM
pleuronic acid (ThermoFisher Scientific) for one hour at 37°C. The cells were then washed
twice with calcium free extracellular fluid (145mM NaCl, 5MM KCI, 10mM HEPES, 10mM D-
glucose, 1mM MgClz and 0.5mM EGTA, pH 7.4). ER and mitochondrial calcium
concentrations were measured in this calcium free extracellular fluid. Confocal images were
taken using a Zeiss LSM 710 confocal microscope using x40 oil objective lens. Within a
single field of view, sensory neuron cell bodies stained for Fluo4-AM were marked as ‘region
of interest’. A time lapse image was taken at 1 second intervals for 10 minutes. Fluo4-AM

was excited at a wavelength of 488nm and emission fluorescence was measured at 518nm.

Baseline fluorescence was measured for 2 minutes. At 2 minutes, thapsigargin (Sigma) was
added to the extracellular fluid at a final concentration of 4uM (stock solution 40uM). At7
minutes ionomycin (Sigma) was added to the extracellular fluid at a final concentration of

2uM (stock solution 20uM).

ER calcium concentration was estimated by subtracting average baseline fluorescence from
the peak fluorescence following the addition of thapsigargin. Mitochondrial ER calcium was
estimated by subtracting the stable post-thapsigargin fluorescence from the peak
fluorescence following the administration of ionomycin. Both estimates were normalised to
baseline fluorescence to minimise differences in Fluo4 due to differences in cell density

between the cell lines.

3.3.14 Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (version 22) and GraphPad
Prism Version 7.02. Following review of normality by plotting frequency plots, statistical
significance was determined in non-normally distributed data by using Kruskall Wallis test
followed by Mann Whitney U-test with post-hoc Dunn’s multiple comparisons test as

appropriate. In normally distributed data, One-way ANOVA was used with post-hoc
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correction for multiple comparisons using Dunnett’s/Bonferroni’s test as appropriate.
Statistical significance for cell survival relative to control was determined using Wilcoxon

Signed rank test.

Results are reported as mean + standard error of the mean (SEM).
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3.4 Results

3.4.1 Characterisation of human iPSC derived sensory neurons

The ages of all neurons will be quoted from the end of the differentiation protocol. Figures
3.1 and 3.2 show representative images for mature (5 months old) iPSC derived neurons for
2 of the control lines (AD2-1 and AHO17-7) and all the patient lines (S997, S998 and S999).
All the differentiated neurons in both the control and patient lines were immunoreactive for
Neurofilament heavy chain (NF200) and BRN3A, a sensory neuron transcription factor
(Figure 3.1). None of the mature neurons (5 months post re-plating) in both the control and
patient lines expressed nociceptor markers: CGRP or IB4 (Figure 3.2). At this stage, there

were none or only very few non-neuronal cells.

3.4.2 Effects of 1-deoxysphingolipid induced neurotoxicity in human

iPSC derived sensory neurons

Both 1-deoxySA and 1-deoxymethylSA were toxic to 3 week old iPSC derived sensory
neurons (Figure 3.3). There was a decrease in sensory neuron survival following 48 hour 1-
deoxySA treatment with 78.2 + 3.9% (p=0.028) and 71.4 + 9.7% (p=0.028) of the neurons
surviving relative to vehicle control at 3uM and 6uM concentrations respectively (Figure
3.3B). A smaller loss in sensory neurons was seen with 3uM 1-deoxymethylSA treatment
(81.9 + 6.0% relative to vehicle control, p=0.028). Small loss of neurons was also seen with

3uM SA treatment (87.6 + 6.8% relative to control vehicle) however this was not significant.

There was a clear dose-dependent increase in the expression of ATF3 (used as a marker of
axonal injury/stress) with both 1-deoxySA and 1-deoxymethylSA treatment (Figure 3.3C).
Following treatment with 1uM, 3uM and 6uM 1-deoxySA, 15.9 + 6.4%, 48.8 £ 2.9% and 62.7
+ 6.9% of cells were ATF3 positive respectively. 1-DeoxySA treatment led to significant
increase in the percentage of ATF3 positive neurons at all doses tested (p=0.006 at 1uM,
p<0.0001 at 3 and 6uM). 1-deoxymethylSA treatment led to significant increase in the
percentage of ATF3 positive neurons only at the higher doses of 3uM (18.1 + 3.6%,
p=0.001) and 6uM (29.4 + 3.3%, p<0.0001). Appreciable increase in ATF3 positive neurons
following 48 hour SA treatment was only seen at the highest dose of 6uM (2.5 + 1.6%) and

this was not significant.
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There was variability in the susceptibility of the individual control lines to the 1-deoxySL
induced toxicity (Figure 3.4). In terms of neuronal survival, AHO17-7 control line is the least
susceptible with 87.1 + 6.3% of the sensory neurons surviving compared to vehicle control
at the highest treatment dose of 1-deoxySA (6uM). AD2-1 (only one experiment) and
NHDF-1 lines are similarly vulnerable with 57.7% and 55.1 + 23.7% of the neurons surviving

compared to the vehicle control.
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lines
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lines

Figure 3.1 Characterisation of 3month old iPSC derived neurons

Representative split channel images of iPSC sensory neurons following differentiation (three
months old) from two control lines and all three patient lines. All the differentiated neurons
were positive for Neurofilament heavy chain (NF200) and BRN3A, a sensory neuron

marker. DAPI=nuclear stain. Scale bar=50um
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NF200 CGRP IB-4

Figure 3.2 Expression of nociceptor markers in 5 month old iPSC derived sensory

Merge

AD2-1

$998

neurons
Representative images of control (AD2-1) and patient (S998) derived neurons at 5 months.
No CGRP (Calcitonin Gene Related Peptide) or IB-4 (Isolectin-B4) immunoreactive neurons

were seen in either the control or patient lines. Scale bar=50um
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Figure 3.3 1-Deoxysphingolipids are toxic to iPSC derived sensory neurons

(A)Three week old human iPSC-derived sensory neurons were treated with sphinganine
(SA), 1-deoxySA and 1-deoxymethylSA and vehicle control at 1, 3 and 6uM concentrations
for 48 hours and immunostained for NF200 (green), ATF3 (red) and DAPI (blue). High
power inset shows the ATF3 expression in a neuronal nucleus. (B) Sensory neuron survival
is quoted as a percentage of the neurons in the ethanol vehicle treatment group. There is a
reduction in neuron survival with 3uM and 6 uM 1-deoxySA and 3uM 1-deoxmethylSA
treatment. (C) 1-DeoxySL treatment also resulted in a dose dependent increase in the
number of neurons with ATF3 expression (marker of axonal injury/stress). n=5 separate

experiments, *p<0.05. Error bars=S.E.M Scale bar= 50um
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Figure 3.4 Variability in the susceptibility of the control lines to 1-deoxysphingolipid
induced toxicity

Effects of 1-deoxySLs on sensory neuron survival in 3 weeks old differentiated sensory
neurons from individual control cell lines are displayed. Sensory neuron survival is quoted
as a percentage of the neurons in the ethanol vehicle treatment group. n=1 for the AD2-1
line and for this line, data for the 1uM sphinganine treatment is not available. Error
bars=SEM
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3.4.3 Phenotype of patients

Patient iPSCs (lines S997, S998 and S999) were derived from three male HSN1 patients
(aged 27-43 years) with moderately severe neuropathy (CMTNS 10-20). The phenotypic
characteristics are summarised in Tables 3.3 and 3.4. Patient 13 (cell line S997) had the
most severe phenotype followed by patient 7.3 (cell line S998) and patient 9.4 (cell line

$S999) had the mildest phenotype. All three patients reported painless ulcers

The distribution of the reported pain profile is also similar with S997 having the highest NPSI
total score and S999 having the lowest score (Table 3.4). All three patients had the
characteristic lancinating pain. The two patients who were taking neuropathic pain

medication felt that pregabalin was the most effective medication at dampening this pain.

3.4.5 Autonomous 1-deoxysphingolipid production by patient iPSC

derived sensory neurons.

Levels of endogenous sphingolipids were analysed in 4 week old iPSC derived sensory
neurons (Figure 3.5). SA is the typical product of the enzyme SPT when its canonical
substrates, L-serine and palmitoyl-co enzyme A are condensed together (Figure 1.2). There
was no significant difference in the C18-sphinganine (SA) levels between the control and
patient lines (1.87 + 0.44uM/mg protein versus 2.28 + 0.82uM/mg protein respectively).
However, C-18 Sphingosine (SO) which is a downstream metabolite of SA was significantly
lower in patient lines (30.79 + 4.03uM/mg protein in the controls versus 19.43+ 4.33uM/mg

protein in the patient lines, p=0.01).

Measurable levels of the atypical product of SPT enzyme, 1-deoxySA (condensation of L-

Alanine and palmitoyl-co enzyme A)

were seen in both control and patient lines. The levels were significantly higher in the
patient lines (0.077 + 0.015uM/mg protein in the controls versus 0.952 + 0.327 uM/mg
protein in the patient lines, p<0.0001). In all patient lines, 1-deoxySA levels were clearly
above those of the control lines. 1-deoxysphingosine (1-deoxySQO), the downstream
metabolite of 1-deoxySA, was also significantly elevated in the patient lines (0.152 + 0.014

uM/mg protein in the control lines versus 2.569 + 1.083uM/mg protein in the patient lines,

p<0.0001).
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Levels of 1-DeoxymethylSA (condensation of L-glycine with palmitoyl-coenzyme A) in the
patient lines was not significantly elevated compared to the control lines (0.02 £
0.005uM/mg protein versus 0.01 + 0.002uM/mg protein respectively, p=0.08). Its
downstream metabolite, 1-deoxymethylsphingosine (1-deoxymethylSO) was also not
significantly different between the patient and control lines (0.06 + 0.03uM/mg protein

versus 0.03 = 0.01uM/mg protein respectively, p=0.19).

Patient lines S999 and S998 had similar levels of 1-deoxySLs: 1-deoxySA (0.49 +
0.02uM/mg protein and 0.48 + 0.08uM/mg protein respectively), 1-deoxySO (0.79 +
0.09uM/mg protein and 1.01 + 0.09uM/mg protein respectively), 1-deoxymethylSA (0.010 +
0.001pM/mg protein and 0.012 + 0.003uM/mg protein respectively) and 1-deoxymethylSO
(0.019 £ 0.002 and 0.028 + 0.005uM/mg protein respectively). However, there was a
consistent trend towards higher sphingolipid levels in S997 patient line compared to the
other two patient lines: SA (4.80 + 1.82uM/mg protein versus 0.98 +0.05uM/mg and 1.06 £
0.09uM/mg protein in S999 and S998 respectively),1-deoxySA (1.88 + 0.80uM/mg protein),
1-deoxySO (5.91 + 2.38uM/mg protein), 1-deoxymethylSA (1.88 + 0.80uM/mg protein) and
1-deoxymethylSO (0.13 £0.07uM/mg protein). 1-DeoxymethyISA level was significantly
higher in S997 when compared to S999 (p=0.025) and S998 (p=0.033). This global increase
in sphingolipids in the S997 line could partially be explained by the inaccuracies in
quantifying very small protein levels (S997 cell density was much less than that of S999 and
S998) but not completely as NHDF-1 control line had similar cell density (total protein of

0.095-0.190mg/ml for NHDF-1 versus 0.085-0.365mg/ml for S997).
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Cell line S997 S998 S999
Patient ID 13 7.3 9.4
Age (yrs) 27 37 43
Onset age 13 15 27
(yrs)

CMTNSv2 21 21 16
Cold detection threshold: hand 6.7 18.3 24.4
(°C)

Warm detection threshold: Hand | Undetectable | 48.9 49.8
(°C)

Mechanical detection threshold: 157.6 Undetectable | 24.3
Hand (mN)

Plasma 1-deoxySA (UM) 1.056 0.417 0.574
Plasma 1-deoxySO 1.751 0.715 1.228
(HM)

Table 3.3 Patient characteristics of iPSC lines

Phenotypic summary of the HSN1 patients who provided the patient iPSC lines.
CMTNSv2=Charcot Marie-Tooth Neuropathy Score version 2, 1-deoxySA=1-
deoxysphinganine, 1-deoxySO=1-deoxysphingosine (downstream metabolite of 1-

deoxySA), undetectable = beyond the safety limit used (50°C).
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Paraesthesia/
dysaesthesia
(0-10)

Cell line S997 S998 S999
Age at pain onset 22 15 35
NPSI 48 40 30
TOTAL (0-100)

NPSI 6 3 6
Burning

(0-10)

NPSI 4.5 7.5 0
Pressing

(0-10)

NPSI Paroxysmal 5 8.5 6
(0-10)

NPSI 3 1 0
Evoked (0-10)

NPSI 7 1 6

Pain description

Lasts 10-15s. Highly
variable frequency
Pain worsening

Difficulty sleeping
because of pain
Lancinating pain,
decreasing with
worsening sensory
deficit

Few episodes a day
lasting <5sec

Not worsening
Worse in cold

Table 3.4 Patient pain phenotype of iPSC lines

Pain characteristics of the HSN1 patients who contributed to the patient iPSC lines.

Neuropathic Pain Symptom Inventory (NPSI) was used to characterise the pain. NPSI total

scores and scores of some of the components of the inventory are shown.
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Figure 3.5 Levels of endogenous sphingolipids in control and patient iPSC derived
sensory neurons (4 weeks old)

Sphingolipid levels were normalised to internal lipid standard, d7-sphingosine. (A)
Sphinganine (canonical product of SPT enzyme). (B) Sphingosine (downstream product of
sphinganine) was significantly lower in the patient lines compared to the control (p=0.011).
(C) 1-Deoxysphinganine levels were significantly higher in the patient lines compared to the
control (p<0.0001). (D) Elevated levels of 1-deoxysphingosine (downstream metabolite of 1-
deoxysphinganine) were seen in the patient lines compared to the control. (E) 1-
deoxymethylsphinganine and 1-deoxymethylsphingosine (F) (downstream metabolite of 1-
deoxymethylsphinganine) levels were not significantly different between the patient and
control lines. n=3 independent differentiations. Statistics performed on pooled group data.
*p<0.05, ****p<0.0001, Error bars=SEM
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3.4.6 Early loss of HSN1 iPSC derived sensory neurons

Early neuronal loss was determined by assessing the percentage of neurons that were
immunoreactive for cleaved Caspase 3. Cleaved caspase 3 is the activated form of
caspase 3, which is one of the key executioners of apoptosis. The cultures were fixed at
three weeks after the end of the differentiation. Cultures were supplemented with L-alanine
to augment 1-deoxySL production in the patient lines with the aim to amplify the phenotype.

Supplementation started 1 week after the end of the differentiation.

Significantly higher percentage of caspase 3 immunoreactivity was seen in patient lines
compared to the control lines at all L-alanine supplementation concentrations (Figure 3.6).
In the untreated group, 3.9 £ 0.6% of the control versus 29.7 + 5.0% in the patient lines
were immunoreactive for caspase 3 (p=0.0002). Similar differences between control and
patient lines were seen at 0.4mM (4.9 = 1.5% versus 31.7+ 5.37%, p=0.003), 0.8mM (5.3 £
1.2% versus 34.6 + 3.5%, p<0.0001) and 1.6mM (7.4 + 1.4% versus 29.1 + 3.6%, p=0.008)
L-alanine supplementations. In the control lines there was a suggestion that L-alanine
treatment led to a dose dependent increase in the percentage of caspase 3 positive neurons
but this was not statistically significant. However, in the patient lines, there was no dose

dependent increase in caspase 3 immunoreactivity with L-alanine treatment.

S999 and S998 patient lines had similar percentages of caspase 3 positivity with all
concentrations of L-alanine supplementation but S997 line appears to have higher caspase
3 positivity. In the untreated group, 23.4 + 2.8% and 21.8 £3.6% of S999 and S998 lines
respectively were caspase 3 positive but 43.9 +11.2% were positive in the S997 line. With
0.4mM supplementation, 19.9 £2.5% and 22.9 + 6.8% of S999 and S998 neurons
respectively were positive compared to 52.2 + 4.1% of S997 neurons. With 0.8mM
supplementation, 30.1 + 1.1% and 25.8 £ 2.2% of S999 and S998 neurons respectively
were positive for caspase versus 47.8 £ 1.4% of S997 neurons. The smallest difference was
seen at the highest L-alanine supplementation dose of 1.6Mm where 28.6 + 1.1% and 21.6
+2.5% of S999 and S998 neurons were caspase 3 positive compared to 39.0 + 8.4% of
S997 neurons. Only at 0.4mM supplementation, there was a significant difference in
caspase 3 positivity between S997 and S999 neurons (p=0.01) and between S997 and

S998 neurons (p=0.03).
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Figure 3.6 Early sensory neuron loss in HSN1 patient lines

(A) Early cell loss in 3 week old iPSC derived sensory neurons was evaluated using cleaved
caspase lll staining (pro-apoptotic marker). Yellow box high power insert shows the
cytoplasmic cleaved caspase lll staining. L -alanine supplementation was initiated when the
neurons were one week old. There were increased cell debris (fragments of cell co-staining
positive for beta Il tubulin and cleaved caspase 3 with hyperdense DAPI staining) in the
patient lines (S999, S998 and S997), especially with the highest dose (1.6mM) of L-alanine.
Cell debris were also seen in the control lines (AD2-1, AD4-01, AH017-7 and NHDF-1) at
the highest dose of L-alanine supplementation, but to a lesser extent. Examples of these
cell debris are shown in the high power inserts in white boxes. (B) At three weeks, HSN1
patient lines had increased cleaved caspase 3 immunoreactivity compared to the 4 control
lines in the untreated and L-alanine supplemented groups. n= 3 independent
differentiations. Statistics were performed on pooled group data from three independent
differentiations. **P<0.01, ***P<0.001 and ****P<0.0001. Error bars=SEM Scale bar=50um
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3.4.7 Neurite outgrowth in mature sensory neurons

Neurite arborisations in the control and patient lines were compared in 3 month old neurons.
Extensively arborized neurites were seen in both the control and patient lines (Figure 3.7A).
There was no significant difference in the neurite coverage area per neuron between the
control lines (3.35 £ 0.60%) and the patient lines (3.88 £ 0.61%) (Figure 3.7B). A major
determinant of neurite coverage per neuron was the cell density. In the denser cultures,
there were thick layers of neurites which were difficult to capture with the threshold
technique used in this analysis. Also, with higher cell densities, the area available for growth
was more limited, therefore reduced neurite area per neuron. Consequently, the relationship
between total neurite coverage area and total neuron number is not linear (Figure 3.7C).
NHDF-1, AD4-01, S999 and S997 lines had similar low cell densities. Cultures with similar
density in both the control and patient lines had similar percentage neurite coverage. The
only exception is with S997 patient line which despite having similar low density, has neurite
coverage area per neuron similar to lines with much higher cell densities suggesting that

there might be a reduction in neurite outgrowth in this patient line.

After three months in culture, features of axonal degeneration (blebbing, fragmentation of
the neurite) were clearly visible in the S997 and to a lesser degree in the S999 patient lines

(Figure 3.7A-insets).

3.4.8 Axonal integrity in mature sensory neurons

As noted above, features of axonal degeneration were seen in few of the neurons in 3
month old neurons from S997 and S999 patient lines. To quantify this, ATF3 expression

was examined in 3 month old neurons (Figure 3.8).

There were no significant differences in ATF3 expression between the control and patient
lines in the untreated (1.6 + 0.9% in the control lines versus 2.2 £0.9% in the HSN1 lines) or
1.6mM L-Alanine supplemented (2.2 £0.6% in the control lines versus 6.7 + 3.2% in the

HSN1 counterparts) treatment groups (Figure 3.8B).

There was a trend towards increased ATF3 immunoreactivity with 1.6mM L-alanine

treatment in the S997 line when compared to the 1.6mM L-Alanine control group (2.2 +
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Figure 3.7 Neurite outgrowth in mature sensory neurons (3 months old)

(A) Extensive neurite arborizations were seen in both control and patient lines. In the S997
and S999 patient lines, some of the neurons had features of axonal damage such as
blebbing (insets). (B) There is no significant difference in the percentage neurite outgrowth
between the control and HSN1 patient lines. (C) The relationship between neuron number
and total percentage neurite coverage area is not linear. n= two independent differentiations

(n=1 for S998). Error bars=SEM, scale bar= 200pm
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Figure 3.8 ATF3 expression in 3 month old iPSC derived sensory neurons

(A) Three month old control and patient iPSC derived sensory neurons have been
immunostained for ATF3 (red) which is a marker of axonal injury. (B) There is no significant
difference in the percentage of ATF3+ve neurons between the control and patient lines in
the untreated and 1.6mM L-alanine treatment groups. n= two independent differentiations.

Error bars=SEM, scale bar= 100um
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0.6% in the control group versus 10.8 £ 2.5% in the S997 line).

3.4.9 Effects of long-term L-alanine and L-serine treatment on cell

survival

Effects of long term L-alanine and L-serine treatment were assessed in 5 month old neurons
(n=1 differentiation). L-alanine and L -serine supplementations were initiated at one and
three weeks after the end of the differentiation, respectively. This later time point was
chosen for L-serine supplementation in-order to assess the effects of L-serine when

treatment is initiated in more mature neurons as would be the case in a clinical setting.

Live imaging was performed to assess cell survival (Figure 3.9). With long-term L-Alanine
treatment, there appeared to be no dose dependent reduction in cell survival in the patient
lines (91.8 £ 10.1% with 0.4mM, 94.0 + 5.0% with 0.8mM and 97.5 + 9.2% with 1.6mM L-
alanine treatment compared to the untreated group) (Figure 3.9B). In this one differentiation,
L-serine supplementation appears to improve cell survival in both control (131.2 + 40.3%
with 2.5mM serine and 122.7 + 34.0% with 5.0mM serine treatments) and patient lines
(115.6 £ 21.1% with 2.5mM serine and 144.7 + 29.7% with 5.0mM serine treatments)
however these differences were not significant. The improvement in cell survival with L-

serine treatment appears to be dose dependent in the patient lines.
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Figure 3.9 Long-term L-alanine and L-serine supplementation.

(A) Representative live cell images of the control and patient lines at 5 months are shown
for the untreated and highest used concentrations of L-Alanine and L-Serine treatment.
Viable cell bodies are marked green and outer cell membrane surfaces are marked red. (B)
There is a suggestion that L-Serine supplementation improves cell survival in both control

and patient lines. n= one differentiation. Error bars=SEM, scale bar=200um
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3.4.10 Electron Microscopy (EM)

EM images were taken of 5-month-old neurons by the Dunn School Electron Microscopy
Facility, University of Oxford. Images were taken from two representative control lines (AD2-

1 and AHO017-7) and all three patient lines.

3.4.10.1 Transmission Electron Microscopy (TEM)

TEM was performed to determine if there were any gross alterations in the mitochondrial or
ER ultrastructure between control and patient lines. Qualitatively, there were no prominent
differences in mitochondrial ultrastructure between the control and patient lines (Figure
3.10). In all three patient lines, there were occasional mitochondria which contained whirling
(concentric) cristae which was not seen in the control lines. There were no swollen cristae,
discontinuous outer membranes, inclusions, compartmentalization, linearization of the
cristae, nanotunneling or hyperbranching (Siskové et al., 2010; Vincent et al., 2016) in either

the patient or control lines.

There were no clear differences in the ER morphology between the control and patient lines
(Figure 3.11). There were also no overt differences in the ER- mitochondria contacts (Figure

3.16).

3.4.10.2 Scanning Electron Microscopy (SEM)

Both in the control and patient lines, the iPSC derived sensory neurons aggregated into
clumps (Figure 3.12). The healthier neurons had a smoother cell surface with extensive
perikaryal projections (Matsuda et al., 2000). There was no clear difference in the extent of
the perikaryal projections between the control and patient lines. There were no distinctive

surface morphological features which were common to all three patient lines.

156



CONTROL HSN1

r A\ 4 A\
AD2-1 7 ~ AHO017-7 5997 | 5998 $999

Figure 3.10 Electron micrographs of mitochondria in iPSC derived sensory neurons (5 months old).

Representative Transmission Electron Microscope images of mitochondria (illustrative example shown with white arrow) in the patient and control iPSC derived
sensory neurons at 5 months (upper panel). In the patient lines, occasional mitochondria were seen with whirling/concentric cristae (onion-like mitochondria)

(bottom panel). Scale bar= 1000nm (upper panel), 200nm (bottom panel).
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CONTROL HSN1
A

Figure 3.11 Electron micrographs demonstrating ER and ER-mitochondria contacts in iPSC derived sensory neurons (5 months old).
(A) Representative Transmission Electron Microscope images of smooth ER (illustrative example shown with white arrow) in the patient and control human iPSC
derived sensory neurons. (B) Images highlighting the ER-mitochondria contacts (arrows) in control and patient iPSC derived sensory neurons. Scale bar= 1000nm

(A) and 200nm (B).
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Figure 3.12 Scanning Electron micrographs demonstrating surface morphology of iPSC derived sensory neurons (5 months old).
Representative images of control and patient iPSC derived sensory neurons at 5 months of age. Extensive perikaryal projections (illustrative examples shown with

white arrows) can be seen covering the surfaces of both control and patient lines. Scale bar = 20pum (top panel) and 10pum (bottom panel).
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3.4.12 ER and mitochondrial calcium imaging

The ER is the most important intracellular calcium store and depletion of ER calcium can
trigger ER stress and vice versa (Deniaud et al., 2008; Carreras-Sureda et al., 2018). To
determine if there is ER dysfunction/dysregulation of calcium homeostasis in the patient
iPSC derived sensory neurons, ER calcium levels were estimated using a SERCA pump
(ER calcium re-uptake pump) inhibitor, thapsigargin. The rise in cytosolic calcium following
the addition of thapsigargin can be assumed to correlate with ER calcium concentration in
the presence of calcium free media. ER and mitochondrial calcium homeostasis are tightly
interconnected. Depletion of ER calcium content is followed by rapid accumulation inside
the mitochondrial matrix through the mitochondrial uniporter (MCU) complex (Marchi et al.,
2017). Mitochondrial calcium was estimated by using ionomycin which is an ionophore and
results in the release of all intracellular calcium stores into the cytoplasm of which the
largest contribution is from the mitochondria. Calcium imaging experiments were carried out

by Dr Alex Clark (Nuffield Department of Clinical Neurosciences, University of Oxford).

In 4-5 month old neurons, there was no difference in the ER calcium concentrations
between control and patient lines (mean calcium concentration of 1.17 £ 0.03au in control
lines versus 1.11 + 0.02au in patient lines) (Figure 3.13A). There is a suggestion of
decreased ER calcium in the two patient lines S997 and S998. However, there was no
significant difference when individual patient lines are compared to the control lines (mean
calcium concentrations of 1.09 + 0.02 for S997, 1.09 +0.03au for S998 and 1.15 * 0.06au

for S999).

There was no difference in the mitochondrial calcium concentrations between the control
and patient lines (mean mitochondrial calcium concentration of 1.45 + 0.13au in the controls
versus 1.36 = 0.12au in the patient lines) (Figure 3.13B). Greater variations within and
between lines were seen with mitochondrial calcium concentrations compared to ER

calcium concentrations.
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Figure 3.13 Estimates of ER and mitochondrial calcium concentrations in 4-5month
old iPSC derived sensory neurons

(A) There is no significant difference in the ER calcium concentrations between the control
and patient lines (B) There is no difference in the mitochondrial calcium concentrations
between the control and patient lines. n=3 independent differentiations (20-30 neurons per

cell line). Error bars=SEM
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3.5 Discussion

Characterisation of human iPSC derived sensory neurons

The differentiated neurons expressed BRN3A, a canonical marker of sensory neurons. The
sensory neuron differentiation protocol by Chambers et al. ( 2012) was used in this study
which has been shown to be a valuable model of human pain disorders (Cao et al., 2016).
The protocol was reported to produce nociceptive neurons based on expression profiles and
electrophysiological characteristics. A subset of these neurons was shown to express
CGRP and substance P one month after the start of differentiation. In this study, all the
neurons expressed NF200. NF200 is a marker for myelinated A-fibre neurons such as
mechanoreceptors and proprioceptors in rodent DRGs. However, in human DRGs, it has
been shown that NF200 co-localises with TRPV1, a marker for C-fibre neurons in rodent
DRG (Chang et al., 2018). There was no CGRP or IB4 expression, which are markers of
nociceptors, in mature neurons (5 months old). The differences in the expression profiles of
the sensory neurons between the two studies could be due to differences in the generation
of the pluripotent stem cells, variations in protocol implementation and batch effects in the

materials used (Schwartzentruber et al., 2018).

It is likely that this differentiation protocol produces mixed neuronal types consisting of
nociceptors and non-nociceptors. In voltage-clamp experiments, both Chambers et al.
(2012) and our lab have demonstrated tetrodotoxin resistant currents in neurons derived
from this protocol, which is a characteristic feature of SCN10A sodium channels (selectively
expressed in nociceptive neurons) ( Han et al., 2016). These differentiated neurons have
also been shown to express SCN9A which is a marker for nociceptors and respond to
algogens like low pH and ATP (Chambers et al., 2012; Young et al., 2014; Cao et al., 2016;
McDermott et al., 2019). However, a sizeable proportion of neurons generated using this
protocol had action potential characteristics of hon-nociceptive afferents and it was possible
to myelinate some of these neurons by co-culturing with rat Schwann cells (Clark et al.,

2017).
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1-Deoxysphingolipids are toxic to human iPSC derived sensory neurons

In 3 week old neurons, both 1-deoxySA and 1-deoxymethylSA caused a reduction in cell
survival and dose dependent increase in the expression of ATF3, a marker of axonal injury.
As in the mouse in-vitro model, 1-deoxySA was more toxic than 1-deoxymethylSA. There
was variability in the susceptibility of the control lines to the 1-deoxySLs but there was no
correlation with the gender of the subjects who donated the fibroblasts. The lines that were
the least and most vulnerable to the 1-deoxySL toxicity were from female subjects. 1-
DeoxySL cytotoxicity was seen at higher concentrations (3 and 6uM concentrations of 1-
deoxySLs) in this iPSC derived sensory neuron model compared to the mouse in-vitro
model (1uM concentration of 1-deoxySLs). In addition, the toxicity was more rapid and
profound in the mouse in-vitro model where a significant reduction in sensory neuron
survival was seen after 12 hours of 1-deoxySA treatment. 48 hours of 1-deoxySA treatment
in the mouse model, same duration of treatment as that used with iPSC derived sensory
neurons, resulted in only 31% of sensory neurons surviving. This likely reflects differences

in neuronal subtypes, neuronal maturation and culture protocols.

Autonomous 1-deoxysphingolipid production by patient iPSC derived sensory

neurons

Patient iPSC derived sensory neurons (all lines) produced significantly higher levels of 1-
deoxySA compared to their control counterparts. The downstream metabolite, 1-deoxySO
(see figure 1.2) was also elevated in all patient lines. However, 1-deoxymethyISA levels
were not significantly different between the two groups which contrasts with the findings in
plasma from HSN1 patients (all C133W carriers) and EBV transformed lymphoblasts of
HSN patients (all C133W carriers) where patients/patient lines had significantly higher levels
of 1-deoxymethylSA compared to controls (Penno et al., 2010). This difference could be due
the inherent errors associated with quantifying the very small levels of 1-deoxymethyISA
present in iPSC derived sensory neurons which might mask any differences between patient

and control lines.

The ratio of Sphinganine: Sphingosine is smaller than the ratio of 1-deoxySA:1-deoxySO
suggesting that the conversion of 1-deoxySA to 1-deoxySO is less efficient than the

conversion of SA to SO. Penno et al. (2010) noted similar findings in HSN1 patient
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lymphoblasts. This could result in the build-up of intermediates such as 1-
deoxydihydroceramide and 1-deoxyceramide. In keeping with this, Alecu et al. ( 2017a)
showed that labelled dihydroceramide species were undetectable after 24 hours of
incubation with labelled SA but constituted approximately 70% of the total 1-deoxySL
species detected following incubation with labelled 1-deoxySA. These downstream
metabolites of 1-deoxySA have been proposed to mediate 1-deoxySL induced toxicity rather

than 1-deoxySA (Giintert et al., 2016; Alecu et al., 2017b).

Early studies into HSN1 pathogenesis noted a reduction mutant SPT activity (Bejaoui et al.,
2002; Gable et al., 2002; Dedov et al., 2004). However, in this study, similar to Dedov et al.
(2004) who used HSN1 lymphoblasts, there was no reduction in Sphinganine levels when
compared to controls. Dedov et al. also reported no significant difference in sphingosine
which is not the case with this study. HSN1 iPSC derived sensory neurons had significantly
lower levels of SO compared to controls. This might reflect cell specific differences in
sphingolipid metabolism. Garafalo et al. ( 2011) noted that total Sphingosine levels were
about 50% lower in sciatic nerves of transgenic C133W mice than wild-type mouse but not

in other tissues such as liver and brain.

There is some correlation between HSN1 iPSC derived neuronal 1-deoxySL production and
clinical phenotype of the patients. Patient line (S997) derived from the HSN1 patient with the
most severe phenotype in this cohort produced the highest levels of 1-deoxySA and 1-
deoxySO. Patient lines S998 and S999 (S999 derived from the patient with the mildest
phenotype) produced comparable levels of 1deoxySLs. There was no clear correlation
between the sensory neuron and plasma 1-deoxySL levels for these three patients. Sciatic
nerves of transgenic C133W mice (12-15 months old) had elevated levels of 1-deoxySA
compared to wild-type (Eichler et al., 2009; Garofalo et al., 2011). It was not possible to
compare neuronal 1-deoxySLs in this study with published levels in transgenic C133W mice

sciatic nerves and patient lymphoblasts due to differences in quantification methods.

Phenotype of HSN1 patient iPSC derived sensory neurons

There was early loss of HSN1 iPSC derived sensory neurons demonstrated by the
increased expression of cleaved caspase 3 (key mediator of apoptosis) at 3weeks after the

end of differentiation protocol. Highest percentages of caspase 3 positive neurons were
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seen in the S997 patient line and correlates with the clinical phenotype (patient with most
severe neuropathy). This early phase of cell loss could represent selective loss of cells
which have closer resemblance to nociceptor lineages. Following this early neuronal loss,
the remaining neurons remain relatively stable over the next 2-3 months. At three months,
there was no significant difference in the percentage of ATF3 positive neurons between the
control and patient lines, even with L-alanine supplementation. At this time point, subtle
features of axonal degeneration (blebbing, fragmentation of the neurite) were seen in some
of the patient lines. Evaluation of axonal integrity at a later time point, for example after six
months, might be needed to detect quantifiable changes in these neurons modelling a

slowly progressive neuropathy.

L-alanine supplementation, which should theoretically exacerbate the phenotype did not
have any clear effect on patient lines with regards to the percentage of neurons that are
cleaved caspase 3 positive. The culture media was supplemented with glutaMAX as a
source of L-glutamine. However, in-order to improve stability by preventing the spontaneous
breakdown of L-glutamine into ammonia, glutaMAX is made up of L-alanyl-L-glutamine
dipeptide. Cells cleave the dipeptide bond as required to release L-glutamine and L-alanine.
Therefore, the exact L-Alanine concentration in the media is not certain and the additional L-
alanine provided by Glutamax may have a ceiling effect on the HSN1 iPSC cell lines. In
contrast, L -alanine supplementation appeared to cause a dose dependent increase in the
percentage of caspase 3 positive neurons and reduction in cell survival in the control lines.
The consumption of the L-serine in the media by the neurons and the resultant alteration in

the L-serine: L-alanine ratio might lead to increased L-alanine utilization by the control lines.

Neurite outgrowth was assessed in 3 month old neurons. Extensively arborized neurites
were seen in both control and patient lines with no difference in the percentage neurite
coverage area per neuron between the two groups. This finding is different to the reduced
neurite outgrowth observed following 1-deoxySL treatment in the in-vitro mammalian model
described in chapter 2 and the published in-vitro models of HSN1 (Penno et al., 2010; Alecu
et al., 2017b). This could be due to differences in neuronal maturation and 1-deoxySL
concentrations. It was not possible to trace individual neurites in these dense, overlapping
neurite arborizations and hence coverage area per neuron was quantified using a threshold

technique. This a relatively crude technique. Cell density was a major determinant of the
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variation in the measurements of neurite outgrowth because of the technical limitations of

the technique and the dependence on density for the area available per neuron for growth. It
might be possible to obtain more accurate measures of neurite outgrowth by re-plating the

neurons at a lower density.

Altered mitochondrial ultrastructure have been reported in HSN1 lymphoblasts and Mouse
Embryonic Fibroblasts (MEF) treated with 1-deoxySA (Myers et al., 2014; Alecu et al.,
2017Db). There were no prominent qualitative differences in the mitochondrial ultrastructure
between 5 month old control and HSN1 iPSC derived sensory neurons. Importantly, there
were no disruptions to the outer membrane or loss of internal cristae structures as
previously reported (Myers et al., 2014; Alecu, et al., 2017b). However, in all three patient
lines, the occasional mitochondria were noted to have whirling (concentric) cristae which
was not seen in the control lines. Whirling/concentric cristae have been seen in patients with
mitochondrial myopathy (Vincent et al., 2016). The lack of prominent mitochondrial
structural defects in this study could be secondary to differences in preparation techniques.
Preparation of samples for TEM involved chemical fixation, staining, dehydration and
embedding in a resin. All of these steps introduce considerable artefacts (Vanhecke et al.,
2008). Contact with too much saline can cause swollen mitochondria and delay in fixation
can cause alteration in mitochondrial matrix (Stirling et al., 2013). Mitochondria are
susceptible to hypoxia therefore even short delays in fixation can lead to morphological

change (Stirling et al., 2013).

There were no gross morphological differences in the ER ultrastructure or ER-mitochondria
contacts between the patient and control lines. Scanning electron microscopy did not reveal
any distinctive surface morphological feature which was present in all patient lines. Increase
in the dihydroceramide /ceramide ratio results in increased rigidity of the plasma membrane
(Rodriguez-Cuenca et al., 2015). The lack of any clear differences in surface morphology
between the S998 and S999 lines and the control lines might be because of the limited
incorporation of these highly hydrophobic downstream metabolites of 1-deoxySA (Jiménez-
Rojo et al., 2014) into plasma membranes. Dihydroceramides derived from the canonical
SPT product, SA, are found in the plasma membrane (Rodriguez-Cuenca et al., 2015).
Alecu et al. (Alecu et al., 2017b) using alkyne-deoxySA probe were able to trace the fate of

the exogenously applied 1-deoxySA. After 24 hours of treatment, there was little to no
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labelling of the plasma membrane indicating that most of the downstream metabolites of 1-

deoxySA do not reach the plasma membrane.

The next part of the study focused on functional characterisation of the HSN1 iPSC derived
sensory neurons. The mouse in-vitro model described in the previous chapter suggested ER
stress as a possible pathomechanism of 1-deoxySL induced toxicity. Wilson et al. (2017)
noted reduced ER calcium levels in DRG neurons following 2 hours of treatment with 1-
deoxySLs. In this study, we examined ER and mitochondrial calcium levels in 4-5 month old
iPSC derived sensory neurons. At this age, there were no significant differences in ER or
mitochondrial calcium levels between the patient and control lines. However, there was a
suggestion that ER calcium levels were reduced in two of the patient lines: S997 and S998,
belonging to the 2 patients with the more severe phenotype. This reduction may become
significant with increased n numbers or if the study was performed in older neurons. In the
in-vitro models in the previous chapter, ER stress was assessed following application of
toxic concentrations of 1-deoxySLs. In the current study, the toxicity is from the gradual
build-up of endogenous 1-deoxySLs which are likely to become significant in more mature
neurons. As sphingolipid metabolism is highly compartmentalised within cells, the
differences between the models could also reflect differences in how cells handle

endogenous versus exogeneous 1-deoxySLs.

On continuing this project, Clark et al. (2019) have shown using electrophysiological studies
that HSN1 iPSC derived sensory neurons were hyperexcitable which could explain the
distinctive lancinating pain frequently reported by HSN1 patients. S998 and S997 patient
lines had significantly increased repetitive firing (number of action potentials following an
input current stimulus) compared to the controls however S999 patient line had a firing rate
comparable to that of the controls. This correlates with the clinical phenotype: S999 line was
derived from the patient who had the lowest total Neuropathic Pain Symptom Inventory
Score (NPSI=30). S997 and S998 lines were derived from patients who had NPSI total
scores of 48 and 40, respectively. The latter patient had the highest paroxysmal NPSI sub-
score and their iPSC derived sensory neurons had the most hyperexcitable profile

electrophysiologically.
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It is possible that 1-deoxySLs can interact with ion channels, altering their function and
resulting in increased excitability. Guntert et al. (2016) investigated rapid (5 second
exposure) current responses following 1-deoxySA treatment in cortical neurons. They found
that 22uM 1-deoxySA led to irreversible depolarisation of the membrane potential and that
lower concentrations of 1-deoxySA resulted in current responses only in neurons that had
functional N-methyl-D-aspartate receptors (NMDAR). Using cortical neurons to model a
peripheral neuropathy is a critical caveat of this study however it does suggest that for 1-
deoxySA to have such a fast effect, it must interact directly with receptors. Ceramide has
been shown to inhibit store operated calcium channels (SOCs- calcium influx channels on
the plasma membrane) (Leanza et al., 2016). Sphingosine can also inhibit SOCs and
increase membrane capacitance (Leanza et al., 2016). Hydrophobic ceramide molecules
spontaneously associate with each other to form rigid, gel-like ceramide enriched
membrane domains. These domains fuse together to create highly hydrophobic ceramide
enriched domains/platforms which can trap and cluster receptors, ion channels and
intracellular signalling molecules to optimise signal transduction. It is possible that 1-
deoxyceramide could have similar effects on ion channels. 1-deoxyceramide levels will be
elevated in cells since 1-deoxySLs cannot be degraded via the sphingosine-1 lyase pathway
or be converted to more complex sphingolipids (Alecu et al., 2017b). Multitude of
endogenous lipids have been described to modulate Transient Receptor Potential (TRP)
channels (Taberner et al., 2015). In primary sensory neurons, TRP channels act as sensors
for innocuous and noxious physical stimuli such as heat and cold (Sousa-Valente et al.,
2014). The vulnerability of peripheral neurons to 1-deoxySL induced toxicity, especially
subtypes of sensory neurons, might be due to their expression profiles of specific ion

channels/receptors.

The final aim of this study was to determine if L-serine supplementation could ameliorate
disease specific phenotype. Effects of long-term L-alanine (initiated one week after the end
of differentiation) and L-serine (initiated 3 weeks after the end of differentiation)
supplementation on cell survival were analysed in one differentiation. There were no
significant differences in cell survival between control and patient lines with both treatments.
L- alanine supplementation had no dose dependent reduction in cell survival in the patient
lines. Long-term L-serine supplementation appears to improve neuronal survival in both

168



control and patient lines with a dose dependent increase in patient lines. It is possible that
with higher doses of L-serine supplementation, there might be further improvement in cell
survival. In a HSN1 mouse model, L-serine supplementation led to a 2 fold increase in the
number of unmyelinated fibres (Garofalo et al., 2011). Due to insufficient time, it was not
possible to look at the effects of L-serine supplementation on cell survival in additional

differentiations.

In summary, HSN1 iPSCs can be differentiated into sensory neurons which produce
increased levels of 1deoxySLs compared to their control counterparts. There is early loss of
these neurons followed by relative stability of the surviving neurons. These neurons exhibit
increased excitability and there is suggestion of decreased ER calcium in two of the patient
lines. However, even after 5 months in culture, there is no clear progressive loss of these

neurons compared to the control lines.

HSN1 is a slowly progressive neuropathy with onset typically in the mid-late teens (Table
2.1). Human iPSC derived cells generally resemble foetal rather than adult cells (Brennand,
2013; Eberhardt et al., 2015; Cornacchia and Studer, 2017). There is mixed opinion on the
maturity of iPSC derived sensory neurons created with the protocol used in this study.
Eberhardt et al. ( 2015) showed that human pluripotent stem cell derived neurons exhibited
an embryonic like expression pattern of tetrodotoxin resistant sodium channels. Young et al.
(2014) reported, based on transcriptome data and ion channel function assessed
electrophysiologically and pharmacologically, that iPSC derived sensory neurons within six
weeks of directed differentiation were comparable to adult human DRGs. However, they
differentiated neurons from human embryonic stem cells and used a slightly modified
protocol (neuronal media supplemented with ascorbic acid in addition to growth factors used
in this study). Modelling late onset disease like HSN1 using iPSC derived sensory neurons

therefore poses a challenge.

There is now evidence for a cell autonomous clock like mechanism that dictates the
dynamics of cell fate acquisition in these differentiated neurons which mirrors in-vivo
developmental timing (Brennand, 2013; Studer et al., 2015). In addition to the functional
immaturity of iPSC derived cells, reprogramming fibroblasts to induced pluripotent stem

cells, resets their identity back to an embryonic stage (Miller et al., 2013; Studer et al.,
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2015). Miller et al. (2013) reprogrammed fibroblasts from old donors into iPSCs then re-
differentiated them back into fibroblasts. They noted that the re-differentiated fibroblasts
were different from their older derivatives and were indistinguishable from young donor
derived iPSCs. This raises the question whether iPSC derived cells model predisposition to

disease rather than disease itself (Brennand, 2013).

Various strategies are being used to promote in-vitro maturation of iPSC derived cells. One
strategy is to use chemical compounds or expression of transcription factors to accelerate
cell maturation in-vitro (Cornacchia and Studer, 2017). Another is to mimic in-vivo
development, for example using co-cultures. Clark et al. ( 2017) have established co-
cultures of iPSC derived sensory neurons and rat Schwann cells which reproduced the
molecular organization of myelinated axons. These co-cultures could be maintained for >9
months without showing any signs of axonal or myelin deterioration. These co-cultures
would be useful for studying in-vitro HSN1 phenotype in more mature neurons and for
studying effects on myelination. Both clinical (conduction slowing in motor nerve conduction
studies, see Figure 4.6) and animal model (increase in g-ratio of axons in transgenic HSN1
mice, indicating thinning of myelin (Eichler et al., 2009; Garofalo et al., 2011)) data suggest

nodal/myelin dysfunction.

Several techniques have been used to mimic aging in-vitro: using molecules involved in
signalling pathways associated with aging and progerin (a truncated form of lamin A which
is associated with premature aging) expression induced aging (Miller et al., 2013;
Cornacchia and Studer, 2017). Since cellular immaturity and age erasure of iPSC progeny
is believed to stem from the transition through the pluripotent state, several studies have
used methods to circumvent the pluripotent intermediate by direct conversion
(transdifferentiation) of mature lineages into different cell types (Cornacchia and Studer,
2017). Several studies have demonstrated that directly reprogrammed human neurons
(induced neurons, iNs) from fibroblasts retained ageing associated transcriptomic signatures
and aging hallmarks such as DNA damage unlike iPSC derived neurons (Mertens et al.,
2015; Tang et al., 2017). Liu et al. ( 2016) have shown that motor neurons from directly
converted fibroblasts of ALS patients exhibit cytological and electrophysiological profiles of
spinal motor neurons and form functional neuromuscular junctions. In addition, these

neurons show disease specific degeneration. Protocols are now available for directly
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converting fibroblasts into peripheral sensory neurons (Blanchard et al., 2015; Wainger et
al., 2015). HSN1 induced neurons which are directly reprogrammed from patient fibroblasts
might exhibit clear phenotypic features, including progressive cell loss, at an earlier time
point. This will make it easier to test the efficacy of potential therapeutic agents such as L-

serine.

The elevated production of 1-deoxySLs by HSN1 iPSC derived sensory neurons and the
correlation of their phenotypic features with disease severity of the HSN1 patients they

originated from suggest that this is a potential in-vitro model of HSN1.
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4.  HSN1 Natural history study: In-depth
cross sectional baseline phenotyping

4.1 Introduction

As noted in the introduction chapter, HSN1 is a rare neuropathy and hence phenotypic
descriptions in most of the literature are based on a handful of cases. The largest study by
Houlden et al. (2006) looked at 6 HSN1 families and one sporadic case (37 patients), all of
whom carried the C133W mutation. They noted considerable intra and inter-familial
variability and differences in disease severity between males and females. The also noted

slowing of motor conduction velocities in the electrophysiological studies of some patients.

Friedman et al. (2015) further explored the phenotype of HSN1 by quantifying small fibre
(intra-epidermal nerve fibre density measurements) and autonomic involvement. The study
demonstrated universal epidermal denervation at the distal leg site and scarce autonomic
symptoms with only mild objective dysfunction. Variable autonomic involvement has been
reported in HSN1 with some studies reporting no involvement (Geraldes et al., 2004;
Houlden et al., 2006) and others reporting frequent involvement, consisting mainly of altered

sweating (Auer-Grumbach et al., 2003; Davidson et al., 2012; Rotthier et al., 2012).

To date, there have been no studies specifically looking at the gender differences in the
phenotype or using quantitative sensory testing (QST) in HSN1 patients to profile the
sensory involvement. Also, there have been no studies in HSN1 using MRI determined fat

fraction measurements to quantify muscle atrophy.

4.2 Aims

1) In-depth characterisation of the HSN1 phenotype using a variety of assessments to
capture the spectrum of clinical features with specific focus on:
I Phenotypic differences between males and females
Il. Electrophysiological profile of HSN1

Il QST profile of HSN1
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V. Correlation of plasma 1-deoxySL levels with clinical phenotype
V. Quantification of muscle atrophy in HSN1 using MRI determined calf

muscle fat fraction.
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4.3 Methods

4.3.1 Ethics

This study was approved by The National Hospital for Neurology and Neurosurgery
Research Ethics Committee (REC reference: 09/H0716/61). Written informed consent was

obtained from all subjects prior to enrolment into the study.

4.3.2 Study design and patient selection

This is a prospective longitudinal observational study. HSN1 patients over the age of 18 with
genetically confirmed HSN1 due to SPTLC1 and SPTLC2 mutations were identified from the
two centres providing genetic testing for HSN1: Neurogenetics Laboratory at the National

Hospital for Neurology and Neurosurgery and Bristol Genetics Laboratory.

Exclusion criteria:

1) Concomitant neuromuscular disease
2) Significant co-morbidities including medication dependent diabetes
3) Very advanced disease state that precludes travelling

4) Safety related MRI contraindications
Age matched control subjects were enrolled for the MRI part of the study to ensure any

changes noted in the patients were disease related rather than MRI/technical related.

4.3.3 Study design

At the baseline visit, demographic and clinical information were collected in a standardised
form. The following features were systematically collected: age of onset, age of onset of
sensory and motor symptoms (upper and lower limb), first ulcer/painless injury, neuropathic
pain and any complications secondary to the neuropathy (e.g. osteomyelitis, amputations).
A general medical history, including drug history was taken along with a neurological
examination. The following procedures were performed by a single researcher (UK):
Charcot-Marie-Tooth Neuropathy Score version 2 (CMTNSV2), neurophysiological studies,
quantitative sensory testing, computerised myometry and skin biopsies. The researcher was
blinded to the results of baseline assessments when performing follow-up assessments.

MRI data was analysed by Dr Matt Evans, MRC Centre for Neuromuscular Diseases,
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London.

4.3.4 Assessments

Charcot -Marie-Tooth Neuropathy Score version 2 (CMTNSv2)

Clinical impairment was assessed using the CMTNSv2 (Murphy et al., 2011). CMTNS is a
composite score (0-36 points) consisting of patient symptoms, examination findings and
neurophysiological assessment. A score of <10 is considered to indicate mild impairment,
11-20, moderate impairment and >20 severe impairment (Murphy et al., 2011). The more
recent Rasch modified version of the CMTNSv2 (CMTNSv2-R) (Sadjadi et al., 2014) was

also used and the results compared with the conventional CMTNSv2.

Neurophysiological studies.

Nerve conduction studies were performed using standard techniques using Nicolet Viasys
Select EMG system (Preston and Shapiro, 2005). Hand temperature was maintained above
30°C. Conventional bipolar stimulating electrodes (bar electrodes) and standard surface
silver chloride pre-gelled electrodes were used. Sural and radial sensory responses were
recorded antidromically. For the ulnar sensory studies, orthodromic recording technique was
used. Motor studies were performed for the posterior tibial (recording from abductor hallucis
brevis, stimulating at ankle and popliteal fossa), common peroneal (recording from extensor
degitorum brevis, stimulating at the ankle, fibular head and above popliteal fossa), median
(recording from abductor pollicis brevis, stimulating at wrist and antecubital fossa) and ulnar
(recording from adductor digiti minimi, stimulating at wrist, elbow and axilla). In the upper
limbs, the distal stimulation distances (distance from recording electrodes to stimulation
point) were kept at 6cm. F waves were also recorded for the ulnar and median nerves when
the compound muscle action potentials (CMAPs) were 21mV. Assessments were performed
bilaterally and averaged to give overall sensory nerve action potential (SNAP) and CMAP

values per nerve.

Sympathetic skin responses (SSR) were also tested in the hands (palms) and feet (soles).
SSR is a somato-sympathetic reflex with spinal, bulbar and suprabulbar components
(Vetrugno et al., 2003) and can be used in the assessment of small fibre neuropathies

(Themistocleous et al., 2014). Electrical stimulation was used to trigger the response and
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the site of the stimulation was tested beforehand to ensure the sensation was normal. Three
trials were done on each site, using increasing intensities and random stimulation intervals
to avoid habituation. Presence or absence of the response was noted. Amplitudes were not

recorded as these have high intra-individual variability (Vetrugno et al., 2003).

Quantitative Sensory Testing (QST)

The German Research Network on Neuropathic Pain (DFNS) protocol was used (Rolke et
al., 2006). The protocol included: warm detection threshold (WDT), cold detection threshold
(CDT), heat pain threshold (HPT), cold pain threshold (CPT), mechanical detection
threshold (MDT), mechanical pain threshold (MPT), mechanical pain sensitivity (MPS),
dynamic mechanical allodynia (DMA), wind-up ratio (WUR), vibration detection threshold
(VDT) and pressure pain threshold (PPT). To cater for different severities of this length
dependent neuropathy, the test sites chosen were the left dorsum of the foot, dorsum of the
hand and cheek. In patients with undetectable thresholds in the feet and hands, QST was
also performed on the left trunk area (between thoracic T10 and lumbar L3, posterior axillary

line).

Thermal testing was performed using TSA 2001-1l (MEDOC, Israel) thermal testing
machine. Safety cut-off temperatures of 0 and 50°C were used. Vibration thresholds (VDT)
were tested over the medial malleolus (foot), ulnar styloid process (hand), 10th rib- posterior
axillary line (trunk) and maxillary process (face). Pressure pain thresholds (PPT) were
examined over the following muscle groups: abductor hallucis (foot), thenar eminence
(hand), gluteal muscle (trunk) and masseter (face). Pressures greater than 10kg/cm? were
not applied due to concerns over tissue damage and the inability of the examiner to
increase the pressure in a smooth graded manner when exerting pressures above this

range.

For the baseline measures, Z-scores were calculated [Z-score= (value of patient-mean

value of controls)/standard deviation of controls] (Pfau et al., 2014).

Computerised myometry

Lower limb myometry was performed using HUMAC NORM dynamometer (CSMi, MA,

USA). The comprehensive protocol (Morrow et al., 2015) included: knee extension and
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flexion, ankle dorsiflexion and plantarflexion and ankle inversion and eversion. Both
isometric and isokinetic exercises were used. For each measurement, the maximum torque
in Nm was recorded. Isometric testing consisted of four trials, each 3 seconds in duration
and separated by 10s intervals. The best trial was selected. For the isokinetic assessments,
there was a practice run and a 10s rest period followed by three successive movements
through the full range where the highest force obtained was measured. At baseline
assessment, the machine was set up for each individual subject and the setting was kept
the same for the follow up visit. In cases where the myometry was performed before the
MRI, at least a 45 minute gap was left between the two tests to minimise any potential
secondary effects of the exercise on the MRI. Right and left measurements were averaged

to give an overall value for each test.

Intra-epidermal nerve fibre density (IENFD) measurements

A 3mm diameter skin biopsy punch was taken on the lateral side of the thigh, 20 cm below
the anterior superior iliac spine. This site rather than the conventional site of distal leg was
chosen in accordance with ethical advice due to concerns over poor healing and floor
effects in patients with this length dependent neuropathy. The biopsies were performed
under sterile technique using local anaesthesia (2% lidocaine). The specimens were
immediately fixed by transferring to 2% paraformaldehyde-lysine-periodate solution for 24
hours. They were then cryoprotected overnight and then stored at -80°C. The processing of
the specimens and quantification of the IENFDs were performed in the “Carlo Besta”
Neurological Institute, Milan, Italy according to established guidelines (Lauria, 2005). IENFD

was expressed as fibres per mm of dermis.

Plasma 1-deoxySL levels

For plasma 1-deoxySL levels, blood samples were taken 1-2 hours after lunch. The plasma
samples were analysed at the Institute of Clinical Chemistry, University Hospital, Zurich,
Switzerland. 1-deoxySLs (1-deoxySA, 1-deoxySO, 1-deoxymethylSA and 1-
deoxymethylSO) levels were measured as already described (Mwinyi et al., 2017). In
summary, this involved lipid extraction and hydrolysis followed by liquid chromatography
and mass spectroscopy. Both the baseline and follow-up samples were analysed together to

eliminate inter-assay variability and were calibrated using internal standards.
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Patient based questionnaires

The Neuropathic Pain Symptom Inventory (NPSI) (Bouhassira et al., 2004) and SF-36
(version 2) (Brazier et al., 1992) were used to assess pain and quality of life respectively.
Norm based scoring was used for SF36 (Ware et al., 2007). In the SF-36v2 norm-based
scoring system, each domain was scored to have the same average (50) and the same
standard deviation (10) with lower scores reflecting poorer health status. Group mean scale
scores below 47 are considered indicative of impaired functioning within that health domain

(Ware et al., 2007).

Lower limb MRI

Participants were examined lying feet-first and supine in a 3T MRI scanner (TIM Trio,
Siemens, Erlangen, Germany), using a multi-channel peripheral angiography coil (Siemens
‘PA Matrix’) and ‘spine matrix’ coil elements. As part of a wider protocol with a total
acquisition time of 40 minutes, the three-point Dixon technique (Glover and Schneider,
1991) was used for fat quantification of the proximal calf muscles. The imaging block
encompassed both calves and was centred 130mm distal to the right lateral tibial plateau
(Fischmann et al., 2014). Three 3D gradient-echo acquisitions were performed with echo-
times (TEL/TE2/TE3)=3.45/4.60/5.75ms, time to repetition (TR)=100ms, flip angle=10°,
bandwidth 420Hz/pixel, number of excitations averaged (NEX) =4, 82 x 5mm contiguous
slices, 512x240matrix, parallel imaging acceleration factor (iPat) =2. Phase unwrapping was
performed using PRELUDE (FSL, FMRIB, Oxford). Images were post-processed offline with
a Python programming language pipeline according to Glover and Schneider’s algorithm
(Glover and Schneider, 1991) assuming a single-peak fat component and separated fat (f)
and water (w) images were used to calculate pixel-wise fat fraction maps. After fat (F) and

water (W) image decomposition, Fat fraction (FF) was calculated as FF = 100% x F/(F+W).

A single observer (Dr Matt Evans) blinded to diagnosis, manually defined individual muscle-
group regions of interest (ROI) on the TE=3.45ms Dixon image using the ITK Snap
software. For each participant, a single baseline proximal calf slice was chosen for analysis
on each lower limb. The slice was defined separately for each leg on the coronal scout
image, as that slice lying 130mm below the lateral tibial plateau. In the two patients with

total knee replacement, the slice was chosen visually. For longitudinal data from the same
178



participant, the slice was selected by the same measurement on the coronal scout image,
and then visually verified against the baseline image to maintain longitudinal anatomical
consistency. Bilateral ROl were defined for seven lower limb muscles at this level: tibialis
anterior (TA), extensor hallucis longus (EHL), Peroneus longus (PL), medial gastrochemius
(MG), lateral gastrocnemius (LG), soleus (SO) and the deep posterior group (DP) (Figure
4.1). The observer defined ROI for baseline and follow up scans from the same participant
with direct reference to each image-set to maximise inter-scan reproducibility, whilst blinded

to the acquisition in order to prevent bias.

The segmented ROI were transferred to the co-registered fat fraction maps, and visually
inspected for placement errors or the presence of gross artefact, and minor adjustments
were made, as necessary. For all individual ROls, custom-written software extracted
individual muscle-group ROl mean fat fraction (%) and cross-sectional area (CSA) in mm?2.

The total acquisition time per participant per visit was about 40 minutes.

The MRI images were analysed altogether at the end of the study and were randomised

prior to analysis. Right and left leg MRI fat fraction values for each muscle were averaged to
give an overall mean value per patient. A summary measure (‘combined overall fat fraction’)
was calculated for each participant, representing the combined fat fraction across both lower

limbs weighted to cross sectional surface area.

4.3.5 Statistical analysis

SPSS statistics Version 22 (IBM) and GraphPad Prism version 6/7 (GraphPad Software, La
Jolla California, USA) were used for statistical analysis. All data were tested for normality by
Shapiro Wilk test in conjunction with visual inspection of frequency distribution plots. In
order to make it easier to compare different subsets, all cross sectional baseline data are
quoted as medians with interquartile ranges (IQR). Mann Whitney test was used for
comparison between controls and patients for the plasma 1-deoxySL levels and MRI fat
fraction measurements. Linear regression was performed to assess the dependence of
CMTNSV2 on gender and disease duration. Spearman Rank correlation analysis was used

to assess correlation between plasma 1-deoxySA and 1-deoxySO and other measures used
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Anterior

Posterior

Figure 4.1 Individual muscle regions of interest (ROI)

Whole muscle regions of interest drawn manually on a single right proximal axial calf slice
situated 130mm distal to the lateral tibial plateau. TA=tibialis anterior, EHL=extensor hallucis
longus/extensor digitorum longus, PL=peroneus longus, Deep posterior=tibialis posterior
+flexor hallucis longus + flexor digitorum longus + popliteus, MG=medial gastrocnemius and

LG=lateral gastrocnemius
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in the study. Correlations with plasma 1-deoxySLs were performed following normalisation

of plasma 1-deoxySA and 1-deoxySO by log transformation.
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4.4 Results

4.4.1 Patient demographics and clinical profile

Between September 2013 and July 2014, 35 patients were recruited (Figure 4.2). The
demographics and summary of clinical baseline profiles are presented in Table 4.1.
Individual patient profiles are illustrated in Table 4.2. There was no significant difference in
the age at baseline between males and females (Table 4.1). Thirty-one patients had
SPTLC1 (C133W) and 4 had SPTLC2 mutations (S384F and A182P). Age and sex matched
control subjects (50% males, mean age of males=44.4yrs [SD:7.7, range 36-51], mean age
of females=41.6yrs [SD:12.6, range 24-57]) were enrolled for the MRI (previously validated
(Morrow et al., 2015)) part of the study to ensure any changes noted in the patients were
related to disease rather than to MRI/technical factors. The healthy controls (no history of

neuromuscular disorders) were recruited from departmental staff and their families.

Loss of sensation (43% of patients) followed by painless foot injury (31% of patients) were
the commonest initial symptoms (Figure 4.3). A small subset of patients reported
hypersensitivity (9%) and positive sensory symptoms (9%) as initial symptoms. One of the
patients, who reported hypersensitivity in the feet as the initial symptom, reported
hypersensitivity particularly to heat sensations. Only two patients with the mildest
phenotypes (Patient 3.2, male with CMTNSv2=5 and Patient 5.1, female with CMTNSv2=3)
had no history of painless ulcers. Complications such as osteomyelitis and amputations
appeared to be more frequent in SPTLC1 males than females (33% in males versus 0% and
6% in males versus 0%, respectively). None of the patients reported any autonomic
symptoms. There was a suggestion of diaphragmatic involvement in two of the most

severely affected patients (Patient 7.2 with CMTNS of 34 and Patient 8 with CMTNS of 35).

A greater heterogeneity was seen within the SPTLC1 female subgroup compared to the
SPTLC1 males with a larger variation in age of onset (range 10-50 years versus 12-37
years in males, p=0.003 [Levene’s test]) (Figure 4.4A) and disease severity (CMTNSv2
range = 3-34 versus 16-35 in males) (Figure 4.4B). There was also a variation in disease
progression within SPTLC1 females (Figure 4.4C). Some have a similar rate of progression

to males whereas others have a later onset and a slower rate of progression (lower
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61 patients with HSN1 were identified

(57 SPTLC1 and 4 SPTLC2)

23 Unable to participate:
-2 deceased

-13 uncontactable

-6 unwilling to participate
-2 migrated overseas

y

_

3 Ineligible
-2 too severe to travel
-1 taking serine

35 patients enrolled (31 SPTLC1 and

4 SPTLC2)

Y

Baseline assessments

y

3 patients dropped out

-1 migrated overseas

-1 leg skin graft and poor healing
-1 unwilling to participate

32 patients underwent 12 -month

follow-up assessments (28 SPTLC1

and 4 SPTLC2)

Figure 4.2: Flow chart of patient selection
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CMTNSV2 for similar disease durations). There was a significant difference in disease
severity as determined by the CMTNSv2 between the SPTLC1 males and females with
males being more severely affected than females (Median CMTNSv2=28, IQR16-35 in
males versus median=10, IQR 5-24 in females, p=0.0009) (Figure 4.4B). In patients with
SPTLC1 (C133W) mutations, gender was a significant predictor of CMTNSv2 (R2= 0.38, 3
=-0.63, p<0.001) accounting for 40% of the variation seen in CMTNSv2. Duration of disease

accounted for 46% of the variation in CMTNSv2 (R2= 0.44, 3=0.68, p<0.001).

A similar heterogeneity in the age of onset was seen in the SPTLC2 females (range of
disease onset=13-47 years) (Figure 4.4A). However, a similar difference in disease severity
was not seen between SPTLC2 males and females (median CMTNSv2=15.0, IQR 6-24 in
males versus median=24, IQR 19-29 in females, p=0.66) (Figure 4.4B).There was a
suggestion that the SPTLC2 male subgroup consisting of 2 patients had a milder phenotype
than their SPTLC1 counterparts (median CMTNSv2=13.5, IQR 5-22 in SPTLC2 males

versus median=28, IQR 23-29 in SPTLC1 males)

There was variation in disease severity within families, both for those with SPTLC1 and
SPTLC2 mutations, that cannot be attributed to gender alone. For example, in family 5 with
SPTLC1 mutation (Table 4.2), patient 5.1, who is the mother of patient 5.2, has a
considerably milder phenotype than her daughter. In family 3 with SPTLC2 mutation, patient

3.2 has a considerably milder phenotype than other members in the pedigree.
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SPTLC1 SPTLC2
Males Females Males Females
Patients 18 13 2 2
Mutation C133w C133w S384F S384F
A182P
Mean age, yrs (SD; 48.9 (13.1; 23- 43.9 (17.3; 20- 52.5 (49-56) | 66.5 (65-68)
range) 71) 73)
Mean disease 27.2(14.1; 7- 18.8 (15.6; 3-63) | 16 (16-16) 36.5 (21-52)
duration, yrs 54)
(SD; range)
Mean age at onset, 21.7 (7.2; 12- 25.1(14.3; 10- 36.5 (33-40) | 30.0 (13-47)
yrs 37) 50)
(SD; range)
Mean age of onset 22.8(11.2; 13- 25.5(14.9; 10- 36.5 (33-40) | 30.0 (13-47)
of LL sensory 42) 50)
symptoms
(SD; range)
Mean age of onset 34.4 (11.2; 14- 35.3(17.5; 18- 42.0 50.0
of LL motor 53) 64) (N=1) (N=1)
symptoms
(SD; range)
Mean duration from | 10.6 (7.1;0-23) 8.8 (8.1; 1-26) 10.0 29.0
disease onset to (N=17) (N=9) (N=1) (N=1)
upper limb sensory
(SD; range)
Mean age at first 28.0(10.9; 16- 28.6 (15.8; 10- 41 31.5(13-50)
ulcer, yrs 63) 65) (N=1)
(SD; range) (N=12)
Mean age at onset 30.6 (12.9; 14- 30.8 (13.4; 15- 40.5 (40-41) | 54.0 (53-55)
of neuropathic pain, | 61) 52)
yrs (N=16) (N=12)
(SD; range)
Complication: 33% (6/18) 0% 50% (1/2) 0%
osteomyelitis
Complication: 6% (1/18) 0% 50% (1/2) 50%
amputation
Median 28 (23-29; 16- 10 (5-24; 3-24) 13.5(5-22) | 20.0(15-25)
CMTNSv2 35)
(IQR; range) (N=17)
Median 33 (28-35; 17- 11 (6-28; 4-39) 15.0 (6-24) | 24.0(19-29)
CMTNSv2-R 39)
(1QR; range)

Table 4.1 Baseline characteristics- Patient demographics and clinical profile

LL= Lower limb, N= number of patients reporting the specified symptom when different from
that quoted at the top of the table. CMTNSv2= Charcot-Marie-Tooth Neuropathy Score
version 2 CMTNSv2-R = CMTNSv2-Rasch modified.
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= Loss of sensation
= Painless foot injury
= Hypersensitive feet

= Paraesthesia
= Tripping
= Collapsed foot arches

= Lancinating pain

Figure 4.3 First symptoms
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Family/ | Gender | Gene Age | Onset | Onset of Onset of Onset of Onset of Onset | Age | Complications: | Complications: | Autonomic | CMTNS
Patient SPTLC1/2 age sensory motor sensory motor of pain | of osteomyelitis amputations symptoms
I.D symptoms | symptoms | symptoms symptoms first

LL LL UL UL ulcer
1 M 1 67 |18 18 37 41 45 30 30 Y Y N 29
2.1 F 1 47 |15 15 20 20 30 28 15 N N N 28
2.2 F 1 40 |18 18 26 25 30 32 28 N N N 27
3.1 F 2 (S384F) 68 47 47 Absent 63 Absent 53 50 N N N 15
3.2 M 2 (S384F) |40 40 40 Absent Absent Absent 41 None | N N N 5
3.3 M 2 (S384F) 49 33 33 42 43 48 40 41 Y Y N 23
4.1 F 1 64 |45 50 54 62 Absent 50 45 N N N 9
4.2 M 1 47 |33 37 44 40 43 40 33 N N N 24
4.3 M 1 45 |20 20 35 34 37 30 24 N N N 27
5.1 F 1 55 50 50 Absent Absent Absent 52 None | N N N 3
5.2 F 1 21 15 16 Absent Absent Absent 15 18 N N N
6.1 F 1 67 |49 49 64 50 Absent 49 65 N N N 21
6.2 M 1 57 |37 42 53 55 55 51 37 Y N N 19

(CMTES)

6.3 M 1 50 29 30 29 30 30 35 33 28
6.4 M 1 41 28 28 33 30 34 33 34 29
6.5 M 1 23 |16 16 18 19 20 17 16 25
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Family/ | Gender | Gene Age | Onset | Onset of Onset of Onset of Onset of Onset | Age | Complications: | Complications: | Autonomic | CMTNS
Patient SPTLC1/2 age sensory motor sensory motor of pain | of osteomyelitis amputations symptoms
I.D symptoms | symptoms | symptoms symptoms first

LL LL UL UL ulcer
6.6 F 1 20 |17 17 19 19 Absent 18 19 N N N 10
7.1 M 1 71 |17 17 49 Absent 57 61 63 N N N 29
7.2 M 1 53 |18 18 31 35 43 33 21 Y N N 34
7.3 M 1 37 |12 17 25 23 36 15 23 N N N 21
8 M 1 63 18 18 47 37 53 20 20 N N N 35
9.1 M 1 68 |20 23 48 36 53 20 26 Y N N 29
9.2 M 1 51 |14 14 14 18 18 14 18 N N N 34
9.3 M 1 46 |25 25 39 40 41 Absent | 25 N N N 22
9.4 M 1 43 27 27 Absent 32 Absent 35 35 Y N N 16
10 F 1 47 |35 35 45 40 42 35 43 N N N 19
11 F 2 (A182P) |65 |13 13 50 55 55 55 13 N N N 25
12.1 F 1 73 10 10 36 36 39 30 10 N N N 34
12.2 F 1 30 17 17 Absent Absent Absent 20 25 N N N
12.3 F 1 30 16 16 Absent 29 Absent 20 18 N N N
13 M 1 27 |13 13 24 25 25 22 20 N N N 21
14 M 1 44 |18 18 30 31 32 33 18 N N N 25
15 F 1 46 22 22 Absent Absent Absent 30 35 N N N 9
16 F 1 30 |17 17 18 20 Absent 18 22 N N N 13
17 M 1 48 28 29 28 28 30 30 28 Y N N 28

Table 4.2 Phenotype within HSN1 families.
CMTNS=Charcot-Marie-Tooth Neuropathy Score, CMTES=CMTNSV2 examination score, LL=lower limb, UL=upper limb
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Figure 4.4 Phenotypic variation between male and female HSNL1 patients

(A) Variation in age of onset between male and female patients with SPTLC1 and SPTLC2
mutations. (B) Tukey Box plot showing the distribution of CMTNSV2 in males and females
with SPTLC1 and SPTLC2 mutations. There is a significant difference in disease severity
between SPTLC1 males and females (***p=0009, Mann-Whitney test). Box (lower to upper
quartile) = Inter quartile range (IQR), horizontal line =median, whiskers= Upper quartile +1.5

IQR/ lower quartile - 1.51QR. (C) Disease progression in male and female SPTLC1 and
SPTLC2 patients
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4.4.2 Nerve conduction studies

Results of baseline nerve conduction studies are summarised in Table 4.3 and Figures 4.5
and 4.6. One patient declined neurophysiology assessment. 94% of patients (32/34) had
absent lower limb sensory responses. Tibial motor responses were absent in 71% (24/34)
and common peroneal motor responses were absent in 79% (27/34) of patients. In the
upper limbs, 95% (18/19) and 40% (6/15) of the male/female patients had absent sensory
responses respectively and 47% (9/19) and 20% (3/15) male/female patients had absent
motor responses respectively. There was a large variation in the sensory (radial SNAP IQR
= 0.0-40.0pnV and ulnar SNAP IQR = 0.0-7.5 pV) and motor responses (median CMAP IQR
= 2.8-8.1mV and ulnar CMAP IQR = 2.4-9.6mV) in the upper limbs for female patients

(Figure 4.5).

In 24% (8/34) of patients (50% males), 2 of whom had SPTLC2 mutations, conduction
slowing (conduction velocity less than 75% of the lower limit of normal (Preston and
Shapiro, 2005)) was seen in the upper limbs which could not be attributed to axonal loss
(range of CMAP=1.6-11.3mV) (Figure 4.6A). All these patients had CMTNSv2 greater than
12. 73% of patients with CMTNS>10 and CMAPS>1mV had conduction slowing. 50% of the
patients with conduction slowing had dispersion of proximal waveforms (Figure 4.6B).
Conduction slowing was also seen in the lower limbs in one patient (conduction velocity of
20m/s in tibial motor study with CMAP of 2.0mV). Terminal latency index (TLI=distal
distance/[proximal conduction velocity x distal latency]) (Simovic and Weinberg, 1997) was
used to determine if there was distal accentuation of the slowing. TLI of less than 0.34 is
considered to indicate distal accentuation of the conduction slowing (Simovic and Weinberg,
1997; American Association of Electrodiagnostic Medicine, 2002). Only one ulnar nerve

recording with conduction slowing had TLI less than 0.34.

Proximal (above elbow-axilla) ulnar motor conduction velocities appeared more
homogenous compared to the distal forearm segment (Figure 4.6C). Apart from one nerve
(3%, 1/35), all ulnar nerves had conduction velocities greater than 38m/s. Minimal F-wave
latencies were measured to determine the extent of proximal motor conduction slowing. F-
waves result from the antidromic travel of the electrical stimulation signal to the anterior

horn, backfiring of some anterior horn cells and orthodromic travel back down the nerve to
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response in the hands (%)

Nerve ALL Males Females
Ulnar SNAP, pV (IQR) 0.0 (0.0-1.3) | 0.0 (0.0-0.0) | 1.0 (0.0-7.5)
Radial SNAP, pV (IQR) 0.0 (0.0-6.5) | 0.0(0.0-0.0) | 6.0(0.0-40.0)
Median CMAP, mV (IQR) 3.4(0.0-6.9) | 0.2(0.0-3.9) |6.9(2.8-8.1)
Ulnar CMAP, mV (IQR) 2.0 (0.0-7.5) | 0.1(0.0-2.4) | 7.2((2.4-9.6)
Posterior Tibial CMAP , mV (IQR) 0.0 (0.0-0.1) | 0.0(0.0-0.0) | 0.02(0.0-0.5)
Common Peroneal CMAP, mV (IQR) | 0.0 (0.0-0.0) | 0.0(0.0-0.0) | 0.0 (0.0-1.0)
Presence of Sympathetic skin 53 39 71

response in the feet (%)

Presence of sympathetic skin 85 83 87

Table 4.3 Baseline electrophysiology

Electrophysiological data are presented as median (IQR). Measurements from the right and

left were averaged to give overall value for each nerve.
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Figure 4.6 Upper limb motor conduction slowing

(A) Distribution of median and ulnar motor conduction velocities (right and left hand
values shown separately) in the forearm segment (wrist-below elbow) when CMAP
amplitudes are >1mV. Conduction velocities less than 38m/s (dashed line, <75% lower
limit of normal conduction velocity) were considered to demonstrate conduction
slowing. (B) Representative nerve conduction study recording of ulnar motor study
showing progressive dispersion of proximal waveforms when recording from adductor
digiti minimi (distal CMAP=3.9mV). (C) Distribution of proximal (above elbow-axilla)

ulnar motor conduction velocities (right and left hand values shown separately).
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the muscle (Preston and Shapiro, 2005). The mean median F-wave latency was 37.8ms
(SD=3.2ms) (normal <31ms) and mean ulnar F- wave latency was 38.4ms (SD=3.2ms)
(normal £32ms). If there was fixed slowing at 38m/s throughout the length of the nerve, the
predicted F-wave latencies would be greater than 50ms. This and the proximal ulnar studies

suggest that the conduction slowing is not homogenous throughout the course of the nerve.

The sympathetic skin responses were better preserved than the sensory and motor
responses (Table 4.3) with 53% and 85% of patients having responses in the feet and

hands, respectively.

4.4.3 Quantitative Sensory Testing (QST)

Results of the QST are shown in Table 4.4 and Figures 4.7 and 4.8. QST showed a clear
length dependent pattern of sensory loss (Figure 4.7). In QST testing on the feet, 90-95% of
male patients and 60-93% of female patients had unrecordable (beyond the detection limit)
responses for each QST parameter apart from VDT. On the hands, 55-95% of male patients
and 20-53% of female patients had unrecordable responses for each QST component apart

from VDT. All patients had detectable responses when tested on the face and trunk.

QST profiles when tested on the hands, face and trunk are shown in Figure 4.8. These
profiles illustrate early small (WDT and CDT) and large fibre (MDT and VDT) involvement in
HSNL1. On the face and trunk, none of the QST parameters had abnormal median Z scores
apart from PPT when tested on the face (median Z score of 2.60 in males and 3.45 in
females indicating gain of function). Individually, in the more severely affected patients,
abnormal QST parameters were seen on the face and trunk regions, trunk more so than

face.

All the QST parameters showed predominantly a loss of function (negative Z-scores);
however, PPT was reduced (gain of function) in a subset of patients when tested on the

hand, trunk and face. The distribution of the abnormal PPTs (face>trunk>hands) suggests
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Figure 4.7 Quantitative Sensory Testing (QST) in feet and hands
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Most of the responses are undetectable/beyond recordable range (feet>hands). CDT=Cold Detection Threshold, WDT=Warm Detection Threshold, TSL=Thermal
Sensory Limen, CPT=Cold Pain Threshold, HPT=Heat Pain Threshold, MDT=Mechanical Detection Threshold, MPT=Mechanical Pain Threshold,
MPS=Mechanical Pain Sensitivity, DMA=Dynamic Mechanical Allodynia, WUR= Wind-Up Ratio, VDT=Vibration Detection Threshold and PPT=Pressure Pain

Threshold.
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Figure 4.8 Somatosensory profiles of the hand, face and trunk
Somatosensory profiles determined with QST in the hands, face and trunk. Data are expressed as
Z-scores with standard deviations. Yellow area indicates normal range (95% confidence interval). Z

values below “0” indicate loss of function and above “0” indicate gain of function.
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FOOT HAND TRUNK FACE
ALL Male Female ALL Male Female ALL Male Female ALL Male Female
Median | Median | Median | Median | Median | Median | Median N Median Median Median Median Median
(IQR) [ (QR) [(QR) J(QR) |(QR) |(QR) |(IQR) (IQR) (IQR) (IQR) (IQR) (IQR)
CDT | UR UR UR UR UR -1.36 -1.24 16 | -1.15 -1.24 0.04 -0.27 0.23
(URto | (URto | (URto ] (URto |(URto | (UR- (-1.71to (-1.65to (-1.86t0 | (-1.45t0 | (-2.15t0 | (-0.31to
UR) UR) -8.38) -1.36) -5.20) 0.15) -0.49) -0.49) 0.68) 0.68) 0.27) 0.99)
WDT | UR UR UR UR UR -4.01 -1.59 15 | -1.91 0.31 -0.66 -0.85 0.18
(UR to (URto | (URto J(URto |(URto | (URto | (-2.81to (-2.81to (-3to (-1.26to | (-1.38t0 | (-1.15to
UR) UR) UR) -3.76) | UR) -1.65) | -0.03) -0.75) 1.42) 0.44) -0.01) 0.93)
TSL UR UR UR UR UR -2.83 -0.78 15 | -0.76 -0.8 -0.23 -0.46 -0.09
(URto | (URto | (-8.12 (URto | (URto | (URto ] (-1.73to (-2.02 to (-1.11to J(-1to (-1.04t0 | (-0.42to
UR) UR) to UR) | -2.26) -3.04) -1.14) ]0.04) 0.05) -0.07) 0.12) -0.06) 0.29)
CPT UR UR UR UR UR -1.62 0.48 16 | 0.51 0.48 0.88 0.77 1.11
(URto | (URto |(URto J(URto | (URto | (URto | (-0.54to (-0.41to (-1.26to ] (0.17to (0.32to (-0.51to
UR) UR) -7.97) -1.3) UR) -0.21) 1.45) 1.46) 1.12) 1.4) 1.33) 1.42)
HPT | UR UR UR UR -1.69 -1.96 -0.02 16 | 0.25 -0.91 0.2 0.41 -0.01
(URto | (URto |(URto J(URto | (URto | (URto | (-0.54to0 (-0.36 to (-1.07to ] (-0.38to | (-0.19to | (-0.58to
UR) UR) -1.96) UR) 0.1) 0.1) 0.81) 0.87) 0.80) 1.21) 1.46) 1.15)
MDT UR UR UR UR UR -2.24 -1.56 14 | -1.37 -1.70 0.65 0.02 1.73
(URto | (URto |(URto J(URto | (URto | (URto | (-2.13t0 (-2.08 to (-3.77t0 ] (-0.51to0 | (-2.23to | (0.50to
UR) UR) UR) -2.21) | UR) -0.81) |-0.84) -0.41) -1.14) 1.92) 0.82) 1.92)
MPT UR UR UR -3.47 UR -1.46 -0.64 15 | -0.71 -0.20 1.01 0.94 1.31
(URto | (URto | (URto J(URto |(URto | (URto | (-1.58to (-1.33to (-2.63t0 ] (-0.13to | (-0.53to | (0.07 to
UR) UR) -3.52) -1.42) -2.18) 0.19) 0.84) 0.71) 1.41) 1.60) 1.57) 1.62)
MPS | UR UR UR -2.63 UR -2.08 0.30 14 | 0.12 -0.89 0.09 0.19 -0.03
(URto | (UR-to | (URto J(URto | (URto | (URto ] (-1.07to (-0.81to (-1.69t0 | (-1.09to | (-0.77to | (-1.581t0
UR) UR) -2.45) |-1.81) |-2.23) |0.26) 1.62) 1.51) 2.21) 1.03) 1.1) 0.98)
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FOOT HAND TRUNK FACE
ALL Male Female ALL Male Female ALL Male Female ALL Male Female
Median | Median | Median | Median | Median | Median | Median N Median N | Median Median Median Median
(IRQR) | (QR) [(QR) J(QR) |(QR) |[(IQR) ](IQR) (IQR) (IQR) (IQR) (IQR) (IQR)
DMA | UR UR 0 0 0 0 0 14 |0 5|0 0 0 0
(URto | (URto |(0to0O) | (URto | (URto | (-2.5t0 | (0to0) (Oto 0) (Oto (-0.23to | (-0.23to | (-0.31to
0) UR) 0) 0) 0) 0.75) 0) 0) 0)
WUR | UR UR UR UR UR -5.66 0.14 12 | 0.05 4 10.14 -0.49 -0.56 -0.49
(URto | (URto | (URto J(URto | (URto | (URto | (-1.18to (-1.34 to (-0.95to | (-0.31to | (-1.03to | (-0.75to
UR) UR) UR) -1.30) UR) -0.50) 0.75) 0.86) 0.53) 0.15) -0.05) 0.59)
VDT | -3.56 -4.12 -3.02 -3.43 -4.70 -2.56 -1.53 15 | --1.67 51(-080 -1.51 ( -1.92 -1.00
(-4.83 (-6.06 (-3.81 (-5.62 (-6.00 (-5.59 (-2.6to - (-2.84 to (-1.77t0 | -2.3410 (-2.3t0o- | (-2.83-
to to to to to - |to 0.58) -1.07) -0.25) 0.05) 0.37) 0.69)
-2.73) | -3.12) |-2.16) |-2.00) |2.76) -0.38)
PPT | UR UR UR -0.04 UR 1.74 1550to |14 |1.92 510.73 2.97 2.60 3.45
(URto | (URto |(URto ] (URto |(URto | (-2.5to0 |3.07) (0.15to (-0.85t0 | (1.84t0 |(1.22t0 |(2.90to
-0.34) | UR) 0.73) 1.94) 0.64) 3.42) 3.85) 1.15) 3.47) 3.12) 3.52)

Table 4.4 Baseline Quantitative sensory testing

QST data are expressed as Z scores (Inter-quartile range, IQR) where values above 2 represent abnormal gain of function and values below -2 represent abnormal
loss of function. In the trunk, N= number of patients tested. UR=unrecordable, CDT=Cold Detection Threshold, WDT=Warm Detection Threshold, TSL=Thermal
Sensory Limen, CPT=Cold Pain Threshold, HPT=Heat Pain Threshold, MDT=Mechanical Detection Threshold, MPT=Mechanical Pain Threshold,
MPS=Mechanical Pain Sensitivity, DMA=Dynamic Mechanical Allodynia, WUR=Wind-Up Ratio, VDT=Vibration Detection Threshold and PPT=Pressure Pain
Threshold
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there might be early hypersensitivity followed by decreased sensitivity as the neuropathy
progresses. A small number of patients were hyperalgesic (static mechanical hyperalgesia
as measured by MPS) with increased MPS in the hands (6% [2/35]) and trunk (15% [3/20]).
The range of CMTNSV2 of patients with increased MPS in the hands and trunk (CMTNSv2
range of 3-6 and 21-27respectively) also suggests that hyperalgesia precedes sensory loss
in HSN1. None of the patients had allodynia (determined by DMA) or increased temporal

summation of pain (determined by WUR).

4.4.4 Computerised myometry

Results of the baseline computerised myometry are summarised in Table 4.5. Ankle
dorsiflexion was the worst affected with zero power detected in 68% (13/19) of male patients
and 20% (3/15) of female patients with isometric testing. For ankle plantar flexion, zero
power was detected in 37% (7/20) of males and 7% (1/15) of females with isometric testing.
Ankle inversion and eversion were better preserved when compared to ankle dorsiflexion
(for both, zero power was detected in 42% (8/19) of males and 13% (2/15) of females with
isometric testing at 0°). Lower quartile values were similar or lower in males for knee

extension and flexion, suggesting there is more prominent proximal involvement in males.

4.4.5 Intra-epidermal Nerve Fibre Density (IENFD)

IENFD assessment was not performed on one female patient as she was on warfarin. The
upper thigh skin biopsies were completely denervated in 60% (12/20) of male patients and
21% (3/14) of female patients (Figure 4.9 and Table 4.6). All the patients had severely
reduced IENFD measurements (median 0.1 (IQR=0.0-1.8) compared to published

normative data (mean=21.1, SD=10.4, 5% centile=5.2 fibres/mm) (McArthur et al., 1998)
apart from the two patients with the mildest phenotype (one SPTLC2 male with CMTNSv2 of
5 and one SPTLC1 female with CMTNSv2 of 3) who had normal fibre densities of 5.5 and

5.2 fibres/mm respectively.
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Movement Type Angle ALL Males Females
Ankle Isometric 10° 0 (0-18) 0 (0-3) 10 (0-23)
Dorsiflexion Isometric 30° 1(0-17) 0 (0-5) 4(0-23)
Isokinetic 60°/s 3(0-17) 0 (0-10) 14 (1-18)
Ankle Isometric 10° 7 (0-25) 2 (0-18) 20 (1-27)
Plantarflexion Isokinetic 60°/s 6 (0-18) 3 (0-14) 12 (1-30)
Ankle Inversion | Isometric 0° 5 (0-14) 4 (0-14) 5(2-14)
Isokinetic 60°/s 4 (0-9) 3(0-9) 5(2-19)
Ankle Eversion | Isometric 0° 4 (0-12) 2 (0-9) 6 (1-14)
Isometric 20° 7 (01-14) 6 (0-13) 8 (2-18)
Isokinetic 60°/s 4 (0-10) 4 (0-10) 4(1-12)
Knee Extension | Isometric 45° 100 (63-137) | 132 (66-152) | 86 (63-100)
90° 92 (68-159) 129 (48-163) | 76 (71-110)
Isokinetic 60°/s 79 (48-112) 93 (39-121) 76 (48-95)
120°/s | 52 (26-72) 53 (26-96) 51 (26-57)
Knee Flexion Isometric 45° 51 (32-71) 64 (31-76) 45 (32-55)
90° 38 (16-50) 43 (13-50) 33 (22-40)
Isokinetic 60°/s 38 (20-55) 41 (20-55) 36 (19-48)
120°/s | 22 (7-35) 22 (9-40) 21 (6-29)

Table 4.5 Baseline myometry

Data are median (IQR) in units of Nm. Isometric values are the peak torque at the fixed

angle listed. Isokinetic values are the peak torque at the fixed speed listed.
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4.4.6 Plasma 1-deoxySL levels

Plasma 1-deoxySL levels were elevated in all the patients compared to laboratory controls
(p=0.01-0.003) (Table 4.7). There were no significant differences in plasma 1-deoxySA
(p=0.17), 1-deoxySO (p=0.11), 1-deoxymethylSA (p=0.91) or 1-deoxymethylSO (p=0.34)
levels between males and females (Table 4.6 and Figure 4.10). 1-deoxySA and 1-deoxySO
levels correlated moderately with CMTNSv2, ulnar CMAP, IENFD and overall calf muscle fat
fraction (Table 4.7). There was no correlation between NPSI scores and plasma 1-deoxySL
levels. Plasma 1-deoxymethylSA and 1-deoxymethylSO did not correlate with CMTNSv2
(rs=0.341, p=0.52 and rs=0.180, p=0.31 respectively). In males, plasma 1-deoxySA level
correlated moderately (rs=0.549, p=0.01) and 1-deoxySO level correlated strongly (rs=0.712,
p=0.0006) with CMTNSv2. However, in females, there was no correlation between either
plasma 1-deoxySA (rs= 0.274, p=0.32) or 1-deoxySO levels (rs= 0.273, p=0.33) and
CMTNSv2. There was one major outlier (SPTLC1 female who had CMTNSv2 of 34 and a
history of diet controlled type Il diabetes) with plasma 1-deoxySA level of 2.88uM (Figure

4.10A).

4.4.7 Neuropathic pain and the Neuropathic Pain Symptom Inventory (NPSI)

All but one patient (Patient 9.3, CMTNSv2=22) had the typical lancinating pain (Table 4.2).

In most cases the pain occurred at random with the interval between attacks ranging from a
day to months. They often only lasted seconds but tended to occur in clusters which can last
the whole day. In one of the patients, the pain only occurred with infections and in another, it

was triggered by stress.

54% (19/35) of the patients took regular analgesia. Pregabalin was the most commonly
used neuropathic pain medication (58%, 11/19). 11% (4/35) of patients used paracetamol/
co-dydramol combinations as needed during the attacks of pain. 14% (5/35) of patients
required combination therapy with 9% (3/35) taking opiate based medications such as

buprenorphine and fentanyl.
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ALL Males Females
Median (IQR) Median (IQR) Median (IQR)
Intra-Epidermal Nerve Fibre Density (IENFD)
IENFD (fibres/mm) | 0.1(0.0-1.8) | 0.0(0.0-1.3) | 1.2(0.1-2.7)

Neuropathic Pain Symptom Inventory (NPSI)

Total NPSI score (0-100)

25.0(14.0-37.0)

25.5 (14.5-39.5)

22.0(13.0-36.0)

Paroxysmal sub-score (0-10)

5.0 (3.0-8.0)

6.3 (3.3-8.4)

5.0 (2.0-7.0)

SF-36v2

Physical component score

37.5(33.5-49.8)

34.8 (31.9-40.2)

51.4 (36.6-55.9)

Mental component score

53.6 (44.8-59.3)

51.4 (43.9-58.6)

54.3 (46.4-59.9)

Physical functioning

34.6 (26.9-53.7)

30.8 (54.0-41.3)

44.2 (32.7-57.5)

Role-physical

47.1(34.1-57.2)

39.2 (32.5-51.5)

57.2 (45.9-57.2)

Bodily pain

42.2 (38.2-50.7)

43.0 (8.1)

45.0 (12.3)

Table 4.6: Baseline measures for intra-epidermal nerve fibre density, Neuropathic

Pain Symptom Inventory and SF-36v2.

Measures are given as medians (IQR). SF-36v2=Short Form Health Survey version 2

(1998).
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- soum
Normal Partial Complete
denervation denervation

(50 year female (30 year female
CMTNSv2=3) CMTNSv2=13)

124 B Male
10- Bl Female

Number of patients

o C TH
0 0.11.0 11-20 21-3.0 3.1-4.0 4150 5.1-6.0

Intra-epidermal nerve fibre density (fibres/mm)

Figure 4.9 Baseline Intra-epidermal nerve fibre density (IENFD)

(A) Proximal thigh skin innervation (nerve fibres immunostained with anti-PDP905) in a
control subject (i), 50 year old female (ii) and 30 year old female (iii)) HSN1 (C133W)
patients illustrating the complete denervation that is seen in moderately affected patients

and the heterogeneity in SPTLC1 females. (B) Distribution of IENFDs in males and females
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Lab control ALL Males Females
Median Median Median Median
(IQR) (IQR) (IQR) (IQR)
1-deoxysphinganine (uM) 0.07 (0.06- | 0.79(0.49- | 0.94 (0.50- | 0.54 (0.32-
0.08) 1.03) 1.23) 0.99)
1-deoxysphingosine (UM) 0.25(0.23- | 1.50(0.96- | 1.68 (1.18- 1.13 (0.80-
0.27) 2.40) 2.48) 2.18)
1-deoxymethylsphinganine 0 (0-0) 0.02 (0.02- | 0.03 (0.02- | 0.02 (0.02-
(UM) 0.03) 0.03) 0.03)
1-deoxymethylsphingosine 0.03 (0.03- | 0.06 (0.05- | 0.06 (0.05- | 0.06 (0.05-
(UM) 0.03) 0.07) 0.07) 0.06)

Correlation of plasma 1-deoxysphingolipids with other assessments

Assessment Log 1-deoxysphinanine Log 1-deoxysphingosine
rs p rs p

CMTNSv2 0.490 0.003 0.544 0.0009
Radial SNAP -0.333 0.06 -0.375 0.03
Ulnar CMAP -0.453 0.007 -0.500 0.003
Hand WDT 0.330 0.06 0.407 0.02
Hand MDT 0.242 0.17 0.290 0.10
Ankle dorsiflexion -0.357 0.04 -0.373 0.04
Intra-epidermal nerve fibre -0.487 0.004 -0.500 0.003
density (IENFD)
Neuropathic Pain Symptom -0.013 0.94 -0.084 0.64
Inventory (NPSI)
Overall calf muscle fat 0.609 0.0002 0.645 <0.0001
fraction

Table 4.7: Plasma 1-deoxysphingolipid levels and their correlation with other

assessments

1-deoxySL levels are given as median (IQR). CMTNSv2=Charcot-Marie-Tooth Neuropathy

Score version 2, SNAP=Sensory Nerve Action Potential, CMAP=Compound Muscle Action
Potential, WDT=Warm Detection Threshold, MDT=Mechanical Detection Threshold.
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Figure 4.10 Plasma 1-deoxysphinganine levels in males and females and its
correlation with CMTNSv2

A) Distribution of plasma 1-deoxySA levels in males and females. B) Correlation between

CMTNSv2 and plasma 1-deoxySA in males and females.
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Figure 4.11 Neuropathic Pain Symptom Inventory (NPSI) profiles in males and

females.
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The neuropathic pain profile was similar between males and females (Figure 4.11) and
there was no significant difference in the total NPSI score between the sexes (median 25.5
[IQR 14.5-39.5] in males versus median 22.0 [13.0-36.0] in females, p=0.65) (Table 4.6).

The most common description of the pain was paroxysmal followed by painful paraesthesia.

4.4.8 SF-36v2

In the SF-36v2 for the whole cohort, physical domains (Physical component score, physical
functioning and Bodily pain) had lower scores compared to age matched control subjects
indicating impaired function in these domains (Table 4.6). In the physical domains, males
consistently reported greater impairment with significant difference between males and
females seen for Physical component (p=0.007), Physical function (p=0.01) and Role

physical (p=0.01). In both sexes, lowest scores were seen for Physical functioning.

4.4.9 MRI determined calf-level intramuscular fat accumulation

For the MRI assessments, 34 patients with HSN and 11 controls were analysed at baseline
and the results are summarised in Table 4.8 and representative images for a male control
subject and HSN1 male patients with different disease severities are shown in Figure 4.12A.
The combined overall muscle and each individual muscle mean fat fractions were
significantly higher in HSN patients than healthy controls for the whole cohort (p values
range = <0.001) and when subdivided into gender (p values range = 0.001 - <0.001 in
males, 0.02- <0.001 in females). The muscles were differentially affected with lateral

gastrocnemius showing the highest fat fraction in HSN1 patients.

The greatest difference in fat fraction between HSN1 males and females was seen for the
medial gastrocnemius (median of 33.9% versus 3.0% respectively). Males (both HSN1
patients and controls) generally had higher fat fraction values than their female
counterparts. HSN1 males had 10-91% higher fat fraction values than their female
counterparts. Despite low fat fraction values in control subjects (0.8%-1.6%), control males
had 11-45% higher fat fraction values than control females. The only exception is the fat
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fraction values for lateral gastrocnemius whereby females had higher fat fraction values
than males with fat fraction values of 49.7%/1.3% in female patients/controls versus
32.4%/1.2% in male patients/controls. Overall calf muscle fat fraction correlated strongly
with CMTNSV2 in both males (rs=0.850, p<0.0001) and females (rs=0.859, p<0.0001)
(Figure 4.12B). Once there is motor involvement, intramuscular fat accumulation progresses

similarly between males and females (Figure 4.12C).
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ALL ALL Control p value | HSN1 MALES Control p value | HSN1 Control p value

HSN1 group group Median FF% MALES FEMALES FEMALES

Median FF% Median FF% (IQR) Median FF% Median FF% Median FF%

(IQR) (IQR) (IQR) (1QR) (IGR)
Tibialis Anterior | 13.1(2.9-41.9) | 0.8 (0.7-1.8) <0.0001 | 14.3 (4.9-41.1) 0.9 (0.7-2.1) | 0.0002 12.0(1.4-44.3) | 0.8 (0.7-1.3) | 0.02
Extensor Hallucis | 16.8 (3.3-57.3) | 1.3 (1.0-1.9) <0.0001 | 17.8 (10.6-59.8) 1.9(1.1-3.4) | 0.0009 16.0(1.6-54.7) | 1.2 (1.0-1.4) | 0.0003
Longus
Peroneus Longus | 26.2 (4.8-64.3) | 1.6 (1.2-2.2) <0.0001 | 37.0(18.3-69.3) 2.2(1.7-4.4) |0.0002 |9.9(2.6-60.5) | 1.2(1.1-1.7) | 0.0004
Soleus 24.4(4.8-63.2) | 1.6 (1.1-2.6) <0.0001 | 28.0(11.4-75.6) 2.0(1.4-6.9) | 0.001 5.7 (2.0-56.6) | 1.3(1.1-1.8) | 0.003
Lateral 37.1(4.5-79.8) | 1.2(1.2-2.4) <0.0001 | 32.4(11.5-78.1) 1.2 (1.1-4.0) | 0.0006 | 49.7(2.0-82.5) | 1.3(1.1-2.1) | 0.005
Gastrocnemius
Medial 33.9(4.2-71.8) | 1.4(1.0-2.8) <0.0001 | 34.3(14.0-79.1) 1.7 (1.3-6.4) | 0.0003 3.0(1.3-52.5) | 1.0(0.9-1.7) | 0.02
Gastrocnemius
Deep Posterior 13.6(2.5-52.4) | 1.3(1.1-1.6) <0.0001 | 15.7 (9.2-54.0) 1.6 (1.1-3.1) | 0.0002 1.8(1.6-36.3) | 1.2(1.1-1.3) | 0.0005
group
Combined 22.3(5.9-59.6) | 1.3(1.1-1.9) <0.0001 | 22.7 (9.6-66.6) 1.5(1.3-5.3) | 0.0002 14.7 (1.6-58.7) | 1.1 (1.1-1.5) | 0.001
overall

Table 4.8 Baseline measures for proximal calf muscle fat fraction

Measures are given as medians (IQR). FF%=Fat Fraction percentage
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Figure 4.12 Baseline MRI calf-level overall fat fraction characteristics

(A) Fat fraction map of a control male subject, mildly affected (CMTNSv2=5), moderately
affected (CMTNSv2=16) and severely affected (CMTNSv2=34) HSN1 male patients. (B)
Correlation between overall calf muscle fat fraction and CMTNSv2. (€C) Change in overall

calf-level muscle fat fraction with duration of lower limb (LL) motor symptoms in males.
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4.5 Discussion

This study highlights the large phenotypical heterogeneity in SPTLC1 HSN1 patients in the
UK harbouring the same mutation (C133W). We have previously shown that this mutation
has a common UK founder (Houlden et al., 2006). This heterogeneity was largely due to the
differences in severity seen between males and females where males were generally more

severely affected.

Within the SPTLC1 female sub-group, there appeared to be phenotypic spectrum. On the
one end, there are females that have age of onset and disease progression similar to males
and on the other end there are females with late onset and much slower rate of progression.
A difference between the genders was also noted by Fridman et al. ( 2015) in a cohort of
SPTLC1 patients (20 patients with C133Y and 3 patients with C133W mutations) where
males had a significantly earlier age of onset compared to females and like in this study,
greater variation in the phenotype was seen within the female group. Such clear gender
difference in clinical severity has not been reported in autosomal CMT. Two studies looking
at gender-dependent differences in a cohort of CMT patients (Wozniak et al., 2015), one
focused on CMT1A (Colomban et al., 2014), have not found significant differences in

CMTNS between the sexes.

Phenotypical heterogeneity was also seen within families for the same sex. A similar finding
was noted by Houlden et al. ( 2006) and suggests that acquired as well as genetic factors
could contribute to the clinical variability. The highest plasma 1-deoxySL levels were seen in
the most severely affected female patient (CMTNSv2=34) who also had Type Il diabetes
(diet controlled). Plasmal-deoxySLs have been shown to be elevated in patients with Type
Il diabetes and metabolic syndrome and are predictive biomarkers of type Il diabetes
(Othman et al., 2015c). It is possible that the elevated 1-deoxySL levels could have

contributed to the increased severity of the neuropathy in this patient.

The SPTLC2 male patients in this study had a milder phenotype compared to their SPTLC1
counterparts. However, as this is based on only 2 patients, caution is needed when

interpreting this.
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Dissociated sensory loss where nociception and temperature sensation (small fibre
involvement) are affected early and more severely compared to vibration and proprioception
(large fibre involvement) is well documented in HSN1 (Auer-Grumbach et al., 2003; Houlden
et al., 2006) . QST profiles in this study demonstrate that there is also early large fibre
involvement with deficits in mechanical perception mirroring that of temperature perception.
We noted, as has been previously reported (Rotthier et al., 2012), an initial period of
hypersensitivity to noxious pressure (lowered PPTs) and hyperalgesia (increased MPS).
Interestingly, in the mouse model of HSN1 (over-expression of mutant SPTLC1-C133W),
where the mice have a milder phenotype than that seen in HSN1 patients, the 8-10 months
old mice exhibited thermal hyperalgesia. At this stage, there was no difference in

mechanical detection thresholds determined using Von Frey.

In this study, upper thigh skin biopsies were completely denervated in 60% of male patients
and 21% of female patients. This is in contrast to the cross-sectional study by Fridman et al
(2015) where none of their HSN1 patients were completely denervated at the thigh level. In
that study, the CMTES of the six patients who had skin biopsies ranged from 7-23. In our
study, the patients’ CMTES ranged from 10-27. The disparity in the findings between the

two studies could be due to differences in sample sizes or the techniques used for analysis.

Despite the name, prominent motor involvement was seen in both male and female HSN1
patients. The same computerised myometry protocol that was used in this study was used
to assess plantarflexion and dorsiflexion strengths in CMT1A patients with ages similar to
that of our cohort of HSN1 patients (Morrow et al., 2015). On comparing the two groups, the
HSNL1 patients had much greater motor impairment: mean isometric plantarflexion was
26.0Nm (SD=14.3) and dorsiflexion was 10.8Nm (SD=7.5) in CMT1A patients versus
median isometric plantarflexion of 7Nm (IQR=0-25) and dorsiflexion of ONm (IQR=0-18) in
HSN1 patients. Two of the most severely affected (CMTNSv2 of 34 and 35) male patients
from two different families with SPTCL1 mutation had diaphragmatic weakness.
Diaphragmatic weakness was also noted by Houlden et al. ( 2006) in two family members

with the weakness becoming evident in their early 50’s.

MRI determined fat fraction quantification revealed differential involvement of lower leg

muscles. At the proximal calf level examined in the study, highest fat fraction values were
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seen in the lateral gastrocnemius and considerably lower fraction values were seen in the
tibialis anterior and the deep posterior group. Some of this could possibly relate to the
different distribution of motor end plates in the different muscles. For example, the motor
end points are concentrated in the upper third of the gastrocnemius muscle (Van
Campenhout and Molenaers, 2011) whereas they are located along the entire length of the
tibialis anterior muscle (Aquilonius et al., 1984) which will lead to differential involvement in
a length dependent neuropathy like HSN1. This however cannot explain the gender
difference in the involvement of the lateral gastrocnemius whereby females have a higher
fat fraction. Different activation patterns of the lateral gastrocnemius between the sexes
could contribute to the gender difference in fat fractions of this muscle (Flaxman et al.,

2014).

In this study, we found motor conduction slowing in the intermediate range (25-
45m/s,(Fridman and Reilly, 2015)) in the majority of patients who were moderately affected.
Motor conduction slowing has been described previously in HSN1 (Houlden et al., 2006;
Auer-Grumbach, 2008) however there is little evidence of demyelination on nerve biopsies
(Houlden et al., 2006). Teased nerve fibre examination of myelinated fibres in the sural
nerve from one HSN1 patient with conduction velocities in the demyelinating range showed
only two fibres possibly undergoing primary (segmental) demyelination.(Houlden et al.,
2006). It is possible, that the conduction slowing could reflect abnormalities of ion channels
and resultant alterations in nerve excitability or changes in Schwann cell-axon interactions
rather than be a marker of myelin dysfunction (Pareyson et al., 2006). The lack of motor
conduction slowing in the initial stages with emergence only in moderately affected patients
suggests there might be a threshold effect, possibly related to the accumulation of 1-
deoxySLs. Nodal architecture in terms of constituent ion channels and ion channel
dysfunction can affect motor conduction (Hashimoto et al., 2015; Uncini and Vallat, 2018).
The plasma membrane consists of distinct cholesterol and sphingolipid enriched regions
known as lipid rafts. lon channels from almost every class have been reported to associate
with lipid rafts (Dart, 2010). Alteration in the lipid rafts as a result of disruption in the de-novo
sphingolipid biosynthetic pathway could result in ion channel dysfunction and motor

conduction slowing. Also, recent studies have suggested that oestrogen could provide a
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neuroprotective effect by playing a role in lipid homeostatic balance of lipid rafts (Marin and

Diaz, 2018) and hence could explain some of the gender differences in clinical severity.

None of the patients in this study reported any autonomic symptoms. Sympathetic skin
responses were also better preserved than sensory and motor responses in the upper and
lower limbs. Autonomic involvement has occasionally been noted in HSN1 due to SPTLC1/2
mutations however these have only been mild, subjective symptoms (Geraldes et al., 2004;
Houlden et al., 2006; Auer-Grumbach, 2008) and possibly related to severity (Houlden et al.,

2006; Fridman et al., 2015).

All but one patient in this study reported the characteristic lancinating pain. The frequency of
the pain was highly variable between patients and there was no significant difference in the
NPSI scores between males and females. The variability may partially reflect the limitation
of the NPSI in assessing episodic pain. Similar pain profile has already been well
documented in HSN1 secondary to SPTLC1/2 mutations (Houlden et al., 2006; Auer-
Grumbach, 2008). Pain is frequently reported by patients with CMT (Carter et al., 1998;
Jeong et al., 2013) however a study evaluating the nature of pain in CMT1A patients found
that the pain is likely to be multifactorial and that only a small percentage of patients had
features of neuropathic pain (Laura et al., 2014). Similar neuropathic pain has not been

reported in other hereditary sensory neuropathies.

Plasma 1-deoxySL levels were raised in all patients compared to laboratory controls with no
significant difference in the levels between males and females. Therefore, the significant
difference in clinical severity, determined with CMTNSv2, between males and females
cannot be attributed to differences in plasma 1-deoxySL levels. MRI determined calf muscle
fat fraction correlated strongest with plasma 1-deoxySA followed by CMTNSv2 and IENFD.
In males, 1-deoxySA levels appeared to correlate with CMTNSv2 but this was not the case
in females, suggesting that possible additional factors are modulating the neuropathy in
females. Plasma 1-deoxySLs have been reported to be elevated in patients with diabetes
(1-deoxySO of 0.19 +£0.15uM [SD] versus 1.50 uM [IQR=0.96-2.40] in HSN1 patients in this
study) (Bertea et al., 2010). However, elevated plasma 1-deoxySL levels in patients with
diabetic distal sensorimotor polyneuropathy did not correlate with clinical severity and there

was no significant difference in the deoxysphingolipid profiles in sural nerve biopsies
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between patients with diabetic distal sensorimotor polyneuropathy and CIDP (Dohrn et al.,
2015). Similarly elevated plasma 1- deoxySL levels are also seen in patients with metabolic
syndrome and in patients with Glycogen Storage Disease Type |, a condition not known to
be associated with a peripheral neuropathy (Othman et al., 2012; Hornemann et al., 2018).
The plasma 1-deoxySLs evaluated in this study are therefore not the main components

determining the extent of deoxysphingolipid induced neurotoxicity.

In summary, there was marked heterogeneity in the phenotype mainly due to differences
between the sexes with males generally more severely affected than females. In females,
there was a phenotypic spectrum ranging from a similar phenotype as seen in males to one
of late onset with slower disease progression. The differences between the sexes cannot be
accounted for by differences in plasma 1-deoxySL levels. Although HSN1 is sensory

predominant, there is significant motor involvement.
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5.  HSN1 Natural history study: Identifying
responsive outcome measures

5.1 Introduction

A study by Garafalo et al. ( 2011) has raised the possibility of a clinical trial of L-serine in the
UK HSN1 population. They demonstrated a mild treatment effect with L-serine oral
supplementation using transgenic mice expressing mutant SPTLC1. In the same study, a 10
week pilot trial of L-serine oral supplementation in HSN1 patients showed that L-serine was
well tolerated by the patients and led to a reduction in plasma 1-deoxySL levels. Oral
supplementation with L-serine for one year in a HSN1 patient with SPTLC2 mutation
(R183W) produced no side effects and led to persistent reduction in plasma 1-deoxySL

levels throughout the treatment course (Auranen et al., 2017).

A small (18 patients) randomised placebo-controlled trial in HSN1 which has just been
published has shown that oral L-serine treatment potentially slows disease progression
although there were too few patients in the study to be definitive (Fridman et al., 2019). After
one year, the L-serine treatment group showed a mild improvement in CMTNSV2 relative to
the placebo group (-1.5units, 95% CI-2.8 to -0.1, p=0.03). However, the primary outcome,
the proportion of patients progressing more than one point on the CMTNSvV2 at one year,
did not differ between the L-serine and placebo groups. A larger definitive efficacy trial of
serine in the HSN1 population is warranted, however the major barrier is the lack of natural

history data and responsive outcome measures.

Outcome measures were traditionally classified into measures of impairment, disability and
handicap (Molenaar et al., 1995). Since the modification of this classification by the World
Health Organisation, the terms now used are body functions and structures, activities and
participation, respectively (World Health Organisation, 2013) . An outcome measure should
be simple, valid, reliable and responsive to change over time and should represent one of
the WHO outcome domains listed above (Merkies and Lauria, 2006). Responsiveness has
been defined as the ability of an outcome variable to accurately detect change when it has

occurred (Roach, 2006).
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Many challenges confront the development of outcome measures in inherited neuropathies.
The disease progression is slow. Axonal loss in peripheral nerves is unlikely to be reversed
therefore treatments are expected to slow or halt progression. This limits the magnitude of
difference that can be observed between treatment and placebo groups of a therapeutic
clinical trial. Inherited neuropathies are rare which limits recruitment. International trials may
be needed which has implications for outcome measure reliability as a result of inter-site
variability. Responsiveness is often where outcome measures in inherited neuropathies are

weakest due to their slowly progressive nature.

Version one of the CMT Neuropathy Score (CMTNS) was published in 2005 (Shy et al.,
2005). It is a composite measure based on patient’s symptoms, neurologic examination and
neurophysiological testing. The CMTNS was used in multicentre international trials of
ascorbic acid in Charcot-Marie-Tooth disease 1A (CMT1A) (Micallef et al., 2009; Verhamme
et al., 2009; Pareyson et al., 2011; Lewis et al., 2013). These studies highlight the difficulties
in conducting clinical trials due to the lack of responsive outcome measures in slowly
progressive inherited neuropathies. In addition to failing to detect any benefit with ascorbic
acid, the studies demonstrated no significant changes in their primary outcome measures
over 2 years, and negligible to small responsiveness of the secondary outcome measures.
These difficulties are compounded in a rarer condition like HSN1 where limited patient
numbers and marked phenotypic heterogeneity require the outcome measures to be even

more responsive.

Following on from these trials, the CMTNS was modified (CMTNS version 2, CMTNSv2) to
reduce floor and ceiling effects and standardise patient assessments and thus increase the
sensitivity of the scale to change (Murphy et al., 2011). The revised CMTNSV2 still has poor
discriminatory power in the moderately affected CMT patients which is the most common
group (Mannil et al., 2014). Rasch analysis of CMTNSv2 demonstrated that it tended to
clump impairment scores from many patients in the middle range of severity (Sadjadi et al.,
2014). The Rasch modified version of CMTNSv2 (CMTNS-R), where the responses are
weighted, was created in order to make the scoring more linear thereby making it easier to

detect smaller differences in clinical change (Sadjadi et al., 2014).
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Several secondary outcome measures have been validated in CMT1A patients. These
include quantitative motor strength assessment using dynamometers, 10 minute timed walk,
9-hole peg test, work stimulation tasks, hand function/dexterity tests and Overall Neuropathy
Limitations Scale (Solari et al., 2008; Reilly et al., 2010). Some of these secondary outcome
measures; the 10minute walk test, nine hole peg test, Overall neuropathy limitations scale
and quantitative motor strength assessment (distal maximal voluntary isometric contraction),
have been assessed longitudinally over a two year period in a clinical trial setting (Pareyson
et al., 2011). However, changes from baseline to 24 months were negligible in both
treatment and placebo groups for all these measures. Mannil et al. (2014) combined
CMTNS with six secondary outcome measures (9 hole peg test, 10 minute timed walk, distal
arm and leg maximal voluntary isometric contraction, Overall Neuropathy Limitations Scale
and pain and fatigue visual analogue scale). They found the combination of five components
from the CMTNS (Compound Muscle Action Potential, motor symptoms legs, motor
symptoms arms, leg strength and sensory symptoms) and three of the secondary outcome
measures (10 minute walk test, 9 hole peg test and foot dorsal flexion dynamometry) had

the strongest power to discriminate between different severities.

In children, the CMT Paediatric Scale (CMTPedS) has been developed and used (Burns et
al., 2012). This validated scale predominantly assess functional disability and has
demonstrated responsiveness to change over 2 years in children with different CMT types.
The CMT Functional Outcome Measure (CMT-FOM) for adults has recently been developed
(Eichinger et al., 2018) and is modelled on CMTPedS. CMT-FOM assesses strength, upper
limb function (functional dexterity test, 9-hole peg test), lower limb function (10m walk/run,
stair climb and sit to stand), balance and mobility (timed up and go, 6min walk test). This

has however not been tested longitudinally.

Morrow et al. (2015) demonstrated that MRI quantified intramuscular fat accumulation at the
calf level was a responsive outcome measure in CMT1A and correlated with strength and
disease severity (determined with CMTNS). The responsiveness also greatly exceeded that
of the CMTNSV2. A recent study has shown that plasma neurofilament light chain
concentrations are significantly raised in patients with CMT, including HSN1 (SPTLC1) and

correlated with disease severity (Sandelius et al., 2018). However, in a small subset of CMT
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patients where the levels were measured longitudinally, there was no significant change

over one year.

In HSN1, the natural history study by Fridman et al. (2015) evaluated autonomic function
longitudinally in six patients and reported no significant change in the scores after 1 year.
Cross-sectionally, the study also looked at the feasibility of using the CMTES (subset of the
CMTNS without the electrophysiological assessment), intra-epidermal nerve fibre density
assessments in distal leg and thigh and composite nerve conduction studies. Due to floor
and ceiling effects, only intra-epidermal nerve fibre density assessments at the thigh was

suggested as a potential measure of disease severity in HSN1.

It is unlikely that a single outcome measure will be sufficient to measure disease
progression in all patients because of the variability between patients (often pure sensory
neuropathy early in the disease and severe motor and sensory neuropathy in late disease).
Hence, a variety of assessment methods to cover the spectrum of deficits noted in this

condition were used in this natural history study.

5.2 Aim

To identify responsive markers of disease progression over one year that can be used in a

therapeutic clinical trial in HSN1 patients.
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5.3 Methods

Description of patient selection (Figure 4.2) and assessments used in the study are

described in the Methods section of Chapter 4.

5.3.1  Statistical analysis

SPSS statistics Version 22 (IBM) and GraphPad Prism version 6/7 (GraphPad Software, La
Jolla California, USA) were used for statistical analysis. All data were tested for normality by

Shapiro Wilk test in conjunction with visual inspection of frequency distribution plots.

Cross sectional baseline data are provided for patients who had both baseline and follow-up
measures. These are shown as means with standard deviations (SD) for normally
distributed data and as medians with interquartile ranges (IQR) for non-normally distributed
data. Change over one year (follow-up minus baseline) is represented as a mean with 95%
confidence interval when normally distributed and as median change with IQR when not
normally distributed. Missing data were excluded from the analysis and change was only
calculated in patients who had both baseline and 12 month follow-up data. The significance
of mean change was evaluated using one sample two tailed t-test for normally distributed
data and one sample Wilcoxon-signed rank test for non-normally distributed data. Statistical

significance was set at 5%.

Spearman Rank correlation analysis was used to assess correlation between CMTNSvV2,
SF-36v2-Physical component, disease duration and the outcome measures used in the
study. Correlations with plasma 1-deoxySLs were performed following normalisation of
plasma 1-deoxySA and 1-deoxySO by log transformation. Statistical significance was set at

0.1% (p<0.001) following Bonferroni correction for multiple comparisons.

The Standardised Response Mean (SRM) (Garcia de Yébenes Prous et al., 2008), also
known as Cohen’s d, was used to measure effect size. SRM is an established term in this
field as a measure of outcome responsiveness and will enable comparison between
different outcome measures within and between studies (Morrow et al., 2015; Piscosquito et
al., 2015). It was calculated by dividing the mean change (follow up-baseline) by the
standard deviation. SRMs of 0.20-0.49, 0.50-0.79 and 20.80 reflect small, moderate and
large responsiveness respectively (Husted et al., 2000; Piscosquito et al., 2015).
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5.4 Results

5.4.1 Validity of outcome measures

Validity is defined as the degree to which an outcome variable measures what we intend to
measure (Roach, 2006). Criterion validity is the most straightforward and can be
demonstrated through correlation of the outcome measure to relevant patient function. The
outcome measures at baseline were correlated with CMTNSv2 (only validated impairment
scale for inherited neuropathies), disease duration and the physical component of the SF-
36v2 (SF-36v2PC) (Table 5.1). Due to multiple comparisons, the statistical significance was
set at p<0.001 (Bonferroni correction). CMTNSV2 itself correlated strongly with SF-36v2PC

(rs=-0.824, p<0.0001) and disease duration (rs=-0.718, p<0.0001).

Both upper limb sensory and motor nerve amplitudes correlated strongly with CMTNSv2

(rs >0.768, p<0.0001), SF-36v2PC (rs >0.673, p<0.0001) and moderately with disease
duration (rs >0.484, p=0.003-0.0004). In QST, only measurements from the hand correlated
strongly with all three CMTNSV2 (rs > 0.645, p<0.0001), SF-36v2PC (rs>0.499, p=0.003-
<0.0001) and disease duration (rs >0.464, p=0.02-0.0002). There were too few recordable
values for most QST parameters when tested on the feet for correlations to be meaningful
apart from for VDT which correlated strongly with CMTNSv2 (rs =-0.622, p=0.0001) and
moderately with disease duration (rs =-0.568, p=0.0007). Values from the face and trunk

(face<trunk) did not correlate significantly with CMTNSv2, SF-36v2PC or disease duration.

Isometric ankle dorsiflexion, ankle plantarflexion, ankle inversion and ankle eversion also
correlated strongly with CMTNSV2 (rs >-0.810, p<0.0001), SF-36v2PC (rs >0.539, p=0.002-
<0.0001) and duration of disease (rs >-0.570, p<0.0004). Moderate-strong correlations only
with CMTNSv2 were seen with IENFD (rs =-0.748, p=<0.0001) and plasma 1-deoxySO level
(rs =0.544, p=0.0009). Plasma 1-deoxySA level also correlated moderately with CMTNSv2
(rs =0.490) however it was not significant following multiple comparisons (p=0.003). NPSI
scores were the only assessment not to correlate with any of the three correlation variables.
Calf muscle fat fraction (Overall calf muscle fat fraction) correlated strongly with CMTNSv2
(rs =0.851, p<0.0001), SF-36v2PC (rs =-0.673, p<0.0001) and disease duration (rs =0.685,

p<0.0001).
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Assessment CMTNSv2 SF-36v2: Disease
Physical duration
component

s |p rs p rs p

CMTNSv2

CMTNSv2 | | -0.824 | <0.0001 | 0.718 | <0.0001

Nerve conduction studies

Radial SNAP -0.802 | <0.0001 | 0.705 <0.0001 | -0.494 | 0.003

Ulnar SNAP -0.768 | <0.0001 | 0.673 <0.0001 | -0.484 | 0.004

Ulnar CMAP -0.934 | <0.0001 | 0.758 <0.0001 | -0.555 | 0.0007

Median CMAP -0.888 | <0.0001 | 0.752 <0.0001 | -0.572 | 0.0004

Quantitative Sensory Testing

FOOT VDT -0.622 | 0.0001 0.254 0.17 -0.587 | 0.0004

CDT -0.790 | <0.0001 | 0.499 0.003 -0.542 | 0.0009
WDT 0.775 | <0.0001 | -0.650 <0.0001 | 0.566 | 0.0005
TSL 0.758 | <0.0001 | -0.602 0.0003 0.512 | 0.002
CPT -0.749 | <0.0001 | 0.656 <0.0001 | -0.394 | 0.02
HAND HPT 0.793 | <0.0001 | -0.733 <0.0001 | 0.532 | 0.001
MDT 0.803 | <0.0001 | -0.636 <0.0001 | 0.598 | 0.0002
MPT 0.660 | <0.0001 | -0.753 <0.0001 | 0.466 | 0.007
VDT -0.645 | <0.0001 | 0.727 <0.0001 | -0.561 | 0.0007
PPT 0.821 | <0.0001 | -0.702 <0.0001 | 0.620 | 0.0002
CDT -0.455 | 0.04 0.514 0.02 -0.429 | 0.05
WDT 0.727 | 0.0002 -0.499 0.03 0.526 | 0.01
TSL 0.372 | 0.12 -0.618 0.006 0.263 | 0.28
CPT -0.030 | 0.90 0.475 0.046 -0.004 | 0.99
TRUNK HPT 0.295 |0.21 -0.405 0.09 0.123 | 0.61
MDT 0.203 | 0.42 -0.263 0.31 0.078 | 0.66
MPT 0.485 | 0.04 -0.750 0.0003 -0.060 | 0.74
VDT -0.526 | 0.02 0.309 0.21 -0.262 | 0.14
PPT 0.049 |0.85 -0.272 0.29 0.057 ]0.82
CDT -0.263 | 0.13 0.273 0.12 -0.375 | 0.03
WDT 0.287 | 0.10 -0.314 0.07 0.267 | 0.13
TSL 0.085 | 0.632 -0.397 0.02 0.128 | 0.47
CPT 0.075 | 0.67 -0.009 0.96 0.144 |0.42
FACE HPT 0.163 | 0.36 -0.163 0.37 -0.008 | 0.96
MDT 0.096 | 0.60 -0.062 0.74 0.064 |0.73
MPT 0.066 | 0.72 -0.115 0.54 -0.068 | 0.71
VDT -0.402 | 0.02 0.325 0.07 -0.262 | 0.14
PPT -0.083 | 0.66 0.018 0.92 -0.039 | 0.84

Myometry

Isometric ankle -0.867 | <0.0001 | 0.684 <0.0001 | -0.590 | 0.0004

dorsiflexion

Isometric ankle -0.863 | <0.0001 | 0.539 0.002 -0.727 | <0.0001

plantarflexion

Isometric ankle -0.810 | <0.0001 | 0.658 <0.0001 | -0.604 | 0.0002

inversion

Isometric ankle -0.819 | <0.0001 | 0.664 <0.0001 | -0.668 | <0.0001

eversion

IM knee extension -0.292 | 0.09 0.297 0.09 -0.531 | 0.001

IM knee flexion -0.429 | 0.01 0.404 0.02 -0.565 | 0.0005

Intra-epidermal nerve fibre density

(IENFD)

IENFD | -0.748 | <0.0001 | 0.517 0.003 -0.382 [ 0.03

Plasma deoxysphingolipids

Log 1- 0.490 | 0.003 -0.456 0.008 0.301 | 0.08

deoxysphinganine

Log 1- 0.544 | 0.0009 -0.426 0.01 0.332 | 0.06

deoxysphingosine
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Assessment CMTNSv2 SF-36v2: Disease
Physical duration
component

s |p rs p rs p

Neuropathic Pain Symptom Inventory

(NPSI)

NPSI [0.091 |o0.61 -0.384 | 0.03 -0.109 | 0.54

SF36v2

Physical component -0.792 | <0.0001 -0.53 0.002

Mental component 0.227 0.21 -0.011 0.95 0.312 0.08

Physical function -0.830 | <0.0001 | 0.813 <0.0001 | -0.601 | 0.0002

Role physical -0.547 | 0.001 0.813 <0.0001 | -0.341 | 0.05

Bodily pain -0.303 | 0.08 0.700 <0.0001 | -0.129 | 0.47

Calf muscle fat fraction

Overall calf muscle | 0.851 | <0.0001 | -0.673 <0.0001 | 0.680 <0.0001

Table 5.1 Correlation of CMTNSv2, SF-36v2-Physical component and disease duration with
assessments used in the study.

CMTNSv2=Charcot-Marie-Tooth (CMT) Neuropathy score second version, SNAP=Sensory
Nerve Action Potential and CMAP=Compound Muscle Action Potential, CDT= Cold detection
threshold, WDT= Warm detection threshold, TSL= Thermal sensory limen, CPT= Cold pain threshold,
HPT= Heat pain threshold, MDT= Mechanical detection threshold, MPT= Mechanical pain threshold,

VDT= Vibration detection threshold, PPT= Pressure pain threshold and SF-36v2= 36- Short Form

Health Survey version 2 (1998).
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5.4.2 Change over 12 months

Follow-up assessments were done after 1 year (mean = 364 days +/- 7days). Detailed

results are summarised in Tables 5.2-5.5. Three patients were lost to follow-up (Figure 4.1)

There was no significant change in the CMTNSv2 (p=0.33) over 12 months (Table 5.2).
There was also no significant change using the Rasch modified version of CMTNSv2,
CMTNSV2-R (p=0.41). In both CMTNSv2 and CMTNSV2-R, the CMT symptom score
(CMTSS) showed the least change and CMT signs comprising of only the examination
component contributed most to the change in CMTNSv2. There was minimal, non-
significant change in the nerve conduction studies over 12 months (Table 5.2) with
deterioration over one year seen only in radial SNAP (mean change=-0.26uV, 95% Cl=-

0.86-0.34).

In QST testing of the feet, only 1 to 6 patients had recordable responses at baseline and
follow-up for the different parameters except VDT where 24 patients had recordable results
(Table 5.3). Change in VDT on the feet was not significant (p=0.07) over 12 months. For
most of the QST parameters when tested on the hands, just fewer than half the patients (10-
12 patients) had recordable results and hence quantifiable change. Larger number of
patients had recordable change for VDT (31/35) and PPT (19/35). In the hands, significant
mean/median change was only seen in HPT (p=0.02) and PPT (p=0.04) however the
change in HPT was in the direction of clinical improvement. On the face, significant change
was noted for VDT (p=0.04) and PPT (p<0.0001). Serial QST measurements on the trunk
were only available for a limited number of patients (7-9 patients). None of the trunk QST

parameters showed significant change (p values range = 0.10-0.99).

In myometric measurements, significant changes over 1 year were noted in ankle plantar
flexion (p=0.0007), ankle inversion (p=0.03) and ankle eversion (p=0.006) (Table 5.4).
Although the median follow-up ankle inversion and eversion measurements were stronger
than at baseline, there was a mean deterioration in both over 1 year. There was a significant
change in IENFD measurements however it was an increase in nerve fibre density (mean
change=0.47fibres/mm, 95% CI=0.01-0.93, p=0.04). Plasma 1-deoxySA levels significantly
decreased over 1 year (mean change=-0.13uM, 95% CI=-0.24 t0-0.02, p=0.02). There was

also a decrease in plasma 1-deoxySO levels over 1 year but this was not significant. There
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was no significant change in the reported pain as measured by the NPSI (p=0.29). SF-36v2
questionnaire did not detect any significant deterioration over one year but detected an

improvement in the bodily pain component.

For the MRI, 25 HSN patients and 10 controls were analysed at 12 months (Table 5.5).
Other than the three patients lost to follow-up, other data are ‘missing completely at random’
due to technical reasons with the MRI or data transfer. In HSN1 patients, there were
significant increases in all the individual calf muscle fat fractions and the overall calf muscle
fat fraction (p values range= 0.03-<0.0001). There were no significant changes in the control
group (p values range = 0.16-0.79). All the muscles had a relatively similar degree of

change in fat fraction (fat fraction mean/median change range = 1.7-2.9%).

In summary, calf muscle fat fraction, hand PPT and isometric ankle plantarflexion, inversion
and eversion significantly changed over 12 months and correlated with CMTNSv2, SF36-
v2PC and disease duration. Their relative responsiveness (SRMs) are shown in Table 5.6.
Calf muscle fat fraction had the best responsiveness both in individual muscles and as
overall calf muscle fat fraction (Overall calf muscle fat fraction SRM 0.81 versus SRM of
0.49 for Hand-PPT and SRM<0.40 for myometry). Overall calf muscle fat fraction changes
were smaller in patients with baseline fat fraction less than 5% or greater than 70% (Figure
5.1). All patients with overall calf muscle fat fraction less than 5% had CMTNSv2 of 10 or
less. Patients with fat fraction greater than 70% had CMTNSv2 ranging from 28-34.
Focusing on the patients with baseline overall calf muscle fat fraction of 5-70% (20 patients,
59% of MRI cohort) markedly improved the responsiveness with peroneus longus and
overall calf muscle fat fractions having the greatest responsiveness (SRMs of 2.07 and 1.60

respectively).
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CMTNSv2
Median Median Mean change p
baseline (IQR) | follow-up (95% CI) value
(IQR)
CMTNSv2 22.0 (10-28) 21.0 (11-29) 0.23 (-0.24-0.68) 0.33
CMTESv2 *15.6 (6.9) *15.8(6.8) 0.19 (-0.19-0.57) 0.33
CMTSS 7.0 (3.5-8) 7.0 (4.3-8) -0.03 (-0.31-0.25) 0.82
CMT- signs *9.3 (4.0) *9.5 (4.1) 0.22 (-0.04-0.47) 0.09
CMTNSvV2-R
CMTNSv2-R 26.0 (11-33) 24.0 (12-34) 0.19 (-0.27-0.66) 0.41
CMTESvV2-R *18.3 (8.2) *18.6 (7.9) 0.25 (-0.16-0.67) 0.23
CMTSS 8.0 (3.3-9) 8.0 (4-9.8) 0.06 (-0.21-0.34) 0.65
CMT-signs *11.1 (4.3) *11.3 (4.2) 0.19 (-0.17-0.55) 0.30
Neurophysiology
Median Median Mean change p
baseline (IQR) | follow-up (95%Cl) value
(IQR)
Ulnar SNAP (uV) | 0.0 (0.0-2.0) 0.0 (0.0-3.0) 0.32 (-0.01-0.66) 0.06
Radial SNAP, (uV) | 0.0 (0.0-11.0) 0.0 (0.0-10.0) | -0.26 (-0.86-0.34) 0.39
Median CMAP 2.5 (0.0-7.0) 3.4 (0.0-7.0) 0.06 (-0.-0.21-0.33) | 0.66
(mV)
Ulnar CMAP (mV) | 2.2 (0.0-8.3) 1.5(0.0-8.1) 0.02 (-0.35-0.38) 0.93

Table 5.2: Change in CMTNSv2, CMTNSv2-R and Nerve conduction studies

Baseline (BL) and follow-up (F/U) data are quoted as median (IQR) unless marked with an
asterisk (*) in which case mean (SD) is quoted. The change over one year is represented as
mean change (95% CIl mean). CMTNSv2=Charcot-Marie-Tooth (CMT) Neuropathy score
second version, CMTES=CMT Examination score of CMTNS comprising of CMT symptom
and examination scores, CMTSS= CMT symptom score of CMTNS, CMT signs= only the
clinical examination component of CMTNS, CMTNSv2-R= CMTNSv2 Rasch modified. P
value=p value for the change. SNAP=Sensory Nerve Action Potential and

CMAP=Compound Muscle Action Potential.
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CDT (°C) WDT (°C) |[TSL(°C) |CPT(°C) |HPT(°C) MDT (mN) | MPT (mN) VDT (0-8) PPT (kPa)

FOOT N 3 3 3 2 2 1 5 24 6

Median BL 10.7 48.1 21.2 7.3 49.9 na 1024 (1024- | 4.0 (2.8-5.0) 339

(IQR) (7.6-28.8) (46.9-49.2) | (16.0-49.4) | (0-14.6) (49.8-49.9) 1024) (263-435)

Median F/U 2.6 48.4 47.2 2.2 49.9 na 1024 (1024- | 3.3 (2.4-4.3) 398

(IQR) (1.3-21.2) (47.3-49.7) | (28.8-49.9) | (0-4.3) (49.9-49.93) 1024) (283-430)

Mean Change | -7.6 0.4 (0.2 12.8 5.2 0.07 (0-0.13) | na 0 (0-0) 1-0.39 8 (-36-71)

(95% Cl) (8.1-t0-6.3) | 0.6) (-2.2-28.7) | (-10.3-0) (-0.8-0.03)
HAND N 12 11 11 11 10 12 17 31 19

Median BL 30.3 36.0 6.2 15.4 *44.3 (3.8) 1.6 256 (77-716) | *6.1 (1.3) *276 (123)

(IQR) (28.4-31.1) | (33.8-42.0) | (2.9-16.2) | (0-25.3) (1.3-52.0)

Median F/U 30.6 35.1 5.9 21 (0-26.2) | *42.6 (3.7) 4.2 338 *5.9 (1.4) *316 (139)

(IQR) (27.4-30.9) | (33.8-41.3) | (3.1-11.3) (1.8-32.7) | (119-1024)

Mean Change | -0.02 -0.3 0.5 -0.06 +-0.75 2.1 41 -0.19 40

(95% Cl) (-1.0-0.1.0) | (-2.7-21) | (-2.2-3.3) | (-3.2-3.1) | (-2.6--0.05) | (-0.4-16.1) | (-120-202) (-0.5-0.2) (0.7-80)%
FACE N 32 32 32 32 32 31 31 31 30

Median BL 30.9 33.7 2.2 (1.9 20.0 *42.6 (3.7) 0.18(0.1- | 16.5(8-49) | 6.0 (5.7-7.0) 101 (98-121)

(IQR) (30.0-31.2) | (33.0-34.7) | 3.8) (13.2-24.4) 0.3)

Median F/U 30.9 33.7 2.5 24.7 *42.0 (4.0) 0.15(0.1- | 16.0(8-42) | 6.0 (5.0-6.3) 140

(IQR) (30.1-31.2) | (33.2-35.1) | (1.7-4.0) (11.4-27.6) 0.3) (113-182)

Mean Change | 0.05 0.12 -0.36 0.94 -0.60 -0.17 -14.6 -0.50 33

(95% Cl) (-0.2-0.3) (-05-0.7) | (-15-0.7) | (-25-4.4) | (-2.2-1.0) (-05-0.2) | (-37-7) (-1.0t0-0.02)t | (21-45)f
TRUNK | N 9 9 8 8 9 8 8 8 7

Median BL 29.3 36.2 8.6 20.3 46.0 4.2 (1.0- 112 (27-398) | *5.3 (1.0) *194 (90)

(IQR) (28.1-30.3) | (35.1-42.2) | (4.1-14.8) | (13.3-25.8) | (39.7-47.5) | 30.4)

Median F/U 28.6 37.4 7.0 23.4 45.2 13.2 54 (36-796) | 4.9 (0.8) *243 (70)

(IQR) (26.0-30.5) | (35.2-44.2) | (4.2-11.5) | (4.9-25.2) | (42.7-47.9) | (3.8-32.7)

Mean Change | 1-0.4 0.89 -0.33 1.1 +0.1 6.6 110.2 0.4 49.6

(95% Cl) (-0.8-0.9) (-1.2-29) | (-5.1-45) | (-3.0-56) | (-1.0-1.5) -14.5-27.7) | (-76.1-232.2) | (-1.0-0.2) (-12.2-111.4)
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Table 5.3: Change in Quantitative sensory testing

Baseline (BL) and follow-up (F/U) data are quoted as median (IQR) unless marked with an asterisk (*) in which case mean (SD) is quoted. The change over one year is represented
as mean change (95% CIl mean) unless marked with 1 in which case median (IQR) are noted. N= number of patients with recordable BL and F/U responses. CDT: Cold detection
threshold, WDT: Warm detection threshold, TSL: Thermal sensory limen, CPT: Cold pain threshold, HPT: Heat pain threshold, MDT: Mechanical detection threshold, MPT:
Mechanical pain threshold, VDT: Vibration detection threshold, PPT: Pressure pain threshold, na: not applicable and %: Significant difference (p<0.05) in mean change from zero.
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Median Median follow- | Mean change p
baseline up (IQR) (95% Cl) value
(IQR)
Myometric measurements
Isometric ankle 0(0-17) 0 (0-18) -0.07 0.84
dorsiflexion (Nm) (-0.81-0.66)
Isometric ankle 7 (0-23) 4 (0-15) t-0.5 (-9.5-0) 0.0007
plantar flexion (Nm)
Isometric ankle 3(0-13) 3.8 (0-11) -0.89 0.03
inversion (Nm) (-1.66 t0-0.12)
Isometric ankle 2 (0-12) 2.8 (0-8) -1.61 0.006
eversion (Nm) (-2.72 to0 -0.51)
Isometric knee *99 (44) *94 (47) -0.88 0.84
extension (Nm) (-9.66-7.91)
Isometric knee *51 (27) *51(26) -0.63 0.73
flexion (Nm) (-4.34-3.09)
Intra-Epidermal Nerve Fibre Density (IENFD)
IENFD (fibres/mm) [ 0.1(0-1.9) [ 1.3(0-3.0) | 0.0(0.0-0.4) 0.04
Plasma deoxysphingolipids
1-deoxysphinganine | 0.72 0.63 -0.13 0.02
(uM) (0.44-1.03) | (0.43-0.90) (-0.24- -0.02)
1-deoxysphingosine | 1.44 1.43 t-0.11 0.13
(rM) (0.89-2.33) | (0.95-1.91) (-0.42-0.14)
Neuropathic Pain Symptom Inventory (NPSI)
Total NPSlI score (0- | 23.0(13-36) | 19.5(6-30) -2.5(-7.2-2.2) |0.29
100)
Paroxysmal sub- 5.0 (2-8) 3.2 (0-6) -1.4 (-2.4--0.3) | 0.01
score (0-10)
SF-36v2
Physical component | *41.4 (10.6) | *42.7 (11.3) 1.2 (-1.0-3.4) 0.26
score
Mental component *51.9 (9.9) *53.3(9.5) 1.4 (-1.8-4.6) 0.38
score
Physical functioning | *38.0(12.9) | *38.7(12.8) 0.7 (-1.2-2.7) 0.45
Role-physical 48.2 (37.0- 45.9 (34.7-57.2) | 0.1 (-2.8-3.1) 0.92
57.2)

Bodily pain *40.5 (9.9) *47.9 (10.6) 3.9 (1.0-6.8) 0.01

Table 5.4: Change in myometry, intra-epidermal nerve fibre density, plasma 1-

deoxysphingolipids, Neuropathic Pain Symptom Inventory and SF36v2

Baseline and follow-up measures are given as medians (IQR) unless indicated by an

asterisk (*), in which case mean (SD) is quoted. Change over one year is quoted as means
(95% CI) unless marked with t in which case median change (IQR) is quoted. SF-36v2=36-

Short Form Health Survey version 2 (1998).
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HSN1 patients CONTROLS

Median Median Follow- | Mean change p value Median Median Follow- | Mean change in p value
baseline FF% up FF % in FF % (95% baseline FF up FF % FF% (95% Cl)
(IQR) (IQR) cl) %(IQR) (IQR)

Tibialis anterior 11.7 (1.5-29.2) | 14.1(2.1-34.9) | 2.0(0.7-3.3) 0.004 0.9 (0.7-1.8) 0.8 (0.6-1.7) -0.04 (-0.15-0.07) | 0.41

Extensor Hallucis 16.1(1.8-53.8) | 20.1(2.2-62.2) | t2.5(0.3-4.4) 0.0003 1.3(1.0-2.1) 1.3(1.0-2.0) t0.1 (-0.1-0.2) 0.56
Longus

Peroneus Longus | 24.4 (2.7-61.6) | 27.1(3.1-65.8) | 2.4 (1.2-3.5) 0.0002 | 1.7(1.2-2.6) 1.8 (1.1-2.6) 0.02 (-0.16-0.2) | 0.79

Soleus 21.2(2.1-58.3) | 25.9(2.3-65.7) | 1.8(0.7-2.8) 0.003 1.7 (1.1-3.7) 1.5(1.1-3.3) -0.06 (-0.21-0.08 | 0.34
Lateral 21.9(2.5-77.1) | 39.7(4.1-82.6) | t2.5(-0.1-6.9) 0.03 1.3(1.2-2.6) 1.2 (0.9-2.2) -0.2 (-0.6-0.1) 0.16
Gastrocnemius

Medial 30.1(1.7-68.8) | 36.1(2.4-76.6) | t1.7 (0.1-5.5) 0.005 1.4 (1.0-3.5) 1.3 (0.9-3.4) -0.05 (-0.3-0.2) 0.66
Gastrocnemius

Deep posterior 12.8(1.8-51.1) | 15.5(2.1-58.4) | 2.5(1.0-4.0) 0.002 1.3(1.1-1.8) 1.3 (1.0-2.1) 0.06 (-0.1-0.2) 0.43
group

Overall calf muscle | 16.9 (2.0-57.5) | 20.4(2.5-63.3) | 2.36(1.2-3.6) 0.0004 1.4(1.1-2.8) 1.4 (1.1-2.6) -0.1 (-0.16-0.05) 0.26

Table 5.5: Change in calf muscle fat fraction

Baseline and follow-up measures are given as medians (IQR). Change over one year is quoted as means (95% CI) unless marked with T in which case median

change (IQR) is quoted. FF%=Fat Fraction percentage.
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Mean change SRM p value

(95%CI)
Quantitative Sensory Testing
HAND-PPT (kPa) 40 (0.7-80) 0.49 0.046
Computerised myometry
Isometric ankle plantar flexion *-0.50 (-9.5-0) na 0.0007
(Nm)
Isometric ankle inversion (Nm) -0.89 (-1.66 t0-0.12) | -0.33 0.03
Isometric ankle eversion (Nm) -1.61 (-2.72t0 -0.51) | -0.40 0.006
Calf muscle fat fraction
Tibialis Anterior (FF%) 2.03 (0.72-3.33) 0.64 0.004
Extensor Hallucis Longus (FF%) 2.93 (1.50-4.37) 0.84 0.0003
Peroneus Longus (FF%) 2.35(1.22-3.48) 0.86 0.0002
Soleus (FF%) 1.75 (0.66-2.84) 0.66 0.003
Lateral Gastrocnemius (FF%) *2.46 (-0.12-6.87) na 0.003
Medial Gastrocnemius (FF%) *1.68 (0.10-5.49) na <0.0001
Deep posterior group (FF%) 2.51 (0.99-4.02) 0.68 0.002
Overall calf muscle (FF%) 2.36 (1.16-3.55) 0.81 0.0004
MRI proximal calf fat fraction in subgroup with baseline overall calf FF=5-70%
Tibialis Anterior (FF%) 3.98 (2.37-5.59) 1.49 0.0002
Extensor Hallucis Longus (FF%) 4.94 (2.70-7.19) 1.33 0.0004
Peroneus Longus (FF%) 4.25 (3.01-5.48) 2.07 <0.0001
Soleus (FF%) 3.33 (1.62-5.04) 1.18 0.001
Lateral Gastrocnemius (FF%) 4.66 (-0.56-9.89) 0.54 0.08
Medial Gastrocnemius (FF%) 6.57 (2.35-10.79) 0.94 0.005
Deep posterior group (FF%) 4,91 (3.01-6.80) 1.56 0.0001
Overall calf muscle (FF%) 4.34 (2.70-5.99) 1.60 <0.0001

5.6: Responsiveness of tests which had significant change over 12 months
Change is reported as mean change unless marked with an asterisk (*) in which median
change (IQR) is reported. na=not applicable as SRM values cannot be calculated in
cases where the change is not normally distributed. PPT=Pressure Pain Threshold,

FF%=Fat Fraction percentage.
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Figure 5.1: Degree of change in overall calf
varying baseline fat fractions.
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5.5 Discussion

For our longitudinal study we used a comprehensive range of measures including clinical,
neurophysiological, myometric, plasma 1-deoxySL levels, intraepidermal nerve fibre density
and MRI measurement of calf intramuscular fat accumulation. To determine validity of the
outcome measures, the measures were correlated with a clinical composite measure of
disability, CMTNSV2, patient self-assessment score, SF36-v2PC and disease duration. Calf
muscle fat fraction, upper limb nerve conduction studies, QST in the hand and isometric
ankle plantarflexion, dorsiflexion, inversion and eversion correlated strongly/moderately with

all three validation variables.

However, due to the heterogeneity in the cohort, many of the outcome measures studied
were limited by both floor and ceiling effects. No significant changes were observed for most
of the measures over 12 months and hence cannot be used in a 12 month HSN1 clinical

trial if the aim of the therapy, as is likely, is disease stabilisation.

The CMTNSvV2, which is the only validated impairment scale in adults with CMT, an earlier
version of which (CMTNS) had been used in all the ascorbic acid trials in adult CMT1A
patients (Gess et al., 2015), did not show any significant changes over 12 months in our
current study. The limitations in the CMTNS with regards to discriminating between different
degrees of clinical severity and for longitudinal use in clinical trials have previously been
highlighted (Merkies et al., 2012; Mannil et al., 2014; Piscosquito et al., 2015). The Rasch
modified version of the CMTNS increased the spread of the data but did not increase
responsiveness. A recent randomised, placebo controlled trial in HSN patients using oral L-
serine supplementation by Fridman et al. (2019) did not show a significant difference in the
primary outcome measure (proportion of patients progressing more than one point on the
CMTNS at 1 year) between L-serine and placebo groups. However, it showed a decline in
CMTNS (-1.5units, CI: -2.8-0.1, p=0.03) in L-serine participants relative to placebo whereas
the placebo group experienced a mean increase in CMTNS of 1.1 point (+0.53, p=0.04).
The difference in the CMTNS progression in their placebo group and our study (change in
CMTNS=0.23, CI:-0.24 to 0.68), despite patients in both studies having a similar distribution
of severity (mean CMTNS= 24.6 [7.0] versus median=22.0 [10-28]), could be due to

differences in sample size. The annual change in CMTNS noted in CMT1A patients ranged
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between -0.92 and +1.0 unit (Shy et al., 2005; Micallef et al., 2009; Verhamme et al., 2009;
Pareyson et al., 2011; Lewis et al., 2013). This variability highlights the limitations of using
the CMTNS as a primary outcome measure in slowly progressive neuropathies.
Comparable changes over one year were noted in nerve conduction studies and SF36v2

between this study and the placebo group of the HSNL1 trial (Fridman et al., 2019)

The motor and sensory amplitudes showed no detectable changes over 12 months
demonstrating a marked floor effect. Most patients had globally absent sensory responses.
Motor unit number estimation (MUNE) has been used in a study as an alternative
neurophysiological method of assessing motor axonal loss in CMT(Lewis et al., 2003). With
chronic denervation, there is collateral sprouting and remodelling of surviving units which
means the motor (Compound Muscle Action Potential, CMAP) amplitudes can be relatively
well preserved early on in the disease. The study suggested that MUNE can assess motor
unit loss in CMT and that it may better reflect axonal loss than CMAP. However, in HSN1
where there is a significant floor effect, this technique will have the same limitations. Of the
neurophysiological measures, only Hand-PPT significantly changed over 12 months and
correlated strongly with all three validation variables. However, it only has small/moderate
responsiveness (SRM=0.49) and it is unlikely that QST parameters could be used singly as

a primary outcome measure.

Significant change over 1 year was noted in myometric measurements of ankle plantar
flexion, ankle inversion and ankle eversion however ankle inversion and eversion have
small responsiveness (SRMs<0.40). SRM could not be calculated for ankle plantarflexion as
the change was not normally distributed but if normal distribution were assumed, it would
have moderate responsiveness with a SRM of 0.62 (mean=-4.5Nm, 95% CI=-7.2 to -
1.9Nm). Isometric ankle plantarflexion could therefore be explored as a potential secondary
outcome measure in HSN1. A limitation of this study is the lack of control myometric data to

rule out possible systematic bias contributing to this change.

Most of the variation in the IENFD measurements between baseline and 1 year follow-up
values were similar to the inter-test variability reported by Lauria et al. (2015). Hence,
IENFD measurements would not be a suitable outcome measure in HSN1 patients. Fridman

et al. (2015) suggested IENFD measurements from thigh skin biopsies as a potential
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outcome measure for clinical trials in their cohort of HSN1 patients as none of the patients
were completely denervated at this level in their cross-sectional study. However, in their
recent randomized trial of L-serine in HSN1 patients, there was a large variability in the

change in IENFD (thigh), which limited its responsiveness (Fridman et al., 2019).

Surprisingly, a small but significant decrease in the plasma 1-deoxySA level was found after
1 year. Differences in diet (intake of serine and alanine) and technical factors (differences in
number of freeze thaw cycles, transport time from UK-Switzerland) between the two time
points could be possible explanations. Plasma 1-deoxySL levels have been shown to
dramatically decrease with L-serine treatment and remain suppressed for the duration of
treatment (Garofalo et al., 2011; Fridman et al., 2019). Therefore, plasmal-deoxySL levels
are potentially very useful to show compliance and target engagement in an L-serine trial
aiming to reduce these levels but they are unlikely to be useful as a marker of disease
stabilisation. It is possible that in the context of neuropathy, 1-deoxySL levels in
cerebrospinal fluid (CSF) may be more relevant however no studies have investigated this

in HSN1 patients.

There was no deterioration in the total NPSI score or the paroxysmal sub-component over 1
year. Due to the infrequent episodic nature of the pain experienced by the HSN1 patients,
pain questionnaires capturing relatively short periods may not be suitable for a therapeutic
clinical trial. In the SF-36v2 questionnaire, there was no significant change over 1 year apart
from an improvement in the bodily pain component. The results were similar to those
reported in the ascorbic acid trials in CMT1A where a mixture of improvements and
deteriorations in health status were noted (Gess et al., 2015). It may be that a disease
specific Health related quality of life (HRQoL) questionnaire is needed (Rajabally and

Cavanna, 2015).

MRI determined fat quantification using the Dixon method has been shown to be reliable,
sensitive and responsive as an outcome measure in recent natural history studies in various
neuromuscular disorders (Willis et al., 2013; Bonati et al., 2015; Morrow et al., 2015). Of all
the tests performed, the MRI fat fraction quantification is the most promising as an outcome
measure in HSN1 patients. In the present longitudinal study, despite large heterogeneity in

the HSN group, the changes in both combined overall fat fraction and individual muscle fat
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fraction over 12 months were significant in HSN1 patients whereas healthy controls showed
no significant change (range of increased combined fat fraction of 1.4-2.5% in patients
versus change of -0.2-0.1% in healthy controls) and showed greater responsiveness
(overall calf muscle fat fraction SRM 0.81) when compared to the other outcome measures
in the study (SRM<0.49). Morrow et al. reported a comparable change/responsiveness in
overall calf fat fraction (SRM 0.83) in a 12 month follow-up study in a cohort of CMT1A

patients (Morrow et al., 2015).

A degree of caution is needed in using Cohen’s well known thresholds for effect sizes, ES
(‘small’ if ES 20.20< 0.50, ‘moderate’ if ES>0.50<0.80 and ‘large’ if ES=0.80) to interpret the
SRMs. These cut-offs were calculated with pooled standard deviation (independent
samples) rather than standard deviation of the change (dependent samples) therefore
extrapolation of these thresholds to SRMs may lead to over or underestimates of the effects

(Middel and van Sonderen, 2002).

Assessments focusing on sensory impairment (sensory nerve conduction studies, most of
the QST parameters and IENFD) have been hampered by floor effects. Due to the variable
episodic nature of the neuropathic pain, another element of the condition, and the use of
various analgesics, assessing longitudinal change in neuropathic pain will be difficult,
especially with many of the existing pain questionnaires capturing only short periods of time.
However, if there was a dramatic improvement in the pain with a therapy, pain

questionnaires may become responsive but this is unknown.

Despite the name HSN1, this study demonstrates that that there is significant motor
involvement with a consistent pattern of disease progression: early progressive sensory
involvement followed later by progressive motor involvement. The purpose of this study was
to assess which of the potential outcome measures showed the largest effect size over 12
months across the whole cohort. This was MRI determined calf muscle fat fraction. To
translate this into responsiveness in a clinical trial, the intervention must be able to exert an
effect on the outcome measure in question, which would be expected for intramuscular fat
fraction unless the intervention only affected sensory pathways. This should be borne in
mind when designing clinical trials, as an intervention which does not slow the motor

progression and hence the increase in intramuscular fat accumulation could not be
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considered a complete treatment, and this study has shown that MRI determined fat
accumulation is the most responsive measure of motor axonal loss. The change in CMTNS
noted in the landmark natural history study in CMT1A (Shy et al., 2008) was greater than
that seen in the placebo groups in the three major ascorbic acid trials in CMT1A (Micallef et
al., 2009; Pareyson et al., 2011; Lewis et al., 2013). A possible ‘trial effect’ whereby trials
have a positive effect on the outcome of patients was given as a possible explanation
(Braunholtz et al., 2001). Using a completely objective measurement like MRI determined
fat fraction may reduce this effect. There is a potential caveat in using MRI fat fraction as a
biomarker if functional improvement in muscle strength is not accompanied by structural

changes on MRI.

The effect size can be increased further if we select patients with baseline overall calf
muscle fat fraction of 5-70% (20 patients, 59% of MRI cohort), which doubles the

responsiveness of overall calf muscle fat fraction (SRM of 0.81 to 1.60). With this

16
(EXSRM)?

responsiveness, using Lehr’s formula [ n = ] (Morrow et al., 2015), the number

required in each study arm to detect a 50% reduction in disease progression is 25. This is a

feasible number to be recruited in the UK into a clinical therapeutic trial.

A limitation with measures of responsiveness is that they do not indicate if the change is
meaningful. The minimum clinically significant difference (MCID) (Copay et al., 2007) in fat
fraction is yet to be determined. It remains important to include overall disease severity
scores such as the CMTNSv2 and patient reported outcome measures in a clinical trial to
confirm the longitudinal validity of change in MRI calf muscle fat fraction. Our research
group has assessed this over 4 years in CMT1A and initial analysis shows promising results
(Evans et al., 2018). Furthermore, the reliability, validity and responsiveness of the MRC
Centre MRI calf muscle fat fraction protocol used in this study has been confirmed in an
independent cohort of CMT1A patients at a different site. Further analysis of a more
proximal slice than that analysed in this study in those HSN1 patients with >70% FF and a
more distal slice for those with <5% FF may result in higher responsiveness of MRI muscle

fat fraction over the full range of disease severity.

In conclusion, calf muscle fat fraction, Hand-PPT and computerised myometric assessments
of ankle plantarflexion and ankle inversion/eversion significantly changed over 1 year and
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correlated with disease severity, patient reported HRQoL and disease duration. MRI
determined calf muscle fat fraction was the most responsive (highly responsive) of these
tests and looks very promising as an outcome measure to be used in therapeutic trials in

HSNL1.
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6. Conclusion

HSN1 secondary to SPTLC1/2 mutations is a rare neuropathy which causes profound
sensory loss and variable but often severe motor deficits. Mutations in SPTLC1/2, which
encode for separate subunits of the enzyme SPT, result in altering the enzyme’s substrate
specificity and the formation of atypical sphingolipids, 1-deoxySA and 1-deoxymethylSA,
collectively referred to as 1-deoxySLs. Although various pathomechanisms of 1-deoxySL
induced neurotoxicity have been proposed, the exact mechanism of how these atypical
products cause nerve damage has not been established. Recent studies have suggested L-
serine supplementation as a potential therapeutic agent (Garofalo et al., 2011; Fridman et
al., 2019). An obstacle to undertaking a definite therapeutic trial of L-serine is the lack of

responsive outcome measures.

In this thesis, | have investigated the pathomechanisms of HSN1 using two different in-vitro
models. | have also performed a one-year natural history study of HSN1 secondary to

SPTLC1/2 mutations with the aim of identifying responsive outcome measures.

6.1 Mouse in-vitro model of HSN1

This model involved the application of exogeneous sphingolipids to primary motor heuron
and DRG cultures from wild-type mice. 1-deoxySLs were found to have time dependent
neurotoxic effects on both primary motor and sensory neurons, resulting in significant
reduction in cell survival. Within the sensory neurons, 1-deoxySA was toxic to both
NF200+ve neurons which are typically the large, myelinated neurons and the CGRP+ve
neurons, which are the small peptidergic neurons. However, the CGRP+ve neurons appear
to be more vulnerable to the toxicity which would be in keeping with the dissociated sensory
loss characteristically seen in HSN1 patients whereby pain and temperature sensation are
affected before large fibre mediated joint position sense and vibration. Both the canonical
product of SPT, sphinganine and the atypical products, 1-deoxySLs had detrimental effects
on sensory neuron neurite outgrowth. 1-deoxySA appears to be more neurotoxic than 1-

deoxymethylSA.
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These neurotoxic effects might be mediated by mitochondrial dysfunction and ER stress.
Two hour treatment with 1-deoxySLs led to a reduction in mitochondrial membrane
potential. Twenty-four hour treatment with 1-deoxySA led to reduced expression of PDI, an
ER protein with multiple functions one of which includes acting as an ER chaperone. 1-
deeoxymethylSA treatment however led to an increased expression of PDI. | further
explored the effects of 1-deoxySLs on ER stress using SH-SY5Y cells. The complementary
time dependent increases in the ER chaperones, PDI and BiP, and UPR stress sensors,
PERK and IRE1a , suggest that 1-deoxySLs treatment induces early ER stress and

subsequent initiation of the UPR.

This model, however, is not without limitations. The toxicity of 1-deoxySLs to developing
neurons in culture does not reflect the slowly progressive sensory-motor neuropathy seen in
HSN1 patients. One of the key limitations is that the sphingolipids were applied
exogenously. Sphingolipid biosynthesis is highly compartmentalised and the 1-deoxySLs,
especially their downstream metabolites, are highly hydrophobic. It is possible that
endogenously produced sphingolipids may act via different pathomechanisms. The
concentrations used in the study were based on the higher end of plasma 1-deoxySA
concentrations detected in HSN1 patients. The levels of 1-deoxySLs in the CSF of HSN1
patients are not known, therefore these concentrations may not be physiological. It is not
possible to sustain healthy primary cultures for prolonged periods (longer than two weeks)
and hence effects of long-term treatment with low dose 1-deoxySLs cannot be evaluated. It
is also not possible to assess therapeutic agents, such as L-serine supplementation, using

this model.

6.2: Human iPSC derived model of HSN1

This model used iPSCs derived from HSN1 patient fibroblasts which have been
differentiated into sensory neurons. With this model, it is possible to assess the effects of
endogenously produced sphingolipids in a human cellular context with normal levels of
expression of mutant SPTLC1. The iPSC derived sensory neurons can be maintained in
culture for months which enables the detection of subtle, slowly developing phenotypes.

Potential therapeutic agents can also be evaluated using this model.
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It was possible to differentiate HSN1 patient derived iPSCs into sensory neurons. All the
differentiated neurons expressed BRN3A, a canonical marker of sensory neurons, and
NF200, a marker of large myelinated neurons in rodent DRG neurons. It is likely that the
differentiation protocol resulted in the formation of mixed neuronal types consisting of

nociceptors and non-nociceptors.

Initially, the effects of 1-deoxySL treatment on control iPSC derived sensory neurons were
assessed. 1-deoxySLs were toxic to iPSC derived human sensory neurons with 1-deoxySA

again being more damaging than 1-deoxymethylSA.

There was autonomous production of 1-deoxySLs in the HSN1 iPSC derived sensory
neurons with the patient lines having significantly elevated levels of 1-deoxySA and its
downstream metabolite, 1-deoxySO, compared to the control lines. There was early loss of
HSNL1 iPSC derived sensory neurons with relative stability of the surviving neurons over the
next 2-3 months. There was no demonstrable difference in neurite outgrowth between the
patient and control lines. There was also no gross alteration in the ER and mitochondrial
ultrastructure in the patient lines. Functionally, there was no difference in the ER and
mitochondrial calcium concentrations between the patient and control iPSC derived sensory
neurons at 4-5months old. Clark et al. (2019), who have continued with this project, have
shown electrophysiologically that HSN1 iPSC derived neurons are hyperexcitable. This

could explain the lancinating pain experienced by almost all HSN1 patients.

Effects of long-term L-serine supplementation on cell survival was analysed in one
differentiation. There was no significant difference in cell survival between patient and
control lines. However, there was a trend towards improved cell survival with L-serine

treatment in both groups with a dose dependent increase seen in the patient lines.

There are limitations with this model also. Genetic and epigenetic variability of the iPSCs is
a concern in using iPSC derived cells to model diseases. The other major concern is the
immaturity of the differentiated neurons, especially in modelling neurodegenerative diseases
like HSN1. Further work needs to be done to compare these in-vitro generated neuronal

cells to their putative counterparts in-vivo.

Despite these limitations, this model provides a unique opportunity to study the effects of

endogenous sphingolipids in a human cellular model and to assess potential therapeutic
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agents. The increased production of 1-deoxySLs by the HSN1 iPSC derived sensory
neurons and the suggestion of correlation between the phenotypic features of these sensory
neurons (levels of 1-deoxySL production, extent of early cell loss and degree of
hyperexcitability) and the disease severity of the HSN1 patients they originated from,

suggests this is a promising in-vitro model of HSN1.

Evidently there are pros and cons for these two in-vitro models. In addition, both models
lack axo-glial interactions and it remains a challenge to model length dependent

neuropathies using in-vitro cultures

6.3 Ideas for future research into understanding the

pathomechanisms underlying HSN1

Using different models and obtaining similar findings across the models is a strong indicator

that the underlying pathomechanism is a key contributor to the disease process.

With both models, co-culturing with schwann cells might enable the neurons to be
maintained in culture for much longer periods (beyond a year for iPSC derived sensory
neurons) and will provide an opportunity to study the effects of neuronally produced 1-
deoxySLs on myelination. Protocols for co-culturing rodent primary motor neurons and DRG
neurons with schwann cells are available (Hyung et al., 2015; Sakai et al., 2017). Human
iPSC derived sensory neurons have been co-cultured with rat schwann cells (Clark et al.,
2017). Clark et al. (2019) have co-cultured HSN1 iPSC derived sensory neurons with rat
schwann cells and provisional results show that myelination is disturbed in HSN1 neurons
with overall reduction in myelin formation and prominent myelin blebbing. This phenotype

was rescued with L-serine treatment.

Another area to study is the assessment of ER stress in older neurons (>6 months). RNA
sequencing of HSN1 iPSC derived sensory neurons at different time points, for example
young and mature neurons, could provide information about ER dysfunction and other
pathways involved in the pathogenesis of HSN1. The finding that the HSN1 neurons are
hyperexcitable suggests a possible channel involvement. The highly hydrophobic

downstream metabolites of 1-deoxySA and 1-deoxymethylSA could associate together to
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form rigid platforms, lipid rafts, which can trap receptors and ion channels. Investigating the
effects on lipid rafts and associated proteins could be another avenue of future research.
Tracking the intracellular localisation of endogenous 1-deoxySLs by labelling L-alanine in
the media could provide information about which organelles/structures are involved in the

pathogenicity.

With the iPSC derived sensory neuron model, it is possible to test therapeutic agents. The
effects of long-term L-serine treatment on cell survival and neuronal excitability can be
assessed. Cytochrome P450 enzymes have been proposed as possible mediators of 1-
deoxySL catabolism. Cytochrome P450 enzymes, located intracellularly within the ER and
mitochondria, are predominantly found in hepatocytes but can also be found in many other
cells, including sensory neurons. Enhancers of these enzymes are therefore potential

therapeutic agents that can be tested in the iPSC model.

Although the raised 1-deoxySLs in patients with type Il diabetes and metabolic syndrome
are secondary to metabolic disturbances, information gathered regarding modes of
pathogenicity in these diseases can be used in HSN1 in-vitro models. In both HSN1 and
diabetes, there is emerging consensus that it is the downstream metabolites of 1-deoxySA

that are likely to be responsible for the toxicity rather than 1-deoxySA itself.

6.4: HSN1 Natural history study

Although HSN1 is sensory predominant, there was significant motor involvement in most
patients. There was marked heterogeneity in the phenotype mainly due to differences
between the sexes. The HSN1 males were generally more severely affected than females.
In females, | found there was a spectrum ranging from a phenotype similar to that found in
males to one consisting of late onset and slower disease progression. There is moderate
correlation between clinical severity and plasma 1-deoxySL levels. However, the differences

between the sexes cannot be accounted for by differences in levels of 1-deoxySLs.

Various assessments were used in the natural history study to capture the spectrum of
deficits noted in our HSN1 patients. These included CMTNSv2, comprehensive nerve

conduction studies, quantitative sensory testing, intra-epidermal nerve fibre density (upper
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thigh), computerised myometry, MRI determined proximal calf fat fraction and patient based

questionnaires (Neuropathic Pain Symptom Inventory and SF-36v2).

Due to the heterogeneity in the cohort, many of the assessments used were limited by both
floor and ceiling effects, especially assessment of sensory deficits (quantitative sensory
testing and intra-epidermal nerve fibre density assessments). Calf muscle fat fraction, Hand-
pressure pain threshold and computerised assessments of ankle plantarflexion and ankle
inversion/eversion significantly changed over 1 year and correlated with disease severity,
patient reported HRQoL and disease duration. As HSN1 is a rare disease thereby severely
limiting the potential size of any clinical trial, outcome measures optimised for maximum
responsiveness are required. MRI determined calf fat fraction, which was highly responsive,
was the most responsive of these outcome measures. The responsiveness can be further
increased if we select patients with baseline overall calf muscle fat fraction of 5-70% such
that the number required in each study arm of a clinical trial designed to a detect a 50%
reduction in disease progression is 25. This is a feasible number of HSN1 patients to be
recruited into a clinical trial in the UK. MRI determined calf fraction, therefore, is a promising

outcome measure that can be used in therapeutic trials in HSN1.

6.5 Potential other outcome measures to consider in HSN1

Corneal confocal microscopy is a non-invasive ophthalmology imaging technique which
allows in-vivo examination of unmyelinated C-fibres of the cornea. There is an emerging
body of evidence that corneal nerve fibre density (CNFD) correlates with intra-epidermal
nerve fibre density and quantitative sensory testing in patients with diabetic peripheral
neuropathy (Petropoulos et al., 2018). Since there is early, small sensory fibre involvement

in HSN1, corneal confocal microscopy could be a potential outcome measure in HSN1.

As the minimum clinically significant difference (MCID) in fat fraction is yet to determined, it
is important to include patient reported outcome measures to confirm the clinical validity of
change in MRI calf fat fraction. The recently published CMT specific patient reported

outcome measure, CMT Health Index (CMTHI) could be useful in clinical trials in HSN1 but

needs to be evaluated longitudinally (Johnson et al., 2018).
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6.6 Final remarks

In this thesis, | have developed a human in-vitro model of HSN1 that allows the evaluation
of the effects of endogenous 1-deoxySLs.This model will also be useful in screening for
therapeutic agents in HSN. In both the mouse and human neuronal in-vitro models, 1-
deoxysSLs have been shown to be toxic and HSN1 iPSC derived sensory neurons have
significantly elevated levels of 1-deoxySLs. These observations provide further theoretical
support for the potential therapeutic use of L-serine supplementation in HSN1 patients.
There is marked heterogeneity in the HSN1 phenotype, mainly due to differences between
the sexes. Despite this heterogeneity, MRI determined calf fat was found to be highly
responsive over one year. By selecting patients with 5-70% overall calf fat fraction, the
responsiveness is sufficient to require only a small, feasible number of patients to be
recruited into a clinical trial in HSN1. There is scope to include all patients in a clinical trial
by using thigh and distal calf slices for very severely and mildly affected patients
respectively. This thesis has brought us closer to the goal of a definitive therapeutic trial of

L-serine supplementation in our UK HSN1 population.
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