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Abstract

The nociceptive system is a neural pathway that underlies our capacity to feel pain when we are
threatened by potential tissue injury. Congenital Insensitivity to Pain (CIP) arises when genetic
mutations disrupt molecular components that are essential to the development or postnatal function
of this system. Understanding how these mutations alter the encoded protein, and subsequently
impact sensory neuron signalling, can reveal new strategies to modulate their activity in maladaptive

pain disorders.

The primary aim of this thesis was to confirm pathogenicity of several novel missense mutations from
SCN9A-CIP patients, representing localised structural changes to the voltage-gated sodium channel
(VGSC) Nav1.7. Studies revealed that all mutants were non-conducting, independent of protein folding
or membrane trafficking defects, implying critical intramolecular roles for the affected residues.
Through this project | developed a workflow for rapid stable cell line generation and functional

assessment that could be applied to the interpretation of other VGSC variants.

We extended this project to examine the interactomes of wild-type human Nav1.7 channels and a null
N-terminal mutation in the HEK293 expression system. While this approach did not conclusively
identify any protein-protein interactions disturbed by the mutation, our results support some of the

mass spectrometry hits detected in a similar study of the in vivo mouse Navl.7 interactome.

Lastly, we uncovered a surprising genotype-phenotype correlation in another CIP gene, PRDM12.
Unlike other loss-of-function mutations in this gene that cause global, lifelong painlessness,
homozygous polyalanine expansions within a discrete range lead to facially-localised, enhanced itch
in childhood (Midface Toddler Excoriation Syndrome — MITES). Observations of the CIP- and MITES-
associated polyalanine expansion mutants in a non-neuronal cell line hint at a subtle difference in

PRDM12 availability that may influence the maturation of polymodal pain- and itch-sensing neurons.
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CHAPTER 1: Main Introduction

1.1 - Human Pain and Nociception

The most commonly cited definition of pain comes from the International Association for the Study of
Pain, described as “an unpleasant sensory and emotional experience associated with, or resembling
that associated with, actual or potential tissue damage”?. Nociception is the physiological process
responsible for identifying harmful stimuli, which is almost always accompanied by the highly
deterrent experience of pain. The molecular features and functional properties of nociceptors (the
first order neurons in this sensory pathway) are highly conserved across species, underscoring the
importance of this threat-detection system?3. The way pain is perceived is dependent on several facets
of neural activity including sensory discrimination, affective motivation and cognitive evaluation*.
More simply put, it is a phenomenon influenced by the body, mind and socio-cultural factors; thus,
while nociception-related behaviours are universally recognisable externally, pain perception is a

highly subjective mental experience.

Despite its inherent unpleasantness, the ability to feel pain as a result of nociception has multiple
adaptive benefits. When nociceptors detect physical stimuli that have the potential to cause tissue
damage, their excitation and signal propagation prompts a rapid withdrawal response via spinal
reflexes to prevent injury. In addition to this immediate protective function, pain acts as a learning
signal; the sensation is closely associated with its environmental context, helping the individual learn
to recognise and avoid subsequent situations that may cause harm. If a wound is acquired, pain serves
a further purpose by promoting shielding and immobilisation of the injured tissue until it has fully
healed. However, it is important to differentiate between physiologically useful pain that is spatially
and temporally correlated with injury and healing processes, versus pathophysiological pain that

manifests as hypersensitive signalling or even lacking any relationship with underlying injury.

Acute nociceptive pain as described above refers to the activation of specialised sensory neurons by
a noxious stimulus and the consequent signalling to the central nervous system (CNS) that instates
withdrawal behaviour and aversive emotional connotations. If there is a tissue injury, inflammation is
a coinciding event whereby the release of chemical mediators meant to trigger wound repair also
temporarily sensitise nociceptive fibres. However, in chronic inflammatory diseases such as arthritis,
nociceptors are repeatedly sensitised such that inflammatory pain itself can be considered a chronic
pain condition. Alternatively, neuropathic pain arises from abnormal activity in nociceptive neurons

themselves due to primary lesions, genetic hyperexcitability disorders or metabolic alterations — all of



which produce burning, shooting sensations which are not associated with any somatic damage. In
both chronic inflammatory and neuropathic pain, the persistence and/or unpredictable nature of

pathophysiological pain has a severe impact on quality of life.

Chronic pain is clinically defined as “pain that persists or recurs for longer than 3 months and is
associated with significant emotional distress or significant functional disability”. It can be further
classified into 1 of 6 classes of chronic secondary pain when there is evidence of an underlying cause
such as tissue trauma, a musculoskeletal condition or pain induced from cancer or its treatment®.
Unsurprisingly, long-term pain that is disproportionate or unpredictable can have adverse effects on
mood, sleep and all aspects of general health. In a survey across Europe, chronic pain was estimated
to affect 19% of adults and although two-thirds of patients used analgesic drugs and/or non-
pharmacological therapies, 40% of patients suffered from inadequate management of their pain®. At
the socio-economic level, over 60% of individuals were unable to work effectively away from home,
and 19% had even lost their jobs because of their pain®. With ageing populations growing around the
world, the prevalence of conditions accompanied by secondary chronic pain also increases and thus

the burden of chronic pain will continue to be a significant problem’.

The health and social care costs of supporting patients with chronic pain often requires
multidisciplinary management at secondary and tertiary levels’. Chronic pain can be understood
through the biopsychosocial model given that biological factors, personal meaning and environmental
context all uniquely interact and contribute to the patient’s experience of pain®. Educating patients on
the neurobiology of pain and nociception, providing mental and physical tools to cope with flare-ups
and insomnia, and supporting self-advocacy can help them live well with pain®. These specialist
interventions are undoubtedly valuable in improving quality of life because of their holistic view of the

affected individual, but unfortunately some patients still suffer from incurable pain.

Research into the biological basis of chronic pain has highlighted a vast array of molecular processes
that can enhance pain, some of which are selectively expressed in certain disorders. Recent
adjustments to diagnostic definitions!® should help stratify clinical subtypes so that processes involved
in the generation of chronic primary pain can be differentiated from those involved with secondary
chronic pain. Understanding the molecular mechanisms that drive these diverse pain states will help
to choose the most appropriate pain management strategy as early as possible, and potentially reveal

novel targets that could provide more effective pain relief.



1.2 - Anatomical Components of the Nociceptive Pathway

The recognition of external or internal tissue-damaging stimuli coincides with painful sensations
motivating us to modify our behaviour. The nociceptive pathway mediating this process can be
simplified into three main neural components, as shown in Figure 1.1. The first order neuron is the
nociceptor, which detects harmful stimuli exposed to the skin or internal organs. Signal transduction
proteins transform the extracellular stimulus into an electrical signal that is propagated along the
nociceptor axon to its central terminals, where they form synapses within a dense network of neurons
in the dorsal spinal cord. The nociceptors release excitatory neurotransmitters that activate cognate
receptors on spinal neurons, and with sufficient stimulation, the second order neuron of the ascending
spinothalamic tract transmits the signal to thalamic and brainstem nuclei. From here, third and fourth
order neurons convey the message to multiple brain regions involved in processing the sensory,

emotional and cognitive aspects of pain perception.

In contrast to typical depictions of the unipolar neuron, nociceptors and other somatosensory neurons
have a pseudounipolar morphology — a stem axon protrudes from the cell body which then splits into

11,12 (

a T-junction where the two branches extend to peripheral and central targets see Figure 1.2A).
Peripheral targets for innervation include visceral organs and skin tissue, whereas the shorter central
projections terminate on specific sections of the dorsal spinal cord. The cell bodies of sensory nerves
innervating the face are clustered within the trigeminal ganglia (TG), while those that innervate the
rest of the body are clustered in dorsal root ganglia (DRG), as shown in Figure 1.2B. Pairs of ganglia
afford sensation to either side of the body, present at each axial level and protected by bony structures
of the skull or vertebrae. Small blood vessels are enmeshed within the ganglia to sustain the high
energy demand required for the preservation and functional adaptation of such long neurons. These

capillaries are fenestrated, with increased permeability allowing for more direct communication

between sensory nerves and sensitising molecules in systemic circulation®3.

Somatosensory neurons within the DRG and TG can be categorized in a variety of ways, all of which
bear relevance to their specialised functions (see Figure 1.2B). Historically, classification was based on
the diameter of cell bodies, myelination status and a limited selection of molecular markers that could

14-16 _ proprioceptors which recognise self-generated movement and

distinguish broad populations
body position; low-threshold mechanoreceptors (LTMRs) that respond to innocuous touch; and
nociceptors which detect noxious stimuli. Proprioceptors and LTMRs (also known as Aa and AB nerve
fibres) have larger cell bodies, are heavily myelinated, and are identified by the expression of

neurotrophic tropomyosin receptor kinases (Trk) TrkC and TrkB respectively. Nociceptors include



thinly myelinated Ab fibres and unmyelinated C fibres, both of which have the smallest cell bodies and
express TrkA. The density of axonal myelination determines the transmission speed of electrical
impulses. This is neatly illustrated by the type of pain perceived when different nociceptive fibres are
stimulated — the conduction velocity of Ad fibres is 5-40 m/s accounting for sharp first pain, while C
fibres conduct action potentials at 0.5-2 m/s responsible for slow, dull pain®. Of note, facial

proprioceptors are absent in the TG, instead located in the mesencephalic trigeminal nucleus®’.

The manner in which somatosensory neurons terminate in the periphery also helps to distinguish their
functions. Nociceptive AS and C fibre peripheral terminals are found within the outermost layer of
skin, the epidermis, branching into free nerve endings that express stimulus-specific receptors. They
also terminate within the mucosa, muscle and vascular regions of visceral organs®®. The peripheral
terminals of AB LTMRs associate with non-neuronal cells in the lower dermal layer of skin to form
highly organised and morphologically distinct end organs. These end organs respond to distinct
qualities of innocuous touch (such as vibration or stretch) and vary in their sensory adaptation
properties’®. Proprioceptive neurons are found within skeletal muscle spindles, Golgi tendon organs

and joints to monitor body movement and load®.

The central branches of somatosensory neurons also terminate in separate areas of the spinal cord
(see Figure 1.3A). C fibre nociceptor terminals are located in the most dorsal regions, lamina | and
outer lamina II, while A8 nociceptors terminate in lamina V* and AR LTMRs terminate in laminae Il to
VI¥22 |n contrast, proprioceptors form synapses with motor neurons in lamina IX, or with
interneurons in the intermediate zone and ventral spinal cord?®. Excitatory and inhibitory interneurons
exist throughout the spinal cord, forming microcircuits that process incoming signals and can mediate
outputs onto ascending pathways?>?*2>, The ascending spinothalamic tracts involved in nociception
are comprised of spinal projection neurons originating from lamina | and V, branching into brainstem
regions such as the parabrachial nucleus (PBN), periaqueductal gray (PAG) and rostral ventromedial

medulla (RVM), before finally terminating within thalamic nuclei?%%,

Neurons projecting from the PBN to the central and basolateral amygdala are important for generating
negative emotions such as fear and intense discomfort?®?’. Medial and posterior thalamic nuclei make
connections with subcortical and cortical structures, engaging areas involved in autonomic regulation,
memory and decision-making. Projections from the lateral thalamic nuclei to the somatosensory
cortex discern the location and physical intensity of the stimulus. Concerted activity in these regions

(see Figure 1.3B) is critical for forming an association between the incoming nociceptive signal and the



painful experience, so that the individual is motivated to avoid the same situation in the future?®2,

Brain activity can also activate descending pathways which converge on the PAG, projecting onwards
to the RVM and then spinal circuits, modulating their neuronal activity as to facilitate or inhibit

incoming nociceptive signals?.
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Figure 1.1: Organisation of the Nociceptive System

(A) Overview of major anatomical and functional components involved in nociception and pain
perception; (B) Neural pathways and nuclei mediating nociceptive transmission from the trigeminal
ganglia (TG) and dorsal root ganglia (DRG). Adapted from Descartes, Traite de I'hnomme (1664);
University of Wisconsin, Pain Pathway, (2010)
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Figure 1.2: Morphological and Functional Classification of Somatosensory Neurons

(A) Somatosensory neurons exhibit pseudounipolar morphology, electrical transmission directed
from peripheral to central terminals which synapse in the dorsal horn. (B) Somatosensory neurons
can be divided into broad functional classes residing in the TG and DRG. Figure created with
Biorender.com and adapted from (1999) Devor.
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Figure 1.3: Spinal and Supraspinal Regions Involved in Pain Processing

(A) Laminar organisation of the spinal cord, plus important branchpoints of ascending and
descending spinal modulatory pathways. (B) Major brainstem and cortical nuclei involved in central
processing of various dimensions of pain. Adapted from (2019) Corder.



1.3 — Molecular Classification and Physiology of Nociceptors

In addition to the neurotrophin receptors TrkA-C, other neurochemical markers have been used in an
attempt to isolate nociceptor subgroups that are associated with specific sensory modalities or chronic
pain pathologies. The most common division is into peptidergic nociceptors positive for neuropeptides
calcitonin gene-related peptide (CGRP) or substance P, versus non-peptidergic nociceptors positive
for isolectin-B4 (IB4) or purinergic receptor P2X3R?73!, Other prominent markers include
neurotrophin receptor Ret and enzyme tyrosine hydroxylase (TH)3233. While non-peptidergic and
peptidergic nociceptors can be separated in mice by their distinct patterns of marker expression and
spinal laminar termination, comparative studies of rat and human sensory ganglia show considerable
overlap of expression of neuropeptides with IB4 or P2X3R, cautioning the generalisation of nociceptor
classes between species3**,

3638 and macaques® have revealed

Nevertheless, recent single-cell transcriptome analyses in mice
strong conservation of sensory neuron subtypes across species. When multiple markers and their
mutually exclusive enrichment are taken into consideration, clustering methods defined 9-18
somatosensory subtypes based on unique RNA expression patterns (see Figure 1.4). In addition to
TrkA-C divisions conforming to historical classification schemes, proprioceptors and various LTMR
subgroups could be highlighted by the expression of neurofilament heavy polypeptide, plus calcium-
binding proteins parvalbumin or calbindin. Polymodal nociceptors were consistently identified
amongst the non-peptidergic groups, responsive to noxious mechanical, thermal and chemical stimuli
as well as pruritogens (itch-generating stimuli). Peptidergic populations seemed largely comprised of
Ab mechanoreceptors and mechano-heat responsive C fibres. Two further functionally specialised
classes that were consistently identified were the C-LTMRs involved in pleasant touch (unmyelinated,

TrkA/B/C-negative, TH-positive) and cold-sensitive thermoreceptors enriched for signal transduction

molecule TRPMS.

Responsiveness to a particular stimulus modality is defined by the expression of established
transduction molecules. The detection of thermal stimuli is mediated by members of the transient
receptor potential (TRP) channel family, tuned to respond to discrete temperature ranges within
physiologically safe limits (15°C to 42°C) and dangerously cold or hot extremes®. Several TRP channels
are also activated by chemical irritants, acidic pH, inflammatory mediators, as well as compounds
associated with spicy-hot or ice-cool sensations such as capsaicin from chilli peppers or menthol from
peppermint. Early psychophysical studies in humans demonstrated that intradermal injection of

capsaicin or topical application of menthol causes nociceptive C fibres to fire, skin reddening due to



vasodilation and increased sensitivity to thermal and mechanical stimuli; all correlating with painful
burning and/or cool sensations as described by subjects®*™*4. Capsaicin and menthol were later
discovered to activate TRPV1 and TRPMS8 cation channels respectively, depolarising the membrane

potential closer to the action potential threshold*>4°.

The detection of harmful mechanical forces is not as well characterised. TRPA1 has been implicated in
sensing noxious mechanical stimuli and mechanical hypersensitivity, although it may act as an
integrator of noxious signals across multiple stimulus modalities*”. The mechanosensor Piezo2 is
responsive to low-threshold mechanical stimuli, which are typically perceived as innocuous when
activated in cutaneous sensory neurons but painful when activated in corneal C fibres. Furthermore,
the expression of Piezo2 in A nociceptors that respond to high-threshold mechanical stimuli suggests
it could be an important target for mechanical pain in certain physiological contexts*®*. Several
background potassium-permeable channels may also be indirectly involved in mechanical pain

perception, as their deletion results in hypersensitivity to mechanical stimuli®®->?

. Interestingly,
pruriception (the sensation of itch) is exclusively encoded by a subset of polymodal Aé and C fibres
that express pruritogen-sensitive G protein-coupled receptors (GPCRs). Crucially, the combined
function of metabotropic signalling via these GPCRs, and cation conductance via TRPV1 and TRPA1, is

required to transmit itch sensations®3>%,

The generation of action potentials at the periphery, and their propagation towards the central
synapse, is dependent on the function of voltage-gated sodium channels (VGSCs); predominantly on
the co-ordinated activity of Navl.7, Navl.8 and Nav1.9°® which are preferentially enriched in
nociceptive neurons. Nav1.9 channels exhibit very slow activation and inactivation at hyperpolarised
voltages, producing a persistent current that contributes to maintaining the resting membrane
potential®®. Nav1.7 is considered the “molecular gatekeeper of pain”>’; small, slow receptor potentials
produced by signal transducers activate Nav1.7, and the subsequent inward Na* current boosts the
primary signal, further depolarising the neuron in order to activate Nav1.8. Nav1.8 activation produces
a steep inward Na* current that forms the upstroke of the action potential in DRG neurons. During this
period of membrane depolarisation, Nav1.8 channels are resistant to inactivation and recover quickly
once inactivated, therefore able to support repetitive firing when nociceptor stimulation is
prolonged®®>°. Other VGSCs contributing to acute and chronic pain include Nav1.3, associated with
particular pathophysiological pain states, while Navl.l and Navl.6 are involved in visceral

nociception; these are reviewed in detail elsewhere®®.,
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At the nociceptor central terminals, chemical transmission across the synapse is required to transfer
input signals onto spinal circuitry. Action potentials reaching the presynaptic terminals depolarise the
membrane sufficiently to activate N-type voltage-gated calcium channels (VGCCs). Elevated calcium
ion concentration in this region, via VGCC conductance and/or intracellular signalling, triggers the
release of excitatory molecules glutamate, CGRP and substance P®2. Glutamate binding to ionotropic
NMDA and AMPA receptors produces excitatory postsynaptic potentials in spinal neurons, while
activation of glutamate-sensitive metabotropic receptors mGluR1 to mGIuR8 is associated with
maladaptive pain states®®. CGRP and substance P act on postsynaptic neurokinin-1 and CGRP
receptors, which prolongs membrane depolarisation of spinal neurons to facilitate NMDA receptor
activation®. Neuropeptide receptors are also present on postcapillary blood vessels of the skin;
neuropeptide release from nociceptor peripheral branches contributes to neurogenic inflammation
characterised by the “wheal and flare” response — increased vascular permeability leading to plasma

leakage and swelling, and vasodilation causing the reddening of skin surrounding the injured area®.

The primary goal of nociceptor activation is to bring attention to a potential physical threat, and so

polymodal nociceptors do not need to immediately distinguish the particular type of stimuli present.
However, it is intriguing that pruriception and nociception are mediated by a shared set of sensory
neurons since the sensations of pain and itch are quite distinct, as are their behavioural responses —
common measures in mouse studies include flinching, withdrawal or wiping in response to pain versus
scratching in response to itch. A recent study employed optogenetic and chemogenetic strategies to
selectively activate nociceptive and pruriceptive signal transducers in the polymodal MrgprA3-positive
population. Their results indicate that fast ionotropic signalling and slow metabotropic signalling via
GPCRs recruit different peptide signalling pathways in spinal circuits, resulting in pain or itch
behaviours respectively®®. Whether this is due to differences in electrical firing patterns of the primary

sensory neuron, or which central synapses are activated, remains to be investigated.
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Figure 1.4: Molecular Classification of Somatosensory Neurons

(A) Transcriptomics analysis of DRG from mice and macaque identified up to 18 subtypes of
somatosensory neuron, of which 9 exhibit cellular and molecular properties of nociceptors. (B) The
breadth of DRG neuronal subtypes are also present in TG, excluding proprioceptors which are
clustered in the mesencephalic trigeminal nucleus. (C) The proportion of neuronal subtypes present
in DRG is similar across axial levels of the trunk. Adapted from (2020) Sharma.
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1.4 - Pathophysiology of Chronic Pain

When we acquire an injury, two significant adjustments in sensory coding occur to indicate the area
is vulnerable. If the wound is exposed to noxious stimuli again, the pain felt is heightened compared
to an identical exposure on an undamaged area. In addition, light touch or mild warming around the
site of injury can evoke pain®. The corresponding psychophysical phenomena are hyperalgesia,
“increased pain from a stimulus that normally provokes pain”, and allodynia, “pain due to a stimulus
that does not normally provoke pain”®. Cellular correlates of hyperalgesia include lowering the action
potential threshold and enhancing neuronal excitability, both increasing the likelihood and frequency
of nociceptor firing. This is driven by inflammatory mediators released from damaged tissue; they
activate specific receptors on nociceptors, which trigger short-term post-translational modifications
and longer-term transcriptional changes of key excitability molecules such as ion channels®. Tactile
allodynia on the other hand requires the integration of low-threshold mechanical input into
nociceptive circuits; this is dependent on activation of TrkB-positive AR fibres’®’?, but how they gain

access to nociceptive pathways is not clear.

In the acute injury setting, a vast array of chemical mediators are released from damaged
keratinocytes and endothelial cells, as well as from immune cells that invade the injury site. This
“inflammatory soup” consists of complex to simple algogenic molecules such as nerve growth factor
(NGF), bradykinin, histamine, cytokines, prostaglandins, proteases, lipids, ATP and protons’?. The
cognate receptors for some of these molecules are constitutively expressed on nociceptors — e.g.,
purinergic ‘P2X’ receptors activated by ATP, or histamine and bradykinin-specific receptors.
Metabotropic receptors initiate intracellular signalling cascades that activate local kinases and
transcriptional effector molecules, while ionotropic receptor currents contribute to membrane
depolarisation, both promoting pro-nociceptive signal transmission’?. Hyperalgesia from acute injury
is short-lived and subsides once the tissue is restored, reflecting the typically reversible nature of these

molecular changes.

Acute nociception is protective, but when pain persists after an injury has healed it has no adaptive
purpose. This transition from acute to chronic pain is driven by long-term sensitisation of nociceptors
at the peripheral level, and of pro-nociceptive circuits in the CNS. Peripheral sensitisation is a normal
response to acute tissue trauma but can be prolonged due to chronic inflammation’®’4. Central
sensitisation arises from changes in synaptic transmission in the spinal cord and brain, such that pro-

72,75

nociceptive signalling is favoured over anti-nociceptive mechanisms’#’>. This is dependent on

sustained input from peripheral nociceptors that strengthen excitatory synapses, particularly the
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potentiating influence of brain-derived neurotrophic factor (BDNF). BDNF promotes the recruitment
of Ca?*-permeable AMPA receptors on post-synaptic spinal neurons, leading to increased Ca?* influx
that enhances post-synaptic excitatory potentials and activates Ca*-dependent pro-excitatory
effector pathways’®. BDNF can also dampen inhibitory transmission in the spinal cord; as a result, the
normal levels of activity of descending inhibitory pathways are no longer sufficient to suppress pro-

nociceptive transmission”’7°,

Historically, the origin of chronic pain was classified as either chronic inflammatory pain or
neuropathic pain. Chronic inflammation initiates positive feedback loops that maintain the long-term
hyperexcitability of nociceptors through peripheral sensitisation, as well as stimulating the production
of sensitising agents from non-neuronal cells. For example, substance P triggers histamine release
from degranulated mast cells, while ATP triggers BDNF and cytokine release from activated
microglia’2. In contrast, neuropathic pain arises from a lesion or disease of the somatosensory nervous
system itself, resulting in a combination of sensory loss and positive sensory signs such as spontaneous
pain and paraesthesias. Associated pathologies include diabetic neuropathy, spinal cord injury and
multiple sclerosis®. There is some overlap in molecular drivers of inflammatory and neuropathic pain,
as the local increase in cytokines and neurotrophins contributing to regenerative responses (such as
NGF and TNFa) also activate pro-inflammatory pathways®®!. However, neuropathic pain is marked by
spontaneous electrical activity far from the peripheral terminals where action potentials are normally
generated®?; this adaptation is mediated by changes in ion channel expression that promote
hyperexcitability. Two-pore domain potassium channels such as TRESK are downregulated resulting in
a stable membrane depolarisation, while persistent Na* influx via upregulated Nav1.3, Nav1.6 and

Nav1.8 support ectopic spike generation’.

Clinical definitions of chronic pain focus on severe pain that negatively impacts quality of life and that
continues longer than would be expected for tissue damage from some triggering event to have
resolved. However, chronic pain can also arise independently of an injury or primary condition. Recent
developments in the International Classification of Diseases (ICD-11) categorize different types of
chronic pain in a way that aims to be more clinically meaningful, and useful for informing research and
health policy®. Chronic primary pain includes conditions where plasticity of the nociceptive system is
thought to be the major driving factor — e.g., in fibromyalgia or complex regional pain syndrome. In
contrast, chronic secondary pain is driven by a primary condition whose resolution should provide

pain relief; this classification has six subgroups:
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1) Chronic cancer-related pain (caused by the cancer itself or chemotherapy/radiotherapy)
2) Chronic post-surgical or post-traumatic pain

3) Chronic neuropathic pain

4) Chronic secondary headache or orofacial pain (such as dental pain or trigeminal neuralgia)

5) Chronic secondary visceral pain (caused by mechanical, vascular or inflammatory factors)
6) Chronic secondary musculoskeletal pain (caused by disease processes that directly affect bone

and muscle)

Chronic pain is much more diverse than originally conceived, and so using this nomenclature can
stratify patients with similar pathophysiology and shared experiences. This should help to home in on
key molecular drivers of different types of chronic pain, and to identify patterns in effective pain

management that best serve these distinct patient groups.
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1.5 - Pharmacotherapy Options for Chronic Pain

While pain from acute injury or disease is temporary and treatable, chronic pain is much more difficult
to manage. Several analgesic classes exist which are successful in relieving acute pain (summarised in
Table 1.1), but long-term use for chronic pain is usually only effective in some individuals® and even
then can be hampered by the development of adverse side effects®*. If pain relief is inadequate with
medical interventions, patients may be referred onto pain management programmes that focus on
rehabilitation, providing psychological and practical tools for living well with pain®®; however

consistent infrastructure and staffing of these services is lacking’.

However, certain drug classes demonstrate high efficacy for select chronic pain conditions. For adults
with neuropathic pain, clinical guidelines in the UK recommend a choice from amitriptyline,
duloxetine, gabapentin or pregabalin®. Switching within this group is encouraged if pain is not
sufficiently alleviated or the drug cannot be tolerated at any of the titrated doses®’. Further guidance
proposed by international clinical consortia suggest prioritising specific treatments in the context of
spinal cord injury®®, and present evidence on more specialist interventions to be considered if first line

treatments are ineffective®.

Table 1.1: Summary of analgesic drug classes
Adapted from (2017) British Medical Association®

ANALGESIC CLASSES EXAMPLES
Simple analgesics Paracetamol
Nonsteroidal anti-inflammatory drugs (NSAIDs) Aspirin, Ibuprofen, Diclofenac, Celecoxib
Anti-epileptic drugs Carbamazepine, Pregabalin, Gabapentin
Tri-cyclic antidepressants (TCAs) Amitryptiline, Nortriptyline, Imipramine
Serotonin-noradrenaline reuptake inhibitors (SNRIs) Duloxetine, Venlafaxine
Local anaesthetics Lidocaine, Bupivacaine
Weak opioids Codeine, Dihydrocodeine

. Morphine, Buprenorphine, Fentanyl, Methadone,
Strong opioids Oxycodone, Tramadol
Compound analgesics Co-codamol, co-codaprin

Analgesics available over the counter such as paracetamol (also known as acetaminophen), aspirin
and ibuprofen are usually sufficient for mild to moderate acute pain. Nonsteroidal anti-inflammatory
drugs (NSAIDs) inhibit the activity of cyclo-oxygenase enzymes 1 and 2 (COX-1 and COX-2). The latter
is upregulated during inflammation to generate prostanoids — key agents in peripheral sensitisation

of nociceptors. However, COX enzymes also have homeostatic roles in platelet activation, renal control
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of blood pressure and mucus secretion in the gastrointestinal tract; as a result, continuous high doses

risk provoking cardiovascular and gastrointestinal complications®.

The mechanism of action behind paracetamol is more complex, acting at multiple levels of the
nociceptive system. In the ventrolateral periaqueductal gray (vIPAG), fatty acid amide hydrolase
(FAAH) conjugates arachidonic acid onto paracetamol to generate the metabolite AM404°1. AM404
acts on both TRPV1 and CB1 receptors to promote the activation of descending inhibitory pathways®,
as well as interfering with the reuptake of anandamide, an endocannabinoid which has anti-anxiolytic
properties®. AM404 has also been shown to inhibit prostaglandin synthesis in activated microglia®,
while in the periphery, AM404 action on TRPV1 receptors causes conduction block in nociceptors to
prevent synaptic transmission®*. Paracetamol can be safely combined with opioids or other analgesic
classes in a multimodal approach to enhance pain relief and minimize side effects from the stronger

agents.

Anti-epileptic drugs, tri-cyclic antidepressants (TCAs) and serotonin-noradrenaline reuptake inhibitors
(SNRIs) are recommended as first line treatments for neuropathic pain®, but are of limited benefit for
other chronic pain conditions®. Sustained, low-dose administration of TCAs and SNRIs produce
analgesia without affecting susceptibility to depression; pain relief appears to be mediated by the
noradrenergic component of the descending inhibitory pathway, but may be modulated by
serotonergic signalling®. In contrast, gabapentin and pregabalin exert their analgesic effects in a
peripherally biased manner. By inhibiting the forward trafficking of the a26-1 subunit of VGCCs in
injured DRG neurons, they limit excitatory neurotransmission onto the spinal cord”. In terms of
common chronic pain disorders, the anticonvulsant carbamazepine is only recommended for
trigeminal neuralgia in the UK®; however, it is also an effective treatment in some patients with rare
GOF (gain-of-function) SCN9A and SCN10A mutations that cause extreme pain®®%. In both cases,
carbamazepine inhibits VGSC activity to reduce the hyperexcitability of peripheral nociceptors. Local
anaesthetics similarly inhibit VGSC activity, although their action on a multitude of ionotropic and
metabotropic receptors contributes to analgesial®. Applied topically, they are used to relieve dental
pain and to numb skin before surgical procedures, while acute and chronic post-surgical pain can be

alleviated by intravenous lidocaine.

Opioids originated from alkaloids of the opium poppy, including natural derivatives codeine and
morphine, to synthetic compounds such as oxycodone and fentanyl with optimised binding affinity

and agonist action on opioid receptors; they range in strength, calculated as potency relative to oral
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morphine®. Exogenous opioids and endogenous opioid peptides act on the four opioid receptors —
mu, delta, kappa and nociceptin (MOR, DOR, KOR, NOR). All four GPCRs exhibit distinct levels of
expression on nociceptors, in the spinal cord and in various brain regions, but all activate inhibitory
signalling cascades to restrain neural excitation. At the peripheral level, inhibiting VGCCs impedes the
release of excitatory neurotransmitters and neuropeptides. Opioid receptor signalling also activates
G protein-gated inwardly rectifying potassium (GIRK) channels on postsynaptic spinal neurons,
hyperpolarising the membrane potential to suppress excitatory inputs. MOR activation in the vIPAG
and RVM drives the inhibition of dorsal horn activity via descending pathways, but all opioid receptors
are involved to varying degrees in the central processing of nociceptive inputs, modulating sensory,

affective, cognitive and motivational aspects of pain®.

Opioid use is well established in managing acute pain following surgery or significant tissue trauma,
or for severe cancer pain in palliative care®:. However, marketing of new synthetic opioids in the 1990s
downplayed their addictive potential and encouraged the long-term prescription of opioids to address
chronic pain, advocating stepwise increases in opioid strength as pain intensity worsened!?. This was
in line with the World Health Organisation’s analgesic ladder, a tool validated for the treatment of
short-lived cancer pain, but the recommendations were inappropriate for the persistent and
unpredictable nature of chronic pain'®. Nevertheless, low doses of opioids used intermittently can
provide considerable pain relief for a small proportion of chronic pain patients%#1%, Risk factors must
be thoroughly investigated before initiating prescriptions, and patients should be regularly monitored
to recognise any potential for significant adverse events such as respiratory depression, endocrine
abnormalities or hyperalgesia'®. If necessary, discontinuation of opioid treatment must be done

carefully to prevent further physical and psychological harm?%,

Results from the 2017 Public Health England survey indicate chronic pain affects 1 in 3 adults?’. The
annual economic burden, in terms of additional healthcare requirements and lost labour productivity,
costs the UK at least £10 billion when considering back pain alone!®. Given the limited efficacy and
safety concerns around using available analgesics for prolonged periods, there is clearly an enormous
unmet need for novel treatments that can specifically target chronic pain. Developing such analgesics

would have a significant positive impact at the individual and societal level.
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1.6 - Congenital Insensitivity to Pain (CIP)

Despite its unpleasantness, being born unable to feel pain poses a significant problem. Without this
strongly aversive sensation, these individuals cannot easily differentiate harmful from harmless stimuli
and are not motivated to adapt dangerous behaviour, even at the risk of tissue damage. As a result,
they are susceptible to severe injuries from unintentional self-mutilation, burns and bone breaks,
unless they are taught to recognise harmful situations through other contextual clues. An early
diagnosis is key to supporting families manage the physical, behavioural and social aspects of this
condition'®. The study of affected cases has also provided valuable evidence of cellular mechanisms
that are crucial for pain perception in humans, and therefore could be appealing targets for analgesic

drug development!®t1?,

The genome is a fundamental determinant of how effectively our molecular machinery operates, and
consequently the performance of physiological systems. Human mutations that alter the activity of
crucial proteins will cause cellular and system dysfunction, manifesting as clinically recognisable
disease. Several genes cause insensitivity to pain (see Table 1.2), with a range of other clinical features
depending on the function of the affected protein in other tissues. The cellular basis of painlessness

can be categorised into one of four main mechanisms:

1) Degeneration of nociceptors causing progressive loss of pain sensation
2) Faults in electrochemical transmission from intact nociceptors onto spinal neurons
3) Defects in neurodevelopment of nociceptors

4) Enhancement of endogenous analgesic signalling

Mutations that cause postnatal degeneration of nociceptors include autosomal recessive mutations
in WNK1, FAM134B, KIF1A, IKBKAP and MPV17, or autosomal dominant mutations in SPTCL1, SPTCL2
and ATL1. The age at onset of these conditions varies from childhood to later decades in life depending
on the rate of neurodegeneration. Painlessness is often accompanied by major autonomic and motor
pathologies as well as generalised somatosensory neuropathy. Given the breadth and severity of these
phenotypes, as well as the long-term effects on cellular integrity, it would be dangerous to attempt
modulating their function simply to reduce pain. More information regarding the clinical presentation

and reported variants associated with each disease can be accessed using the OMIM entry codes at


https://omim.org/
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All conditions from groups 2-4 are apparent from birth and so can be classed under the umbrella of
congenital insensitivity to pain (CIP). In the second group of painlessness disorders, nociceptors are
intact but key components mediating neuronal excitability and/or synaptic transmission are faulty. In
contrast, the third group is characterised by defects in differentiation and trophic signalling that stop
nociceptors forming at all. In both cases, the propagation of input signals into CNS circuits is disrupted
therefore preventing the perception of pain. The last group was recognised very recently through a
single family with mutations in the pseudogene FAAH-OUT which enhance endocannabinoid
signalling, relieving pain and anxiety'!2. The relationship between SCN9A knockout and endogenous

opioid signalling suggests it may also belong to this group*3.

The clinical presentation, functional consequences of CIP variants and analgesic potential of CIP genes
are reviewed briefly in the following text. The involvement of SCN9A and PRDM12 mutations in

somatosensory disorders are expanded upon in Chapters 2 and 4.

Bi-allelic loss-of-function (LOF) mutations in SCN9A is one of the most common causes of CIP'%, Apart
from the expected injuries due to lack of nociception, SCN9A-CIP patients are relatively normal with
the only additional features being impaired smell and temperature sensation. As a result, the encoded
VGSC Navl.7 has drawn much interest from the pharmaceutical industry due to the inference that a
drug inhibiting Nav1.7 activity could provide robust pain relief, with anosmia as the only side effect.
Voltage-clamp studies have shown that CIP patient mutations reduce sodium ion conductance by 50-
100% compared to wild-type channels. Initially this was thought to result in hypoexcitability of
nociceptors, given the vast evidence base that gain-of-function mutations cause hyperexcitability and
episodes of extreme pain. Indeed, neurographic recordings from a series of SCN9A-CIP patients

revealed a complete absence of nociceptor conduction profiles.

Furthermore, iPSC-derived nociceptors from these patients required 1.5-fold higher current stimulus

to initiate an action potential and exhibited much lower firing frequency in response to sustained

depolarisation!4.

However, local neurogenic inflammation is intact in all SCN9A-CIP patients,
suggesting there is at least sufficient local excitability to stimulate branches innervating vascular
tissue. Targeting Nav1.7 on the central axon appears to be critical to reduce the release of excitatory
neurotransmitters at the central synapse and prevent the transmission of nociceptive signals; this

approach may be enhanced in combination with modulators of opioid signalling*>11,
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Table 1.2: Genetic Disorders of Painlessness

Adapted from (2020) Schon et al.1%, (2015) Nahorski et al.*'® and (2020) Drissi et al.*'*

HSAN: Hereditary Sensory and Autonomic Neuropathy; HSN: Hereditary Sensory Neuropathy;
ER: Endoplasmic reticulum; AR: Autosomal Recessive; AD: Autosomal Dominant

RECOGNISED OMIM PROTEIN MODE OF % PREDOMINANT
PHENOTYPE CODE GENE FUNCTION INHERITANCE PREVALENCE MECHANISM
HSAN1A 162400 | SPTLCI Anabolic AD Common
enzyme
Anabolic
HSAN1C 613640 SPTLC2 AD Rare
enzyme
ER membrane
HSN1D 613708 ATL1 AD Very rare
regulator
HSAN2A 201300 WNK1 Protein kinase AR Common .
ER membrane Degeneration of
HSAN2B 613115 | FAM134B AR Very rare nociceptors
regulator
HSN2C 614213 KIF1A Microtubule AR Very rare
motor
HSAN3 223900 | IkBkap | Transcriptional AR Common
regulator
Navajo 256810 | mpyzy | Mitochondrial AR Common
neurohepatopathy ion channel
Channelopathy-
associated 243000 | scnoa | Voltage-gated AR Common
. e . sodium channel .
insensitivity to pain Faults in
HSAN7 615548 | scniza | Voltase-gated AD Very rare nociceptor
sodium channel transmission
Marsili syndrome 147430 ZFHX2 Transcriptional AD Single kindred
regulator
HSAN4 256800 | NTRKI Neurotrophin AR Common
receptor
HSANS 608654 NGF8 Neurotrophin AR Very rare Defects in
HSANS 616488 | PRDM12 | |renscriptional AR Rare nociceptor
regulator development
Pain insensitivity | 601273 | circeg | Clathrin heavy AR Single
chain kindred
) . Enhanced
Pain insensitivity 618377 FAAH- Catabolic AD ?lngle circulation of
ouTt enzyme kindred L
endocannabinoids

*Common = >20 cases; Rare = 5-20 families; Very rare = <5 families; Single kindred = one family only

Both SCN11A-CIP and ZFHX2-CIP patients possess typical painless injuries such as fractures and
cutaneous wounds, while proprioception and detection of low-threshold thermal and mechanical
stimuli are unaffected, as are sense of smell and cognitive development. Skin and nerve biopsies have
shown no evidence of neuropathy in either condition!'®!Y’, Gastrointestinal dysfunction has been
noted across all four reported SCN11A-CIP cases, but the presence of other distinguishing features
such as intense itch, increased sweating and motor neuron deficits varies'®. In the single ZFHX2-CIP
family, all six affected members share high thresholds to noxious thermal, mechanical and chemical

stimuli. However, painlessness is not universal; pain from headaches and childbirth are perceived
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intensely, and intradermal injection of capsaicin produced transient pain. The ZFHX2-CIP mutation
may impact on some autonomic functions — most cases have deficiencies in thermoregulation and

sweating, while strong odours and pain sometimes trigger fainting or vomiting®'’.

The dominant missense mutations in SCN11A have been shown to cause GOF at the molecular
level'?®118  changing the voltage-dependence of activation of the encoded channel Nav1.9. This
alteration forces Navl1.9 to generate a persistent window current that depolarises the resting
membrane potential, so much so that it prevents other Nav channels from activating and contributing
to action potentials, therefore producing LOF at the cellular level. The dominant missense mutation
in ZFHX2 is also associated with reduced nociceptor responsiveness, demonstrated through the
behaviour of transgenic mice in pain assays and calcium imaging of cultured DRG neurons in response
to capsaicin exposure!’. Nevertheless, given the incomplete painlessness observed in ZFHX2-CIP
cases and the gastrointestinal problems of SCN11A-CIP, it is unlikely either protein would be pursued

for analgesic drug development.

Genes that cause developmental CIP are crucial regulators of neurotrophic signalling during the
embryonic specification and growth of nociceptors. NTRK1 and NGFB encode the tyrosine kinase
receptor TrkA and its growth factor ligand NGF respectively, both of which must be functional to
promote the survival and peripheral axon guidance of nociceptors during embryonic development!®°.,
NGFB mutations that disrupt the cleavage of pro-NGF into its mature form prevent NGF from
activating TrkA receptors'?®!2!, NTRK1 mutations that diminish TrkA plasma membrane expression, or
its ability to activate the intracellular PLCy signalling pathway via receptor phosphorylation, ultimately
lead to reduced neurite outgrowth!?2, PRDM12 is a transcription factor that controls the initiation and
maintenance of TrkA expression during the critical period of neural crest cell differentiation, so LOF
mutations in both alleles leads to a complete absence of the nociceptor lineage while other
somatosensory neurons are unaffected'®15, CLTCL1 encodes the clathrin heavy chain protein CHC22,
which appears to control the developmental timing of trophic neuropeptide release (including BDNF,
VGF and NPY) until sensory neuron precursors are appropriately positioned to integrate other

differentiation cues'?®1?7,

There is significant overlap in the clinical presentation of these conditions with some distinguishing
features!®. Intellectual disability to varying degrees is common in patients with NGF8, NTRK1 and
CLTCL1 mutations, likely due to the dependence of certain CNS neurons on NGF and BDNF

signalling!?®12 In contrast, PRDM12 expression is limited to nociceptors so cognitive development of
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these CIP patients is not impaired. Motor function, muscle strength and proprioception are normal
across all four developmental CIP phenotypes. However, innocuous temperature sensation is
sometimes reduced in NGFB, NTRK1 and PRDM12 CIP cases, while lack of responsiveness to light touch
is unique to CLTCL1-CIP. Another interesting aspect of NGF8, NTRK1 and PRDM12 CIP patients is the
increased susceptibility to Staphylococcus aureus infections, due to the role of NGF-TrkA signalling in
the activation of macrophages and recruitment of neutrophils’?®. PRDM12 is not a universal regulator
of TrkA expression, as the receptor is still expressed in the sympathetic ganglia of PRDM12-KO mice
despite complete absence in DRG2#12%, On the other hand, the involvement of PRDM12 in regulating

immune cell expression of TrkA is yet to be ruled out.

Targeting these genes to permanently remove all nociceptors is clearly inappropriate as well as
impossible outside of the embryonic window. However, both NGF and BDNF have been implicated
postnatally in peripheral and central sensitisation. NGF released from damaged tissue binds to TrkA
on nociceptors, activating intracellular signalling cascades that regulate post-translational
modifications of local proteins and enhance the excitability of the peripheral terminal. Signalling
endosomes that internalise the NGF-TrkA complex support long-term hyperexcitability by
upregulating the transcription of ion channels and signal transduction molecules, therefore increasing
the responsiveness of nociceptors to inflammatory mediators!3®!3!, These signalling endosomes also
boost CGRP and Substance P synthesis to promote peripheral inflammation and synaptic transmission
at the spinal cord!®2. BDNF is co-released with excitatory neurotransmitters from central terminals
following prolonged, high-frequency stimulation of nociceptors or exposure to NGF*33. BDNF binding
to TrkB receptors on spinal cord neurons triggers the phosphorylation of nearby glutamate receptors,

potentiating their activity to strengthen synaptic transmission3*,

Increased NGF levels have been observed in tissue samples from patients with certain painful
conditions®®!, which has led to the development of small molecule inhibitors and therapeutic
antibodies that negate NGF-TrkA activity. Several anti-NGF antibodies have reached clinical trials for
arange of chronic pain indications, including Pfizer’s Tanezumab which was shown to provide effective
pain relief and improved join function when used in patients with moderate to severe osteoarthritic
pain'32, However, evidence of rapidly progressing osteoarthritis and destruction of healthy joints in
some patients has prevented FDA approval of Tanezumab, even with mitigation measures such as low
doses and frequent X-ray screening®®®. Nevertheless, clinical trials are still in progress for Tanezumab
and other anti-NGF therapies to determine their safety and efficacy in conditions such as chronic lower

back pain and neuropathic pain!*2,
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Due to their recent identification as CIP genes, there is no evidence so far that PRDM12!% and
CHC22'% are involved in nociceptor sensitisation in humans. The highest expression of CHC22
postnatally is in skeletal muscle where it participates in trafficking of the glucose transporter GLUT413,
but its expression in postnatal nociceptors is unknown. Whether the targeted induction of CHC22
expression in adult nociceptors could suppress BDNF release and prevent central sensitisation is yet
to be investigated. In contrast, postnatal expression of PRDM12 in rodent and human nociceptors is
well established!?1%> where it may continue to act as an epigenetic regulator'. Two groups have
validated adult-onset PRDM12 conditional knockout in DRG to conduct bulk DRG transcriptomics
analysis, single-cell electrophysiology and pain behaviour assays!*”13, Both studies found a core set
of genes dysregulated upon PRDM12 knockout, although electrophysiological and behavioural
responses to noxious stimuli only mimicked human PRDM12-CIP patients in one of the mouse models.
This may be attributed to differing genetic strategies for PRDM12 knockdown, and suggesting blunt

knockdown of PRDM12 activity could still be an effective analgesic strategy.

The FAAH gene encodes fatty-acid amide hydrolase (FAAH), a catabolic enzyme that breaks down
endogenous ligands for cannabinoid receptors. Homozygous carriers of the common FAAH variant
rs324420 request postoperative analgesia less than women with alternative FAAH genotypes®®, and
exhibit more positive affective responses to placebo analgesial®®. The variant lowers protein
stability’*! which would increase levels of FAAH substrates in the brain, an effect associated with

reduced pain, fear and anxiety in animal models#?

. A woman with CIP was recently identified who was
heterozygous for the rs324420 variant as well as a novel microdeletion in a downstream pseudogene
termed FAAH-OUT!?, Her son also displayed pain insensitivity to a lesser degree and was found to be
heterozygous for the microdeletion but possessed the wild-type allele at the rs324420 locus, while
her unaffected daughter did not possess either variant. Blood concentration of FAAH-specific
substrates such as anandamide were found to be significantly higher in the proband than in control
individuals who were only heterozygous for the rs324420 variant, suggesting the FAAH-OUT
microdeletion is a major contributor to the CIP phenotype. More work is needed to show how the
molecular product of FAAH-OUT disrupts FAAH catabolic activity, but it is a promising avenue for

research given the failure of small molecule inhibitors for pain relief in clinical trials*.
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1.7 - Thesis Scope and Objectives

While the gene-disease associations of SCN9A-CIP and PRDM12-CIP are well established, interrogating
the loss-of-function mechanisms behind different variants can reveal novel strategies for modulating
their activity. Similarly, refining genotype-phenotype correlations can provide insight into the
functions of distinct protein domains at the molecular, cellular and physiological level. To this end, the

objectives of this thesis were:

1. To confirm pathogenicity of six novel missense mutations identified from SCN9A-CIP patients,
and establish the molecular mechanism behind their loss-of-function — focusing on protein

folding, trafficking to the plasma membrane, and biophysical properties.

2. To determine whether an intracellular N-terminal Navl.7 mutation (Leu75Pro) disrupts a
protein-protein interaction that is essential for wild-type Navl1.7 function using co-

immunoprecipitation and mass spectrometry.

3. To examine the relationship between PRDM12 mutations and sensory neuron development;
specifically, if there is a genotype-phenotype correlation between the length of polyalanine

expansion mutations and two highly divergent conditions — CIP and MITES.
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CHAPTER 2: Mechanisms of Pathogenicity Behind
Missense SCN9A-CIP Mutations

2.1 INTRODUCTION

2.1.1 - The Voltage-Gated Sodium Channel Family

The generation and transmission of electrical signals in the nervous system is mostly dependent on
voltage-gated sodium channels (VGSCs) and voltage-gated potassium channels. Activation of VGSCs
permits sodium ion influx that rapidly depolarises the cell membrane from its resting voltage and
contributes to the rising phase of the action potential. Inactivation of VGSCs terminates the signal and
is followed by potassium ion efflux, resetting the equilibrium of charges across the membrane in

anticipation of the next action potential.

There are nine members in the human VGSC family of a-subunits (Nav1.1 to Nav1.9) encoded by
separate genes — SCN1A-SCN5A for Nav1.1-Navl.5 and SCN8A-SCN11A for Navl.6-Nav1.9. Each gene
translates into a single polypeptide chain that folds into 24 transmembrane segments which can be
separated into four structurally homologous domains. The four domains arrange themselves around
a central pore that is selectively permeable to sodium ions, with conductance being controlled by
structural elements that determine voltage sensing, sodium ion selectivity, and voltage-dependent
gating!**. The a-subunits can associate with auxiliary B-subunits either through non-covalent bonds
with B1 or B3, or covalent disulfide bonds with B2 or 4. Whilst B-subunits have been shown to support
forward trafficking and cell surface expression of the channel, as well as modify its biophysical
properties!®, the presence of the a-subunit alone at the cell membrane is sufficient for conductance.
The nine VGSC subtypes are enriched in specific adult tissues though their spatial expression can be
altered during development and disease-related processes. Consequently, genetic mutations causing
gain-of-function (GOF) or loss-of-function (LOF) are associated with Mendelian disorders of

excitability, with clinical manifestations centred around the primary tissue#%47,

Nav1.1, Nav1l.2, Navl.3 and Navl.6 are predominantly expressed in the central nervous system,
although levels of expression differ between neuronal cell types (e.g., excitatory vs inhibitory
interneurons), developmental stages (embryonic vs postnatal), and membrane subdomains (e.g.,
dendrites, axon initial segment and nodes of Ranvier). Pathogenic mutations in these channels are
related to a range of epilepsy syndromes as well as autism spectrum disorder*¥4°, Nav1.4 is found at
the neuromuscular junction of skeletal muscle; mutations that increase cell excitability impair muscle

relaxation whereas those that decrease cell excitability cause muscle paralysis'®®. Nav1.5 is the
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primary VGSC in the heart and so its dysfunction is associated with several cardiac arrhythmias®®.
Nav1.7, Nav1.8 and Nav1.9 are enriched in the peripheral nervous system, particularly in nociceptive
neurons; thus hyperexcitability mutations cause neuropathic pain disorders, whereas hypoexcitability

mutations cause congenital painlessness*1>2,

Studying Nav channelopathies that are associated with pain-related phenotypes has led to an
understanding of each VGSC’s unique biophysical profile, and how their integrated activity controls
nociceptor excitability (see Section 1.3). GOF mutations in SCN9A to SCN11A (encoding Nav1.7 to
Nav1.9) enhance their tendency to activate, or interfere with their inactivation, so that nociceptors
are more prone to firing action potentials. Associated conditions include inherited erythromelalgia
(IEM), paroxysmal extreme pain disorder (PEPD) and small fibre neuropathy (SFN)*2. In contrast, LOF
SCN9A mutations reduce Navl.7 conductance and thus hinder the amplification of generator
potentials!'*!3, while certain GOF SCN11A mutations depolarise the resting membrane potential such
that other Nav channels are inactivated; both result in congenital insensitivity to pain (CIP) at the

clinical level'5118,



27

2.1.2 - Structure-Function Relationships of Nav Channels

From measuring ionic contributions to the action potential in squid axons, Alan Hodgkin and Andrew
Huxley derived mathematical expressions to describe the time course of voltage-sensitive potassium
and sodium ion currents. These equations predicted that Na* conductance was controlled by the co-
ordination of three activating components (m-gates) and one inactivating component (h-gate), so that
the neuronal membrane was only permeable to sodium ions when the three m-gates were open, and
blocked when the h-gate rapidly shut®>*. This theoretical model of a voltage-sensitive and sodium-
selective channel was built upon through biophysical studies by Bertil Hille and Clay Armstrong, who
proposed the voltage-dependent gating particles must accommodate a transmembrane pore with size

and chemical properties that determine ion selectivity®>

. Molecular cloning of VGSC ¢cDNAs uncovered
the existence of multiple channel subtypes with highly homologous secondary structures and critically
conserved residues; however, electrophysiological study of individual subtypes in heterologous
expression systems (without interference from the assorted ion channel currents in native tissues)

revealed subtle differences between them?®>%%%7,

Human VGSCs are produced from a single chain of 1700-2000 amino acids that folds into four
structurally homologous domains (DI — DIV), each domain consisting of six a-helical transmembrane
segments (S1 — S6) and connected by alternating intracellular and extracellular loops (see Figure 2.1).
The S5 and S6 segments from each domain form the walls of the central pore, closed off from the
cytoplasm by an intracellular gate that opens upon channel activation. The extracellular S5-S6 loops
form a funnel-like vestibule that attracts cations towards the ion selectivity filter, through which only
sodium ion flow is permitted. The S1 to S4 segments form the outer voltage-sensing modules which
shift vertically through the membrane in response to local changes in membrane potential. Finally,
the intracellular S4-S5 linkers play a critical role in co-ordinating the movements of the main functional

modules, so that voltage sensor activation is coupled to opening the pore##1%8,

The pore is the central axis around which the VGSC is built, providing an energetically favourable
pathway for charged sodium ions to pass across the lipid membrane. The extracellular funnel is formed
from the disordered S5-S6 ‘pore loops’, drawing hydrated cations close to the pore edge. The loops
dip partially into the transmembrane space, where each domain contributes a single residue to the
sodium ion selectivity filter — DEKA (domains: | = aspartic acid; Il =glutamic acid; Ill = lysine; IV =
alanine). The pore is filled with water and narrowest at the selectivity filter, exhibiting over 10-fold
preference for sodium ion permeation over other biologically relevant metal ions: Na* > K*> Ca?* >>

Cl~ (~1.00:0.08:0.02:<0.01)***. The width of this site favours hydrated sodium ions over the larger
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potassium ion?*%%, but the presence of the domain lll lysine residue is also crucial for sodium over
potassium ion selectivity; substitutions to alternative positively charged, hydrophobic or larger
aromatic residues result in almost equivalent permeability to sodium or potassium ions'®t. The amino
acid composition of the filter also determines selectivity of monovalent sodium ions over divalent

calcium ions and negatively charged chloride ions!®%161.162,

Below the filter is a larger central cavity which is closed off from the cytoplasm by an activation gate®.
In the human Nav family, conserved aromatic residues from the base of each S6 segment make the
activation gate (domains: | = tyrosine; Il, Il & IV =phenylalanine)®*. The S4-S5 linkers form a
constricting collar around the base of the S6 segments at rest; this loosens upon channel activation,
allowing a subtle turn of the S6 segments to shift the large, hydrophobic side chains of the activation
gate away from the lumen of the pore!®®!> Hence, distal conformational changes in the voltage
sensors are communicated via the S4-S5 linker to open the intracellular end of the conduction

pathway in a voltage-sensitive manner.

The concentration of charged amino acids in S1-S4 mediate the voltage-sensitive action of VGSCs.
Primary sequence analysis showed a consistent motif in each S4 segment, where positively charged
arginines or lysines are positioned at every third residue with hydrophobic residues in between. This
patternis not present in S1-S3 segments, although S1 and S3 favour negatively charged residues, while
S2 segments contain a mixture of both charges. This is in stark contrast to the absence of charged
residues in the S5 and S6 segments>®1%®_|t is energetically costly for charged residues to occupy the
hydrophobic transmembrane environment, but by forming ion pairs between oppositely charged
residues in proximal segments, the electrostatic forces are neutralised, and the protein structure
remains stable. The ‘sliding-helix’ model of voltage-sensing relates this static structural data with
Hodgkin & Huxley’s model of gating particles to explain the conformational shifts required for VGSC

activation and inactivation.

At rest, the net negative charge at the intracellular membrane surface pulls the positive S4 gating
charges towards the cytoplasm, holding the channel in a closed state as the activation gate has sealed
the conduction pathway. Local depolarisation releases this electrostatic force, allowing the voltage
sensors to move upwards in the membrane and activating the channel. Voltage sensor movement
changes the orientation of the S4-S5 linker such that the base of the S6 segments rotate apart like a
camera shutter, increasing the inner diameter of the pore and opening the activation gate for sodium

ion conductance. The outward movement of S4 segments is rapid but controlled, rotating in relation
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to the S1-S3 segments so that S4 gating charges exchange ion pairs from the intracellular to

extracellular negative clusters in S1-53144163,

In vertebrate VGSCs, the voltage sensors of domains | and Il activate first, followed by domain Il and
then IV; sequential activation of domains I-lll corresponds to Hodgkin & Huxley’s m-gates while
domain IV acts as the h-gate mediating fast inactivation. This is due to an “IFMT” motif (isoleucine,
phenylalanine, methionine, threonine) on the intracellular linker between domains Ill and IV being
pulled towards a hydrophobic pocket close to the activation gate; this tightens the diameter of the
pore at the intracellular edge, effectively blocking conductancel®®'®’, Recovery from the fast
inactivated state occurs within milliseconds; the downward movement of voltage sensors from
domains 1l and IV displaces the fast inactivation particle from its binding pocket, followed by the

sensors in domains | and Il as the membrane repolarises to the resting potential®®®.

VGSCs also exhibit slow inactivation, a property that builds up over repeated channel activations to
reduce channel availability and avoid excitotoxicity. The structural basis for this phenomenon appears
to be an asymmetric collapse of the pore, with two opposing S6 segments moving towards the central
axis and two moving away; this distorts the shape of the pore at the ion selectivity filter, along the
central cavity and at the activation gate, preventing hydrated sodium ions from passing through6316°,
Reduced mobility of the voltage sensors is also implicated in slow inactivation; immobilisation of the
sensors from domains | and Il correlate closely with entry into slow inactivation, while remobilisation
of the domain lll sensor drives recovery, which requires an extended period at the resting membrane

potential’®. The order and mechanism by which the two modules become trapped remains elusive.
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Figure 2.1: Structural organisation of Nav channels and important pore sub-domains.
Representations of VGSC structure include (A) transmembrane topological diagrams, with S1 to S4
segments in light blue and S5 to S6 segments in orange; (B) models of the 3D folded channel, based
on atomic co-ordinates of Nav protein structures; (C) contributions of the S5 and S6 segments to
forming the wall of the pore (carbonyl backbone traces in purple), and volume of the permeation
pathway (grey). Adapted from Fux et al. (2018); Kapetis et al. (2016); Catterall & Swanson (2015).
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2.1.3 - Molecular Determinants of Navi.7 Function and Subcellular Localisation

Two further aspects of the a-subunit structure are relevant to Nav1.7 function. Homodimers of Nav1.5
and Nav1l.7 were recently discovered, held together via their domain I-Il intracellular linkers through
the 14-3-3 protein and direct a-subunit interactions¢”*’1, Cell lines stably expressing wild-type Nav1.7
produced identical currents whether the dimers were present or disrupted by a pharmacological 14-
3-3 binding inhibitor, difopein. Upon coupling wild-type channels with channels with patient
mutations (i.e., mimicking a heterozygous genotype), pathogenic persistent currents emerged, or
current density decreased, in the GOF and LOF conditions respectively. These effects were abolished
by difopein treatment, recovering close to homozygous wild-type function'®’. Functional coupling is
particularly relevant to SCN9A GOF mutations that cause painful disorders, which are always dominant
alleles. Reducing persistent currents by inhibiting dimer formation may therefore produce a

meaningful reduction in nociceptor excitability and pain sensation.

The other modulatory feature of Nav1.7 structure and function arises from two alternative splicing
events!’2, The first choice is from mutually exclusive exons termed 5N and 5A due to their enrichment
in neonatal vs adult tissues. Their encoded protein sequences only differ by two residues; 5N places a
leucine at the top of the S3 segment in domain |, and an asparagine five amino acids away in the S3-
S4 linker, whereas these two residues in 5A are replaced by valine and aspartic acid respectively'’3.
The leucine to valine substitution reduces the size of the side chain but both amino acids share similar
biochemical properties. The asparagine to aspartic acid substitution is less conservative, imparting a
negative charge in the extracellular region and potentially removing an N-linked glycosylation site. The
second splicing event differs by the use of alternative splice donor sites in exon 11, resulting in a short
(11S) or long (11L) form'2173, The extension adds a series of 11 amino acids “VIIDKATSDDS” into the

intracellular linker connecting domains | and Il

All splice isoforms of SCN9A (5N11S/5N11L/5A11S/5A11L) are expressed at the RNA level in adult
human DRG tissue'’2. The encoded proteins produce currents of similar magnitude and possess similar
gating kinetics apart from an alteration to fast inactivation in 5N vs 5A isoforms. The exon 5 duplication
of SCN9A was identified in structurally equivalent exons of five other VGSC genes'’*, with the adult
variant of Nav1.1, Nav1.2 and Navl.7 conferring slower recovery from fast inactivation and lowered
channel availability following trains of short depolarisations'’>'’>, Intriguingly, the effects of some GOF
SCN9A mutations on channel gating and cellular excitability are enhanced on the 5A variant

background, which may explain the later onset of pain symptoms in these cases’®'"’.
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Equivalents of the exon 11 addition in SCN9A have been found in SCN1A (VIIDKPATDDN) and SCN8A
(VKIDKAATDDS)?, as well as more extensive variation of the domain I-ll linker in SCN3AY’®. Exon 11
isoforms of Navl1.7 display similar properties at baseline, but are differentially modulated by
interacting proteins’>'’°, For example, phosphorylation of 11S isoforms by protein kinase A (PKA)
causes a hyperpolarising shift in activation when compared to its dephosphorylated state. This
modulation was absent in 11L isoforms, possibly due to a structural change in the domain I-Il linker

that obscures phosphorylation sites or disrupts the binding site for a PKA scaffolding protein7318°,

The NavB1 subunit has also been shown to modulate Nav1l.7, significantly increasing current density
when co-expressed with each splice variant. The influence of f1 on Nav1.7 gating parameters could
be separated into a hyperpolarising shift of voltage-dependent activation mediated by exon 5 (larger
in 5N than 5A isoforms), and a depolarising shift in voltage-dependent inactivation mediated by exon
11 (larger in 11L than 11S isoforms). The magnitude of the change in channel availability, and thus
current density, in the presence of B1 is dependent on which splice isoform is present; the largest

being a 6-fold increase in current density at -20 mV when the 5N11L isoform was expressed’®,

With regards to tissue-specific expression, the cDNA for Navl.7 was first cloned from a human
neuroendocrine cell line, hence an early name for the channel being ‘hNE’. mRNA transcripts were
detected in mammalian adrenal and thyroid glands, but absent from the brain, heart and other major
organs where different VGSC subtypes had been identified®®. The rodent orthologue PN1 was shown
to be highly expressed in the peripheral nervous system, restricted to sensory and sympathetic
neurons rather than glial cells!®. In rodent DRG, in situ RNA analysis showed SCN9A transcripts were
enriched in both myelinated and unmyelinated TrkA-positive sensory neurons (i.e., Ad and C
nociceptors)'®218, More recent single-cell transcriptomics analyses have also detected low levels of

SCN9A in AB LTMR fibres, but it is virtually absent in proprioceptors3®:184185,

At the subcellular level, Nav1.7 protein has been detected along the whole length of nociceptor axons
from peripheral terminals innervating the skin to the pre-synaptic central terminals at the dorsal horn.
They are also detected at the nodes of Ranvier in small diameter myelinated axons, bounded by caspr-
positive paranodal regions'®. Nav1.7 appears to be concentrated in somatic and axonal intracellular
pools®187 hut distributed as relatively sparse nanoclusters in the cell membrane; however delivery

187 A recent study showed

to the cell surface is upregulated in the presence of inflammatory mediators
Nav1.7 may also be transferred across the central synapse and localised onto the dendrites of post-

synaptic spinal neurons in lamina Il of the dorsal horn, where it modulates the action potential
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threshold and neuronal firing properties!®. Nav1.7 has recently been detected in third order neurons
of the nociceptive pathway that connect discrete structures of the parabrachial nucleus and thalamus

to the amygdala, responsible for the aversive quality of nociceptive inputs®.

The abundant expression of Navl.7 in human DRG supports its importance in sensory neuron
excitability. SCN9A is the predominant subtype expressed, making up over 40% of the total of all VGSC

190

subtype transcripts®®, while Nav1.7 protein is detected in approximately 90% of all sensory

neurons!®!

. As with rodent systems, Nav1.7 expression extends from DRG along central axons and into
laminae | and Il of the spinal cord®. At the peripheral terminals, Nav1.7 is found in the epidermal layer
and upper epidermis but absent from Meissner’s corpuscles, a peripheral end organ innervated by AB
fibres®2, Nociceptors derived from human induced pluripotent stem cells (iPSCs) exhibit a similar
subcellular distribution of Nav1.7 as seen in primary cultures of rodent DRG neurons — the channel is

concentrated in the cell soma, but puncta are visible along unmyelinated axons or localised to nodal

regions in myelinated co-cultures!,

The delivery of VGSCs to the plasma membrane is regulated by specific interactions along the
secretory pathway!®. VGSC polypeptides are translated at ribosomes associated with the rough
endoplasmic reticulum (ER), followed by protein folding and core glycosylation within the ER.
Molecular chaperones such as calnexin monitor the assembly of nascent channels, directing misfolded
proteins for degradation. Correctly folded proteins are inserted into the ER membrane and
transported to the Golgi, where they undergo further glycosylation. The trafficking endosomes that
carry Nav channels from ER to Golgi to plasma membrane move along microtubule tracks, dependent
on direct or indirect interactions between the channel and kinesin motors. Upon reaching the cell
surface, endosomes must fuse with the plasma membrane where channels may be anchored by other

transmembrane and cytoskeletal factors'®*%4.

Compared to other sensory Nav channels, few specific regulators of Nav1.7 transport are known!®>,
For example, both the kinesin KIF5B and adaptor protein p11 support the forward trafficking of
Nav1.8, but an equivalent role for Nav1.7 has been dismissed'®®'%’, However, beta subunits B1 and B3
have been shown to promote Navl.7 localisation to the membrane via alternative glycosylation
routes'®8, and in cultured DRG neurons, Nav1.7 is transported primarily via Rab6A-positive vesicles!®’.
CRMP2 is another key regulator of Navl.7 membrane localisation, driving the balance between

membrane insertion versus ubiquitin-mediated internalisation%%2%,
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2.1.4 - Pathogenicity of SCN9A-CIP Mutations - LOF at the Molecular Level

Soon after dominant GOF mutations in SCN9A were discovered to cause extreme pain disorders?°:202,
homozygous truncating mutations were mapped to SCN9A in three families with CIP'>3, Their painless
phenotype was unique in that they had normal intelligence and autonomic function, and initially
without evidence of peripheral sensory neuropathy. Subsequent case reports highlighted anosmia as
an additional distinguishing feature of this form of CIP?2°32%, The SCN9A-CIP mutations were predicted
to cause LOF at the molecular level via nonsense-mediated mRNA decay, or from premature
truncation of the protein sequence before the third domain — therefore lacking half of the a-subunit
structure. Channel function was assessed by voltage-clamp electrophysiology in HEK293 cells, which
have sufficient cellular machinery to produce fully functional WT Navl.7 channels and is well
established in biophysical characterisation of mutant VGSCs. While the wild-type channels produced

robust currents with the expected voltage-dependent profile, Nav1.7 CIP mutants produced negligible

current, equivalent to background when no a-subunits were expressed®®,

CIP is an incredibly rare condition, and aside from the neurotrophin receptor gene NTRK1, LOF
mutations in SCN9A have emerged as one of its most common causes!®. These include truncations

203,205.206. 3 in-frame deletion that

due to nonsense substitutions, frameshifts and mis-splicing
extracted a string of amino acids from the translated protein®”’; or missense substitutions that alter
single functionally critical residues in an otherwise fully folded channel*427-299, SCN9A-CIP is inherited
in an autosomal recessive manner, meaning patients can carry different LOF mutations in each allele.
Because patients display such a distinct clinical phenotype, most reported mutations have been
associated with disease based on expected segregation of variants in the affected family, population

frequency data and predictions from bioinformatic tools?*°.

Of the mutations that have been functionally assessed in vitro, electrophysiological analysis has shown
that Navl.7 mutants with truncations before the C-terminal tail are completely non-
conducting!#1%3211.212 | contrast, the nonsense mutation Leu1831X displayed a 3-fold reduction in
peak current density as well as subtle changes in activation and inactivation that would reduce channel
availability and therefore excitability at the cellular level. This mutation retains all four VSDs, the ion
selectivity filter and gating components of the a-subunit, only excluding the last 146 residues of the
C-terminus, thus illustrating the functional importance of the C-terminal domain?®. This CIP patient
was compound heterozygous for Leu1831X and Alal236Glu, a missense mutation that also exhibited

partial LOF with over 6-fold decrease in peak current density and a small but significant
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hyperpolarising shift in fast inactivation. The genotype of this patient was the first indication that a

substantial but incomplete LOF in both alleles may be sufficient for congenital analgesia in humans2®,

Of the nine SCN9A-CIP missense mutations published (illustrated in Figure 2.2 and listed in Table 2.1),
seven have been functionally assessed by whole-cell voltage-clamp electrophysiology on a HEK293 cell
background. Substitutions of Arg896GIn or Arg896Trp in the DII:S5-S6 pore-loop, and Glyl1725Arg at
the top of the DIV:S6 transmembrane helix, all resulted in virtually complete loss of conductance!'42%7,
Four missense mutations caused a 50-90% reduction in peak current density — Arg99His and
Trpl775Arg in the intracellular N-terminal and C-terminal tails; Trp917Gly in the DII:S5-56 pore-loop;
and Ala1236Glu in DIII:S2 transmembrane helix?%2%, Lys376GIn and Cys1719Arg are located in the
S5-56 pore-loops of domain | and domain IV respectively, but the mechanisms behind their LOF have
not been investigated?’®?!4, In addition to electrophysiology, semi-quantitative methods have
sometimes been used to demonstrate a reduction in total protein expression and plasma membrane

localisation compared to wild-type control constructs?%72%,

Extracellular

Intraceliular

Arg99His Lys376GIn Arg896Trp Trp917Gly Alal236Glu Cys1719Arg

Arg896Gin Gly1725Arg
Trpl775Arg

Figure 2.2: Genetic and structural locations of novel SCN9A-CIP patient mutations
Locations of published missense SCN9A-CIP patient mutations. Only those in blue have been
functionally characterized; see Table 2.1 for patient histories and details of functional assessment.



Table 2.1: Published Missense SCN9A-CIP Mutations
All amino acid numbering based on the 115 splice variant
ICC: immunocytochemistry; WB: western blot; WC-VC: whole-cell voltage-clamp electrophysiology; PC12: rat-derived pheochromocytoma cell line;

HEK293/-A/-T: human embryonic kidney cell lines; n.s.: not statistically significant

I\Il\llllﬁfThll(s)IIE\l Mslf':':g'll'\llODN REFERENCE ICC WB WC-VC COMPARISON TO WILD-TYPE
(2010) | 4| [ICC] Reduction in plasma membrane localisation
Arg836Gin | Arg896Gin Cox?%7 PC12 HEK293A [WC-VC] Complete loss of sodium conductance
L 4} [WC-VC] >65% reduction in peak current density
Trpl775A lice- *
rp1775Arg | Splice-site (2015) HEK293 [WC-VC] 11.8 mV depolarized shift of V12 activation
Emery?%8 i o . )
Arg1236Glu | Leul831X HEI%% {wg-za ;.865;:\;elfyupc:rc;rc])Il:rizizksfmlijfrtrz?:/?/f?:;iyinactivation
Intronic 4} .
Arg896Trp variant** (2019) HEK293T [WC-VC] Complete loss of sodium conductance
McDermott! M - i
Gly1725Arg Tyr897X HEK293T [WC-VC] Negligible sodium conductance
[WC-VC] ~50% reduction in peak current density
Tr0917G] 7 7 7 [WC-VC] ~2 mV depolarized shift of V1, activation (n.s.)
Arg99His p*** y HEK293 HEK293 HEK293 [WC-VC] ~2 mV hyperpolarized shift of V12 fast inactivation (n.s.)
~50% reduction in total protein expression
2020 [WB] ~50% reduction i I i i
Sun?®? [ICC] ~55% reduction in Nav1.7-specific fluorescence
Arg99His 7 7 7 [WC-VC] ~90% reduction in peak current density
Trp917Gly ok HEK293 HEK293 HEK293 [WB] No s.|gn.|f.|cant d.|fference .|n total proteln. t.expressmn
[ICC] No significant difference in Nav1.7-specific fluorescence
. , (2011)
_ *
Cys1719Arg | Splice-site Staud?i3
Lvs376GIn Frameshift (2014) No functional assessments — diagnosis based on clinical phenotype, plus segregation of genetic variants and
¥ HA A Shorer?'* disease in affected case only consistent with autosomal recessive inheritance.
(2021)
Arg896Trp Arg896Trp Palma2ls

* Different splice-site mutations: predicted to trigger nonsense-mediated mRNA decay in (2015) Emery et al.2%; shown to skip exon 17 in (2011) Staud et al.?!3
** Intronic variant of unknown significance
*** Both missense mutations in the same proband
**** Chromosomal alteration (c.1124delG) causes a frameshift and premature truncation in DI:S6

36
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2.1.5 - Phenotypic Features of SCN9A-CIP in Humans

Congenital onset of painlessness is usually identified by lack of distress from the teething period
onwards, which results in self-mutilation of the lips and tongue. Affected children may also be
unbothered by needles during immunisations or other medical procedures. Patients possess a variety
of painless injuries from bruises and cuts to amputated digits, burn wounds and bone fractures®,
Injuries tend to be poorly healed due to the absence of pain that would otherwise prompt taking time
out to recover; for example, repetitive fractures can lead to Charcot’s joints and the eventual loss of
limb use unless the patient learns to recognise other signs of injury and to carefully monitor their
behaviour?®®21%, Medical histories and quantitative sensory testing have determined that these
individuals can detect changes in mechanical and thermal stimulus intensity into noxious
ranges!#153203 Kyt without the aversive character of pain they are not motivated to modify their
behaviour. However, one SCN9A-CIP case has described feeling a “tingling” sensation when exposed
to noxious stimuli and learned by experience to avoid such situations!®. Light touch, vibration sensing
and proprioception are all unaffected, reiterating the unique significance of Navl.7 function in

nociceptors. Temperatures within safe limits are also perceived normally1#153.203,

SCN9A-CIP can be clinically differentiated from other genetic causes of painlessness if the patient is
anosmic and has no deficits in cognitive development or in motor, autonomic and gastrointestinal
function. If other family members are affected, the pedigree would indicate an autosomal mode of
inheritance which should be verified by targeted gene sequencing®. The corneal blinking reflex and
ability to form tears (dependent on parasympathetic nerves and sensory reflex arcs) are thought to
be intact in most SCN9A-CIP patients!®, however due to corneal nociceptor dysfunction, trauma to
the eyes can reduce corneal responses?®*2%’, Visceral pain is also absent as illustrated by pain-free
abdominal surgeries and pregnancy?*2%4, Curiously, three female SCN9A-CIP patients have been

reported to experience pain of visceral, headache or neuropathic nature after childbirth?%2%7

—despite
never feeling pain before, their behaviour and verbal descriptions clearly reveal severe discomfort.
Why pain emerges after this event is unclear although some have hypothesised that endogenous

F113,218

opioid signalling, which appears to be mis-regulated upon Nav1.7 LO , may be drastically altered

during recovery from labour?!2,

In neurodevelopmental forms of CIP caused by NTRK1, NGF8 and PRDM12 mutations, nociceptors fail
to form as established by skin and nerve biopsies'?*?1%22%; evidence of neuropathy in SCN9A-CIP
however is more contentious. In earlier case series, patients appeared to have the normal

complement of myelinated and unmyelinated nerve fibres present in sural nerve biopsies!®*203207 |n
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addition, sensory nerve conduction velocity is frequently within normal ranges , although
sensory nerve amplitudes were slightly reduced in two cases which was attributed to damage from
surgeries and past injuries'*2%4, Several other patients had absent or noticeably reduced action
potentials in some sensory nerves but normal recordings in others; whether these also correlated with
older tissue traumas was not elaborated on?”. Histamine response tests in SCN9A-CIP patients
produced the “wheal and flare” typical of neurogenic inflammation!%2932%7; thijs response is

dependent on the activation of histamine receptors on peripheral terminals innervating the skin, plus

sufficient membrane excitability for the axon reflex arc to stimulate local vascular tissue®.

Unexpectedly, an almost complete lack of nociceptive fibres crossing into the epidermis has been
observed in all five SCN9A-CIP cases who have had skin biopsies taken#2042% Microneurographic
recordings from three of these inidviduals'* (a more precise technique for studying small fibre
dysfunction than nerve conduction studies??!) revealed a complete absence of nociceptor conduction
profiles whereas C-fibre thermoreceptive and low-threshold mechanoreceptive transmission were
unaffected. Curiously, histamine-induced flare responses were still intact. Thus, partial denervation
may be a true feature of SCN9A-CIP, but whether loss of Navl.7 activity is involved in a

neurodevelopmental defect in axon guidance or die-back of peripheral terminals is unknown.
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2.1.6 - Physiological Basis of Painlessness in SCN9A-CIP

Several SCN9A knockout mouse models have been generated to investigate the physiological basis of
painlessness. As in humans, global SCN9A embryonic-knockout mice were anosmic, indicating the
critical role for Nav1.7 in olfactory signal transmission is conserved between species??2?2, With
assisted feeding at the neonatal stage, adult knockouts grew to comparable size of wild-type mice and
displayed normal movement and tactile sensitivity. Transient swelling and skin flare were observed
following injection with complete Freund’s adjuvant and histamine respectively, indicating neurogenic
inflammation was intact, although unlike CIP patients, global knockout mice exhibit normal
innervation of the epidermis as demonstrated by PGP9.5 staining. Behavioural assays demonstrated
a complete loss of acute nociception in mechanical, thermal and chemical modalities, as well as

inflammation-induced hypersensitivity to thermal stimuli??2

. Whole-cell patch-clamp analysis showed
that dissociated DRG neurons from knockout mice still expressed a TTX-sensitive current, likely from
Nav1.1, Nav1.3 or Nav1.6%019%224 However, in a skin-nerve preparation where C fibre responses could
be isolated, mechanical stimulation of knockout animals produced a 6-fold lower action potential
frequency than in wild-type controls??, This data mirrors the clinical picture of human SCN9A-CIP

patients, implying that a significant but incomplete reduction in nociceptor firing may be sufficient to

alleviate acute nociceptive and longer-term inflammatory pain.

Conditional SCN9A knockout mice have also been used to study the role of Nav1.7 in nociception,
however they do not recapitulate all features of CIP patients. Mice with SCN9A embryonic-knockout
from Nav1.8-expressing cells (representing a large proportion of nociceptors), could tolerate noxious
blunt pressure up to the maximum cut-off point. However, these mice retained their sensitivity to
noxious punctate mechanical stimuli??>%2%, analogous to pinprick pain which is tolerated in humans
with SCN9A-CIP14203206 - Sensijtivity to noxious thermal stimuli also varied depending on the
behavioural assay used. Knockout mice displayed increased withdrawal latencies compared to wild-
type mice in the Hargreave’s test, but produced similar responses to wild-type mice in the hot plate
assay?%>2%6 |t was later shown that responses to thermal stimulation in the latter assay are mediated
supraspinally and depend on the integration of nociceptive and sympathetic input, whereas the
Hargreave’s test assesses spinal reflex responses. Hence, thermal insensitivity in the hot plate assay

has only been observed when Nav1.7 is deleted from both sensory and sympathetic neurons??%2%’,

Reducing nociceptor input into the spinal cord via Nav1.7 inhibition was also shown to abolish the

225,226,228

development of mechanical and thermal allodynia as well as spontaneous pain induced by

formalin injection??%226227 \With regards to chronic pain, sensitivity to noxious stimuli before and after
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spinal nerve ligation has been used to track the development of neuropathic pain following nerve
injury. Surprisingly, nociceptor-specific knockout of Nav1.7 had no effect on the emergence and time
course of mechanical allodynia up to 4 weeks following nerve injury??®2?’, However, removal of Nav1.7
from both sensory and sympathetic neurons lessened the degree of mechanical hypersensitivity
within the first week, and these knockout mice recovered baseline function 10 days after injury; in
contrast, wild-type mice continued to exhibit significant mechanical hypersensitivity for 28 days
without improvement??’. These results complement human data that suggest peripheral Navl.7

modulation could reduce chronic pain in inherited and acquired neuropathies??*-231,

Electrophysiological studies have produced somewhat conflicting results as to the impact of Nav1.7
on nociceptor excitability. In vivo, Nav1.7 knockout in mechano-sensitive nociceptors did not affect
the action potential threshold at peripheral terminals, but slowed axonal conduction velocity by ~20%
which was attributed to the stronger depolarisation required to activate Nav1.8%32. In contrast,
patient-derived iPSC nociceptors with SCN9A mutations did exhibit an increased rheobase, resulting
in a lower action potential frequency in response to suprathreshold current stimuli and longer ramp
currents'®, This difference may be due to the human in vitro model not expressing the full

complement of channels as in native tissue, or a true species difference in nociceptor electrogenesis.

Surprisingly, in another study of peripheral Nav1.7 knockout mice, nociceptor excitability up to the
cell body was unaltered (assessed in vivo by calcium imaging and extracellular DRG recordings),
despite these knockout mice displaying an equivalent analgesic phenotype as SCN9A-CIP humans.
Instead, the absence of functional Nav1.7 was shown to reduce excitatory neurotransmission by
increasing the presynaptic current threshold required for glutamate release at central terminals. This
was associated with a reduction in spinal responses to noxious thermal and mechanical stimulation of
nociceptors, specifically the number of evoked spikes in wide dynamic range (WDR) neurons!®3, A
deficit in excitatory neuropeptide release and spinal responses has been observed in other studies of
115,225,227

Nav1.7 knockout mice, as well as after pharmacological inhibition of Nav1.7 in wild-type mice

indicating synaptic transmission at the central synapse is the pivotal site producing painlessness.

A further discovery from this body of work was the interplay between Nav1.7-specific conductance
and opioidergic signalling in producing painless phenotypes. The endogenous opioid proenkephalin, a
precursor to enkephalin peptides, was previously shown to be upregulated at the mRNA level in
Nav1.7 knockout mice which coincided with a 2-fold increase in Met-enkephalin peptides at the

nociceptor central terminals. The transcriptional change was specifically modulated by intracellular
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sodium ion concentration as opposed to calcium ions, a classical second messenger, and was not
observed in Nav1.8 or Nav1.9 knockouts that also display a CIP phenotype. Strikingly, the opioid
antagonist naloxone reversed thermal and mechanical analgesia in Navl.7 knockout mice,
demonstrated by behavioural assays and enhanced electrical activity of spinal WDR neurons. A SCN9A-
CIP patient also temporarily regained pain sensation following intravenous naloxone treatment,

recognised by verbal reports and psychophysical study?*.

In addition, transcripts for the serotonin receptor 5-HT4 were lowered in nociceptors from Nav1.7
knockouts; the activation of this GPCR stimulates PKA activity, augmenting Nav1.8 currents and pro-
nociceptive transmission. The change in 5-HT4 expression in Nav1.7 knockout mice led to a reduction
of PKA activity, which was further dampened by fentanyl and DAMGO, a non-specific opioid receptor
agonist and MOR-specific agonist respectively?3. These results suggest the absence of Nav1.7 current
leads to transcriptional changes that promote anti-nociceptive adaptations of peripheral nociceptors.
In support of this theory, the upregulation of proenkephalin alone does not produce analgesia;
knockout of NFATS5, a putative transcriptional repressor of the PENK gene, increases PENK mRNA levels

but had no effect on pain thresholds in these mice®*.

However, the contribution of opioid signalling to painlessness in SCN9A-CIP humans is not universal.
Naloxone treatment in 2 of 3 patients led to a temporary recovery of pain sensation, whereas there
was no effect in the third'!*?!8, This deviation may be explained by the patient genotypes; those
affected by naloxone possessed mutations that would cause complete LOF in both their Navl.7
mutant alleles, either due to nonsense-mediated decay or non-conducting channels!1%114.204.205218 The
third patient was compound heterozygous for the nonsense mutation R830X and a late frameshift
mutation (FS1773) in the C-terminal domain!®?!; the former mutation completely abolished
conductance while the latter mutant channel was still partially functional but displayed an 8-fold
reduction in current density!’*. Yet in human iPSC-derived nociceptors with CRISPR-mediated
knockout of Navl.7, PENK mRNA levels were not altered and naloxone had no effect on cell
excitability, although neurotransmitter release was not measured in this model'!*, Taken together,

this data suggests a complete absence of Nav1.7 current is required for opioid-mediated adaptation

in vivo, but this mechanism may not be recapitulated in current stem cell-derived models.
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2.2 OBJECTIVES

In this project, we sought to expand our understanding of how Nav1.7 function may be disrupted by
localised changes in protein structure. Six novel missense mutations in SCN9A were identified from
patients diagnosed with CIP. The unique clinical phenotype in these patients, and the presence of
these missense mutations in trans with a second SCN9A mutation, provided strong grounds for their

pathogenicity (see Figure 2.3A-B).

In silico analysis tools were employed to evaluate the following:
l. How conserved are the affected residues, across species and within the VGSC family?
II.  Where are the affected residues located within the tertiary folded structure of hNav1.7?

Il. How do the biochemical properties of the native and substituted amino acids differ?

While bioinformatics analysis can be informative, limits in our understanding of the complex structure-
function relationships of voltage-gated ion channels mean false predictions can be made?3>. Therefore,
to prove the missense mutations are pathogenic (i.e., cause a change in molecular function that could
impair nociceptor signalling), | developed in vitro assays investigating several essential aspects of
Nav1.7 function in transiently transfected cells, which were later confirmed in stable cell lines (see

Figure 2.3C).

Of note, five of our CIP mutations were studied in both transient and stable expression systems. The
sixth mutation (A1687P) was identified in early 2019, by which time | had moved onto the stable cell
line generation. The R896W and G1725R mutations were independently studied by McDermott et al.

who also found these mutants to be non-functional**.

In vitro assays were used to answer the following questions for each mutation:
l. Does the subcellular distribution of wild-type and mutant channels differ?

II.  Are mutant channels able to localise to the plasma membrane?

M. If so, do they display any differences in biophysical profile compared to wild-type channels?
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Figure 2.3: Objectives for SCN9A-CIP mutation characterisation

(A) Genomic locations of SCN9A-CIP mutations used in this project — matching colours indicate
compound heterozygous mutations in the same patient (see also Table 2.3). The T342M mutation
was inherited homozygously while R911H was the only SCN9A mutation identified in that patient.
(B) Protein structure locations of missense mutations studied in this project. (C) Molecular
approaches for the functional assessment of these mutations. Figure created with BioRender.com.

43



2.3 METHODS

2.3.1 - Clinical Information and Genetic Data on SCN9A-CIP Cases

Cases were referred through a specialist NHS clinic for genetic pain disorders at Addenbrooke’s
Hospital, Cambridge, UK. Detailed phenotype characterisation and clinical examination was carried
out (see Table 2.2), indicating SCN9A-CIP as the most plausible diagnosis!®®. Exome sequencing and
electronic filtration to a pain gene panel revealed SCN9A mutations in both alleles for 5 of 6 cases,
which were confirmed by Sanger sequencing in the NHS Genetics laboratory (see Table 2.3).
Annotation of the amino acid number affected is based on the SCN9A isoform with the short form of

exon 11 — i.e. missing the peptide sequence ‘VIIDKATSDDS’ at residues 648-658 from the canonical

sequence.

Table 2.2: Clinical information on new SCN9A-CIP cases

Y: Yes; N: No; T: too young to test

CLINICAL FEATURES OF CIP

SCN9A-CIP CASE

3 4

Impaired pain sensation

Impaired temperature sensation

Painless fractures and/or Charcot’s joints

Self-mutilating injuries

Corneal injuries

Anosmia

Frequent Staphylococcus aureus infections

Sweating dysfunction — anhidrosis or hyperhydrosis

Delayed cognitive development

Gut dysfunction

Pruritis

Z22|12|122|<|1Z2(2|Z2|2|<|m

zlzlzlz|z|<|z(z|<|z2|<|~
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Table 2.3: Genotype of new SCN9A-CIP cases

Case SCN9A Mutation Genotype | Nucleotide Change | Protein Change
1 Compound Heterozygous C.224T>C Leu75Pro
: U €.1927C>T GIn643X
2 Homozygous c.1025C>T Thr342Met
€.2686C>T Arg896Trp
C Het
2 EHEOUIE AR R c.377+5C>T Splice-site*
4 Sole mutation** c. 2732G>A Arg911His
5 Combound Heterozveous ¢.5059G>C Alal687Pro
? e C.2687G>A Arg896GIn
c.5173G>C Gly1725Arg
6 Compound Heterozygous C2691GoA Trp897X

(*): Splice-site mutation was confirmed as pathogenic in (2018) Shaikh et al.2%
(**): Child has formal CIP diagnosis, but too young to test for anosmia
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2.3.2 - In Silico Pathogenicity Prediction and Sequence Conservation Analysis

Canonical protein sequences were acquired from UniProt?® for members of the human VGSC family
and for Nav1.7 across several species — accession codes are listed in Table 2.4. Multiple sequence
alignments (MSAs) were generated using the EMBL-EBI Clustal Omega tool?*’ to compare amino acid
conservation at the mutation locations — MSAs can be viewed in Appendices C-E. Sequence
conservation figures were produced using Jalview software?®, The online PolyPhen-2 tool was run to
predict pathogenicity of missense mutations, using UniProt accession code Q15858-3 as the input
( ) and configured for output from the HumVar-trained

model?*°.

Table 2.4: UniProt accession codes for Nav channel MSAs

GENE ORGANISM SPECIES ACCESSION CODE
SCN9A Human Homo sapiens Q15858
SCN9A Macaque Macaca mulatta F7A8X1
SCN9A Cattle Bos taurus MoQVvy7
SCN9A Opossum Monodelphis domestica F6eQVC1
SCN9A Chicken Gallus gallus E1C4S2
SCN9A Rat Rattus norvegicus 008562
SCN9A Mouse Mus musculus Q62205

para Fly Drosophila melanogaster P35500
SCN1A P35498
SCN2A Q99250
SCN3A Q9NY46
SCN4A Human Homo sapiens P35499
SCN5A Q14524
SCN8A QouQDOo

SCN10A Q9Y5Y9
SCN11A QauI33

2.3.3 - Structural Modelling of Human Navi1.7 Channel

The structure for human Navl.7- B1-B2 complex, bound to a combination of animal toxins, was
recently solved by cryo-electron microscopy?*. Using the structure visualisation software Chimera?*,
a single model was chosen (Protein Data Bank ID code 6J8G) to pinpoint potential changes in local
structure caused by our CIP mutations. Beta subunits, toxins, and glycosylation groups were hidden,
leaving only the Navl.7 chain visible. Amino acid sidechains were mutagenized using the default

242

Dunbrack rotamer library*. Multiple sequence alignment of Nav1.7 splice variants with the sequence

of the resolved structure is presented in Appendix E to identify locations of the SCN9A-CIP mutations.


http://genetics.bwh.harvard.edu/pph2/
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2.3.4 - SCN9A Plasmids Used for Transient and Stable Expression

SCNIYA transcripts and the encoded Nav1.7 protein can exist as 4 possible isoforms depending on the
alternative splicing of exons 5 and 11. Nav1.7 isoforms encoded from adult versus neonatal exon 5
(5A vs 5N) differ by two amino acids — ‘5A’ encodes Val201 and Asp206, whereas ‘5N’ encodes Leu201
and Asn206. Exon 11 long versus short isoforms (11L vs 11S) differ by the presence or absence

respectively, of the sequence ‘VIIDKATSDDS’ within the domain I:Il intracellular loopt’%173177,

The SCN9A plasmids used in this project, see Figure 2.4A, encode the 5N11S isoform which was codon-
optimised for expression in mammalian systems, and were kindly gifted by Fiona Cusdin (MedImmune,
UK). An N-terminal FLAG tag and PreScission Protease recognition sequence precede the SCN9A gene,
followed by a flexible linker, thrombin cleavage site and poly-histidine tag at the C-terminal end, see
Figure 2.4B. Both plasmids employ a high-copy number origin of replication site derived from the
pBR322 plasmid. The ampR gene confers resistance to ampicillin and carbenicillin antibiotics, which

were used for selection of successfully transformed bacteria during plasmid propagation.

Where pcDNA4/TO_SCN9A was transiently transfected into HelLa and HEK293 cell lines, constitutive
expression of the SCN9A insert was driven by the CMV promoter. In contrast, once the pJTI-R4-DEST-
SCN9A plasmids had been integrated into the HEK JI TREX cell line, SCN9A expression is initially
repressed due to the stable expression of the tetracycline repressor protein (TetR) in the parental HEK
JI TREX cell line. TetR homodimers bind to a single tetracycline operator (TetO) sequence, blocking
gene transcription. Adding tetracycline or doxycycline compounds to cell culture media de-represses
gene expression; this is due to the higher affinity binding between TetR homodimers and the

antibiotic, causing a conformational change in TetR that releases it from the TetO sequence?*.
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Figure 2.4: SCN9A plasmid maps and encoded hNav1.7 construct

(A) Both plasmids were kindly gifted by Fiona Cusdin, encoding an identical Nav1.7 channel construct
as illustrated in (B). The pcDNA4/TO plasmids were used for transient transfection, while the pJTI-R4-
DEST plasmid was used to generate HEK JI TREX Nav1.7 stable cell lines.
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2.3.5 - Bacterial Propagation of SCN9A Plasmids

For initial experiments using the pcDNA4/TO_SCN9A plasmid, propagation was first attempted in
XL10-Gold Ultracompetent cells with 4% (v/v) B—mercaptoethanol (Agilent Technologies) according to
the manufacturer’s protocol. Transformed bacteria were plated onto agar plates of Luria Broth with
ampicillin (LB-Amp) and grown in a standing incubator at 37°C, 5% CO, overnight. Inoculated mini-

cultures and maxi-cultures were grown in a shaking incubator set to 37°C, 5% CO,and 220 rpm.

Despite variations in temperature and duration of incubation at each growth stage, plasmid yield was
either negligible or produced large-scale rearrangements in the wild-type plasmid. The optimisation
process is outlined in results section 2.4.3. Therefore, | switched to using MAX Efficiency Stbl2
Competent cells (Invitrogen) as recommended in the literature2*, This protocol successfully mitigated
our propagation issues and produced the best quality and yield of plasmid DNA in the shortest

timeframe.

For the transformation procedure, 50 ng plasmid was added to 25 ul Stbl2 cells and mixed gently by
swirling the tube. Cells were kept on ice for 25 minutes, then briefly heat-shocked at 42°C for 40
seconds, before sitting on ice for a further 2 minutes. After adding 400 ul SOC media (super optimal
broth with catabolite repression), the cells were then incubated in a 37°C shaking incubator for 90
minutes. Transformed bacteria were plated onto LB-Amp agar plates for incubation in a standing

incubator at 37°C overnight.

Single colonies were used to inoculate 5 ml LB-Amp mini-cultures the next day and incubated for 6
hours in a shaking incubator at 37°C. Plasmid DNA was extracted and prepared using the QlAprep spin
miniprep kit (Qiagen) for diagnostic restriction enzyme digests and sequence verification where
required. LB-Amp maxi-cultures were inoculated using 2-5 ml from individual mini-cultures and
incubated overnight in a shaking incubator at 37°C. Plasmid DNA was extracted and prepared using
the Genopure Plasmid Maxi Kit (Roche). All bacterial cultures were grown in LB with 100 pg/ml

working concentration ampicillin.

To check whether plasmid DNA had undergone any major duplications or rearrangements, diagnostic
restriction enzyme digests were conducted as detailed in Table 2.5. For pcDNA4/TO_SCN9A plasmids,
complete digestion with the Bglll restriction enzyme (NEB) at 37°C for 2 hours produced bands at
approximately 6.5 kb, 3.5 kb, 800 bp and 450 bp when run against the Hyperladder 1 kb molecular

weight marker (Bioline). This was in keeping with virtual restriction digest calculating four fragments
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at 6386, 3431, 824 and 432 bp. For pJTI-R4-DEST_SCN9A plasmids, a double digest was conducted
with the Ndel and HindllI-HF restriction enzymes (NEB) at 37°C for 2 hours. Both enzymes cut the pJTI-
R4-DEST_SCNO9A plasmid at single sites, producing two fragments of 7065 and 4114 bp.

Table 2.5 Reaction Components & Thermocycling Protocol for RE Digests of SCN9A Plasmids

Restriction Enzyme Digest Components for pcDNA4/TO_SCN9A plasmid

COMPONENT VOLUME (pl)

PCR grade water Make up to total volume =50.0
10X NEBuffer 3.1 5.0

Bglll (10.0 U/ul) 1.0

Plasmid DNA Volume for 1.0 ug

Thermocycling Parameters

STAGE TEMP (°C) TIME CYCLES
Incubation 37 2 hours -—-
Hold 4 oo —_—

Restriction Enzyme Digest Components for pJTI-R4-DEST_SCN9A plasmid

COMPONENT VOLUME (pl)

PCR grade water Make up to total volume = 25.0
10X CutSmart Buffer 5.0

Ndel (20.0 U/pul) 0.5

HindIll-HF (20.0 U/ul) 0.5

Plasmid DNA Volume for 500 ng

Thermocycling Parameters

STAGE TEMP (°C) TIME CYCLES
Incubation 37 2 hours
Enzyme Heat Inactivation 80 20 mins -—-
Hold 4 oo

2.3.6 - Plasmid Sequence Verification

All plasmid maxi-preps were sequence verified before use in molecular biology experiments.
Sequencing primers were designed to cover the entire SCN9A insert and immediately surrounding
regions of the plasmid backbone (see Appendix B). Sanger sequencing was initially done manually in-
house using the Big Dye Terminator v.3.1 cycle sequencing kit and ABI 3730xI DNA analyser (Applied

Biosystems). We later moved to using the Genewiz commercial Sanger sequencing service.

DNA inputs for Sanger sequencing were prepared in 96-well plates as described in Table 2.6, followed
by an ethanol purification protocol to remove salts and phenol from the PCR products. First, sodium

acetate-ethanol solution was added to PCR products and left at room temperature for 5 minutes.
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Plates were spun at 4000 rpm for 30 minutes in a Beckman centrifuge to pellet the precipitated DNA,
and then spun inverted on absorbent paper at 400 rpm for 1 minute to remove the supernatant.
Pellets were washed with 200 pl of 70% (v/v) ethanol and spun at 4000 rpm for 15 minutes.
Supernatant was removed as before followed by a second 70% ethanol wash and spin. After the final
removal of supernatant, 10 ul HiDi Formamide (Applied Biosystems) was added to each well and plates

were run on the DNA analyser.

Table 2.6: Reaction Components & Thermocycling Protocol for Sanger Sequencing Inputs

ABI Sanger Sequencing Reaction Components

COMPONENT VOLUME (ul)

PCR grade water 5.25
Sequencing Primer (20 uM) 1.0

Plasmid DNA Template (200 ng/ul) 1.0

BigDye™ Buffer (5X) 2.0

BigDye™ Terminator 3.1 Ready Reaction Mix 0.75
Thermocycling Parameters

STAGE TEMP (°C) TIME CYCLES
Initiation 96 1 minute
Denaturation 96 10 seconds

Annealing 50 5 seconds X25
Extension 60 4 minutes

Hold 4 oo -—-

2.3.7 - Plasmid Mutagenesis

All novel CIP mutations were introduced into the wild-type version of pcDNA4/TO_SCN9A and pJTI-
R4-DEST_SCN9A plasmids using the QuikChange Il XL site directed mutagenesis kit (Agilent
Technologies), which is optimised for larger and more difficult constructs. The online QuikChange
Primer Design Program was used to generate optimal mutagenesis primers, with considerations to
primer length, melting temperature, GC content and terminal base choice. Mutagenesis primers are
listed in Table 2.7; those for A1236E and A1687P substitutions were only used for the plJTI-R4-
DEST_SCN9A plasmid.

Mutagenesis reactions were prepared and run as described in Table 2.8. The reaction products were
subsequently incubated with 1 pl Dpnl enzyme at 37°C for 1 hour to digest non-mutagenized template
DNA. The isolated mutagenized constructs were then transformed into Stbl2 cells, grown to maxi-

culture stage and sequence verified as described in Sections 2.3.5 and 2.3.6.



Table 2.7: SDM Primers for SCN9A Constructs

PRIMER ID PRIMER SEQUENCE

L75P-F GTGTCCGAGCCCCCGGAAGATCTGGAC

L75P-R GTCCAGATCTTCCGGGGGCTCGGACAC

T342M-F AACCCCGACTACGGCTACATGAGCTTCGACACC
T342M-R GGTGTCGAAGCTCATGTAGCCGTAGTCGGGGTT
R896W-F CTGCACCCTGCCCTGGTGGCACATGAA

R896W-R TTCATGTGCCACCAGGGCAGGGTGCAG

R911H-F GCTTTCTGATCGTGTTTCATGTGCTGTGTGGCGAGTGG
R911H-R CCACTCGCCACACAGCACATGAAACACGATCAGAAAGC
A1236E-F TGCTGCTGAAGTGGATCGAGTACGGCTATAAGACCTAC
A1236E-R GTAGGTCTTATAGCCGTACTCGATCCACTTCAGCAGCA
A1687P-F ATCACCACCTCCCCCGGCTGGGATG

A1687P-R CATCCCAGCCGGGGGAGGTGGTGAT

G1725R-F GCAACCCCAGCGTGCGCATCTTCTACTTC

G1725R-R GAAGTAGAAGATGCGCACGCTGGGGTTGC

Table 2.8: Reaction Components & Thermocycling Protocol for SDM of SCN9A Constructs

Mutagenesis Reaction Components

COMPONENT VOLUME (pl)
PCR grade water 38.0
Reaction Buffer (10X) 5.0
Plasmid DNA Template (10 ng/ul) 1.0
Forward SDM Primer (125 ng/ul) 1.0
Reverse SDM Primer (125 ng/ul) 1.0
dNTP mix 1.0
QuikSolution Reagent 3.0
PfuUltra Polymerase 1.0

Thermocycling Parameters

STAGE TEMP (°C) TIME CYCLES
Initiation 95 1 minute -
Denaturation 95 50 seconds

Annealing 60 50 seconds X19
Extension 68 11 minutes

Final Extension 68 7 minutes

Hold 4 oo ---
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2.3.8 - General Maintenance of Cell Lines

Hela and HEK293 cell lines were used at CIMR for transient expression studies. Hela cells were
cultured in Minimal Essential Media (MEM) with 10% Fetal Bovine Serum (FBS), both from Sigma.
HEK293 cells were cultured in Dulbecco’s Modified Essential Media (DMEM) from Gibco with 10% FBS
(Sigma). All cells were grown in 75 cm? tissue-culture treated flasks, incubated at 37°C, 5% CO,, and
split when sub-confluent at a 1:10 ratio twice a week with Trypsin-EDTA solution (Corning). To plate
cells for experiments, cells were gently dissociated to ensure a homogeneous suspension, then 10 pl
was taken and mixed with 10 pl trypan blue stain (Invitrogen). Both chambers of a Countess Cell
Counting Chamber Slide (Invitrogen) were loaded with 10 pl trypan blue-stained cells, for live cell
concentration measurements using a Countess Il Automated Cell Counter (Applied Biosystems). An

average of the two measurements was taken for dilution calculations as required per experiment.

For high-throughput imaging and manual patch clamp electrophysiology studies at AstraZeneca,
several cell lines were used. Both HelLa and HEK293 cell lines were maintained in MEM (Gibco),
supplemented with 10% FBS and 1% non-essential amino acids (NEAAs). The HEK hNav.7 cell line,
stably expressing untagged human Nav1l.7, was cultured in DMEM/F-12 (Gibco) with 10% FBS and 1%
NEAAs. The HEK JI TREX Nav1.7-FLAG stable cell line, with doxycycline-inducible expression of FLAG-
tagged Nav1.7, was grown in DMEM (Gibco) with 10% dialysed FBS, 1% NEAAs, 5 pug/ml Blasticidin S
(Gibco) and 1 mg/ml Geneticin (Gibco).

All cells were maintained in 175 cm? tissue-culture treated flasks. Cells were split upon reaching ~75%
confluency with 2 ml Accutase (Sigma) and cell suspensions were prepared as above for manual cell
counting using C-Chip disposable haemocytometers (NanoEntek). To induce gene expression in the
HEK JI TREX Nav1.7-FLAG stable cell line, doxycycline hydrochloride (MP Biomedicals) was used at a
final concentration of 1 pg/ml in cell culture media for 16-24 hours before experiments. Fresh aliquots

at stock concentration 1 mg/ml were used per experiment.

Generation of new wild-type and mutant HEK JI TREX Nav1.7-FLAG stable cell lines at AstraZeneca is
described in detail in the next section. Once transferred to CIMR, cells were maintained in high glucose
DMEM with L-glutamine (Sigma) supplemented with dialysed FBS (Sigma), 1% NEAAs (Sigma), 5 pug/ml
Blasticidin S (Alfa Aesar) and 2 mg/ml G418 disulfate (Alfa Aesar). Standard FBS can contain
tetracycline from the animal’s diet, therefore dialysed FBS was essential to prevent basal gene

expression.
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2.3.9 - Generation of HEK JI TREX Nav1.7-FLAG Stable Cell Lines

To generate cell lines stably expressing Nav1.7, | used the Jump In T-REx HEK 293 kit (Thermo Scientific)
as summarised in the schematic diagram and timeline in Figure 2.5. The wild-type pJTI-
R4_DEST_SCNO9A plasmid encoded an identical Nav1.7 construct to that used in transient expression
experiments. For each Nav1.7 mutant cell line, the pJTI-R4-DEST_SCN9A plasmid was mutagenized,
propagated and sequence verified as described in Sections 2.3.5 - 2.3.7, including a previously
characterised SCN9A-CIP mutant A1236E2% as an additional control for electrophysiological analysis.
The commercially available pJTI R4 EXP CMV-TO EmGFP pA vector was used as a positive control during

cell line generation.

The HEK JI TREX parental cell line has been engineered to carry a single retargeting acceptor site ‘attP’
which allows for site-specific homologous recombination with plasmids carrying the partner ‘attB’ site,
but only catalysed in the presence of R4 integrase?®. Alongside the attP site is the promoter-less NeoR
gene, which would otherwise confer resistance to neomycin and G418 antibiotics. The final critical
feature in this system is the stable expression of the TetR protein, as explained in Section 2.3.4. The
pJTI-R4-DEST vector allows for Gateway cloning in one’s gene of interest (GOI) under the control of
the CMV promoter and two TetO sequences (CMV-TO). In addition to the attB site, the donor plasmid

also carries the mammalian EFla promoter sequence from human elongation factor 1 alpha.

Upon co-transfection of pJTI-R4-DEST_SCN9A and pJTI-R4-Int (encoding R4 integrase) plasmids into
HEK JI TREX parental cells, the recombination event unravels the donor sequence such that EFla is
now positioned upstream of NeoR to constitutively drive its expression, and the CMV-TO driven SCN9A
construct is simultaneously integrated into the cell genome. The recombination event splits the
original attachment sites to form ‘attL’ and ‘attR’ sites, resulting in unidirectional genome integration
when the corresponding excisionase enzyme is absent. Cells are subsequently put under selective
pressure of neomycin/G418; only cells that have undergone successful integration at the NeoR site

should survive, forming the basis of a polyclonal but isogenic cell population.

A kill curve was run to determine the optimal antibiotic concentration for selection of transformed
cell colonies. Two 6-well plates were prepared with 2 mI HEK JITREX cell suspension plated at a seeding
concentration of 6 x 10° cells/ml in each well, grown in Geneticin-free culture medium. The next day,
one plate was co-transfected with the wild-type pJTI-R4-DEST_SCN9A and pJTI-R4-Int plasmids, while
the second plate underwent a mock transfection lacking any plasmid DNA. After 24 hours, the 6 wells

per plate were transferred to individual T25 flasks in selection media with increasing concentrations
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of Geneticin: 0, 1, 2, 4, 8 and 16 mg/ml. Media was changed every 2-3 days and flasks were monitored
daily for cell death and colony growth over 3-4 weeks. Observations and advice from colleagues

familiar with the Jump-In system determined 2 mg/ml as the optimal dose for slow growing colonies.

Transfection complexes were prepared per well as recommended in the system manual; total 2.5 ug
DNA at a 1:1 molar ratio of pJTI-R4-Int and pJTI-R4-DEST_SCN9A plasmids was diluted in 0.5 ml
OptiMEM (Gibco), followed by additions of 2.5 pl Plus Reagent and 6.25 pul Lipofectamine LTX
(Invitrogen). The mixture was incubated for 30 minutes at room temperature before being added
dropwise to cells. Four transfection controls were run alongside the experimental SCN9A
transfections: 1) mock transfection as described above, 2) OptiMEM alone, 3) transfection with wild-
type SCN9A plasmid but lacking R4 Integrase, 4) complete transfection complex with the EmGFP
positive control vector. Media changes and monitoring were conducted as for the kill curve. After 5-
10 days, sufficient colony growth was observed for cells to be resuspended and plated in T175 flasks.
Once confluent, cell stocks were frozen down at the first passage in Recovery Cell Culture Freezing

Medium (Gibco) and maintained as described in the previous section.
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pJTI R4 DEST CMV-TO plasmid
encoding GOI = SCN9A

Site-specific recombination mediated by R4 integrase
— " HEK JI TREX parental cell line
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= Stable, single integration of GOl under control of CMV-TO inducible promoter
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Day 1: Thawing cells Day 16: Cell plating

oy Exp N Day 17: Transfection
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Day 9- 12: DNA maxiprpep
Day 4- 9: Sequencing
Day 3: DNA miniprep

Day 2: Transformation
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Figure 2.5: Site-specificrecombination technology for HEK JI TREX stable cell line generation
Site-specific, R4-mediated homologous recombination technology shown in (A) is exploited to
produce polyclonal, stable cell lines using the HEK JI TREX system. The timeline for cell line
generation (B) is taken from the manufacturer's Jump-In T-REx HEK293 Retargeting Kit User Guide.
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2.3.10 - Nav1.7 Subcellular Localisation Studies Using Confocal Microscopy

Nav1.7 subcellular localisation in the endoplasmic reticulum (ER) was assessed by fixed-cell
immunocytochemistry and visualisation using confocal microscopy. Preliminary studies were
conducted on transiently transfected Hela cells with pcDNA4/TO_SCN9A plasmids, and observations
were confirmed in the HEK JI TREX Nav1.7-FLAG stable cell lines.

Coverslips were sterilised with 70% ethanol, coated with poly-L-lysine solution (Sigma) and placed in
individual wells of a 6-well plate. For transient expression studies, a 2 ml suspension of Hela cells was
plated at a seeding concentration of 1.5 x 10° cells/ml in each well. Cells were transiently transfected
the next day using FUGENE HD transfection reagent (Promega) at a 3:1 ratio of reagent to DNA. For
each well, 2 ug of DNA was diluted in 100 ul of OptiMem (Gibco) and mixed gently, followed by the
addition of 6 ul FUGENE HD. The transfection solutions were gently mixed again and incubated at room
temperature for 15 minutes before dropwise addition onto corresponding wells. Plasmid DNA

concentration and purity was checked before each transfection.

At 48 hours post-transfection, media was removed and cells were washed thrice in 0.1% Tween-20
phospho-buffered saline solution (PBS-T), and again between the following sequential incubations at
room temperature: 1) fixation with 4% paraformaldehyde solution in PBS (PFA) (Thermo Scientific) or
chilled methanol for 10 minutes; 2) permeabilisation with a 0.3% Triton X-100 solution in PBS (PBS-Tx)
(Sigma) for 10 minutes; 3) blocking non-specific antibody binding with a 10% normal donkey serum
(NDS) (Sigma) and 10% bovine serum albumin (BSA) (Sigma) solution made in PBS-T for 30 minutes; 4)
primary antibody co-stains for 1 hour; 5) fluorescently-conjugated secondary antibody staining for 1
hour. Coverslips were mounted onto slides using Prolong Diamond Antifade Mountant with DAPI

(Invitrogen) and stored at 4°C.

For imaging experiments on stable cell lines, the immunocytochemistry protocol was slightly adapted.
Cells were plated as above in growth medium with 1 pg/ml doxycycline. After 24 hours, media was
removed and cells were washed thrice in PBS, and again between the following sequential incubations
at room temperature: 1) fixation with 4% PFA for 10 minutes; 2) permeabilisation with a 0.1% PBS-Tx
for 10 minutes; 3) blocking non-specific antibody binding with a 10% NDS and 10% BSA solution made
in PBS-Tx for 1 hour. After removing the blocking buffer, cells were incubated with primary antibodies
at 4°C overnight. The next day, cells were washed thrice in PBS followed by incubation with

fluorescently conjugated secondary antibodies for 1 hour at room temperature. After the final PBS
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washes, coverslips were mounted onto slides using Prolong Diamond Antifade Mountant with DAPI

(Invitrogen) and stored at 4°C.

Nav1.7-FLAG was detected using mouse anti-FLAG (Clontech, #635691) in transiently expressing Hela
cells and mouse anti-Nav1.7 (Merck, #MABN41) in stable HEK JI TREX lines; identical Nav1.7 staining
patterns were observed with both antibodies. Rabbit anti-KDEL (Abcam, #ab176333) was used as a
marker for the endoplasmic reticulum. Donkey anti-rabbit AF488 (Invitrogen) and donkey anti-mouse

AF546 (Invitrogen) secondaries were used for fluorescent detection.

All images were acquired using the LSM880 confocal microscope (Zeiss) with a 63x magnification,
planar-apochromatic, 1.4NA oil immersion lens. Excitation by Diode 405 nm, Argon 488 nm and Diode
561 nm lasers was used for the detection of DAPI staining, AF488 and AF546 fluorophores respectively.
The Airyscan detector feature was used to improve signal-to-noise ratio in images taken of stable cell

lines?4®.
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2.3.11 - Navi.7 Plasma Membrane Localisation Studies Using Widefield Imaging

Navl.7 plasma membrane localisation was observed by fixed-cell immunocytochemistry and
visualisation using the ImageXpress Micro XLS Widefield High-Content Analysis System (Molecular
Devices), allowing for unbiased and automated image acquisition across multiple sites per well.
MetaXpress image analysis software can identify individual cells per image by nuclear staining and
programmable measurements. Custom modules can be used to create masks of various cell
compartments based on high-contrast, specific fluorescence of chosen markers in FITC and/or Cy5

imaging channels.

Optimisation of plasma membrane markers was attempted in HelLa, HEK293 and HEK JI TREX Nav1.7-
FLAG cell lines, plated at a seeding density of 5,000 cells/well in PDL-coated, optically clear bottom 96-
well plates (Perkin EImer). Transient transfection of HEK293 cells was done after 1 day in vitro, using
the FUGENE 6 transfection reagent (Promega) in a 3:1 ratio of reagent to DNA, made up to 100 pl with
OptiMem (Gibco).

After 24 hours transfection, media was removed and cells were washed in HBSS (Gibco) before being
fixed for 10 minutes with 4% PFA or ice-cold methanol. Cells were washed twice with 0.1% PBS-Tx,
followed by a 10 minute incubation at room temperature to permeabilise cells. Cells were then
incubated with a 5% NDS (Abcam), 0.1% PBS-Tx blocking buffer for 1 hour at room temperature.
Primary antibodies were diluted in blocking buffer for a further 1 hour incubation at room
temperature. Cells were then washed thrice before being incubated with fluorescently conjugated
secondary antibodies in blocking buffer for another hour; Hoechst stain (Invitrogen) was added during
the final 10 minutes of this incubation. Finally, cells were washed thrice again in PBS-Tx and stored in

PBS for imaging the same day.

Fixation method was chosen based on plasma membrane marker choice — 4% PFA for fluorescently
conjugated wheat germ agglutinin (WGA-488) (Invitrogen, W11261) or ice-cold methanol for rabbit
anti-Na*K* ATPase antibody (Abcam, #ab76020). Mouse anti-FLAG (Clontech, #635691) was used to
detect Nav1.7-FLAG in co-staining images presented here; identical staining patterns were observed
with mouse anti-Nav1.7 (Merck, #MABN41). Donkey anti-rabbit AF488 (Invitrogen) and donkey anti-
mouse AF647 (Invitrogen) secondaries were used for fluorescent detection. Hoechst stain was used
for labelling nuclei, freshly prepared at 2 ug/ml in PBS. All images were acquired at 60X magnification
with a planar-apochromatic objective. lllumination settings were programmed to DAPI, FITC and Cy5

for Hoechst, AF488 and AF647 fluorophore detection respectively.
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2.3.12 - Nav1.7 Cell-Surface Biotinylation

To compare levels of proportions of plasma membrane-localised Nav1.7 between WT and mutants,
the Pierce Cell Surface Protein Isolation Kit (Thermo Scientific) was used. Specific chemical properties
of the labelling reagent, Sulfo-NHS-SS-Biotin, are exploited to selectively isolate surface-localised
proteins, see Figure 2.6. Crucially, the negatively charged sulfonate group prevents permeation
through the cell membrane. The N-hydroxysuccinimide (NHS) ester reacts with primary amines,
commonly outward facing, positively charged side-chain groups of Lysine residues, to form a stable
amide bond. The biotin group is used to extract labelled proteins via a streptavidin column, and the
disulfide bond is cleaved in reducing conditions to remove biotin from surface proteins at the final

elution step.

For transient transfections, HEK293 cells were plated at 1.5 x 10° cells/m| per 100 mm dish and
transfected the next day at a 3:1 ratio of 56 pl FUGENE HD to 19 pg plasmid DNA in a total volume of
879 ul OptiMEM. After 24 hours transfection, biotinylation was performed according to
manufacturer’s instructions. For HEK JI TREX Nav1.7-FLAG cell lines, cells were plated at 1.5 x 10°
cells/ml per 100 mm dish, and Nav1.7 expression was induced with doxycycline the next day; after 24

hours, biotinylation proceeded as described.

Briefly, cells were washed twice with ice-cold PBS and then incubated with 0.25 mg/ml EZ-Link Sulfo-
NHS-SS-Biotin per dish, for 30 minutes at 4°C. The reaction was stopped with the provided quenching
solution containing 100 mM glycine. Cells were then pelleted and washed twice in ice-cold TBS, re-
suspended in 500 pl lysis buffer, and disrupted by sonication. Cell lysis proceeded on ice for 30 minutes

IM

with periodic vortexing. A 100 ul aliquot of lysed cells was set aside as the “total” fraction. The
remainder of the lysed cells were added to a NeutrAvidin agarose column and incubated for 1 hour at
room temperature to bind the biotinylated surface proteins. After 3 washes with wash buffer, the
column was heated for 5 minutes at 95°C and biotinylated proteins (“surface” fraction) were eluted in
400 pl NuPAGE LDS sample buffer (Invitrogen) containing 50mM dithiothreitol (DTT). EDTA-free

Protease Inhibitor Mini Tablets (Thermo Scientific) were added to the supplied lysis and wash buffers.

Due to limited availability of kits during the covid-19 pandemic, experiments comparing transient and
stable expression of WT Nav1.7, and for replicates assessing surface-localised A1687P mutant Nav1.7
were scaled down. This meant per condition, 2 wells of a 6-well plate were biotinylated (approximately

three-fold reduction in surface area) and half volumes of assay reagents were used.
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Figure 2.6: Cell-surface biotinylation assay
Schematic overview of (A) key biochemical principles and (B) protocol steps, that allow for the
selective isolation of cell-surface proteins. Figure created with BioRender.com.
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2.3.13 - Western Blots and Band Densitometry Analysis

Samples from cell-surface biotinylation experiments were analysed by western blot and band
densitometry. Input samples were prepared in LDS sample buffer with 2.5% B-mercaptoethanol and
incubated for 10 minutes at 70°C; these conditions were optimised to produce the tightest bands for
densitometry analysis. As transiently transfected Navl.7 protein levels could not be controlled
between genotypes and experiments, equal volumes of total and surface fractions from each dish

were loaded per gel against a 10 to 250 kDa prestained protein ladder (Thermo Scientific).

Precast 3-8% Tris-Acetate Protein Gels (Invitrogen) were run in NuPAGE Tris-Acetate SDS Running
Buffer (Invitrogen) at 120V for 1.5-2 hours. Gels were transferred at 120V for 1.5 hours, onto 0.45 um
pore size PVDF membranes (GE Healthcare) in NuPAGE Transfer Buffer (Invitrogen) with 20%
methanol. NUPAGE Antioxidant (Invitrogen) was added to both the running and transfer buffers
according to the NUPAGE Technical Guide; the antioxidant prevents re-oxidation of proteins during
electrophoresis and transfer, which appeared to reduce the extent of band smearing of high molecular
weight proteins. For later experiments comparing WT Navl.7 transient versus stable expression and
A1687P mutation replicates, gels were transferred at 20V for 13 minutes using the iBlot2 dry transfer

system and PVDF membranes.

Blots were washed thrice for 5 minutes each in Tris-buffered saline with 0.1% Tween20 (TBS-T), then
incubated for 1 hour at room temperature with a blocking buffer of 5% Marvel Milk and 1% BSA in
TBS-T. Membrane segments were incubated with primary antibodies, on a rocker overnight at 4°C.
The next day, blots were washed thrice for 5 minutes each in PBS-T before incubating with secondary
antibodies for 1 hour at room temperature. After the final washes, membranes were immersed in
Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare) for 1 minute, drip-dried

and immediately imaged using the ChemiDoc MP Imaging System and Image Lab software (Bio-Rad).

All antibodies were diluted in blocking buffer. Membranes were probed with mouse anti-Nav1.7
(Merck, #MABN41), rabbit anti-Na*K* ATPase (Abcam, #ab76020), mouse anti-actin (Sigma, #A2228)
and rabbit anti-calnexin (Abcam, #ab13504). Intracellularly restricted proteins actin and calnexin were
used as negative controls of biotinylation, while Na*K* ATPase was used as a positive control. HRP-
linked secondary antibodies, anti-mouse 1gG (Cell Signaling Technology, #7076) and anti-rabbit I1gG

(Cell Signaling Technology, #7074) were used for chemiluminescent detection.
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Images were taken at exposures before bands became saturated and exported in TIFF format for
densitometry analysis in Imagel. Surface band signal was divided by the total band signal to give the
percentage proportion of surface-localised protein. Results are expressed as mean averages with

with error bars representing standard error of the mean (SEM). Statistical tests were performed in
GraphPad Prism 9 (GraphPad Software) with corrections chosen assuming unequal standard
deviations and statistical significance set to P < 0.05. For comparing Nav1.7 mutations to WT in the
transient expression system, Brown-Forsythe and Welch ANOVA test with Dunnett’s T3 correction was
chosen. For comparing WT Navl.7 in the transient versus stable expression systems, values were
expressed as mean = SEM, and an unpaired, two-tailed t-test with Welch’s correction was chosen to

test statistical significance.
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2.3.14 - Manual Patch Clamp Electrophysiology

Cells expressing WT or mutant Nav1.7 were manually patch clamped in the whole-cell configuration?¥.
Sterilised coverslips were coated with poly-D-lysine solution and placed in individual wells of a 24-well
plate. Cells were plated at low seeding density to ensure individual cells could be selected for patch
clamping at 24-72 hours after plating of stable cell lines or post-transfection of HEK293 cells. All cells
were maintained in antibiotic-free medium in 37°C, 5% CO; incubators, until coverslips were required
for recordings. The HEK hNav1.7 stable cell line was used to confirm our experimental setup produced
values for WT Navl.7 comparable to the literature. For profiling Nav1.7 mutants, HEK293 cells were
transiently co-transfected with pcDNA4/TO_SCN9A plasmids and pmaxGFP (Lonza) using FUGENE 6

(Promega) or by electroporation with AMAXA Cell Line Nucleofector Kit V (Lonza).

For chemical transfection, FUGENE complexes were assembled the day after plating as recommended
online ( ) for a 3:1 ratio of plasmid DNA to
transfection reagent. Co-transfections of total 0.5 pg DNA per well were calculated based on a 3:1
molar ratio of SCN9A and GFP vectors respectively. Electroporation-based transfections were
conducted the same day as plating. First, 1 x 10° cells per sample were re-suspended in 100 pl
Supplemented Nucleofector solution, followed by addition of total 2.5 ug DNA at a 3:1 molar ratio of
SCN9A to GFP plasmids. The suspension was moved to a cuvette for electroporation using the
Nucleofector 2b device (Lonza) and pre-programmed electrical pulse parameters for HEK ATCC cells.
Immediately after, 500 pl fresh culture media was added to cells, then further diluted to total 5 ml. Of

this suspension, 100 pul was added per coverslip/well and topped up with media.

The recording chamber (Warner Instruments, #RC-24N) was set up on an inverted microscope (Nikon,
#Eclipse TS100), fit with filter cubes and connected to an LED Fluorescence Excitation System
(CoolLED, #pE-2) to identify fluorescent cells. The headstage (Molecular Devices, #CV-7B) was
manoeuvred above the chamber with coarse controls, and then into bath solution and approaching
cells using a micromanipulator (Burleigh, #PCS-500). The complete rig was placed within a Faraday
cage on an air table (both TMC) to minimise electromagnetic noise and vibrational disturbances. The
Multiclamp 700B amplifier and Digidata 1440A digitizer (both Molecular Devices) were used for taking

current measurements, maintaining voltage-clamp and operating protocols.

Clean silver wire was sanded and chlorided by immersion in sodium hypochlorite solution for 1 hour,
then washed briefly in sterile water before connection to the patch-clamp amplifier forming the

measurement electrode. An Ag/AgCl pellet was used as the reference electrode, placed in the agar


https://www.promega.com/techserv/tools/FugeneHdTool/
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bridge well of the recording chamber. Micropipettes of 1-4 MQ resistance were produced using
GC120F-10 borosilicate glass capillaries (Harvard Apparatus) and the p-97 micropipette puller (Sutter
Instruments). Micropipette shanks were dipped in Sigmacote (Sigma) after filling with intracellular

solution to reduce pipette capacitance in recordings2*.

Patch clamp recordings were conducted at room temperature, with extracellular bath solution and
coverslips replaced in the recording chamber every hour of the session. Composition of intracellular
and extracellular solutions are described in Table 2.9. Gigaseal formation and stability of the whole-
cell configuration was most successful in convex, oval-shaped and medium-sized (~10-30 pF) cells.
After making contact with the cell membrane, the holding potential was set to -60 mV to assist seal
formation with high electrical resistance, before rapid negative pressure was applied using a 2 ml
syringe to transition into the whole-cell configuration. Cells were given 3-5 minutes to stabilise in

whole-cell mode, and stimulation proceeded once leak current was under 200 pA.

Table 2.9: Solutions for Manual and Automated Patch Clamp

Intracellular Solution

CONCENTRATION OSMOLARITY
COMPONENT (mM) pH (mOsm)
Sodium chloride (NacCl) 10 23
Caesium fluoride (CsF) 140 (Cst- Manual: 275 — 285
Calcium chelating agent (EGTA) 2 o Auto: 305 -315
titration)
pH buffer (HEPES) 10

Extracellular Solution

CONCENTRATION OSMOLARITY
COMPONENT (mM) pH (mOsm)
Sodium chloride (NacCl) 140
Potassium chloride (KCl) 2 7.4
Calcium chloride (CaCl,) 2 (NaOH- 295 — 305
Magnesium chloride (MgCl,) 1 titration)
pH buffer (HEPES) 10
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2.3.15 — Automated Patch Clamp Electrophysiology

For high-throughput assessment of biophysical properties of Nav1l.7 mutants, the HEK JI TREX Nav1.7-
FLAG stable cell lines were studied by automated patch clamp (APC) electrophysiology. In APC, cell
suspensions are discharged over planar recording chips and settle onto sites assisted by negative
pressure. Similar to manual patch, increasing negative pressure and rapid suction facilitate seal
formation and membrane rupture. Notably in APC, the experimenter has no control over which cells
attach to recording sites; thus, it is critical that the control and experimental variables, in this case

expression of Nav1.7 WT versus mutants, are consistent across as many cells as possible.

QPlates used on the Sophion QPatch16 platform (Sophion Bioscience), can accommodate up to 16
cells being recorded simultaneously in the whole-cell configuration. As shown in Figure 2.7,
intracellular and extracellular solutions are contained in separate compartments of the QPlate with
their own channels for precise application of test and wash solutions where necessary. Reference
(REF) and measurement (MEAS) electrodes are integrated per measurement site, and as new QPlates

are used for each experiment, do not require ongoing maintenance.

HEK JI TREX Navl.7-FLAG cell lines had been grown in T-25 flasks with or without induction by
doxycycline for 24 hours. Cells were gently detached from flasks using Accutase, resuspended in
serum-free FreeStyle Expression Medium (Gibco) and centrifuged at 800 RPM for 3 minutes. The
pellets were gently resuspended by pipetting in FreeStyle media supplemented with 20 mM HEPES
and trypsin inhibitor, then filtered through a 40 um cell strainer and added to 96-well compound

plates for use in experiments.

Automated electrophysiology experiments were performed in conjunction with John Linley
(AstraZeneca, Cambridge, UK). All voltage-clamp protocols and composition of recording solutions
were identical to those for manual patch clamp, although intracellular solution was made hyper-

osmotic to extracellular solution in APC studies. Series resistance compensation was set to 70%.
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Figure 2.7: Protocols for manual and automated whole-cell voltage-clamp

(A) Voltage-clamp protocols designed to profile several biophysical properties of Nav1.7 by both
manual and automated whole-cell electrophysiology; (B) Comparison of cell selection and seal
formation procedures in manual versus automated patch-clamp techniques.

Image adapted from web page: “An Automated Approach To Solving Pharma’s Cardiac Toxicity Conundrum” -
https://www.ddw-online.com/an-automated-approach-to-solving-pharmas-cardiac-toxicity-conundrum-1292-201304/ and
(2008) Dunlop et al. High-throughput electrophysiology: an emerging paradigm for ion-channel screening and physiology
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2.3.16 - Voltage-Clamp Protocols

Programming of voltage-clamp protocols and data acquisition was performed using Clampex software
(Molecular Devices), as illustrated in Figure 2.7A. Online P/N leak subtraction was executed before
protocol sweeps, opposite in polarity to the waveform, where N=3 for activation and fast inactivation
protocols and N=2 for the recovery from fast inactivation protocol. Prediction and correction modes
for series resistance compensation were set to 70% to minimise voltage drop errors; liquid junction

potentials were not corrected for.

A pulse protocol was performed on each cell first to test whether any Nav1.7 current was expressed,
consisting of a 20 ms hyperpolarisation to -120 mV to ensure recovery from fast inactivation, followed
by a 30 ms pulse to -10 mV. Each sweep of the following protocols began with cells being
hyperpolarised to -120 mV for 50 ms and concluded by holding cells at -80 mV for several seconds
between sweeps, to ensure all channels were available for activation at the start of the protocol in

each sweep.

To assess voltage-dependence of activation, cells were depolarised in 5 mV steps from -110 to +20 mV
for 200 ms to elicit transient Na* currents (INar). For voltage-dependence of fast inactivation, the same
steps were applied for 500 ms to activate channels, followed immediately by a 20 ms pulse at -10 mV
to measure available INar from non-inactivated channels. To determine kinetics of recovery from fast
inactivation, two -10 mV pulses were applied to cells for currents to be measured (11 and 12), between
which was a single step at -120 mV for channels to recover from fast inactivation, whose duration

ranged from 5 to 65 ms and increased by 2.5 ms each sweep.

For voltage-dependence of slow inactivation, a 20 ms pulse at -10 mV was applied to cells to elicit the
maximum reference current (P1) then held at -120 mV for 50 ms for channels to recover from fast
inactivation, followed by sustained depolarisation steps for 10 seconds. Cells were then held again at
50 ms at -120 mV to ensure the currents measured during the second -10 mV pulse (P2) were only

from channels recovered from slow inactivation.
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2.3.17 - Patch Clamp Data Analysis

Data were handled in Clampfit (Molecular Device) and Sophion Analyzer (Sophion) software for
manual and automated patch clamp respectively. Raw data were exported to Microsoft Excel for
normalisation, conductance and other calculations. Statistical analysis, curve-fitting and graph
generation were completed in GraphPad Prism. Statistical comparisons of biophysical measurements
produced with CsF- versus CsCl-based intracellular solutions, and at 48 hours versus 72 hours post-
transfection by AMAXA electroporation, were performed using unpaired, two-tailed t-tests with
Welch's correction. For peak current measurements from HEK JI TREX-Nav1.7-FLAG cell lines, Brown-
Forsythe and Welch one-way ANOVA test was chosen, with Dunnett T3 correction for multiple

comparisons. Results in the main text are depicted as mean averages + SEM.

Currents from the voltage-dependence of activation protocol were transformed into conductance
values using equation {1} below, where G represents conductance in Siemen units (S), | is current
measured in picoamperes (pA), V is the membrane potential clamped at each voltage step in millivolts
(mV) and V. is the reversal potential. Individual reversal potentials were generated per cell by fitting
a linear regression across current datapoints at voltage steps 0 to 20 mV, then calculating the voltage

at which there is no net flow of sodium ions (i.e. y=0).

_ I
(V_Vrev)

{1}

For graphing voltage-dependences of activation and fast inactivation, conductance and current were
normalised so that the value at each voltage step was expressed as a fraction of the peak amplitude.
Boltzmann curves were fit using equation {2} for activation and {3} for inactivation, where “bottom”
and “top” values were made constants equal to 0.0 and 1.0 respectively. G/Gmax represents the
available fraction of normalised conductance whereas I/Inax is the available fraction of normalised
current. V50 in this context is the voltage of half-maximal conductance or current, V is the voltage
step and k is the slope factor. The reported mean average Vso and k values were derived from

Boltzmann curves fit for G-V and I-V data per individual cell.

G — Bott Top—Bottom 2
/Gmax ottom + 1+exp(V52_V) 2}
I — Bott TopXBottom 3
/Imax ottom + 1+exp(V52_V) 3
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For voltage-dependence of slow inactivation, 12 was divided by |1 at each sweep to calculate the
relative Na* current available after slow inactivation at increasing membrane potentials. Boltzmann
curves were fit using equation {3} as described above. For recovery from fast inactivation, P2 was
divided by P1 at each sweep to determine the fraction of current available as the cell was held at the
recovery potential for increasing lengths of time. This curve was fit using equation {4} for one phase

association from which k, tau and half-time values were derived per cell then averaged.

PZ/P1 =Y0 + (Plateau — Y0) X (1 — exp(—k X time)) {4}



70

2.4 RESULTS

2.4.1 - In silico pathogenicity predictions of novel SCN9A-CIP mutations

Six missense mutations were identified from SCN9A-CIP patients, with residue annotation based on
the 11S splice variant of Navl.7 — Leu75Pro, Thr342Met, Arg896Trp, Arg911His, Alal687Pro and
Gly1725Arg, see Figure 2.3C. Sequence conservation analysis revealed complete conservation of each
of the native residues when compared to Nav1.7 species orthologues, from large mammals to rodents

as well as in the single voltage-gated sodium channel a-subunit from flies, as shown in Figure 2.8.

Multiple sequence alignment of the human Nav (hNav) family as shown in Figure 2.8 revealed 100%
conservation of the following four native residues in Nav1.7 to their hNav paralogs — Leu75 in the N-
terminal tail; Thr342 in the domain 1:S5-56 pore loop; Arg911 in the domain I1:55-S6 pore loop; Ala1687
in the domain IV:S5-S6 pore loop and final residue participating in the ion selectivity filter. The two
remaining mutated amino acids in Nav1.7 were almost completely conserved across the human Nav
family with the exception of Nav1.9 where Arg896 in the domain 11:55-S6 pore loop is a Histidine

residue, and Gly1725 within the domain IV:S6 transmembrane segment is an Alanine.
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Figure 2.8: Nav1.7 sequence conservation across species and within the human Nav family
Multiple sequence alignments were produced for Nav1.7 channel sequences across species
(including the single fly sodium channel gene) and for the human Nav family. Each SCN9A-CIP
missense mutation is highlighted in red on the top line: (A) Leu75Pro, (B) Thr342Met, (C) Arg896Trp,
(D) Arg911His, (E) Ala1687Pro, (F) Gly1725Arg
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Figure 2.8: Nav1.7 sequence conservation across species and within the human Nav family
Multiple sequence alignments were produced for Nav1.7 channel sequences across species
(including the single fly sodium channel gene) and for the human Nav family. Each SCN9A-CIP
missense mutation is highlighted in red on the top line: (A) Leu75Pro, (B) Thr342Met, (C) Arg896Trp,
(D) Arg911His, (E) Ala1687Pro, (F) Gly1725Arg
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Pathogenicity predictions in Table 2.10 were obtained using the PolyPhen-2 tool with the HumVar
prediction model which is trained to differentiate rare mutations that may cause drastic effects on
protein function from mildly deleterious but abundant polymorphisms?*. All SCN9A-CIP mutations
were classified as probably damaging with the highest probability score of 1.000 given to mutations
Thr342Met, Arg896Trp and Arg911His. The probability scores for Leu75Pro, Alal687Pro and

Gly1725Arg were slightly lower but still below the false positive rate threshold for the HumVar model.

Table 2.10: In silico Predictions of Pathogenicity of Novel SCN9A-CIP Mutations

SCN9A MUTATION PREDICTION PROBABILITY SCORE
Leu75Pro Probably Damaging 0.980
Thr342Met Probably Damaging 1.000
Arg896Trp Probably Damaging 1.000
Arg911His Probably Damaging 1.000
Alal687Pro Probably Damaging 0.995
Gly1725Arg Probably Damaging 0.996
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2.4.2 - Locations of mutated residues within 3D Nav1.7 structure

The SCN9A-CIP mutations were visualised within the recently resolved hNavl.7 structure in an
inactivated state, to compare the local environment of native residues and possible consequences of
sidechain substitutions, coloured in red. The N-terminal tail density was insufficient to be resolved and
so the Leu75Pro mutation is not presented. Thr342Met is displayed in Figure 2.9A-B looking at the
channel from above (i.e. extracellular side) at a slight tilt; Arg896Trp is displayed looking at the channel
from the side in Figure 2.9C-D; Arg911His, Alal687Pro and Gly1725Arg are displayed looking directly

into the pore from the extracellular side in Figures 2.9E-J.

Thr342 is located within the pore loop of the first domain, in close proximity to a sharp turn.
Substitution to the larger, hydrophobic Methionine residue is shown in Figure 2.9B. Importantly, this
mutation did not disrupt an O-linked glycosylated site as the only glycosylated residues resolved in

this structure were at Asparagines 283, 1352, 1366 and 13752,

From annotation of the 11S Nav1.7 splice variant from Klugbauer et al.'®®, Arg896 and Arg911 were
predicted to be located between the domain 11:55-S6 transmembrane segments, i.e., within the pore
loop. This was confirmed for both residues in the 3D structural model, see Figures 2.9C and 2.9E, and
notably Arg911 was positioned within a portion of the pore loop with alpha-helical structure while
Arg896 was in a disordered region. Arg911 was also only four residues away from GIlu916, the second
residue participating in the ion selectivity filter; the intervening residues are highlighted in yellow in
Figure 2.9F. Both positively charged Arginines were substituted with the equally large and

hydrophobic Tryptophan and Histidine residues respectively.

Alal687 is the smallest and only uncharged residue contributing to the ion selectivity filter, in concert
with Asp361, Glu916 and Lys1395. Substitution to the equally small and uncharged Proline is displayed
in Figure 2.9H with the sidechain connected twice to the protein backbone. This mutation appeared
not to interfere in the diameter of the permeation pathway. Gly1725 is located at the top of the final
alpha-helical transmembrane segment in a tight turn. Substitution to the much larger and positively
charge Arginine is shown in Figure 2.9J, with the new sidechain protruding towards the domain IV pore

loop.
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Figure 2.9: Human Nav1.7 atomic model highlighting amino acid substitutions from CIP patients
The hNav1.7 chain from PDB model 6J8G from (2019) Shen et al. is shown, with sidechains displayed
in purple for the native residues at mutated locations. The three unaffected amino acids contributing
to the ion selectivity filter are coloured green. Zoomed insets illustrate substitution with SCN9A-CIP
mutations in red: (B) Thr342Met, (D) Arg896Trp, (F) Arg911His, (H) Ala1687Pro, (J) Gly1725Arg
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Figure 2.9: Human Nav1.7 atomic model highlighting amino acid substitutions from CIP patients
The hNav1.7 chain from PDB model 6J8G from (2019) Shen et al. is shown, with sidechains displayed
in purple for the native residues at mutated locations. The three unaffected amino acids contributing
to the ion selectivity filter are coloured green. Zoomed insets illustrate substitution with SCN9A-CIP
mutations in red: (B) Thr342Met, (D) Arg896Trp, (F) Arg911His, (H) Ala1687Pro, (J) Gly1725Arg
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Figure 2.9: Human Nav1.7 atomic model highlighting amino acid substitutions from CIP patients
The hNav1.7 chain from PDB model 6J8G from (2019) Shen et al. is shown, with sidechains displayed
in purple for the native residues at mutated locations. The three unaffected amino acids contributing
to the ion selectivity filter are coloured green. Zoomed insets illustrate substitution with SCN9A-CIP
mutations in red: (B) Thr342Met, (D) Arg896Trp, (F) Arg911His, (H) Ala1687Pro, (J) Gly1725Arg
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Figure 2.9: Human Nav1.7 atomic model highlighting amino acid substitutions from CIP patients
The hNav1.7 chain from PDB model 6J8G from (2019) Shen et al. is shown, with sidechains displayed
in purple for the native residues at mutated locations. The three unaffected amino acids contributing
to the ion selectivity filter are coloured green. Zoomed insets illustrate substitution with SCN9A-CIP
mutations in red: (B) Thr342Met, (D) Arg896Trp, (F) Arg911His, (H) Ala1687Pro, (J) Gly1725Arg
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Figure 2.9: Human Nav1.7 atomic model highlighting amino acid substitutions from CIP patients
The hNav1.7 chain from PDB model 6J8G from (2019) Shen et al. is shown, with sidechains displayed
in purple for the native residues at mutated locations. The three unaffected amino acids contributing
to the ion selectivity filter are coloured green. Zoomed insets illustrate substitution with SCN9A-CIP
mutations in red: (B) Thr342Met, (D) Arg896Trp, (F) Arg911His, (H) Ala1687Pro, (J) Gly1725Arg
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2.4.3 - Optimisation of SCN9A plasmid propagation

VGSC plasmids are notoriously difficult to reproduce and sub-clone given their high susceptibility to
large-scale duplications or rearrangements. Transformation of the pcDNA4/TO_SCN9A transient
expression construct was initially attempted in XL10-Gold Ultracompetent cells, with all growth stages
from LB-agar plates to mini- and maxi-cultures conducted at 37°C. Diagnostic digests with restriction
enzyme Bglll consistently produced higher bands which were not observed in positive control digests
of the original plasmid aliquot (data not shown), suggesting rearrangements had occurred. The
process was repeated with all stages conducted at 30°C; in this case fewer, slow-growing colonies
were observed and picked 6 days post-transformation, but maxi-prepped DNA still produced the

higher bands after Bglll digest.

Following suggestions from a methods paper on Nav channel plasmid preparation?*, Stbl2 cells were
chosen for transformation and an optimisation experiment was designed to compare the effect of
maxi-culture temperature on plasmid rearrangement in the two bacterial cell types, see Figure 2.10A.
Only the maxi-culture temperature was varied in order to produce SCN9A constructs in the shortest
timeframe possible. The Bglll digest in Figure 2.10B illustrates the results of this experiment. XL10-
Gold cells maxi-cultured at 30°C were of insufficient yield for Bglll digest, but of the remaining
conditions, only the Stbl2 maxi-cultures grown at 30°C produced the expected band fragments at 6.5
kb and 3.5 kb. The smaller fragments at 800 and 450 bp were too small to visualise on this gel.

Sequencing verified the full-length of the WT SCN9A insert and absence of any additional mutations.

This was the protocol followed for preparation of wild-type and mutagenised pcDNA4/TO_SCN9A and
pJTI-R4-DEST_SCN9A constructs. For the latter vector, a double enzyme digest with Ndel and HindllI-
HF produced the expected bands of 4114 bp for the plasmid backbone, 7065 bp and 1687 bp for the
SCN9A and emGFP inserts respectively, see Figure 2.10C.
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Figure 2.10: Optimisation of SCN9A plasmid propagation in bacterial cultures

Due to recurrent rearrangements of SCN9A during plasmid propagation, an optimisation experiment
was designed, shown in (A). The Bglll digest in (B) demonstrates the two correctly sized bands when
plasmids were maxi-cultured in Stbl2 cells at 30°C, whereas higher bands were produced in XL10
cultures. This method was also reliable for pJTI-R4-DEST_SCN9A plasmids, as demonstrated by Ndel
& Hindlll-HF double digest producing plasmid backbone and insert fragments observed in (C).
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2.4.4 - Validation of SCN9A integration into HEK JI TREX-Nav1.7-FLAG cell lines

HEK JI TREX parental cells were co-transfected with R4 integrase and pJTI-R4-DEST_SCN9A vectors to
generate stably expressing Nav1.7-FLAG cell lines. Massive cell death was observed upon changing to
Geneticin selection media after the transfection, but colonies could be observed under the microscope
within 2-3 days and by eye within 7 days post-transfection as shown in Figures 2.11A-B. Once cells
were confluent enough to freeze down stocks, cells were plated at the first passage to test induction
of gene expression by doxycycline and correct protein production by western blot and probing with
anti-Nav1.7 antibody. Figure 2.11C shows absence of Navl.7 expression in each cell line when cell
culture media did not contain doxycycline, compared to presence of Nav1.7 expression when the drug

was added. Inducible expression was also confirmed in the A1236E and EmGFP control cell lines (data

not shown).
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Figure 2.11: Validation of inducible expression in HEK JI TREX-Nav1.7-FLAG cell lines

Generation of polyclonal stable cell lines was based on Geneticin-selection of successfully transfected
cells with the pJTI-R4-DEST_SCN9A cassette. Colonies were visible under the microscope (A) within 2-
3 days of transfection and by eye after a week (B). Cell lysates from uninduced (-) versus induced (+)
cells were probed with anti-Nav1.7 to confirm full-length Nav1.7-FLAG protein was produced (C).
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2.4.5 - Subcellular localisation of Nav1.7 in transient & stable expression systems

Confocal microscopy was used to determine if any of the mutant channels exhibited major localisation
defects within the protein maturation pathway. The wild-type or mutant FLAG-tagged channels were
transiently transfected into Hela cells and co-stained for Nav1.7-FLAG and the ER compartment.
Representative images of each condition in Figure 2.12 show there were no differences in subcellular
distribution of wild-type and mutant channels as all genotypes displayed diffuse, intracellular

expression with no obvious enrichment at the cell perimeter.

Whilst there was no evidence of complete ER retention in any of the Nav1.7 genotypes, occasionally
Nav1.7 staining produced a tubule-like arrangement (see middle R911H-transfected cell in Figure 2.12)
or concentrated in the perinuclear region (see top-left R896W-transfected cell in Figure 2.12). In the
few cells where these phenotypes were observed, the ER distribution was also abnormal and
overlapping with the Navl.7 stain. However, both morphologies were seen in all genotypes and was

not magnified in any particular mutant condition.

In HEK JI TREX-Nav1.7-FLAG stable cell lines, where expression of WT or mutant Nav1.7 is driven by a
single copy of the SCN9A insert, channel distribution was similarly diffuse as in Hela cells and without
obvious plasma membrane enrichment, see Figure 2.13. This staining pattern was observed in all
Nav1.7 genotypes, suggesting the rare anomalies seen in Hela cells may have been an artefact of over-

expression by transient transfection.
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Figure 2.12: Nav1.7 mutants are not retained in the ER in a transient expression system
Transient transfection of WT and mutant Nav1.7 in Hela cells produced a diffuse intracellular
staining pattern that showed little overlap with ER marker anti-KDEL. Rare tubular and aggregate
phenotypes were not unique to any genotype and were considered artefacts of over-expression.
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Figure 2.12: Nav1.7 mutants are not retained in the ER in a transient expression system
Transient transfection of WT and mutant Nav1.7 in Hela cells produced a diffuse intracellular
staining pattern that showed little overlap with ER marker anti-KDEL. Rare tubular and aggregate
phenotypes were not unique to any genotype and were considered artefacts of over-expression.
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Figure 2.13: Nav1.7 mutants were not retained in the ER in a stable expression system

In HEK JI TREX-Nav1.7-FLAG stable cell lines, expression of WT or mutant Nav1.7 is driven by a single
copy of the SCN9A insert. Nav1.7 distribution was diffuse in the cytoplasm and without major
overlap with ER marker anti-KDEL, as was observed in Hela cells.
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Figure 2.13: Nav1.7 mutants were not retained in the ER in a stable expression system

In HEK JI TREX-Nav1.7-FLAG stable cell lines, expression of WT or mutant Nav1.7 is driven by a single
copy of the SCN9A insert. Nav1.7 distribution was diffuse in the cytoplasm and without major
overlap with ER marker anti-KDEL, as was observed in Hela cells.
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2.4.6 - Navi.7 plasma membrane localisation by immunocytochemistry

Whilst there was no distinct enrichment of Nav1.7 at the plasma membrane, this would not discount
the presence of concentrated Nav1.7 puncta in the membrane. An image segmentation approach with
automated analysis was considered in an attempt to make quantitative comparisons of the proportion
of membrane-localised Navl.7 between WT and mutants. MetaXpress software would use the
fluorescence intensity of a plasma membrane marker to produce a mask of this region. Navl.7
fluorescence intensity could then be measured within this compartment and expressed as a fraction
of total cell intensity. In order to produce reliable segmentation masks, the marker would need to
stain the entire border of the cell and demonstrate high contrast in fluorescence between the cell

membrane and intracellular compartment.

Figure 2.14A illustrates staining with a fluorescently-conjugated lectin, wheat germ agglutinin 488
(WGA-488), which requires the whole staining protocol to occur on ice to prevent endocytosis and
labelling of intracellular organelle membranes. Whilst WGA-488 produced a strong, membrane-
specific signal in Hela cells, the extended incubations on ice repeatedly led to detachment of HEK293
cell lines, even from PDL-coated surfaces. Adjustments to this protocol such as shorter incubations on
ice, fixation before versus after WGA-488 staining, or alternative permeabilization agents slightly
improved HEK293 cell attachment but still produced sub-membranous, endosomal-like staining. To
isolate the cell membrane from intracellular puncta would require additional customisation of image
analysis modules in MetaXpress. Instead, a monoclonal rabbit anti-Na*K* ATPase antibody was chosen
as an alternative plasma membrane marker. Fluorescent detection was dependent on polyclonal anti-
rabbit secondaries conjugated to Alexa Fluor 488. Figure 2.14B shows limited membrane staining in
Hela cells, whereas the fluorescence intensity was much stronger and specific in HEK background cell
lines; however in the latter case, staining was most uniform in cells abutted against each other

whereas labelling of free membrane edges was inconsistent.

Before pursuing further optimisation, HEK293 cells were transiently transfected with
pcDNA4/TO_SCN9A constructs to see how much Navl.7 was present in line with the plasma
membrane. Figure 2.14C shows only a few puncta were observed in the membrane, a tiny fraction of
the total protein expressed per cell; this pattern was also observed in mutant transfections (data not
shown). Given the minute proportions of channel that were membrane-localised relative to in the
cytoplasm, differences at such small orders of magnitude were unlikely to be significant. Instead, these

studies were discontinued in favour of the cell-surface biotinylation approach.
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Figure 2.14: Plasma membrane marker optimisation for cell segmentation analysis

A fluorescently-conjugated lectin (A) and antibody-based detection of transmembrane protein Na*K*
ATPase (B) were used in different cell lines to determine their suitability as a plasma membrane
marker for automated cell segmentation analysis. However, transient transfection of Nav1.7 in
HEK293 cells (C) revealed only few Nav1.7 puncta could be detected at the plasma membrane.
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2.4.7 - Nav1.7 plasma membrane localisation by cell-surface biotinylation

Cell-surface biotinylation assay and densitometry analysis of immunoblots has proven to be a sensitive
technique to determine differences in the proportion of surface-localised Nav1.7 when comparing the
effects of Navl.7 membrane trafficking partners'®®2>°, This approach was used to make quantitative
comparisons between WT and mutants in a transient expression system and then to confirm absence

or presence of membrane-localised Nav1.7 in the stable cell lines.

For transient experiments, samples were collected from independent experiments of HEK293 cells
transfected with WT or mutant Nav1.7 (WT and L75P — n=4; T342M, R896W, R911H, G1725R — n=3).
Samples representing total and surface-localised proteins were taken as described in Section 2.3.12.
In addition to studying Nav1.7 expression, blots were probed for Na*K* ATPase as a positive control
for cell-surface protein biotinylation, whilst B-Actin or Calnexin were used as negative controls to

verify the biotinylated membrane protein fraction was not contaminated with intracellular proteins.

A representative blot in Figure 2.15A shows that all Nav1.7 mutant channels were able to reach the
membrane. Quantification of surface-localised Navl1.7 was highly variable between individual
experiments and across genotypes, however there was no statistically significant difference between
any particular mutant compared to the WT (L75P: p = 0.212; T342M: p = 0.496; R896W: p = 0.315;
R911H: p = 0.360; G1725R: p = 0.487). These results were corroborated in the HEK JI TREX-Nav1.7-
FLAG cell lines as shown in Figure 2.16A, with additional assessment of the newly identified A1687P
mutation; repeat experiments of this mutation, shown in Figure 2.16B, confirmed the validity of this
result. Thus, we concluded that none of the mutations cause defects in forward trafficking of Nav1.7
to the cell membrane, when expressed in the absence of known trafficking partners in HEK background

cell lines.

To demonstrate the variability inherent to cell-surface biotinylation assays when used with transient
expression systems, new samples were taken from three individual experiments comparing WT
Navl.7 membrane localisation when expressed transiently versus stably. The blot in Figure 2.17A
shows the total expression of Navl.7 fluctuated between transient transfections but appeared
consistent in stable cell lines. The levels of membrane-localised Navl.7 were uniform across the
transient and stable transfection conditions, although the intensity of the transient surface samples

were stronger which may indicate saturated binding to the streptavidin column.
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Quantification of these results shown in Figure 2.17B-C revealed a statistically significant difference in
the proportion of WT Nav1.7 at the membrane depending on the expression system used (Transient:
59.2 £ 6.1 versus Stable: 17.6 £ 1.8; p = 0.0497). Endogenous levels of Na*K* ATPase were expected to
be consistent between experiments, any variation likely an effect of biotinylation efficiency. This was
verified by statistical testing (Transient: 24.8 + 3.6 versus Stable: 32.6 + 5.4; p = 0.5332). This result
highlights transient transfection efficiency as a potential confounding factor when using cell-surface
biotinylation to make quantitative comparisons of membrane-localised proteins between genotypes

or other conditions.
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Figure 2.15: All Nav1.7 mutants reached the plasma membrane in a transient expression system
Nav1.7 was transiently transfected into HEK293 cells for use in a cell-surface biotinylation assay. (A)
Western blot of total (T) and surface-localised (S) samples shows that all channels were able to reach
the plasma membrane. Densitometry analysis graphed in (B) revealed high variability in the
proportion of all channels that reached the membrane, but none were significantly different to WT.
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Figure 2.16: All Nav1.7 mutants reached the plasma membrane in a stable expression system

(A) The cell-surface biotinylation assay was repeated on HEK JI TREX-Nav1.7-FLAG stable cell lines,
confirming the presence of all channels at the plasma membrane. (B) The Ala1687Pro mutation was
newly identified after transient expression experiments, so this assay was repeated twice more on
the A1687P stable cell line to ensure it was a reliable result.
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Figure 2.17: Cautionary notes on using cell-surface biotinylation for quantitative comparisons

(A) Cell-surface biotinylation experiments on transiently versus stably expressed Nav1.7 in HEK
background cell lines (n=3) were directly compared by densitometry analysis to quantify the
proportion of total WT Nav1.7 (B) and Na*K+* ATPase (C) localised to the plasma membrane. Levels of
surface-localised Na*tK+ ATPase were not significantly different between the two conditions.
However, the lack of control in transient transfection of Nav1.7 resulted in highly variable
assessments of this surface-localised population, which were significantly different to stable
transfection conditions despite expression of an identical protein.
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2.4.8 - Nav1.7 biophysical profiling by manual & automated voltage-clamp

The final assay of Nav1.7 function was electrophysiological profiling of channel properties. HEK293
cells stably expressing untagged, WT Nav1.7 were used for preliminary characterisation to ensure
values were comparable to the literature (see Appendix A). The results of these manual patch clamp

studies are presented in Figure 2.18 and Table 2.11.

Intracellular solutions (ICS) with either CsF (140 mM) or CsCl (125 mM) as the dominant anion were
to be compared but maintaining a stable gigaohm seal for the duration required to record multiple
protocols proved difficult with CsCl-based solution. Therefore, this comparison was only made with
respect to voltage-dependence of activation. Although CsCl-based ICS produced a depolarising shift in
voltage-dependence of activation (see Figure 2.18A), the difference in Vso (CsF: -28.8 + 1.3 mV versus
CsCl: -17.7 £ 5.0 mV; p = 0.2542) and slope factor values (CsF: 3.5 + 0.3 versus CsCl: 4.7 + 1.6; p =
0.5845) for the two solutions were not statistically significant and equivalent to those reported in the
literature. Voltage-dependence of fast inactivation with CsF-based ICS (Vso: -70.5 + 1.4 mV) was also

similar to reported values, therefore we took the CsF-based ICS forward for subsequent studies.

As the transient Nav1.7 construct was not fluorescently tagged, HEK293 cells were co-transfected with
a GFP-expressing plasmid, with the assumption that fluorescent cells would have taken up both
vectors. Figure 2.19A illustrates the hit rate of measuring WT Nav1.7 currents in fluorescent cells at
multiple timepoints when transient transfection was performed by chemical versus electroporation
methods. This proved to be most efficient at 48-72 hours post transfection with the AMAXA
electroporation method. The voltage-dependence of activation was slightly hyperpolarised from 48 to
72 hours, however this difference was not statistically significant (48h Vso: -16.7 £ 0.9 mV versus 72h
Vso: -19.7 £ 1.9 mV; p = 0.2047). The difference in peak current expressed at -5 mV was also not

statistically significant between the two timepoints (p = 0.5107).

In HEK293 cells transiently expressing Nav1.7 mutants L75P and R911H, no Na* currents were
measured at 48 or 72 hours post-transfection, which would be consistent with the LOF phenotype in
the CIP patients. However, given that 65% fluorescent cells in the WT condition did not express sodium
ion currents at 48 hours post-transfection and 17% at 72 hours post-transfection, there was a concern
that the absence of current in the mutant conditions could be due to unsuccessful take-up of Nav1.7
plasmid. This meant subtle changes in the biophysical profile of mutant channels might be missed by
chance and would require many tens of cells to be measured per genotype to be confident of the

result. At this point, the decision was made to generate the HEK JI TREX-Nav1.7-FLAG stable cell lines
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for higher-throughput analysis. Previous recordings of an identical WT construct on the QPatch
instrument by John Linley (AstraZeneca, Cambridge, UK), shown in Figure 2.19E, demonstrated normal

channel function and suitability of this approach to characterise the SCN9A-CIP mutants.

With the newly generated HEK JI TREX-Nav1.7-FLAG cell lines described in Section 2.3.9, automated
patch clamp analysis was performed. For the WT cell line (see Figure 2.20A), the half-maximal value
for voltage-dependence of activation (Vsp = -30.5 + 0.2 mV; k = 3.0 + 0.2) was very close to that
measured by manual patch clamp in transiently transfected HEK293 cells using FUGENE HD (Vso: -28.8
+1.3mV; k=3.5+0.3). However, none or negligible currents were measured from all other cell lines
with induced protein expression —i.e., the novel SCN9A-CIP mutations, published partial LOF mutant
A1236E and the EmGFP control cell line (see Figure 2.20B-C and Table 2.12). Thus, the mechanism of
pathogenicity behind all novel missense SCN9A-CIP mutations was a complete loss of ion conducting

ability.
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Figure 2.18: Biophysical properties of WT Nav1.7 determined by manual patch clamp

Averaged results of voltage-clamp protocols applied to HEK293 stable cell lines expressing untagged
WT Nav1.7: (A) voltage-dependence of activation, (B) voltage-dependence of fast inactivation, (C)
Recovery from fast inactivation, (D) voltage-dependence of slow inactivation. All protocols apart
from voltage-dependence of activation were solely conducted with CsF-based intracellular solution.
Peak sodium currents plotted in (E) and an example trace is shown in (F). Error bars represent SEM.
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Figure 2.19: Limitations of profiling putative LOF Nav1.7 mutants in a transient expression system
(A) Hit rate for measuring sodium currents at 24-72 hours post-transfection from transiently
transfected HEK293 cells by FUGENE chemical transfection versus AMAXA electroporation. Voltage
dependence of activation (B) and peak currents at-5 mV (C) from WT channels were compared at 48
versus 72 hours post AMAXA-based transfection to diagnose any pertinent differences. (D) Example
traces of sodium currents measured from transiently expressed WT Nav1.7 or mutants L75P or
R911H. Due to concerns in interpreting LOF mechanisms from potentially untransfected cells, HEK JI
TREX-Nav1.7-FLAG cell lines were generated for high-throughput QPatch analysis. Functional
characterisation of this WT cell line was previously demonstrated by John Linley in (E).
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Figure 2.20: All novel Nav1.7 mutants were non-conducting in a stable expression system

(A) WT HEK JI TREX-Nav1.7-FLAG cells produced robust sodium currents measured with the QPatch
automated patch clamp system, from which voltage-dependence of activation was determined. The
I-V relationship for all cell conditions measured is plotted in (B) and peak current at -5 mVin (C).
Doxycycline induction of protein expression is indicated by “(+)” following the cell line tested.
Negligible currents were measured for all novel SCNSA-CIP mutants as well as published partial LOF
mutant Ala1236Glu and negative controls EMGFP(+) and WT(-).
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Table 2.11: Biophysical properties of WT Nav1.7 expressed in different conditions, measured by manual patch clamp

RECOVERY FROM
ACTIVATION FAST INACTIVATION EAST INACTIVATION SLOW INACTIVATION
Vso Slope | n Vso Slope | n Tau lt-:?rlife Slope | n Vso Slope n
(mV) (mV) (ms) (mV)
(ms)
- HEK hNav1l.7 stable cell line
- Untagged WT Nav1l.7 -17.7 4.7 5
- CsClintracellular solution +5.0 +1.6
- Manual patch-clamp
- HEK hNav1l.7 stable cell line
- Untagged WT Navl.7 -28.8 3.5 10 -70.5 -7.9 2 53 3.7 0.2 3 -50.0 -17.2 3
- CsF intracellular solution 1.3 +0.3 +14 +0.6 0.2 0.1 +0.0 2.8 1.2
- Manual patch-clamp
- HEK293 cell line
- WT Navl.7-FLAG
- Transient transfection (48 h) -16.7 5.5 5
- AMAXA electroporation 09 +04
- CsF intracellular solution
- Manual patch-clamp
- HEK293 cell line
- WT Navl.7-FLAG
- Transient transfection (72 h) -19.7 6.1 5
- AMAXA electroporation 19 +1.0
- CsF intracellular solution
- Manual patch-clamp
e

- HEKJI TREX-Nav1.7 stable cell line
- WT Navl.7-FLAG -30.5 3.0 20
- CsF intracellular solution +0.2 +0.2
- Automated patch-clamp
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Table 2.12: Peak current amplitudes at -5 mV of WT and mutant Nav1.7 in stable cell lines

. Dox Peak Current One-way ANOVA
HEK JI TREX Cell Line Induction at -5 mV (pA) # cells compariso‘:\ to WT (+)
Nav1.7-WT (+) 2275.8 £380.1 22
EmGFP (+) 117.7 £15.0 11 p=<0.001
Nav1.7-A1236E (+) 231.0+38.8 6 p=<0.001
Nav1.7-WT (-) 168.8 £ 15.0 23 p=<0.001
Nav1.7-L75P (+) 167.9+£33.3 8 p=<0.001
Nav1.7-T342M (+) 82.1+9.3 9 p=<0.001
Nav1.7-R896W (+) 119.0+£10.1 10 p=<0.001
Nav1.7-R911H (+) 103.2+12.3 8 p=<0.001
Nav1.7-A1687P (+) 92.5+6.5 11 p =< 0.001
Nav1.7-G1725R (+) 87.1+9.6 9 p =< 0.001
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2.5 DISCUSSION

In this project, we have established the LOF mechanism behind six missense mutations associated
with the SCN9A-CIP phenotype: a complete loss of conductance due to localised structural changes in
otherwise fully folded and plasma membrane-localised mutant channels. This molecular mechanism
is shared by previously reported missense LOF mutations that abolish conductance or significantly
reduce current density. Sequence analysis revealed low tolerance for substitutions at these locations
given the virtually complete conservation of native residues in Nav1.7 orthologues and paralogues
within the hNav family. Structural modelling illustrated the clustering of LOF mutations in the S5-S6
pore loops and extracellular vestibule, underscoring the importance of maintaining specific
biochemical features within the pore region. This study also adds evidence that the intracellular N-

terminal tail plays an important role in modulating Nav1.7 function.

Exogenous expression of our WT and mutant FLAG-tagged Navl.7 constructs in human cell lines
resulted in a concentrated intracellular pool, a similar distribution to that observed of untagged
Nav1.7 expressed in HEK293 cells?® or tagged constructs in undifferentiated PC12 cells?”’. We found
no obvious difference in subcellular distribution when comparing WT and mutant channels,
particularly in the stably expressing cell lines, that was suggestive of a defect in secretory trafficking.
Moreover, co-staining with anti-KDEL as a marker of the endoplasmic reticulum?? illustrated
negligible overlap between Nav1.7 constructs and the ER. Some abnormal distributions such as tubule-
like staining or concentrated perinuclear foci were observed on rare occasions in transiently
transfected Hela cells. However, their absence in the stably transfected HEK cell lines suggests these
were overproduction artifacts; true trafficking deficient ion channels tend to form small aggregates
and display retention within the secretory pathway more consistently across transiently transfected

cells®*2,

To participate in action potential generation, Nav1.7 channels must localise to the cell membrane.

HEK JI TREX cells stably expressing the WT Nav1.7-FLAG construct had previously been shown to
express robust Na* currents, confirming HEK293 cells possess all the necessary machinery to produce
functional channels and export them to the plasma membrane. Initial attempts to assess cell surface
localisation by confocal microscopy showed that both WT and mutant channels localised as sparse
puncta within the membrane compartment. This staining pattern did not change whether
paraformaldehyde or methanol was used as the fixative. Cell permeabilization could not be avoided
due to the lack of a suitable extracellular targeted antibody, though it is possible a weaker Triton-X
solution or gentler detergent such as saponin could have changed the amount of Nav1.7 detected in

the membrane®3%%, However, a similar absence of plasma membrane enrichment has been observed
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in fixed-cell imaging of transfected mammalian cell lines and live-cell imaging of fluorescently tagged

187,207,209 syggesting only a small proportion of channels are

Nav1l.7 in rodent sensory neurons
membrane-localised. We concluded that quantifying differences in fluorescence intensity in our in
vitro model was unlikely to provide a meaningful comparison, compared to microscopy approaches at

single-molecule resolution®®’

, and proceeded with a biochemical assay.

Cell-surface biotinylation has been used to quantify changes in the proportion of membrane-localised
Nav1.7 in the presence of beta subunits and trafficking partner CRMP2%825° but not to compare WT
to mutant channels. We found all six missense mutants reached the cell membrane, though the
proportion of this population varied considerably between transient transfections; therefore, drawing
guantitative conclusions from the transient transfection data would be problematic without a control
for measuring transfection efficiency. Due to the single integration of the WT or mutant SCN9A
construct into HEK JI TREX cell lines®, differences in the proportion of surface-localised Nav1.7 could
be more reliably attributed to an effect of the mutation rather than differences in transfection
efficiency. Indeed, quantification of the WT Nav1.7 stable cell line indicated about 20% of the total
number of channels expressed reached the cell surface, whereas this value varied from <10% to 75%
across all WT transient transfections. Given that most reported Navl.7 LOF mutants are non-
conducting, we decided to move on to biophysical analysis of the mutant channels but return to
guantification of plasma membrane localisation if there was evidence of reduced current density that

might be correlated with a decrease in cell surface expression®*®,

Manual voltage-clamp studies were conducted in HEK293 cells expressing WT or mutant Nav1.7, with
a CsF-based intracellular solution to maximise recording time in the whole-cell patch-clamp
configuration. A GFP plasmid was co-transfected in transient expression experiments to identify
transfected cells. Chemical co-transfection with FUGENE HD was attempted first, with a 3:1 ratio of
Nav1.7 to GFP vectors to increase the take-up and translation of Nav1.7; however, no WT currents
were observed in fluorescent cells up to 72 hours post-transfection. Switching to electroporation
resulted in measurable WT Nav1.7 currents from 48 hours post-transfection, with the hit rate
increasing over time. In both cases, GFP fluorescence was observed from 24 hours post-transfection
onwards. This data suggests electroporation improved co-transfection efficiency but that the GFP
plasmid may have outcompeted the Nav1.7 plasmid for transcriptional machinery earlier in the post-

transfection period, since both genes were driven by the CMV promoter?’.

Testing SCN9A-CIP mutations Leu75Pro and Arg911His using the electroporation approach revealed

neither generated any current, suggesting they were non-conducting. This was particularly surprising
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for the N-terminal mutation Leu75Pro — while N-terminal mutations in VGSCs have been reported to
change channel availability, they have never been shown to abolish ion conductance?®>?>¢2° Given
that there was no way to be certain that fluorescent cells also co-expressed mutant Nav1.7 channels,

208,209 \ve considered whether subtle

and because some Navl.7 LOF mutants retain partial function
changes in function might be missed by assuming non-excitable cells were a result of the mutation
rather than failed transfection or translation in the recorded cells. Therefore, we decided to generate
stable cell lines using the HEK JI TREX system, including the published Ala1236Glu mutant as a positive

control exhibiting partial LOF, and employed automated patch-clamping to speed up data acquisition.

Induction of channel expression in the WT HEK JI TREX-Nav1.7-FLAG cell line consistently produced
peak currents in the nanoampere range. In contrast, peak currents at -5 mV were negligible in negative
controls (WT Navl.7 uninduced: 168.8 + 15.0 pA; EmGFP: 117.7 + 15.0 pA) and the novel Navl.7
mutants (ranging from 82.1 + 9.3 to 167.9  33.3 pA), whereas the Alal236Glu mutant generated a
small but perceptible current as expected. Taken together, our results indicate the primary mechanism
of pathogenicity behind our SCN9A-CIP mutations is a loss of sodium ion conducting ability.
Degradation due to major protein misfolding was not explored since we could detect full-length
Nav1.7 mutants in whole cell lysates of the stable cell lines with an anti-Nav1.7 antibody directed
against the C-terminal epitope. Moreover, Navl.7 mutants were detected at the plasma membrane
in cell-surface biotinylation experiments using the same antibody. Given the absence of insoluble,
intracellular aggregates (a hallmark of misfolded ion channels?®%?%1), it appears the mutants form
structurally stable channels that are efficiently trafficked to the membrane, but the mutations

interfere with a critical aspect of VGSC function.

The most straightforward mutation to understand is Alal1687Pro, which alters the composition of the
DEKA ion selectivity filter and prohibits sodium ion permeation. The charged D/E/K residues have been
proposed to form the sodium ion binding site based on size and electrostatic interactions®?, as point
substitutions of these residues significantly reduce sodium ion selectivity over other metal ions®
162262 Alanine has typically been considered the least important residue within the filter due to its
small size and lack of charge, although these properties are important alongside the D/E/K residues
for the exclusion of divalent calcium ions!®2. Point mutagenesis of the alanine to negatively charged
glutamic acid or aspartic acid has been shown to reduce single-channel sodium conductance,
attributed to the introduction of a carbonyl group which could hinder the passage of hydrated sodium
ions?®%263 The Ala1687Pro mutation is relatively conservative in terms of biochemical properties as

both residues are small and uncharged. However, proline is known to force kinks in local structure due

to the side chain connecting with the protein backbone twice. Furthermore, the homologous mutation
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in Nav1l.1 (A1724P) has been reported in a patient with intractable childhood epilepsy; although
lacking functional analysis, it is in keeping with the association between SCN1A LOF mutations and
Dravet syndrome!*®2%% These findings suggest the alanine to proline substitution may have a

deleterious impact on the shape of the selectivity filter such that the passage of any ion is obstructed.

The Navl.7 permeation pathway may also be permanently disrupted by the Arg911His mutation. This
arginine is located four residues above the domain Il glutamic acid of the selectivity filter; the
proximity and opposite charges of the Arg911 and Glu916 sidechains form a salt bridge that appears
to stabilise the orientation of the glutamic acid towards the centre of the pore. The Arg911His
mutation would normally be considered a neutral substitution as both amino acids are equally large
and the histidine residue can exist in a positively charged state in certain chemical environments?®,
However, it is more likely to be uncharged when exposed to the extracellular fluid with pH ~7.3266:267,
which would disrupt the salt bridge with Glu916. Missense mutations of the homologous arginine to
histidine or cysteine in Nav1.1 (Arg946) and Nav1.2 (Arg937) were also shown to cause a complete

loss of conductance?>°:268:269

, while those in Nav1.5 (Arg893) were associated with the cardiac LOF
phenotype Brugada syndrome in 5 unrelated individuals?’°. Taken together, this data emphasises the

importance of the arginine at this location across the human VGSC family.

Substitutions of the Nav1.7 Arg896 residue to tryptophan or glutamine have been shown to cause a
complete LOF in independent studies!'*?%’. The Arg896GIn mutation was non-conducting in HEK293
cells and displayed a reduced capacity to reach the plasma membrane in PC12 cells when assessed by
fixed-cell confocal microscopy?”. The Arg896Trp mutation was solely characterised by whole-cell
voltage-clamp, and was in agreement with our findings!!*. Mutations of the homologous arginine in
Nav1.5 (Arg878) to cysteine or histidine have been reported in Brugada syndrome and sick sinus
syndrome patients, while functional analysis established the Arg878Cys mutant is non-conducting and
excluded trafficking defects®®279271, These mutations point again to a critical role of the native
arginine residue; given its position bridging the disordered pore loops of domain Il and I, the arginine
may be involved in non-covalent interactions that stabilise the extracellular vestibule to optimally

guide solvated sodium ions towards the pore.

The structural impact of the Thr342Met and Gly1725Arg mutations on Nav1.7 function are less clear.
Thr342 is located on the D1:5S5-S6 pore loop, although it is further from the permeation pathway than
the previously described mutations. In Nav1.5, the Thr351lle was found to cause minor misfolding

which led to a reduction of membrane-localised channels and ~75% reduction in peak whole-cell Na

currents in HEK293 cells; the trafficking defect was partially corrected in vitro by incubation with
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mexiletine and resulted in altered but measurable whole-cell currents?’2. In Nav1.1, Thr363Pro and
Thr363Arg were also associated with Dravet syndrome phenotypes, although the mechanism and
magnitude of LOF are unknown?®*?73, While the loss of this threonine across hNav channels may be
universally pathogenic, the absence of a trafficking defect and complete loss of conductance caused
by the Nav1.7 Thr342Met mutation indicates the effect on protein structure depends more on the

properties of the substituted amino acid.

A similar trend exists for missense mutations in equivalent positions as the Nav1.7 Glyl725Arg
mutation, located on the top of the DIV:S6 transmembrane segment. While the Nav1.7 CIP-mutant is
non-conducting!'4, the Nav1.5 Gly1748Asp mutant associated with Brugada syndrome exhibited an
>80% reduction in peak current due to a trafficking defect, as well as substantial changes to multiple
voltage-dependent parameters?’®. A different substitution in Nav1.1 (Gly1762Glu) has been reported
in a patient with a sub-phenotype of Dravet syndrome but lacks functional data®”®. The native glycine
residue is small and uncharged, conferring high conformational flexibility in this part of the protein.
Therefore, mutation to any one of these large, charged amino acids is understandably disruptive; in
the case of Navl.7, the Glyl725Arg mutation may lock the DIV:S6 segment in place, preventing the

radial turn necessary to open the intracellular activation gate®,

The final SCN9A-CIP mutation, Leu75Pro, is located on the intracellular N-terminal tail and is the first
patient mutation from this region, across the hNav family, that has been proven to abolish channel
function. It is unclear how this region contributes to VGSC gating and conductance but the association
of over 20 N-terminal missense mutations each in Nav1.1 and Nav1.5 with a range of LOF and GOF
disorders illustrates its functional importance!¥’. Few have been biophysically characterised, but these
studies show the N-terminus can impact channel function in a variety of ways. LOF mutations
significantly reduced current density in whole-cell patch-clamp studies without affecting voltage-
dependent properties (Arg99His in Nav1.72%), or reduced channel availability by altering the kinetics
of inactivation (Asp12Asn and Asp82Gly in Nav1.2%°). In contrast, a Nav1l.7 GOF mutation, (Q10R)
hyperpolarised voltage-dependence of activation resulting in inherited erythromelalgia®®.

The N-terminal region has not been resolved in crystal structures of human VGSCs?¥%276278 s jt
appears to be highly flexible outside of the cell environment; however, it has been partially captured
at low resolution in Na,Pa$, a eukaryotic VGSC from the American cockroach?’® (see Figure 2.21). Parts
of the N-terminus form alpha helices that are oriented parallel to the cell membrane, and the whole
region docks below the voltage-sensing unit of domain I. Comparing the entire length of Nav1.7 and

Na,PaS N-terminal domains shows very little sequence conservation, although the “PLED” sequence
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in which the Leu75Pro mutation occurs is identical. Expanding this to “PLEDFDPFY” in Na,PaS and the
corresponding sequences across the hNav family reveals a highly conserved motif, which forms a small
loop pointing the side chains of positively charged (glutamic acid, aspartic acid) and hydrophobic

(leucine, phenylalanine, tyrosine) residues in alternating directions.

It has been suggested that the N-terminus binds to cytoskeletal protein interaction sites or
hydrophobic pockets in the lipid membrane to ensure the channel is properly tethered (N. Yan,
personal communication; April 71", 2021). The Leu75Pro substitution would likely force another tight
turn in this loop, adjusting the orientation of these residues so that the motif is no longer recognised
by its receptor site. The exact nature of this interaction and why it is essential to Nav function remains
to be explored. The next chapter addresses one hypothesis: that the Nav1.7 Leu75Pro mutation may

disrupt a critical protein-protein interaction.
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Figure 2.21: Structural features of the VGSC N-terminal tail
(A) Structural model of the eukaryotic VGSC Na,PaS (PDB
code: 5XOM). Residues 47-127 of the N-terminal tail were
resolved (cyan) and located below the domain | voltage-
sensing module (pink). The “PLEDFDPFY” motifis highlighted
in the inset with amino acid sidechains coloured according to
their biochemical properties, detailed in the grid. (B) Multiple
sequence alignment of the Na,PaS “PLEDFDPFY” motif across
the hNav family illustrates strong conservation. Adapted from
Structure of a eukaryotic voltage-gated sodium channel at
near-atomic resolution. Reprinted with permission from AAAS.
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CHAPTER 3: Interactome Study of a Loss-of-Function N-
terminal Mutation in Navi.7

3.1 INTRODUCTION

3.1.1 - Functional Roles of the Tail Domains in Human Nav Channels

A notable evolutionary feature of eukaryotic Nav channels is their arrangement from a single
polypeptide chain rather than the homotetrameric structure of prokaryotic VGSCs. In bacterial Nav
channels, each monomer subunit is equivalent to one of the six transmembrane subdomains of
eukaryotic channels. The bacterial subunits possess identical free N- and C-terminal tails, whereas
eukaryotic channels possess inter-domain linkers with divergent lengths and sequences, and single N-
terminal and C-terminal tails extending from domain | and IV respectively. These linkers and tail
domains are important sites for protein-protein interactions (PPls), post-translational modifications

(PTMs) and intramolecular interactions that modulate VGSC function®8163:280,

In human Nav channels, both the N-terminal and C-terminal tail domains (NTD and CTD) are involved
in localising channels to the plasma membrane and even specific subdomains. The intracellular tail
sequences are the least conserved parts of the channel when compared across the hNav family, which
reflect adaptations to expression in distinct cellular environments. For example, Nav1.2 is enriched
along axons of unmyelinated cortical neurons while Nav1.6 localisation is restricted to dendritic and
somatic regions. Studies of channel chimeras found that swapping either of the Nav1.6 tail domains
onto Nav1.2 forced the same spatial restrictions onto Nav1.2 and excluded it from the axon, while
swapping both Nav1.2 terminal domains simultaneously onto Nav1.6 allowed Navl.6 access onto
axonal membranes®. Limiting ion channel localisation to specific compartments can arise from non-
specific delivery but targeted endocytosis, as has been suggested for Nav1.2%2, An alternative
mechanism is by programmed sorting based on interactions with trafficking partners; in the case of
Nav1.5, its NTD mediates an interaction with cytoskeletal factor al-syntrophin to enhance membrane

expression in cardiac myocytes?,

The C-terminus has also been implicated in regulating fast inactivation in a channel-specific manner;

swapping the Nav1.2 CTD with Nav1.3, Nav1.5 or Nav1.6 exchanged their fast inactivation kinetics?®*
286 while Nav1.4 and Nav1.5 mutations in this region are commonly associated with changes in fast

inactivation parameters?®7,288

. The structural basis for this functional connection was recently
determined for Navl.4 and Nav1.5. When Nav channels are at rest or during the early stages of
activation, the fast inactivation motif in the DIII-IV linker interacts with the C-terminus. In some VGSC

subtypes, this interaction is stabilised by additional PPIs with calmodulin and fibroblast growth factor
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homologous factor (FHF) proteins. In wild-type (WT) channels, domain IV voltage sensor activation
overcomes these forces and releases the inactivation particle in a controlled manner to constrict the
pore. Consequently, mutations that weaken any of these intramolecular or protein-protein
interactions reduce the precision of this conformational change, resulting in persistent currents?%2%,
While the calmodulin-binding 1Q domain is shared by most of the hNav family?®?, additional binding
sites on the C-terminus seem to underlie subtype-specific differences in how calmodulin regulates Nav

channel behaviour?®>2%4,

The Navl1.7 CTD has been swapped into Nav1.8 and Nav1.9 to increase their surface expression in
HEK293-based cell lines. The critical regulatory site was refined to the more proximal portion of the
CTD tail, although excluded the 1Q domain for Nav1.9. The chimeras displayed similar biophysical
profiles to their parent channels, apart from voltage-dependence and kinetics of fast inactivation
which were closer to Nav1.7 values®®* 2%, These results indicate a sequence or structural element
unique to the Nav1.7 CTD facilitates forward trafficking to the membrane in non-neuronal cells. The
differences in fast inactivation mirror patterns observed in other channel chimeras which could be
291,298

mediated by intramolecular and/or protein-protein interactions with calmodulin or FHF proteins

The importance of the Nav1.7 NTD is less clear, as no conserved functional role has yet been observed.
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3.1.2 - Protein Partners Mediating Secretory Trafficking of Navi.7

As a transmembrane protein, Nav1.7 must be embedded in a lipid bilayer to maintain its structural
integrity. Consequently, its orientation in transport vesicles and at the cell surface positions the
intracellular tail domains and linkers towards the cytoplasm where they are subject to regulatory
interactions. The binding partners that mediate Nav channel transport through the secretory pathway
and to membrane subdomains are relatively well characterised for some subtypes!®>?%30° and are

beginning to be uncovered for Nav1.7 (see Figures 3.1 & 3.2A).

Following biosynthesis and tertiary folding in the endoplasmic reticulum (ER), VGSCs undergo
glycosylation in the ER and Golgi network, inserting charged glycan moieties on the channel surface.
This modification has been shown to affect channel gating and plasma membrane localisation in
various VGSC subtypes3023%4 When Nav1.7 is expressed alone in HEK293 cells, core glycosylated (~250
kDa) and fully glycosylated (~280 kDa) isoforms have been identified at the cell surface'®®. When beta
subunits B2 or B4 were co-expressed, the same glycoforms were identified and there was no change
in current density or gating properties. In contrast, the presence of B1 or B3 significantly increased
Nav1.7 current density, and was associated with faster rates of activation and depolarising shifts in
voltage-dependence of inactivation. Curiously, B1 or B3 co-expression led to the formation of an
intermediate glycosylation state (~260 kDa). This intermediate glycoform was enriched at the cell
surface when B1 was present, whereas 33 promoted surface localisation of the core glycoform. These
results suggest Bl and B3 direct Navl.7 towards alternative glycosyltransferase or glycosidase

enzymes, perhaps in the ER where B1-Nav1.5 and B3-Nav1.8 interactions were demonstrated3%>3%,

To reach the plasma membrane, VGSCs must be exported from the Golgi and targeted towards the
cell surface. Several Navl.7 binding partners have been separately identified that may together
facilitate the sorting of Nav1.7 vesicles for forward trafficking. A live-cell imaging study of cultured
DRG neurons showed Navl.7 is selectively co-transported with Rab6A, which mediates anterograde
transport towards axon terminals'®’. However, a substantial proportion of Navl.7-positive vesicles
were negative for Rab6A or the other Rab proteins tested, suggesting other Rab family members could
also be involved®”. Given that the speed of vesicle movement was consistent with carriage by a kinesin

motor, and was halted upon microtubule destabilisation®®’

, a kinesin was proposed to drive Rab6A-
Nav1.7 vesicular transport. Navl.7 has been found to interact with KIF3A3% and KIF5B3% in mouse
DRG, although the latter interaction is absent in rat DRG°%31%, This may be due to a species difference,
or differences in the composition of lysis buffer, influencing the Nav1.7-KIF5B interaction directly or

indirectly via an essential adaptor such as ankyrin-G3!'. Both ankyrin-G and Nav1.7 are upregulated in
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312,313

painful human neuromas , and an interaction between them in mouse DRG was recently

validated3%; the binding site is most likely via a conserved motif in the domain IlI-ll linker34,

Multiple studies have implicated KIF5B in the movement of Rab6-positive vesicles towards the cell
periphery3>-3Y7 though additional kinesins are involved in vesicle budding and supporting microtubule
binding3!>317, Rab6A and KIF5B were also shown to co-localise with non-muscle myosin Il (NMI) at the
Golgi. Interestingly, the Rab6A-NMIl interaction was necessary for the fission of Golgi vesicles moving
in both anterograde (towards the plasma membrane) and retrograde (towards the ER) directions,
whereas KIF5B only pulled Rab6A-positive vesicles towards the cell surface®®>. NMlla and NMIlb
subtypes also interact with Nav1.7 and Nav1.8 in rat DRG, and over-expression of NMIlb with Nav1.8
in the rodent neuronal cell line ND7/23 enhanced current density three-fold®°. NMIlb is also
associated with short range, post-Golgi transport of Kv2.1 channels; its depletion in cultured
hippocampal neurons by shRNA led to Kv2.1 trafficking defects and reduced Kv2.1 total expression,
possibly due to channel degradation3!®. Taken together, the sequential interactions of Rab6A, NMI|

and KIF5B with Nav1.7 may enable the sorting of nascent channels towards the secretory pathway.

Extracellular

Intraceliular

Beta Subunit Disulfide Bond Protein Binding Sites
[1] NavB2/4: Cys906 : 1089-VPIAGPESD-1097
[6] Calmodulin: 1896-1Q-1897
Phosphorylation Sites :1955-PPSYDSV-1961
: Thr531, Ser535 and Ser608
: Tyr1481and Tyr1482
: Ser1490

Figure 3.1: Nav1.7 protein-protein interaction sites and post-translational modifications
Locations of experimentally confirmed binding sites and phosphorylated residues on Nav1.7. Residue
numbering is based on the 11L splice variant.
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Figure 3.2: Protein-protein interactions regulating Nav1.7 localisation and channel availability
Nav1.7 protein complexes involved in (A) secretory transport, (B) stabilising plasma membrane
localisation, (C) modulating gating properties, and (D) clathrin-mediated endocytosis. Figure
produced with Biorender.com.
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3.1.3 - Protein Partners Regulating Nav1.7 Localisation at the Plasma Membrane

Upon reaching the cell surface, vesicle fusion inserts Nav1.7 into the plasma membrane (see Figure
3.2B). Interactions with other transmembrane proteins and cytoskeletal components can direct
channel insertion to specific subdomains and promote the association of larger regulatory complexes.
A periodic actin-spectrin cytoskeleton structure was recently discovered in axons across the nervous
system, including in fixed sciatic nerve preparations and unmyelinated DRG neuron cultures3'32°, |t
has been proposed to act as an organisational platform for signalling molecules to support action
potential generation and propagation3?322, Live-cell imaging studies of unmyelinated DRG neuron
cultures show Nav1.7 channels accumulate in nanoclusters along the axon but do not exhibit the same

187

patterned localisation™’, indicating the periodic cytoskeleton does not intrinsically impose a regular

membrane distribution of Nav1.7.

Physical interactions between Nav1.7 and the Nav beta subunits B1-B3 have been demonstrated by
co-immunoprecipitation (co-IP) and structural studies?%3%, The B1 and B3 subunits were shown to

198

increase Navl.7 localisation at the plasma membrane™®, although dynamic studies are needed to

determine whether the beta subunits enhance forward trafficking or anchoring at the cell surface.

309

Nav1.7 also associates with neurofascin®”, a neuronal-specific cell adhesion molecule, which may

further form heterotrimeric complexes with Bl or B3 subunits3??

. In myelinated DRG neurons,
neurofascin is one of the earliest components localised to nodes of Ranvier, drawing in other factors
such as Nav channels and ankyrin-G32. Consequently, postnatal knockdown of NFASC moderately
lowered the expression of these components at peripheral nodes and reduced conduction velocity3%.
The specific VGSC subtype was not determined in these studies but could include Navl.1, Nav1l.6,
Nav1.7 or Nav1.8%. Neurofascin is likely targeted to the plasma membrane independently of Nav1.7

but functions to stabilise channel localisation at nodes of Ranvier3?®.

Nav1.7 internalisation is initiated by signalling molecule CRMP2 (see Figure 3.2D). CRMP2 itself is

327

subject to a complex hierarchy of PTMs which control the recruitment of ubiquitinating®*’ and

endocytic machinery3%,

Cdk5-mediated phosphorylation of serine522 and Ubc9-dependent
SUMOylation of lysine374 prevent CRMP2 from associating with the endocytic complex. Conversely,
Fyn-mediated phosphorylation of tyrosine32 biases CRMP2 interactions toward Navl.7
internalisation3?3%°, In this state, CRMP2 first engages the adaptor protein Numb which attracts the
E3 ubiquitin-ligase NEDD4-2 to the PPxYxxV-motif in the Navl.7 CTD (see Figure 3.1).

Monoubiquitinated Navl.7 is then recognised by Eps15 which promotes the assembly of clathrin-

coated endosomes. A physical interaction between CRMP2 and Nav1.7 has been demonstrated by co-
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IP309328 Although the binding site has not been determined, binding affinity was significantly reduced
with the SUMOylation-deficient CRMP2 mutant3%,

200,328

This regulatory pathway occurs in vitro and in vivo and may be differentially involved in distinct

330-332 Intriguingly, the interplay of CRMP2 and Nav1.7 signalling in neuropathic

chronic pain conditions
pain appears to be influenced in a sex-specific manner?%333, Nevertheless, an exciting development
from this body of work was the generation of a therapeutic peptide that inhibits CRMP2 SUMOylation
by Ubc9, subsequently reducing Navl.7 membrane localisation and current density, and alleviating

behavioural signs of neuropathic pain in rats of both sexes32%334,



115

3.1.4 - Protein Partners Modulating Nav1.7 Gating Properties

Multiple protein kinases act on Nav channels (see Figures 3.1 & 3.2C), imparting negatively charged
phosphate groups onto distinct residues. These local changes in charge density can influence
intramolecular interactions or the affinity for protein binding partners in order to alter gating

behaviour'8335336

Nav1.7 is a substrate for extracellular signal-regulated kinase 1/2 (ERK1/2), a member of the mitogen-
activated protein kinase (MAPK) family. Pro-inflammatory mediators activate intracellular signalling
cascades that lead to the phosphorylation of MAPKs, allowing them to phosphorylate a wide range of
targets'®, The co-localisation of activated MAPKs with Nav1.7 was first observed in patient samples
and experimental models of painful neuromas®*37. Navl1.7 phosphorylation by ERK1/2
hyperpolarizes the voltage-dependence of activation and fast inactivation, increasing the firing
frequency of DRG neurons. This functional modulation is dependent on phosphorylation of three
residues in the domain I-1l linker: threonine531, serine535 and serine60833%, In a model of migraine,
IL-6 application induced facial allodynia in awake rats and hyperexcitability in cultured trigeminal
sensory neurons; these effects were associated with an enhanced interaction between Nav1.7 and
ERK1, and alleviated by an inhibitor of MAPK phosphorylation33°. The p38 MAPK was also visualised
with Navl1.7 in neuroma studies3'®33® although Nav1.7 may not be its direct target; rather, p38
activation downstream of protein kinase C was shown to increase total Nav1.7 expression, possibly

via a transcriptional mechanism, in a rodent model of painful diabetic neuropathy34341,

Protein Kinases A and C (PKA and PKC) also modify Nav1.7 properties. In Xenopus oocytes, activated
PKA reduced Navl.7 peak currents and increased those for Nav1.8 without changing gating
parameters; an effect attributed to altered membrane trafficking®*. In contrast, PKA activation in the
human tsA201 cell line led to a negative shift in Nav1.7 voltage-dependence of activation, but without
an effect on current magnitude. Notably, the modulation in human cells was specific to Nav1.7 splice
variants with the short form of exon 11, as Navl.7-11L splice variants were not affected by PKA
activation’3. The authors proposed extension of the domain I-Il linker obscured a binding site for an
A kinase-anchoring protein (AKAP), as AKAP-15 had been shown to bind in this vicinity and was
necessary for PKA-mediated modulation of Nav1.23%3, A recent Nav1.7 interactome study identified
AKAP-12 as a putative binding partner (see next section). Although requiring further validation, it is

15339 supporting the previous

worth noting that their SCN9A construct encoded the 11S splice varian
hypothesis. PKC activation in human cells expressing Navl.7 depolarised both activation and fast

inactivation, and significantly increased gating kinetics. These effects were dependent on the
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phosphorylation of serine1479 in the domain IlI-IV linker3*4. PKC activity has also been shown to

enhance the effects of pathogenic Nav1.7 mutations34434>,

Fyn kinase interacts with Nav1.7 to phosphorylate tyrosine residues 1470 and 1471 in the domain Ill-
IV linker3#. A constitutively active form of Fyn increased total Nav1.7 expression and its membrane
localisation, correlating with increased current density, in both HEK293 and ND7/23 cells. While
effects on gating parameters differed depending on cell background®*®, Fyn-mediated regulation of
Nav1.7 is more complex in vivo, as direct phosphorylation of Nav1.7 is expected to enhance neuronal
excitability whereas its action on CRMP2 promotes channel internalisation. The Nav1.7-Fyn binding
site was not determined, but likely involves proline-rich motifs that act as SH3-binding domains. A
comprehensive study of Fyn binding sites in Nav1.5 revealed four proline-rich motifs in the domain I-

347 While none of these interfaces are

Il linker and C-terminus that were necessary for the interaction
conserved within the hNav family, a distinct proline-rich motif in the domain I-1l linker of Nav1.2 was
also shown to be necessary to pulldown Fyn, drawing attention to this region3*®. However, the above
studies did find the same tyrosines in the domain llI-IV linker were responsible for Fyn-mediated
changes in channel behaviour, and highlighted additional conserved residues in the tail domains that

may be relevant to Nav1.7 modulation34734%,

Certain protein-protein interactions at the cell surface have been shown to alter Nav1.7 function.
FHF2A and FHF2B splice variants (also known as FGF13) were shown to have different effects on
Navl.7 gating properties but both contributed to hampering channel activation in HEK293 cells and
DRG neurons®®®. However, the effects on fast inactivation seen in the human cell line were absent in
the primary neuronal cultures?®; this was surprising given the established relationship between FHF
proteins Nav channel behaviour, as well as evidence of calmodulin binding to Nav1.7%%. Conflicting
results were presented in another study, where FHF2B increased Nav1.7 peak currents in HEK293 cells
without altering voltage-dependence of activation or fast inactivation, and FHF2 knockout in Nav1.8-
positive neurons reduced stimulus-evoked neuronal firing and behavioural responses to heat

stimuli®®®. Further investigations are needed to fully understand FHF-mediated regulation of Nav1.7.

In addition to guiding glycosylation status and membrane localisation, Nav beta subunits also impact
Nav1.7 gating properties. Association of VGSC a-subunits with B1 or 3 is non-covalent and may
depend on extracellular, transmembrane or intracellular interfaces, whereas 2 or B4 form an
extracellular disulfide bond via a cysteine residue in the domain Il pore module of the a-subunit (see
Figure 3.1)14>24° Co-expression of the B1 or B3 subunits with Nav1.7 increases current density due to

enhanced membrane localisation and gating changes that would increase channel
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availability17%:198336351352 ‘\Whijle full-length B2 and B4 subunits have no such effect!9%336:3%3 the cleaved
B4 C-terminus was shown to interfere with Nav1.7 fast inactivation in exogenous expression systems,
although it is not known whether this event occurs in vivo®3. SCN2B mutations from patients with
painful neuropathies can however enhance Navl.7 currents by altering its gating properties or

potentially by increasing forward trafficking or stabilisation at the membrane3>%3%3,
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3.1.5 - Unbiased Mapping of the Navi.7-Interactome in vivo
Unbiased interactome studies of Nav channels have uncovered novel PPls that have important

functional implications using yeast two-hybrid and affinity purification with mass spectrometry3>637,

The latter approach was recently taken to characterise the interactome of mouse Nav1.73093%,

In this study, an epitope-tagged Nav1.7 knock-in mouse was generated by targeting a tandem affinity
purification (TAP) tag to the 3’ end of the SCN9A locus. The tag had no effect on the voltage-
dependence or kinetics of Nav1.7 gating in vitro, and homozygous knock-in mice displayed comparable
pain behaviours to WT mice, indicating the epitope tag did not impart a change in channel function.
In addition to known expression in DRG and the sciatic nerve, Navl.7 was detected by
immunohistochemistry in the hypothalamus, the olfactory bulb and the lumbar enlargement of the
spinal cord. Samples from these tissues were lysed in 1% CHAPS buffer to preserve transmembrane

protein conformations, followed by co-IP to pulldown protein complexes.

The TAP tag fused onto the Navl.7 C-terminus consisted of a polyhistidine tag and then a FLAG-
epitope tag, with a TEV protease cleavage site in between. This allowed for a two-step purification
procedure to enrich for high-affinity bait-specific interactions, but since low-affinity transient
interactions can be lost, the authors opted for a single-step protocol using anti-FLAG antibody-coupled
magnetic beads. The isolated complexes from knock-in vs WT mice were analysed by mass
spectrometry and quantified based on a spectral counting method (as in vivo proteomics studies are

not amenable to metabolic/chemical labelling approaches) to identify Nav1.7-specific interactions.

Hydrolase enzymes, cytoskeletal proteins and transporters were the most common protein classes
identified within the Nav1.7 interactome. Twelve candidates were validated by western blot, being
pulled down with Navl.7 at endogenous levels in DRG. Those already known to have functional
relationships with VGSCs included the NavB3 subunit, cell adhesion molecule neurofascin, cytoskeletal
tether ankyrin-G, microtubule motor KIF5B, protein kinase scaffolding protein AKAP-12 and signalling
molecule CRMP2. Several novel PPls were also detected such as secretory cargo-sorting protein

TMED10, cell adhesion molecule neurotrimin and amino acid transporter LAT1.

Altogether, this paper presented the first attempt at unbiased mapping of the Nav1.7 interactome in
physiologically relevant tissues, highlighting established and newly recognised binding partners that

may allow for indirect regulation of Nav1.7 function.
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3.2 OBJECTIVES

Compared to other regions of the typical Nav channel (e.g., voltage-sensor segments, pore loops,
inactivation particle etc.), there is no consensus as to the functional role of the N-terminal tail.
However, the presence of numerous disease-related mutations in this region'*’, some of which have
been shown to alter current density or voltage-dependent gating?®%582%%, demonstrates its ability to
modulate channel function. The SCN9A-CIP mutation Leu75Pro abolishes Nav1.7 conductance without
affecting cell-surface localisation in HEK293 cells, revealing an essential role for this residue in Nav1.7

function at the plasma membrane.

The Leu75Pro mutation is located within a highly conserved motif across the hNav family. This motif
forms a disordered portion of the N-terminal tail, exposed to the cytoplasm in the eukaryotic Na,Pas
structure rather than buried beneath a voltage-sensor domain (see Figure 3.3A), thus well placed to
interact with intracellular proteins. Therefore, we considered whether the Leu75Pro mutation disrupts
a critical protein-protein interaction at the plasma membrane (e.g., tethering to the cytoskeleton) that

may control the motion of the N-terminal tail to facilitate ion conductance.

Given that the molecular loss-of-function could be observed in the HEK JI TREX-Nav1.7-FLAG cell

background, we set the following experimental objectives for in vitro studies (see Figure 3.3B):

A. Conduct co-immunoprecipitation with mass spectrometry (IP-MS) experiments to investigate
potential differences between WT and Leu75Pro Nav1.7 interactomes.

B. Validate candidates of interest from mass spectrometry by western blot.

C. Knockdown potential hits in the WT HEK JI TREX-Nav1.7-FLAG cell line and profile the effects
on Nav1l.7 function by whole-cell voltage-clamp.

D. If hit PPIs are disrupted by the Leu75Pro mutation, or knockdown in the WT cell line alters
Nav1.7 function, confirm physiological relevance of interactions by co-IP in rodent DRG and/or

demonstrate co-localisation by immunohistochemistry in human DRG.
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Figure 3.3: Investigating interactomes of WT hNav1.7 and the LOF N-terminal mutant, Leu75Pro
(A) Location of the PLEDLPFY motif (in blue, grey, orange & yellow; sidechains displayed as sticks) in
the N-terminal tail (cyan) of Na,Pas. The domain | voltage-sensor segments are coloured pink.

(B) Experimental design for IP-MS studies of the hNav1.7 interactome in HEK JI TREX-Nav1.7-FLAG
cell lines. (-) and (+) indicate uninduced or doxycycline-induced expression of SCN9A respectively.
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3.3 METHODS

3.3.1 - Cell Preparation for IP-MS Experiments

The HEK JI TREX-Nav1.7-FLAG cell lines for WT and Leu75Pro mutant were maintained as described in
Section 2.3.8. Cells were grown in five T-175 flasks per condition until almost confluent then Nav1.7
expression was induced with doxycycline 16-24 hours before the co-IP protocol. The three conditions
per IP-MS experiment were WT uninduced, WT induced and mutant induced — WT(-), WT(+) and 75(+)

respectively.

3.3.2 - Co-immunoprecipitation

Co-IP of hNav1.7 protein complexes from HEK JI TREX-Nav1.7-FLAG cell lines was conducted using the
Dynabeads Co-Immunoprecipitation Kit and DynaMag-2 Magnet (both Invitrogen). Antibodies were
covalently coupled to M-270 Epoxy-coated magnetic beads — purified mouse monoclonal anti-Nav1.7
(Merck, #MABN41) and anti-FLAG (Cell Signaling Technology, #8146S) were both tested, but the
former was taken forward for IP-MS experiments as Nav1.7-FLAG pulldown was more efficient.
Antibody-coupled beads were prepared fresh for the day of co-IP experiments, at a concentration of
7 ug antibody per mg beads and 1.5 mg antibody-coupled beads per condition as recommended.
Coupling was carried out overnight in a shaking incubator at 37°C and 225 RPM, followed by washing

in 0.05% Tween-20 supplemented wash buffers.

Cells were washed with PBS, trypsinised and re-suspended in culture medium, spun down at 300 x g
for 5 minutes, and then washed and centrifuged again. After aspirating the PBS, the weight of the cell
pellet was calculated, followed by lysis on ice for 15 minutes at a 1:9 ratio of cell mass to extraction
buffer volume. The co-IP kit supplies a low stringency IP buffer containing 110 mM potassium acetate
and 0.5% Triton X-100, which was minimally modified with 100 mM sodium chloride and EDTA-free
Pierce protease and phosphatase inhibitors (Thermo Scientific), then referred to as the extraction
buffer (also known as the lysis buffer). The lysed cell suspensions were centrifuged at 2600 x g for 5
minutes and the supernatant was transferred for use in co-IP. A tenth of this “input” fraction per

condition was set aside for western blotting.

The remaining volume of input was incubated with antibody-coupled beads for 45 minutes on a roller
at 4°C, after which an aliquot of this suspension was set aside as the “flowthrough” fraction for quality
control blots. The antibody-coupled beads (with captured Navl.7 complexes) were separated from
the solution using the DynaMag rack and subjected to three washes with extraction buffer followed

by a final incubation with 0.02% Tween-20 wash buffer for 5 minutes at room temperature. The
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purified protein complexes were then isolated in 60 ul elution buffer as the “eluate” fraction for

immunoblotting or mass-spectrometry.

3.3.3 - Western Blot and Coomassie Staining for Co-IP Optimisation

A preliminary co-IP was conducted to compare the effectiveness of the anti-Nav1.7 versus anti-FLAG
antibodies for pull down of Nav1.7-FLAG in WT(+) versus WT(-) conditions. Equal volumes of input,
flowthrough and eluate fractions were loaded onto NUPAGE 3-8% Tris-Acetate gels (Invitrogen),
followed by gel electrophoresis and wet transfer onto 0.45 um PVDF membranes as described in
Section 2.3.13. Navl.7 bands were detected using the Merck anti-Nav1l.7 antibody. For determining if
the mass of cell input was sufficient for mass-spectrometry, another gel was run and stained with
InstantBlue Protein Stain (Expedeon Protein Solutions) for 1.5 hours at room temperature, then

visualised using the ChemiDoc MP Imaging System and Image Lab software (Bio-Rad).

3.3.4 - Mass Spectrometry and Label Free Quantitation Analysis
Sample processing and liquid chromatography with tandem mass spectrometry (LC-MS/MS) was
conducted by Robin Antrobus, while label free quantitation (LFQ) analysis was conducted by Jack

Houghton, both of the CIMR Core Proteomics Facility.

Eluted samples from co-IP experiments were electrophoresed on 10% NuPAGE Bis-Tris gels, followed
by staining with SimplyBlue SafeStain (both Invitrogen). Each lane was then excised and cut into 4
equal sized pieces. Gel segments were reduced in 10 mM dithiothreitol solution for 30 minutes at
56°C, alkylated in iodoacetamide solution for 30 minutes in the dark, followed by a pre-incubation
with 12.5 ng/ul trypsin solution for 20 minutes on ice. Excess trypsin solution was removed and
replaced with 50 mM ammonium bicarbonate solution for overnight digestion at 37°C. Peptides were
dehydrated by vacuum drying and resuspended in 20 pl injection solvent (3% acetonitrile, 0.1%

trifluoroacetic acid in ultrapure water), of which 10 ul was injected for LC-MS/MS analysis.

Peptides were separated using the UltiMate™ 3000 RSLCnano liquid chromatography system (Thermo
Scientific), fitted with an Acclaim™ PepMap™ C18 trap column (100 uM diameter, 2 cm length, 5 um
particle size, 100 A pore size) for pre-concentrating peptides, and an EasySpray PepMap analytical
column (75 uM diameter, 50 cm length, 2 pm particle size, 100 A pore size). Peptides were eluted over
171 minutes at 40°C, using a gradient of 3-95% solvent B (solvent A: 0.1% formic acid; solvent B: 20%
acetonitrile, 0.1% formic acid). Peptides were fed into the EASY-Spray™ Source emitter (Thermo

Scientific) at a flow rate of 300 nl/min for electrospray ionisation. lonised peptides then entered the
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Orbitrap Fusion™ Lumos™ mass analyser (Thermo Scientific), which was operated in positive ion

mode.

The Orbitrap detector resolution was set to 120,000 and the total LC-MS/MS run time was 60 minutes.
The “top N” algorithm, a data-dependent acquisition approach, was applied to collect peptide
sequence data®?°. During the MS1 survey scan, mass spectra of peptide ions within a mass-to-charge
ratio (m/z) range of 375 to 1,500 m/z were isolated. The most abundant (top N) peptide ions over 3
second cycles were selected for fragmentation by higher-energy C-trap dissociation (HCD; collision
energy set to 35%), to produce the MS2 spectra from which amino acid sequences could be inferred.
The precursors for MS2 analysis were isolated in 1.6 m/z windows for optimal separation of peptides

co-eluting at the same time, thus generating clean MS2 spectra.

Raw spectral files across the five IP-MS experiments were analysed with MaxQuant (version 1.6.6.0).
The Andromeda search engine was used to make spectrum-peptide matches based on the following
parameters:

(i) Human database (UniProt reference proteome downloaded 18 Dec 2018 containing
21066 proteins) with additional inbuilt MaxQuant contaminant database (containing 246
common contaminants)

(i) Trypsin-specific digestion with up to 2 missed cleavages allowed

(iii) Methionine oxidation and N terminal acetylation as variable modifications

(iv) Cysteine carbamidomethylation as a fixed modification

(v) Precursor ion tolerance: 20 ppm in the preliminary search, 4.5 ppm in the main search

(vi) Label-free quantification (MaxLFQ algorithm) and match between runs enabled

The false discovery rate filter was set to < 1%. Proteins with three valid values were included, while
reverse sequences and contaminants were excluded. Batch correction was carried out on protein LFQ
values using the “ComBat” algorithm and post-processing was carried out using R with bespoke scripts

incorporating the “limma” statistical package.
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3.3.5 - Candidate Prioritisation from IP-MS Pilot Based on EUPC Analysis

To meet the objectives for this project in identifying and validating potentially critical functional
partners of Nav1.7, at least 3 IP-MS experimental replicates were required to identify significant hits
by LFQ analysis. Due to manufacturing issues with liquid chromatography columns and restricted
access to labs during the covid-19 lockdowns, there was a 14-month delay in running sufficient
replicate experiments and data analysis to identify putative hits. As this situation became apparent,
several hits were chosen from the first IP-MS experiment based on 3 criteria:

1) The Exclusive Unique Peptide Count (EUPC) value for a given protein was less than 5 in the
WT(-) condition and more than 7 in the WT(+) condition —i.e., sparsely present or absent from
Navl.7-co-IP when the channel is absent, but with at least a two-fold increase in the number
of unique peptides identified from Nav1.7-co-IP when the channel is expressed.

2) Independent, published evidence of an interaction with Nav1.7

3) Enriched mRNA expression in DRG sensory neurons from adolescent mice using the

tool'&

With respect to criterion 1, fold change values were calculated using the equation ‘(B — A)/A’ where
‘A’ represents the EUPC value for a given protein in the WT(-) sample and ‘B’ represents the same for
either the WT(+) or 75(+) samples. To allow fold-change calculation for proteins with null expression

values in the WT(-) sample, a negligible value of ‘0.1’ was added to all EUPCs.

3.3.6 - Western Blot Validation of Select IP-MS hits

Non-muscle myosin lla (NMlla), AHNAK and AHNAK2 were prioritised for further investigation. The
following antibodies were optimised for use in western blots: rabbit polyclonal anti-AHNAK
(Proteintech, #16637-1-AP), rabbit polyclonal anti-AHNAK2 (Proteintech, #17682-1-AP) and anti-
NMilla (Abcam, #ab55456). The AHNAK antibodies were used at a 1 in 1000 dilution while the anti-
NMilla antibody solution was made to a final concentration of 2.5 pug/ml. Due to batch issues with the

anti-AHNAK2 antibody, protein-level studies of AHNAK2 had to be withdrawn.

Sample preparation, gel electrophoresis and membrane transfer were performed as described in
Section 2.3.13 with some key differences. Gel electrophoresis was conducted at 125V for 6 hours in
the cold room to maximise separation of the AHNAK proteins (~600 kDa) from NMlla and Nav1.7 (both
~250 kDa). Nitrocellulose membranes bound AHNAKs more efficiently than PVDF membranes in wet

transfer conditions (data not shown), so were used throughout. To improve the transfer of high


http://mousebrain.org/genesearch.html
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molecular weight proteins in wet transfer conditions, the transfer buffer was supplemented with 0.1%

sodium dodecyl sulfate (SDS) and methanol concentration was reduced to 10%.

Membrane transfer conditions were optimised to improve protein binding and detection. A 10X
dilution series of whole-cell lysate was run on NUuPAGE 3-8% Tris-Acetate gels (Invitrogen) and
transferred in different conditions (see Section 3.3.4). Starting total protein concentration was
determined using the Bio-Rad Protein Assay (Bio-Rad), dilutions of bovine serum albumin as protein
standards, and the Spark multimode plate reader (Tecan) for colorimetric detection. In addition, PFA
fixation of membranes was performed immediately after transfer for 30 minutes at room temperature

to minimise protein loss during washes.

Preliminary blots indicated endogenous AHNAK, AHNAK2 and NMlla levels in input fractions were very
high and were suspected to be low in the co-IP fractions. Therefore, the minimum volume of inputs
and maximum volume of co-IP fractions were loaded onto gels for the final IP-MS validation blot; 1.0
ul and 16.25 pl respectively. This adjustment was made in an attempt to avoid saturation of the input
signals masking the whole blot and preventing visualisation of low-level protein expression in the co-

IP fractions.

3.3.7 - siRNA Dosage Optimisation

SMARTpool siRNAs were obtained from Horizon Discovery for the following genes — GAPDH (#D-
001830-10-05), MYH9 (#L-007668-00-0005), AHNAK (#L-014285-01-0005), AHNAK2 (#L-022014-01-
0005), and a negative control Non-Targeting Pool (#D-001810-10-05). Transfection complexes were
prepared in DharmaFECT1 (Horizon Discovery) and OptiMEM (Gibco) at siRNA concentrations from
12.5to 100 nM and incubated for 30 minutes at room temperature in separate wells of a 24-well plate.
The WT Nav1.7 inducible cell line was plated on top in antibiotic-free culture medium (i.e., lacking
Geneticin and Blasticidin) at a seeding density of 50,000 cells/well. Untreated cells were included as

an additional negative control.

Triplicate plates were prepared to test mRNA-level and protein-level knockdown at 24, 48 and 72
hours, and experiments were run in triplicate. Nav1.7 expression was induced with doxycycline at 24
hours post-transfection. Cells were lysed for mRNA and protein level quantification in RNA lysis buffer
from the RNeasy Plus kit (Qiagen) and RIPA buffer with EDTA-free protease and phosphatase inhibitor
tables (all from Sigma) respectively. However, due to limited availability of mRNA isolation kits and
limited lab access during the covid-19 pandemic, mRNA and protein level knockdown could only be

guantitatively assessed in one experimental replicate each.
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3.3.8 - Total mRNA Isolation, cDNA Conversion and RT-qPCR

Total mRNA isolation was performed according to manufacturer’s instructions of the RNeasy Plus kit
(Qiagen). siRNA-treated cells were lysed with RLT Plus Buffer with B-mercaptoethanol and pellets were
stored at -80°C until processing. RNA was eluted in RNase-free water and stored at -80°C until cDNA
conversion. RNA concentration was quantified using the NanoDrop spectrophotometer (Thermo
Scientific) before conversion to cDNA using the QScript cDNA synthesis kit (Quantabio) and

recommended protocol.

Primers for RT-gPCR were designed using the GenScript tool (

) and their reference transcripts are listed in Table 3.1. RT-gPCR
reactions were prepared in triplicate using the LightCycler 480 SYBR Green | Master Mix (Roche) and
were run on the CFX384 Real-Time PCR System (Bio-Rad). Reaction composition and thermocycling

parameters are given in Table 3.2.

Table 3.1 - qPCR primers for MYHg, AHNAK and AHNAK2 mRNA quantification

PRIMER ID PRIMER SEQUENCE TRANSCIPT ID
WNHS R | CoAATGMTTTCComac | ESTO0000216181.11
AHNAKR T ATTCAGGTCCACATCAGGCA | ENSTO0000378024.
ANAKs R | ACATCCOTGTCCTCcTETe ] FISTO0000333244.6

Table 3.2: Reaction Components & Thermocycling Protocol for gPCR

qPCR Reaction Components

COMPONENT VOLUME (pl)
2X LightCycler 480 SYBR Green | Master Mix 5.0
Target Primer — FWD (10 uM) 1.0
Target Primer — REV (10 uM) 1.0
PCR grade water 1.0
cDNA template 2.0

Thermocycling Parameters

STAGE TEMP (°C) TIME CYCLES
Pre-Incubation 95 5 minutes -
95 10 seconds
Amplification 51 10 seconds X 45
72 10 seconds
95 5 seconds ---
Melting Curve 65 5 seconds ---
+ A5°C steps Continuous -
END 95°C



https://www.genscript.com/tools/real-time-pcr-taqman-primer-design-tool
https://www.genscript.com/tools/real-time-pcr-taqman-primer-design-tool
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3.3.9 - siRNA-Knockdown Data Analysis

Raw RT-gPCR data was exported to Microsoft Excel to calculate the AACt value for each siRNA
condition according to the equation below, where ACTE represents the difference between Ct values
of the gene of interest and GAPDH in the experimental treatment (i.e., NMlla or AHNAK/2 siRNAs at
increasing doses at different timepoints), and ACTC represents the same difference in the control

treatment (i.e., cells treated with 50 nM non-targeting siRNA pool).

AACt = ACTE — ACTC {5}

The most efficient knockdown dose at mRNA level was chosen to test protein-level knockdown by
western blot and band densitometry analysis as described in Section 2.3.13. Both sets of data were

charted in Graphpad software.

3.3.10 - Manual Patch Clamp in siRNA-treated cells

The WT HEK JI TREX-Nav1.7-FLAG cell line was used to profile the effects of double AHNAK knockdown
on Navl.7 biophysical properties. AHNAK and AHNAK2 were knocked down with 50 nM each
SMARTpool siRNAs, and 50 nM non-targeting pool was used as the negative control. PDL-coated
coverslips were placed in individual wells of a 24-well plate and siRNA transfection complexes were
prepared as stated in Section 3.3.7. Cells were plated on top in antibiotic-free culture medium at a
seeding density of 50,000 cells/well, and Nav1.7 expression was induced after 24 hours. Patch clamp
recordings were performed at 48-72 hours post-transfection in the manual patch clamp set up
described in [Section 2.3.14] to assess voltage-dependence of activation and fast inactivation using
the protocols and analysis parameters described in sections 2.3.16-17. Statistical comparisons were
made using unpaired, two-tailed t-tests with Welch’s correction in Graphpad software, and results are

expressed as mean averages = SEM.
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3.4 RESULTS

3.4.1 - Optimisation of Cell Input and Antibody Choice for IP-MS Experiments

Nav1.7 protein pulldown from HEK JI TREX-Nav1.7-FLAG cells lines was tested using anti-Nav1.7 versus
anti-FLAG antibodies. The anti-FLAG antibody would isolate Nav1.7 constructs from the fusion FLAG
tag on the Navl.7 N-terminal tail, whereas the anti-Nav1.7 antibody targets amino acids 1751-1946
of the human Nav1.7 C-terminal tail. As shown in the eluate (“E”) lanes of Figure 3.4A, Nav1.7-FLAG
protein pulldown was much more effective using the anti-Nav1.7 antibody, with little protein lost in
flowthrough washes. Therefore, this antibody was taken forward for IP-MS experiments. Notably,
some Navl.7 protein was expressed in the uninduced WT condition indicative of leaky transgene

expression3°

in the absence of doxycycline competition with the TetR protein.

A large-scale co-IP experiment was run using cell input from 10 confluent T-175 flasks and samples
were loaded onto a Coomassie stained gel to determine if this Nav1.7 expression was enriched enough
for mass-spectrometry analysis (see Figure 3.4B). The molecular weight of untagged Navl.7 is
estimated to be 226 kDa, whilst the tagged Nav1.7 construct encoded in the stable cell lines was
detected on western blots at just over 250 kDa. Review of the Coomassie stained gel by our Core
Proteomics team determined that the smudge in the eluate lane at this molecular weight was most
likely the pulled down Nav1.7 protein and deemed sufficient cell input for mass-spectrometry analysis.
Due to the length of time required to culture such large amounts of cells for 3 conditions (i.e., WT(-),

WT(+) and 75(+)), cell input was halved to 5 confluent T-175 flasks per condition.
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Figure 3.4: Optimisation of co-IP input for mass spectrometry

(A) Co-immunoprecipitation was tested to compare the efficiency of Nav1.7-FLAG pulldown by anti-
FLAG versus anti-Nav1.7 antibodies from the induced “(+)” WT HEK JI TREX-Nav1.7-FLAG cell line.
Uninduced “(-)” condition was used as a negative control. Input (“I”), flowthrough (“F”) and eluate
(“E”) fractions were probed by western blot and illustrate better pulldown with the anti-Nav1.7
antibody, with minimal protein lost in the flowthrough. (B) A large-scale co-IP was run separately for

Coomassie staining to determine if there was enough Nav1.7 protein for mass-spectrometry analysis.
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3.4.2 - Prioritised hits from pilot IP-MS Experiments - NMIIa, AHNAK and AHNAK2

Given the severe delays in running replicate IP-MS experiments during the covid-19 pandemic, several
hits were prioritised from the pilot IP-MS results, as described in Section 3.3.5 and Figure 3.5A. The
prioritisation criteria were designed to identify proteins enriched in WT(+) complexes but were absent
when channel expression was not induced in the WT(-) condition and “dropped out” when the L75P
mutant channel was expressed, indicating binding may have been disturbed by the N-terminal
mutation. Due to leaky expression of Nav1.7 in the WT(-) condition as a possible confounding factor,

proteins with a minimal number of peptides were included in the prioritised hit list in Table 3.3.

This list was processed using the STRING functional enrichment analysis tool ( )
to build a PPI network, displayed in Figure 3.5B, which highlights the way proteins may interact with
each other to form macromolecular complexes. Two proteins stood out due to independent reports
of an interaction with Nav1.7 in DRG tissue — AHNAK was reported in the TAP-tagged mouse study by
Kanellopoulos et al.3*® and non-muscle myosin lla (NMIla) was found to interact with Nav1.7 by Dash
et al.3®°, AHNAK2 was also pulled down with WT Nav1.7 and as a structural homologue of AHNAK, was

also prioritised for further study.

AHNAK was recently found to form a cytoskeletal scaffold, together with annexin A2 and p11, to bring
alpha and beta subunits of L-type voltage-gated calcium channels in close proximity of each other in
excitatory neurons and inhibitory interneurons in the brain®*. The p11 protein has previously been
found to bind to the N-terminal tail of Nav1.8 in a region that includes the Nav1.7 PLED motif'®” and

p11 modulates Nav1.8 membrane localisation®®?

. When comparing mRNA expression of these genes
in adolescent mice using the mousebrain genesearch tool, they were all enriched in sensory neuron
subtypes compared to other neuronal tissues, see Figure 3.6. Of special interest, AHNAK mRNA
expression was strongest in non-peptidergic neurons whereas AHNAK2 was enriched in the
neurofilament class of DRG neurons, hinting they may play non-redundant roles in different sensory

neuron subtypes.


https://string-db.org/
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Table 3.3 - Prioritised Hits from IP-MS Experiment 1 Based on EUPC Values

EXCLUSIVE UNIQUE PEPTIDE COUNT (EUPC)

Due to technical and PROTEIN NAME (UNIPROT) MOLECULAR W)  wr@) 75 oldChange - Fold Change
. WEIGHT (kDa) WT(+)vWT (-)  75(+) vWT (-)
pa ndemic-related d9|a‘l5: SCN9A Sodium channel protein type 9 subunit alpha
candidate Navl.7-binding
partners were chosen from AHNAK Neurob_lastdlﬁerentlatlon—assocmted protein AHNAK 629 3.1 70.1 5.1 21.61 0.53
) . LMNA Prelamin-A/C 74 1.1 211 3.1 18.18 1.82
the pilot IP-MS experiment EPPK1 Epiplakin 556 11 18.1 1.1 15.45 0.00
based on criteria laid out in HSPA1A Heat shock 70 kDa protein 1A 70 4.1 16.1 11.1 2,93 1.71
. . HSPAS Heat shock cognate 71 kDa protein 71 11 15.1 6.1 12.73 4.55
Section 3.3.5. All protelns HSPAS Endoplasmic reticulum chaperone BiP 72 21 14.1 6.1 5.71 1.90
meeting criterion (1) - i.e., LGALS7 _ |Galectin-7 15 21 121 3.1 4.76 0.43
EUPC Value Of <5in the WT['} PLEC Plectin 532 1.1 12.1 0.1 10.00 -0.91
. POF1B Protein POF1B 68 4.1 11.1 7.1 1.71 0.73
sample and >7 in the WT(+) EEFIA1 _ |Elongation factor 1-alpha 1 50 31 111 7.1 2.58 1.29
sample — are listed here. SERPINB3  |Serpin B3 45 3.1 111 1.1 2.58 -0.65
CALMLS Calmodulin-like protein 5 16 21 10.1 1.1 3.81 -0.48
HSPB1 Heat shock protein beta-1 23 21 10.1 1.1 3.81 0.95
Proteins with null expression ENO1 Alpha-enolase a7 5.1 9.1 5.1 0.78 0.00
values in the WT(-) sample RBM14 RNA-binding protein 14 69 21 9.1 5.1 3.33 1.43
. PKP1 Plakophilin-1 83 4.1 8.1 8.1 0.98 0.98
are separated in the bottom TPI1 Triosephosphate isomerase 31 4.1 8.1 8.1 0.98 0.98
set. A negligible value of 0.1 IDE Insulin-degrading enzyme 118 11 8.1 0.1 6.36 -0.91
was added to all EUPCs to PKM Pyruvate kinase PKM 58 1.1 8.1 3.1 6.36 1.82
allow fold change calculations MYH9 Myosin-9 227 0.1 211 0.1 210.00 0.00
when the EUPC for a protein EVPL Envoplakin 232 0.1 20.1 1.1 200.00 10.00
. _ ACTN4 Alpha-actinin-4 105 0.1 18.1 2.1 180.00 20.00
in the WT(-) sample = 0. PPL Periplakin 205 0.1 17.1 1.1 170.00 10.00
HERC2 E3 ubiquitin-protein ligase HERC2 527 0.1 15.1 28.1 150.00 280.00
The magnitude Of fOId' 1QGAP1 Ras GTPase-activating-like protein 1QGAPL 189 0.1 14.1 0.1 140.00 0.00
. . wiL Involucrin 68 0.1 12.1 0.1 120.00 0.00
change comparing EUPCs in PaHB Protein disulfide-isomerase 57 0.1 111 0.1 110.00 0.00
WT(+) or 75(+) samples to SPTAN1  |Spectrin alpha chain, non-erythrocytic 1 285 0.1 111 1.1 110.00 10.00
the WT(-) sample is colour FLNB Filamin-B 278 0.1 10.1 1.1 100.00 10.00
SERPINB5  |Serpin BS 42 0.1 10.1 0.1 100.00 0.00
coded such that the largest YWHAZ  |14-3-3 protein zeta/deka 28 0.1 9.1 0.1 30.00 0.00
[most pOSItlve} to sma”est EEF2 Elongation factor 2 95 0.1 9.1 3.1 50.00 30.00
. PGK1 Phosphoglycerate kinase 1 45 0.1 9.1 0.1 90.00 0.00
[mOSt negatlve} fold Changes RAB1B Ras-related protein Rab-1B 22 0.1 9.1 0.1 90.00 0.00
are indicated from darkest to TUBB Tubulin beta chain 50 0.1 9.1 2.1 90.00 20.00
lightest shades respectively. AHNAK2  |Protein AHNAK2 617 0.1 8.1 0.1 80.00 0.00
PPP1R12A  |Protein phosphatase 1 regulatory subunit 124 115 0.1 8.1 1.1 80.00 10.00
vce Transitional endoplasmic reticulum ATPase 89 0.1 8.1 3.1 80.00 30.00
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A WT(+) and WT(-) and 75(+)
=~ 800 interacting proteins
v
WT(+) vs WT(-)
Which proteins bind specifically to Nav1.7?
(i.e. not just “sticky” proteins)
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Which proteins drop out in the mutant proteome?
(i.e. binding disrupted by the mutation)

Mousebrain.org Published Literature
Is there evidence for Is there independent evidence
expression in nociceptors? of an interaction with Nav1.7?

Figure 3.5: Hit prioritisation approach and results from IP-MS Experiment 1

(A) Decision tree of principles used to identify physiologically relevant binding partners of hNav1.7
that may be disrupted by the N-terminal mutation Leu75Pro. (B) 38 proteins of interest were
identified based on exclusive unique peptide counts in the WT(+), WT(-) and 75(+) proteomes.
Functional network analysis of these proteins was performed using the online tool https://string-

db.org/.
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Figure 3.6: In silico mRNA analysis of AHNAK and AHNAK2 in nociceptor subtypes

AHNAK has been shown to form scaffolding complexes with Annexin A2 (ANXA2) and p11 (S100A10)
proteins to anchor voltage-gated calcium channels, and the latter protein regulates Nav1.8
membrane localisation. Results from the https://mousebrain.com/genesearch online tool revealed
mRNA expression for this set of proteins as well as AHNAK2 and Nav1.7 were enriched in sensory
neuron subtypes compared to the rest of the nervous system.
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3.4.3 - Western Blot Validation of Putative hNav1.7 Interaction Partners

The identification of proteins in IP-MS experiments is dependent on the assignment of peptides from
mass-spectrometry samples. To validate the presence of whole proteins in Navl.7 complexes, co-IP
experiments were repeated at the same scale followed by probing of western blots for NMlla and
AHNAK. In preliminary blots, it was clear that endogenous levels of both proteins were very high such
that if proteins were present in the co-IP fractions at very low levels, these bands became hidden as
the luminol signal from the input lanes saturated the entire blot (data not shown). Therefore,
membrane transfer conditions were optimised to ensure maximal protein transfer at low total protein
concentrations. Figure 3.7A shows the dry transfer method followed by 0.4% PFA fixation substantially

enhanced signal detection for all proteins of interest, AHNAK in particular.

Figure 3.7B shows the final blot examining the presence of each protein at endogenous levels in the
cell input versus pulldown with Nav1.7 in co-IP fractions. Na*K* ATPase was used as a loading control
for input samples and as a negative control in co-IP fractions since it was not identified in Nav1.7
complexes by mass-spectrometry. Nav1.7 was robustly expressed in WT(+) and 75(+) inputs although
noticeably lower in the L75P mutant cell line, and was effectively pulled down in co-IPs. A small
amount of Navl.7 was expressed in the WT(-) condition and was pulled down by co-IP as to be

expected.

Endogenous levels of AHNAK and NMlla were detected in cell inputs; however, AHNAK could not be
detected in any of the co-IP fractions before the segment became saturated, whereas NMlla was
present in all co-IP fractions. Both of these results were contrary to what was expected from EUPC
analysis of mass-spectrometry data; that proteins would be present in the WT(+) co-IP but absent from
WT(-) and 75(+). A final attempt was made to detect AHNAK2 with a newly available antibody (Abcam,
#ab70053 at 1 in 500 dilution), but this was also unsuccessful. This data confirmed human NMlla as a
protein binding partner of human Nav1.7 but was inconclusive with regards to the validity of AHNAK

or AHNAK2 binding to Nav1.7.
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Figure 3.7: Attempted validation of hNav1.7 interaction partners AHNAK, AHNAK2 and NMiIla

(A) To maximise protein transfer and detection of low levels of AHNAK and NMlla protein, several
membrane transfer conditions were tested of whole cell lysates from induced WT HEK JI TREX-
Nav1.7-FLAG cells; dry transfer followed by 0.4% fixation was most effective. (B) Whole cell input and
co-IP eluates were probed by western blot for target and control proteins to determine if they were
selectively present in WT(+) co-IP but absent in WT(-) and 75(+) co-IPs. Nav1.7 and Na*K* ATPase
expression appeared in the expected fractions, however AHNAK was not detected in any of the co-
IPs while NMlla was present in all three. AHNAK2 could not be detected due to defective antibody.
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3.4.4 - NMIIa and AHNAK siRNA Dosage Optimisation in HEK JI TREX Cell Line

To investigate the effects of protein partner knockdown on Navl.7 biophysical function, siRNA
treatments were first optimised to identify the dose and timepoint at which knockdown of NMilla,
AHNAK and AHNAK2 was most efficient. Given the hypothesis that AHNAK and AHNAK2 may play non-
redundant roles in anchoring Nav1.7, knockdown of both proteins simultaneously was tested. Three
different doses of target siRNAs were applied and expression of target mRNAs was measured at 24-
72 hours. The non-targeting pool (NTP) was used at 50 nM as a negative control. Following mRNA

analysis, the optimal dose was chosen to compare protein knockdown at 48 and 72 hours.

Figure 3.8A shows MYH9 (the gene encoding NMlla) mRNA expression was reduced approximately
0.8-fold within 24 hours of treatment, at siRNA doses 25 to 100 nM. Expression levels were lowered
further at 48 hours but started to increase again by 72 hours. MYH9 knockdown was most effective
after 48 hours treatment with 50 nM SMARTpool siRNA — a 0.94-fold difference. When taking this
dose forward for protein expression studies (see Figure 3.8B), a slight decrease in NMlla was visible at
48 and 72 hours, relative to the 3 negative controls — untreated cells, NTP siRNA-treated cells and
GAPDH siRNA-treated cells. GAPDH was also used as a positive control for siRNA transfection, and this
segment shows a significant though incomplete knockdown of GAPDH, indicating the transfections
had technically worked. Nav1.7 and Na*K* ATPase proteins were not affected by siRNA treatments and
as expected, bands were more intense at 72 hours due to cell growth. However, as NMlla protein

levels were still substantial after siRNA treatment, further study of this target was dismissed.

Double knockdown of AHNAK and AHNAK2 (dA) was assessed in a similar manner to MYH9 as above,
however each siRNA SMARTpool was applied at doses 12.5 to 50 nM. As shown in Figure 3.9A,
Expression levels of AHNAK mRNA were hardly affected within 24 hours, and strangely AHNAK2 mRNA
appeared to increase approximately 3-fold with siRNA treatment. A profound decrease in mRNA levels
was observed by 48 hours and began to increase again by 72 hours post-siRNA treatment. The most
effective knockdown was observed at 48 hours with 50 nM each siRNA SMARTpool, which resulted in
over 0.95-fold decrease in mRNA levels of both AHNAK and AHNAK2.

Protein knockdown by western blot could not be assessed for AHNAK2 as no adequate antibody was
available, however AHNAK protein levels were examined at 48 and 72 hours after 50 nM dA siRNA
treatment. Given the discrepancy in mRNA and protein knockdown for NMlla, AHNAK protein
knockdown was also assessed in cells were treated with 100 nM AHNAK (A1) siRNA. Untreated and

NTP siRNA-treated cells were used as negative controls, in which equivalent AHNAK levels can be seen
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in Figure 3.9B. Protein knockdown was substantial with both AHNAK treatments, as presented in

Figure 3.9C, reaching 80-95% knockdown by 72 hours. Nav1l.7 and Na*K* ATPase proteins were

unaltered by any siRNA treatments.
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Figure 3.8: siRNA-mediated knockdown of NMlla

(A) Knockdown of MYH9 mRNA by SMARTpool siRNAs was tested at 25, 50 and 100 nM at 24-, 48-
and 72-hours post-treatment. Quantification by RT-qPCR showed knockdown was most effective
after 48 hours with 50 nM siRNA. (B) NMilla protein knockdown with 50 nM siRNA was incomplete at
48-and 72-hours post-treatment, therefore electrophysiological analysis of WT Nav1.7 in the context

of NMlla knockdown was not pursued.
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Figure 3.9: siRNA-mediated knockdown of AHNAK and AHNAK2

(A) AHNAK and AHNAK2 mRNA expression was measured 24-72-hours after treatment with
SMARTpool siRNAs targeting each protein at 12.5, 25 and 50 nM doses. Quantification by RT-qPCR
showed double AHNAK (dA) knockdown was most effective after 48 hours with 50 nM both siRNAs.
(B) AHNAK protein knockdown was effective with 50 nM dA and 100 nM AHNAK (A1) siRNA

treatments, as quantified by densitometry analysis in (C).
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3.4.5 - Navi.7 biophysical profiling after siRNA-mediated knockdown of AHNAKSs

Following siRNA dose optimisation above, electrophysiological analysis was undertaken of WT Nav1.7
in the inducible stable cell line, after 72 hours treatment with 50 nM each AHNAK and AHNAK?2 versus
50 nM NTP siRNAs. Peak currents measured from dA-siRNA-treated cells were slightly lower than the
control condition, but this difference was not statistically significant (dA: 2.8 + 0.7 nA versus NTP: 3.9
+ 1.3 nA; p= 0.4773). Voltage-dependence of activation was unaffected by siRNA treatment (dA Vso: -
27.94 + 4,17 mV, n=6 versus NTP Vso: -25.76 + 4.02, n=6; p = 0.7138). A slight hyperpolarised shift in
voltage-dependence of inactivation was observed but did not reach statistical significance (dA Vso: -
72.51 +4.25 mV, n=5 versus NTP Vso: -67.28 + 6.20, n=6; p = 0.5215). These results illustrated in Figure
3.10 indicate the presence of AHNAK and AHNAK2 cytoskeletal proteins is not essential for sodium

conductance through Navl.7.
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Figure 3.10: AHNAK & AHNAK2 knockdown had no effect on WT hNav1.7 biophysical properties
WT HEK JI TREX-Nav1.7-FLAG cells were treated with 50 nM AHNAK and AHNAK2 SMARTpool siRNAs
for 72 hours before manual voltage-clamp recordings were performed. There was no significant
difference in the peak currents (A), voltage-dependence of activation (B), or voltage dependence of
fast inactivation (C) measured from cells after double AHNAK treatment compared to the negative
control treatment with the non-targeting SMARTpool.
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3.4.6 - Results of Label-Free Quantification Analysis
Formal analysis of the proteomic data was performed by Jack Houghton of the CIMR Core Proteomics

Team, listed in Table 3.4 and presented in Figures 3.11A and 3.12A.

Comparing the WT(+) and 75(+) proteomes to WT(-) identified a small set of statistically significant
proteins that pulldown with both WT and mutant Nav1.7: HERC2, NEURL4, PPP1R12A, PPP1CB,
SPECC1L and UBA52. Analysis of mRNA expression using the mousebrain tool shows these genes are
relatively abundant across the nervous system, although SPECCIL expression appears highest in
sensory neurons. Functional enrichment analysis did not identify any known interactions between
Navl.7 and these proteins. However, functional links were found between HERC2, NEURL4 and UBA52
given their common involvement in ubiquitination, as well as between PPP1R12A and PPP1CB, with

the former being a key regulator of the latter phosphatase enzyme.

In contrast, comparison of the WT(+) versus 75(+) proteomes identified 21 proteins that were enriched
in WT Nav1.7 complexes, see Figure 3.12A. None of these proteins were known to interact with
Navl.7, and the vast majority were ribosomal proteins that were well connected in functional
networks, as shown in Figure 3.12B. Of note, Filamin-A was also identified by Kanellopoulos et al. as a

Navl.7 interactor®®.
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Table 3.4 - Significant Targets from IP-MS Experimental Replicates Based on LFQ Analysis

MOLECULAR EUPC WT(+) vWT(-) | 75(+) vWT(-) WT(+) v 75(+)
GENE PROTEIN NAME
WEIGHT (kDa) LIST? LFQ p-value LFQ p-value LFQ p-value
HERC2 E3 ubiquitin-protein ligase HERC2 527 | P <0.0001 P <0.0001
PPP1R12A Protein phosphatase 1 regulatory subunit 12A 115 | P <0.0001
PPP1CB Serine/threonine-protein phosphatase PP1-beta catalytic subunit 37 P <0.0001 P<0.01
SPECCIL Cytospin-A 125 [x] P <0.0001 P<0.01
NEURL4 Neuralized-like protein 4 167 P <0.0001
RPL11 60S ribosomal protein L11 20 [x] P<0.01 P<0.01
RPL12 60S ribosomal protein L12 18 [x] P<0.01 P<0.01
UBA52 Ubiquitin-60S ribosomal protein L40 15 [x] P<0.01 P<0.01
EPPK1 Epiplakin 556 | P <0.05
HSPA8 Heat shock cognate 71 kDa protein 71 | P <0.05
RPL31 60S ribosomal protein L31 14 P <0.05 P <0.05
RPL35 60S ribosomal protein L35 15 [x] P <0.05
ATP5B ATP synthase subunit beta, mitochondrial 57 [] P<0.01
HNRNPA3 Heterogeneous nuclear ribonucleoprotein A3 40 P<0.01
HNRNPC Heterogeneous nuclear ribonucleoproteins C1/C2 34 P<0.01
RPL6 60S ribosomal protein L6 33 P<0.01
RPL17-C18orf32 |60S ribosomal protein L17 26 [x] P<0.01
RPL27A 60S ribosomal protein L27a 17 [x] P<0.01
RPL29 60S ribosomal protein L29 18 [x] P<0.01
RPS3A 40S ribosomal protein S3a 30 [x] P<0.01
FLNA Filamin-A 281 P <0.05
HIST1IH2BL |Histone H2B type 1-L 14 P <0.05
LMNA Prelamin-A/C 74 | P <0.05
RPL4 60S ribosomal protein L4 48 [x] P <0.05
RPL13 60S ribosomal protein L13 24 P <0.05
RPL22 60S ribosomal protein L22 15 P <0.05
RPL28 60S ribosomal protein L28 16 P <0.05
RPS3 40S ribosomal protein S3 27 [x] P <0.05
RPS11 40S ribosomal protein S11 18 [x] P<0.05
RPS14 40S ribosomal protein S14 16 [x] P <0.05
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Figure 3.11: Proteins enriched upon induced expression of hNav1.7 in a HEK cell background

(A) Volcano plots of results from Label Free Quantification analysis of IP-MS experiments (n=5) were
produced by Jack Houghton. (B) Comparisons of the WT(+) versus WT(-) and WT(-) versus 75(+)
proteomes highlighted six proteins in common that were up-regulated in Nav1.7 complexes, but
their mRNA expression was relatively abundant across the rodent nervous system. (C) Functional
network analysis did not identify any known relationships between Nav1.7 and these proteins.
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Figure 3.12: Proteins differentially enriched in WT vs L75P Nav1.7 interactomes

(A) Volcano plot comparing the WT(+) and 75(+) proteomes identified 31 proteins that were
significantly enriched in WT Nav1.7 co-IPs. (B) Functional enrichment analysis did not identify any
known relationships between Nav1.7 and these proteins; the vast majority of these proteins are part
of the ribosome.
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3.5 DISCUSSION

This chapter presents an interactome study of human Nav1.7, comparing the WT channel and LOF
patient mutation Leu75Pro when stably expressed in the HEK JI TREX-Nav1.7-FLAG cell lines. Our
primary aim was to explore these interactomes for PPIs that were disrupted by the mutation, and
therefore potentially critical to channel function at the plasma membrane since this was the
environment in which the Leu75Pro mutant was shown to be non-conducting. While this hypothesis
was refuted by the selected candidates, our mass spectrometry data does lend support to some of the

309

Nav1.7 protein complexes identified by Kanellopoulos et al. in their mouse Nav1.7 IP-MS study®®,

which may benefit from further investigation.

The expression of WT or mutant Nav1.7 was induced in the HEK JI TREX cell lines with doxycycline,
while a separate sampling of the WT Nav1.7 cell line without induction media was used as a negative
control. This was to account for any adaptations in the proteome that may have emerged during stable
cell line generation (e.g., antibiotic selection or Nav1.7 gene expression). As explained in Sections 2.3.4
and 2.3.9, the TetR protein is constitutively expressed in HEK JI TREX cell lines and binds to the CMV-
TO promoter of the integrated gene construct to inhibit basal expression; adding doxycycline displaces
TetR and allows the transcriptional machinery to access the promoter. However even in the absence
of doxycycline, a low level of Navl.7 was detected by western blot and mass spectrometry in the
negative control condition, indicating incomplete repression of the SCN9A construct®®. Unfortunately,
this complicated the interpretation of some of the later western blot data, highlighting the HEK JI TREX
parental cell line without integration of the SCN9A construct may have been a better choice of

negative control.

Nevertheless, there was a robust up-regulation of Nav1.7 expression upon doxycycline exposure,
which would be expected to coincide with a relative increase in the abundance of peptides from
binding partners in the WT(+) compared to WT(-) samples, allowing the identification of these
interactors. We used a label-free proteomics approach with the MaxQuant LFQ algorithm for
measuring and normalizing spectral intensities and making protein identifications. However, since
peptides are not always fragmented and detected with similar efficiency, the “match between runs”
setting was enabled to increase confidence in protein assignments that might differ between runs3®,
Batch effects correction®* was required due to sample replicates being run at different times and

potential technical variation introduced from different lots of chromatography columns.
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Due to technical and pandemic-related delays in analysing the replicate experiments, two candidates
(AHNAK and NMlla) were chosen from the pilot IP-MS experiment for further study as they met the
selection criteria set out in Section 3.3.5 — (i) selectively abundant in WT Nav1.7 protein complexes;
(ii) physiologically relevant expression in DRG sensory neurons; (iii) independent evidence of an
interaction with Nav1.7. The AHNAK structural homologue, AHNAK2, was also chosen due to meeting

criteria (i) and (ii).

An interaction between Nav1.7 and NMlla (also known by its gene name MYH9) was demonstrated in
rat DRG from NMlla pulldown and the reciprocal co-IP. The functional consequences of this interaction
were not studied, however overexpression of NMllb (i.e., MYH10) and Nav1.8 increased peak current
density 3-fold in the neuronal ND7/23 cell line, suggestive of an increase in plasma membrane
expression similar to that mediated by non-muscle myosin binding partner KIF5B*%®31° The authors
noted that the robust endogenous expression of NMllb may have obscured a larger effect on Nav1.8
function, such that knockdown of MYH10 might reduce Nav1.8 current. Since both myosin proteins
bound to Nav1.73%, we hypothesised that NMlla could regulate Nav1.7 in an analogous manner, and

therefore disrupting this interaction by the Leu75Pro mutation may underlie its LOF.

AHNAK was identified as a Nav1.7 binding partner in mouse DRG by mass spectrometry, although the
interaction was not validated at the whole protein level®®. It is a giant scaffolding protein (5,890 amino
acids long), comprised of 3 major segments separated by disordered linkers: a ~4,300 residue central
rod formed of a 128-residue repetitive element, flanked by relatively shorter N- and C- terminal

365 1t is recruited to sub-

regions that bridge cytoskeletal and plasma membrane components
membranous zones via its C-terminal domain binding to adaptor proteins annexin A2 and S100A10
(also known as p11)3¢. The N-terminus stabilises L-type voltage-gated calcium channels at the plasma
membrane of cortical neurons, and consequently, cell-surface expression and calcium currents via

these channels were significantly reduced in AHNAK knockout mice3®,

Notably, p11 and annexin A2 are also involved in Nav1.8 membrane localisation?®7:3623¢7 The p11
binding site was refined to a 30 amino acid stretch of the Nav1.8 N-terminal tail, including the PLED
motif in which our Navl.7 Leu75Pro mutation occurs. However, the interaction between p11 and
Nav1.7 was relatively weak, and the insensitivity to pain phenotype of p11 knockout mice was not
mediated by a change in TTX-sensitive currents!®’3%’, Taken together, these studies illustrate an
important role for the AHNAK-AnnexinA2-p11 macromolecular complexin localising voltage-gated ion

channels, although channel binding may be dependent on distinct adaptors. We hypothesised that
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the Leu75Pro mutation might disturb Nav1.7 conductance by disrupting the Nav1.7-AHNAK

interaction.

Western blot probing of HEK JI TREX whole cell lysates revealed both the AHNAKs and NMlla were
endogenously expressed at high levels. To validate their co-IP with Nav1.7, optimisation of membrane
transfer conditions was conducted to maximise antigen detection; at this stage, AHNAK2 had to be
excluded due to antibody batch issues. Despite the optimisation, AHNAK could not be detected in any
of the co-IP conditions — this may be a true result or reflect an extremely low concentration of AHNAK
in the co-IP fraction that is beyond the detection range of the antibody (see Figure 3.7A). In contrast,
NMilla was detected in the co-IPs of all three conditions. Given the independent evidence of an NMlla-
Nav1.7 interaction in DRG3, it is unlikely this was a result of non-specific binding to the Dynabead-
antibody matrix. The presence of NMlla in the WT(-) co-IP may have been due to leaky Navl.7
expression, although it is unclear why this band was stronger than in the WT(+) co-IP. The weak NMlla
band in the 75(+) co-IP suggests its interaction with Nav1.7 is not completely disrupted by the

Leu75Pro mutation, but these results are uncertain given the current negative control.

To confirm the functional relevance of these interacting proteins, siRNA-mediated knockdown was
applied to the WT HEK JI TREX-Nav1.7-FLAG cell line followed by electrophysiological profiling. Due to
the caveat that siRNA transfection efficiency per cell would be unknown when choosing cells for patch
clamping, recording conditions were chosen based on at least 75% protein-level knockdown per
coverslip. For this reason, further study of NMlla was dismissed as substantial levels of protein
persisted at 72 hours, despite strong knockdown of MYH9 mRNA. A reciprocal IP-MS experiment using
the anti-NMlla antibody (data not shown) verified its specificity for NMlla (>250 exclusive unique
peptides identified per sample) over NMllb or NMllc (<15 EUPCs per sample), suggesting cross-
reactivity was not a major factor. In contrast, AHNAK and AHNAK2 knockdowns were efficient at the
MRNA level and AHNAK knockdown was over 80% at the protein level by 72 hours post-transfection.
However, siRNA-mediated knockdown of both AHNAKs had no effect on WT Nav1.7 peak current or
gating properties. Therefore, unless AHNAK2 protein persisted in a similar manner to NMlla, the

electrophysiology data infers that AHNAKs are non-essential to Nav1.7 function.

Later statistical analysis of replicate IP-MS experiments revealed the abundance of NMlla and both
AHNAKs was not significantly different between WT(+) and 75(+) samples, concluding they were not
affected by the Leu75Pro mutation. However, nuclear membrane protein prelamin-A/C, cytoskeletal

protein filamin-A, and a dense ribosomal network were all selectively enriched in WT Navl.7
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complexes. It is unlikely that the ribosomal proteins or prelamin-A/C are relevant to Nav1.7 function
in plasma membrane excitability. Filamin-A on the other hand was also identified in the mouse Nav1.7
IP-MS study3® and is known to anchor transmembrane proteins to the cytoskeleton. It colocalises with
voltage-gated potassium channel Kv4.2 in the dendrites of cultured hippocampal neurons, and
expression of Kv4.2 in a filamin-A-negative cell line led to a 2.7-fold reduction in current density38.
Whether filamin-A plays a similar role for Nav1.7 in sensory neurons, and could be disrupted by the

Leu75Pro mutation, remains to be seen.

Comparison of the WT(-) to the WT(+) and 75(+) interactomes revealed several proteins that were
significantly up-regulated upon addition of doxycycline, and thus may be relevant to Navl.7
expression and function. UBA52, HERC2 and NEURL4 are all involved in ubiquitin transfer. UBA52
encodes a ubiquitin-conjugated version of the ribosomal protein RPL40. This modification is important
in regulating ribosome function but also contributes to the free ubiquitin pool when
deubiquitinated®®®37%, HERC2 is an E3 ubiquitin-protein ligase involved in a range of cellular processes
including DNA damage repair, intracellular trafficking and synaptogenesis, the some of which involve
an interaction with NEURL43717373, NEURL4 acts as a platform for HERC2 substrates3’3*374, and notably
was also picked up as a Navl.7 interactor by Kanellopoulos et al.3%. Ubiquitination of Nav1.7 by
NEDDA4-2 targets the channel for membrane internalisation®*®, but determining whether Nav1.7 itself
is a substrate for the ubiquitination machinery found here or if they regulate other Nav1.7 binding

partners requires further investigation3’>.

Three other proteins up-regulated upon Navl.7 expression were PPP1R12A and PPP1CB, which form
substrate-targeting and catalytic subunits respectively of the myosin phosphatase holoenzyme PP137¢,
and SPECCIL. SPECC1L is another cytoskeletal protein that forms a multitude of interactions including
with NMlla, NMIIb and PP1 subunits, although evidence is limited to mass spectrometry identification
(see database entry “116960” at )3”7. Interestingly, the targeting unit PPP1R9A
(also known as neurabin-1) was detected in the mouse Nav1.7 IP-MS study3®. PPP1R12A directs the
PP1 holoenzyme to the regulatory light chain (RLC) of NMII isoforms, and the RLC phosphorylation
state controls the conformation of NMII dimers. RLC dephosphorylation by PP1 induces the compact
form of NMII so that it cannot assemble into bipolar myosin filaments that exert tension on actin
filaments. However PP1 enzymatic activity is inhibited when the targeting subunit is
phosphorylated®’®. Regulation of actomyosin filaments by PP1 occurs at the trans-Golgi network3”,

380,381

within the neuronal membrane periodic skeleton and during the maturation of dendritic
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spines®2383 |t would be interesting to examine whether these interactions are involved in vesicular

budding and release during the secretory trafficking of Nav1.7.

Our study design had certain strengths as well as limitations that could be improved upon. To compare
the interactomes of WT and mutant Nav1.7 channels, we benefitted from using the HEK JI TREX
background, as the genome integration site was identical between the two conditions due to
controlled recombination events (explained in Section 2.3.9), thus removing differences in bait copy
number as a potential confounding factor. Yet despite being an inducible cell line, basal expression
was not completely repressed, highlighting the importance of appropriate biological controls. Using
the anti-Nav1.7 antibody combined with low stringency wash buffers helped to maximise bait-specific
pulldown and to protect as many PPIs as possible. Nonetheless, the co-immunoprecipitation approach
relies on relatively weak non-covalent bonds holding complexes together throughout cell lysis and
several wash steps, during which time low abundance or low affinity interactions may be lost.
Proximity labelling techniques such as APEX2 and TurbolD that covalently tag proteins in a 1-10 nm
radius of the bait construct, while the protein is located in its native environment, are more likely to
reliably preserve such interactions for mass spectrometry analysis®*3>, Finally, a label-free approach
presented a simple practical workflow, required the least amount of sample material, and minimised
instrument and analysis time. However, this was at the expense of superior accuracy and
reproducibility in quantifying protein abundance between conditions afforded by metabolic or

chemical proteome labelling approaches3®®,

Given that the Leu75Pro mutant channel reached the cell membrane (see Section 2.4.7), it is possible
that rather than a membrane tethering role, the mutation disturbs a binding partner that modulates
an intramolecular interaction important for gating and/or ion permeation, as demonstrated for the
VGSC CTD and the fast inactivation particle in Nav1.4 and Nav1.52%2% The proximity of the N-terminal
region to the domain | voltage sensor in the Na,Pas model?”, and the presence of multiple pathogenic
mutations in this region that affect gating properties®*®2>° hint that the N-terminus may also exert
allosteric regulation on VGSC function. It is worth noting that the Na,Pas model excluded the first 46
amino acids which could change the local structure of the N-terminus from what was presented.
Furthermore, there is minimal sequence conservation between the N-termini of Na,Pas and hNav
channels so they may not share the same secondary structural organisation. Stabilising this region by
chemical cross-linking could help to fill in some of these knowledge gaps, including the relative

location and exposure of the Leu75Pro mutation.
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CHAPTER 4: A Novel Sensory Disorder Arising from
PRDM12 Polyalanine Expansions

4.1 INTRODUCTION

4.1.1 - The PRDM Family

PRDM12 is one of 17 members of the human PRDI-BF1 and RIZ homology domain (PRDM) protein
family®®” that regulate transcriptional programmes in a variety of developmental contexts3s,
Members of this family are characterised by the presence of a PR domain and multiple C2H2-type
classical zinc fingers. The PR domain is structurally similar to the SET methyltransferase domain, which
is required for the recognition and methylation of lysine substrates such as those within histone tails.
In this context, depending on which lysine residue is methylated, chromatin structure is altered in a
manner that facilitates activation or repression of transcriptional targets*%3%, PR domains share 20-
30% amino acid sequence identity with SET domains and can similarly accommodate the
methyltransferase co-factor S-adenosyl-methionine (SAM) within its structure3®!. However, most
PRDM proteins lack intrinsic enzymatic activity, instead recruiting methyltransferases as well as
acetyltransferases and deacetylases to modify histone residues3®2. The zinc finger domains can play a

part in engaging these enzymes but are more often involved in binding to DNA in a sequence-specific

manner, either directly or through the formation of protein-protein transcriptional complexes3%3,

The highly specific temporal and spatial expression of each PRDM protein during embryonic
development is key to their roles in initiating transcriptional cascades that specify a particular cell fate,
whereas the same PRDM protein expressed postnatally in different cell types can induce analogous
cell-state transitions but through divergent gene expression programmes. For example, PRDM1 (also
known as Blimpl) expression in the developing retina specifies a photoreceptor cell fate over
maintaining the proliferation of multipotent precursors and their subsequent specification into bipolar

cells3%*

. In contrast, postnatal expression of PRDM1 is involved in the differentiation of naive
lymphocytes into effector rather than memory cell fates, including B-cells into antibody-secreting

plasma cells, and CD8-positive T-cells into cytotoxic T lymphocytes3®,

As an added layer of complexity, PRDM proteins can form transcriptional complexes to assist in: (i)
reaching their genetic targets, (ii) directly activating or repressing gene expression, and (iii) regulating
transcriptional networks via feedback loops. As an example of the first characteristic, for Prdm8 to
suppress expression of Cadherin-11, it is dependent on the presence of another transcriptional co-

factor, Bhlhb5 (also known as Bhlhe22) to have bound to a consensus motif in intron 1 of the Cdh11
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gene®, As described earlier, for the direct regulation of gene expression, interactions with histone-
modifying enzymes are critical since most PRDM proteins are enzymatically inactive. With regards to
regulatory feedback loops, Ptfla is a non-PRDM transcription factor which can maintain its own
expression by binding to the Ptfla auto-regulatory enhancer sequence, in addition to its separate
involvement in activating Prdm13 transcription. Prdm13 protein in turn binds to the Ptfla
transcriptional enhancer complex to inhibit Ptfla activation, thus ensuring temporally restricted

expression of this upstream signal37:3%,
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4.1.2 - Structure and Function of PRDM12

PRDM12 is the shortest member of the PRDM family, composed of a PR domain close to the middle
of the protein, three C2H2-type zinc fingers further downstream, and a polyalanine tract that is eight
residues away from the C-terminus. Yang and Shinkai**®* demonstrated that PRDM12 possesses some
intrinsic methylation activity towards histone H3, however this was almost imperceptible when
compared to methylation solely in the presence of EHMT2 (also known as G9a), a legitimate histone-
lysine N-methyltransferases (HMT) that is recruited by PRDM1, 5 and 6. They established that PRDM12
also recruits G9a, but not other HMTs such as EHMT1 and SETDB1, to specifically methylate Lysine 9
on the N-terminal tail of Histone 3 (H3K9). Most notably, they showed that deletion of the whole PR
domain had no effect on PRDM12’s ability to co-immunoprecipitate (co-IP) with G9a or methylate
histone 3; instead H3K9 methylation was dependent on G9a interacting with PRDM12 via the second

390 and

zinc finger. H3K9 methylation in promoter regions is predominantly a repressive modification
so deletion of all three zinc finger domains of the zebrafish orthologue prdm12b resulted in the loss
of repressive activity, as measured by a luciferase reporter assay*®. Curiously, the authors found G9a
could still co-IP the prdm12b zinc finger-deletion construct, albeit slightly reduced when compared to

the wild-type (WT) construct.

Monitoring the tissue-specific expression patterns of PRDM12 mRNA and protein in several model
organisms has revealed clues about its role in developmental programmes. Whole mount in situ
hybridization of mouse embryos showed Prdm12 expression was present as early as embryonic day
9.5 (E9.5) which was strongest within the dorsal root ganglia (DRG) and cranial ganglia, as well as in
the p1 domain of the ventral spinal cord. Prdm12 expression was also detected at lower levels in the
hypothalamus, which continued into the postnatal period, whereas embryonic expression in other
restricted regions of the brain was relatively transient®®l. These tissue-specific patterns were
confirmed at the protein level by immunostaining Prdm12 in cleared mouse embryos at E9.5 and
E10.5%%2, Later work in zebrafish showed expression of both prdm12b and G9a is required for precise
dorsoventral patterning of the neural tube p1 progenitor domain, which gives rise to V1 inhibitory
interneurons in the spinal cord that are involved in co-ordinating locomotor activity*®%4%, Studies of
Prdm12 expression in the mouse hypothalamus uncovered its role in specifying precursors into an
anorexigenic pro-opiomelanocortin (POMC) cell fate, whose activity is involved in circuits regulating

food intake and satiety®044%,

Work by Matsukawa et al.*°® provided more detail on the relationship between Prdm12 and H3K9

methylation in vivo in Xenopus embryos, confirming what had been previously shown by in vitro
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assays’%24%° Microinjection of Chd and Wnt8 mRNAs into animal cap cells, a pluripotent population
commonly used for examining organogenesis, generates a neural crest cell (NCC)-like population
which can be identified by the expression of markers such as Foxd3. Increasing ectopic doses of
Prdm12 mRNA into these treated cells led to a reduction of NCC markers which coincided with
increasing tri-methylation of H3K9, but no change in methylation status of alternative histone 3 lysine
residues such as activating marks on H3K4 or repressive marks on H3K27. ChIP-gPCR analyses showed
Prdm12 occupied a conserved non-coding motif upstream of the Foxd3 transcription start site and

simultaneously led to an increase in H3K9 methylation within the same upstream region.

With regards to the vertebrate peripheral nervous system, these results suggested PRDM12 over-
expression initiates a shift away from NCC precursor identity, likely via the repression of genes that
maintain this multipotent cell state. Further transcriptomics analysis of Xenopus embryos identified a
set of genes involved in the neurogenesis of sensory neurons that were upregulated by over-
expression of Prdm12, and reduced by Prdm12-specific morpholinos but not mismatched controls*®’.
As described in Section 1.2-1.3, peripheral sensory neurons of the DRG and TG are derived from NCCs.

Nagy et al.’s investigations were beginning to reveal an essential role for PRDM12 in somatosensory

development.
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4.1.3 - Phenotypic Features of PRDM12-CIP in Humans

In 2015, biallelic loss-of-function mutations of PRDM12 were discovered as a cause of congenital
painlessness alongside other clinical features such as sensory neuropathy, minor autonomic
dysfunction and increased susceptibility to Staphylococcus aureus infections'?®. The phenotype was
highly reminiscent of those caused by NTRK1 and NGFB LOF mutations which disrupt the normal
development of nociceptive sensory neurons. Detailed clinical profiling of these patients plus five
more adults*® refined the set of features that distinguish PRDM12-CIP from that caused by more
frequent SCN9A and NTRK1 mutations. For example, PRDM12-CIP cases have a normal sense of smell
whereas SCN9A-CIP cases have anosmia. In NTRK1-CIP, anhidrosis is a defining feature and intellectual
disability is prevalent!®®, whereas sweating and mental development are only occasionally reported

as abnormal in PRDM12-CIP patients.

Pedigrees of the reported families indicated an autosomal recessive disorder, but no mutations were
found in known CIP genes with this pattern of inheritance. Using SNP arrays on a large consanguineous
family narrowed down a homozygous region on the chromosome arm 9q, and through a combination
of exome and Sanger sequencing, biallelic PRDM12 mutations were identified in 21 affected
individuals from 11 families. Most mutations were missense, with native residues being completely
conserved across vertebrate species and substitutions were predicted to be pathogenic by multiple
bioinformatic tools. Furthermore, none of these mutations were present in public or institutional
databases of common variants in healthy individuals!®. Splice-site and frameshift mutations have also
been identified'?*%%, as well as homozygous expansions of the polyalanine tract from the normal
range to 18 or 19 alanines. Of diagnostic importance, the DNA sequence encoding the polyalanine
tract is extremely GC-rich so tends to have poor coverage when whole exome sequencing methods
are used*'%; thus Sanger sequencing of exon five should be undertaken in suspected PRDM12-CIP

cases.

Injuries that are self-inflicted or due to negligence (because of lacking pain sensation) reflect
insensitivity to acute pain from noxious mechanical and thermal stimuli, and inflammatory pain that
would arise from chronic, unhealed wounds. PRDM12-CIP injuries usually include mutilation of
tongue, lips and fingers, as well as burns and limb fractures (see Figure 4.1A). However in contrast to
other forms of CIP, pain insensitivity may not be global; one adult recounted only partial loss of pain
sensation in one leg which they could discern from complete insensitivity in the other®C,
Proprioception and sensitivity to dimensions of light touch, such as pressure and vibration, are normal.

Patients can recognise changes in temperature, although noxious hot and cold temperatures do not
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register as painful and therefore dangerous. Corneal abrasions are ubiquitous, with the exception of
one family (Family J — see P17 in Figure 4.1A)'%. This type of injury occurs due to absent protective
reflexes including blinking and tear production, which are normal responses that depend on local

109

innervation by nociceptive fibres'®. Wound infections that progress to osteomyelitis are another

common feature, often leading to Charcot’s joints or requiring amputation.

Quantitative assessment of myelinated fibres in sural nerve biopsies from two patients revealed
selective loss of small diameter axons, representing lightly myelinated A& nociceptors.
Immunostaining with PGP9.5 antibody of skin biopsies from two other patients showed intra-
epidermal nerve fibres did not cross the basement membrane; this area is normally comprised of small
fibre nociceptors*!, which can be observed in healthy controls'®, Two further cases have since been
reported by independent groups, with compatible clinical descriptions and PRDM12 mutations
identified*%®42, In nerve conduction studies on these patients, motor potentials on both sides of the

body were unaffected but sensory potentials were absent, supporting a sensory-specific deficit.
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Figure 4.1: Typical injuries in PRDM12-CIP and PRDM12-MiTES patients

(A) CIP patients suffer from a range of injuries throughout their life including self-mutilation of the
lips, tongue, digits as well as burns and corneal scarring. (B) MiITES patients present in early
childhood with deep wounds across the nasal bridge and can extend towards the inner eyebrows
and nasolabial folds. Images taken from (2015) Chen et al., (2017) Srinivas et al., (2018) Moss et al.,
(2019) Inamadaret al., and (2020) Noguera-Morel et al.
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4.1.4 - Overview of Nociceptor Neurodevelopment

The molecular signature, connectivity and function of mature nociceptive neurons is determined
during embryonic development. Following fertilisation and implantation of the blastocyst into the
uterine wall, the early embryo enters a gastrulation phase to form the three germinal layers — surface
ectoderm, mesoderm, and inner endoderm. The notochord is generated from the mesoderm soon
after and releases Sonic hedgehog protein into the overlaying ectoderm layer. This initiates the
neurulation stage (see Figure 4.2A) whereby the dorsal ectoderm thickens and differentiates into a
segment of neuroepithelial cells, the neural plate, flanked by neural plate border (NPB) and pre-
placodal ectoderm regions interfacing with the non-neural ectoderm. As the neural plate folds
inwards, morphogenetic changes in the cells closest to the notochord and NPB form hinge points,
driving the closure of the neural plate into the neural tube, with the NPB at the dorsal rim. By the end
of primary neurulation, the surface ectoderm has separated from the neural tube to become the
epidermis and other tissues on the outer surface of the body, while the neural tube will develop into

the brain and spinal cord*3.

At this stage, cells of the pre-placodal ectoderm and NPB regions become more restricted in their
developmental fate, forming multipotent cranial placodes in the head, and neural crest cells (NCCs)
further down the rostrocaudal axis. NCCs are the earliest precursors of melanocyte, somatosensory
and autonomic lineages, but BMP and WNT signals secreted by the ectoderm and dorsal neural tube
act synergistically to suppress premature differentiation. Multipotent NCCs can be identified by
expression of transcription factor SOX10, induced pre-migration by the balance of local BMP and WNT
signals*41%_ A developmental switch in cadherin subtype expression changes the adhesion properties
of NCCs, allowing them to delaminate from the dorsal neural tube*'’. Depending on the route of
migration (see Figure 4.2A), motile NCCs are exposed to distinct microenvironments where extrinsic
cues and cell-cell interactions signal the pausing or advancement of travel until they reach their

programmed destinations*8,

Of the undifferentiated NCCs, those that migrate laterally underneath the ectoderm and around the
somites develop into melanocytes. Those migrating ventrally between the somites and neural tube
encounter extracellular matrix proteins which regulate the expression of cell adhesion molecules
within NCCs, prompting them to build the budding somatosensory or autonomic ganglia®'®#%L, In the
case of nociceptors, NCC-derived somatosensory progenitors coalesce into trigeminal ganglia (TG) and
dorsal root ganglia (DRG), with the trigeminal placode providing an additional source of neural

precursors to the TG*%42%, Environmental cues exerted under strict spatiotemporal control also induce
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early markers of differentiation. For example, high levels of BMP-4 and BMP-7 secreted together by
the dorsal aorta induce the co-expression of MASH1 and PHOX2B in NCCs of the newly condensed
sympathetic ganglia; these transcription factors specify neuronal and noradrenergic properties
respectively*6424425 PRDM12 is the earliest known marker of TrkA-positive nociceptors, observed in
the neural folds of mice from embryonic day 9 (E9)'?%; it is non-essential to the induction of
Neurogenin-1 expression, but is vital for its maintenance in nociceptor-fated progenitors'?*?>, The

signals responsible for the induction of PRDM12 in this select lineage are currently unknown.

Genetic tracing and knockout studies in mice have revealed the progression of fate decisions that NCCs
go through to achieve the functional diversity present in mature somatosensory ganglia, as shown in
Figure 4.2B. The first stage is somatosensory neurogenesis, which occurs in three waves starting at E9,
E9.5 and E10.5. During the first wave, a population of migrating SOX10-positive NCCs acquire neuronal
fate by upregulating Neurogenin-2. Upon reaching the TG and DRG, pioneering cells switch off
multipotency marker SOX10 and begin to express the sensory-biasing transcription factor,
FOXS1%%427 These early progenitors exhibit limited proliferation, and by cell cycle exit express the
sensory neuron-restricting transcription factors BRN3A and ISLET1*?® which protect somatosensory

429 and regulate the expression of neurotrophin receptors TrkA-C*%%31, This

precursors from apoptosis
wave mainly gives rise to larger myelinated proprioceptors and low-threshold mechanoreceptor
(LTMR) subtypes, later differentiated through the activity of RUNX3 transcription factor and early
expression of GDNF-family ligand receptor RET#32433, A small proportion of myelinated nociceptors (A8

fibres) are also produced during this first wave?*34436,
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Figure 4.2: Neurodevelopment of somatosensory neurons

Morphogenesis and migration of neural crest cells specified for melanocyte, sensory and autonomic
cell fates. Figure adapted from https://discovery.lifemapsc.com/library/images/neural-tube-
formation-by-primary-neurulation; Copyright LifeMap Sciences, Inc. - All Rights Reserved.

(B) Transcriptional cascades determining the differentiation of (1) multipotent neural crest cells
through (2) sensory neuron commitment and (3) subtype specification, to (4) mature functional
classes in sensory ganglia. Black arrows indicate order of activation, while red lines indicate direction
of repressive activity.
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The second wave of neurogenesis is attributed to SOX10-positive NCCs that arrive later in the nascent
DRG and only then upregulate Neurogenin-1 and FOXS1 expression, thought to bypass a requirement
for Neurogenin-2426427.434 Thjs population undergoes an extended proliferative period to produce all
unmyelinated nociceptors and a small proportion of proprioceptive or mechanoreceptive A fibres; in
Neurogenin-1 knockout mice, this entire lineage is absent, contributing ~80% of all sensory neurons
in the mature DRG*®. However, it was recently shown that part of the postnatal Neurogenin-1-
dependent population arises during the first wave, dependent on precursors co-expressing high levels
of Neurogenin-2 and low levels of Neurogenin-1; in Neurogenin-2 knockout mice, these progenitors
instead switch to a melanocyte fate or go through apoptosis. This developmental deficit is reflected in
a loss of almost half the sensory neurons of the Neurogenin-1 lineage in postnatal DRG*®. In the final
wave of somatosensory neurogenesis, boundary cap NCCs travel the shortest distance, accumulating
at the dorsal root entry zone (DREZ) of the spinal cord. From here they migrate along the nerve root
into the DRG contributing a late population of TrkA-C neurons, as well as Schwann cells responsible

for myelination*74%,

Following the recent identification of mature somatosensory subtypes, single-cell RNA sequencing
(scRNA-seq) analysis of mouse DRG across development has revealed the transcriptional path from
multipotent NCCs through sensory neuron commitment and specialisation into mature
proprioceptors, LTMRs and nociceptor subclasses®. At E11.5, the earliest timepoint at which DRG
were isolated for scRNA-seq, three developmentally linked populations could be detected: (i)
Multipotent NCCs marked by Sox10; (ii) sensory neuron progenitors marked by Neurogenins-1 and -
2; and (iii) postmitotic cells marked by Advillin, a cytoskeletal regulator specific to DRG sensory
neurons during embryonic stages®%*°  Advillin-positive cells at E11.5 were considered
transcriptionally unspecialised given the negligible expression of genes that distinguish sensory
subtypes in adult ganglia. From E12.5 through to adulthood, the diversification of somatosensory
precursors into mature subtypes required progressive transcription factor expression under tight
regulation. These factors exert activating or repressive action depending on the cofactors available at

different developmental stages344%,

Following neurogenesis, sensory-instructive transcription factors BRN3A and ISLET1 are swiftly
activated which initiate transcriptional programmes that generate the broadest classes of sensory
neuron subtypes. They repress the expression of upstream neurogenic genes NGN1, NEUROD1 and
NEUROD4, and activate the expression of neurotrophin receptor genes (NTRK1-3 for TrkA-C),

promoting the differentiation of sensory neuron progenitors*?4442443 progenitors born from the first
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wave widely express TrkC, either alone or co-expressed with TrkA or TrkB; in the latter groups,
downregulation of TrkC segregates nociceptor- and LTMR-fated cells from the proprioceptors, in
which TrkC expression persists**¥43, The Trk receptors mediate a neuron’s capacity to respond to
growth factor cues, guiding the peripheral axon to specific tissue targets for innervation. Upon
extracellular ligand-binding and intracellular phosphorylation of Trk receptors, they are internalised
and retrogradely transported to the nucleus to regulate genetic programmes involved in neuronal

survival, axon growth and functional adaptation®**.

The emerging somatosensory system generates an excess of neural progenitors that undergo
programmed cell death to avoid excessive peripheral innervation and inappropriate connectivity of
sensory circuits. This maturation process also occurs in waves, with apoptosis of proprioceptors and
LTMRs peaking first in mice at E12.5, while apoptosis of nociceptors is highest from E12.5 to E14.5%%,
Susceptibility to programmed cell death appears to be influenced by a combination of extrinsic and
intrinsic agents. In the case of newborn proprioceptors, retinoic acid produced by the paraxial
mesoderm determines the expression levels of transcription factor RUNX3, such that progenitors
expressing very low levels of RUNX3 and TrkC mature more slowly and are less competitive by the
time cell survival is dependent on target-derived growth factors**®44”, BRN3A is critically important for
progenitor survival during this period, as well as postnatally in the context of nerve injury, due to its

role in activating antiapoptotic gene BCLX and antagonising activation of apoptotic gene BAX*2%:448:449,

Subsequent to sensory neuron commitment by BRN3A and ISLET1, TrkA expression is one of the
earliest markers of post-mitotic nociceptors, driven by BRN3A binding to the NTRK1 enhancer region
in both the A8 and C fibre nociceptor lineages*°. Transcription factors RUNX1 and KLF7 also support

NTRK1 activation during embryonic development of C fibres*%452

. RUNX factors are prominent
elements in sensory neuron diversification, with RUNX1 and RUNX3 being restricted to nociceptors
and proprioceptors respectively by late embryonic stages**; this segregation is driven by the co-
ordinated activity of ISLET1 and BRN3A, and occurs in parallel to TrkA and TrkC partitioning??8432442,
High levels of RUNX3 help to consolidate the TrkC-positive proprioceptor lineage in DRG, and TrkC-
positive mechanoreceptors in TG, by maintaining TrkC expression and repressing TrkB in co-expressing

progenitors*2453454 Neurons expressing low levels of RUNX3 are permissive of SHOX2 transcription

factor activation, followed by early activation of RET and AR LTMR development*>4%¢,

RUNX1 splits the C fibre nociceptor lineage into two major groups — the non-peptidergic and

peptidergic neurons. The peptidergic group arises from TrkA-positive sensory neurons that begin to
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express receptor tyrosine kinase MET at E16.5 in mice. Synergistic activation of TrkA and MET (by
nerve growth factor and hepatocyte growth factor ligands respectively) is required to repress
RUNX1%7, and as a consequence, to de-repress the expression of neuropeptide CGRP*2%%8, |n
contrast, non-peptidergic neurons arise through the persistent expression of RUNX1 and a gradual
switching of neurotrophin receptor expression from TrkA to RET from E15.5 onwards*4>9460 The
magnitude and duration of RUNX1 expression is of particular importance in defining polymodal non-
peptidergic nociceptors and compartmentalising pruriceptor subtypes*®!. The unmyelinated C-LTMR
population may also arise from the non-peptidergic nociceptor lineage, as postnatally they are TrkA-
negative and Ret-positive, and require RUNX1 plus transcription factor Zfp521 during embryonic
development to express distinguishing markers tyrosine hydroxylase and vesicular glutamate
transporter VGLUT3%2483, |n contrast, A8 nociceptors develop independently of RUNX1-driven
transcriptional cascades in the first neurogenic wave; nevertheless, they seem to play a non-

redundant role in sharp, pinprick mechanosensation?3>464,

Central axon navigation and termination on specific laminae is dependent on a wide range of growth
cone receptors and diffusible guidance cues being expressed at the correct developmental timepoints.
The transmembrane glycoprotein axonin-1 (also known as TAG-1 or Contactin2) was shown to be
necessary first for the extension of central axons towards the spinal cord*®. Upon reaching the DREZ,
the central axon makes a turn and grows longitudinally for a short “waiting period” while spinal cord
organisation is in progress; entry into the spinal cord is inhibited by SLIT1 and/or SLIT2 expressed in
the dorsal horn acting on ROBO1 and ROBO2 receptors located on the growth cone?®®. Additional
inhibitory signalling from the dorsal spinal cord via Netrinl and its receptor UNC5C actively prevent
premature entry®®’. During this waiting period, C-natriuretic peptide and its receptor natriuretic
peptide receptor 2 are transiently upregulated in the dorsal spinal cord and on the central axon
respectively, stimulating the growth of a daughter branch from the axon’s turning point*%,
Downregulation of Semaphorin3A, a repulsion cue in the dorsal horn, is necessary before central axon
branches can enter, although its persistent expression in the ventral horn prevents nociceptive axons
extending into this area*®®4%, In addition, cell adhesion molecules axonin-1, NgCAM and type llI
neuregulin-1 have been identified as positive regulators of axonal pathfinding, confining axon growth

|471,472

to laminae | and | , While the formation of terminal collateral branches that synapse with spinal

microcircuits is regulated by microtubule-stabiliser MAP7473,
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4.1.5 - Pathogenicity of PRDM12-CIP Mutations - LOF at the Molecular Level

Molecular assays exploring pathogenicity of the human PRDM12 mutations established a common
LOF in PRDM12’s ability to produce H3K9 methylation marks'?*%%” (see Figure 4.3), although there
were some discrepancies between the two papers. Tagged PRDM12 constructs were transiently
transfected into HEK293 cells, to visualise the subcellular distribution of WT and mutant proteins by
confocal microscopy in fixed cells. Both papers reported a nuclear-restricted, punctate or lace-like
pattern of WT PRDM12. Chen et al.'® observed the same pattern in cells transfected with the six
missense mutants, whereas the 19 alanine (19A) expansion mutant formed bright nuclear and

cytoplasmic aggregates.

In contrast, Nagy et al.*” examined 4 of the 6 missense mutations and found Trp160Cys, Arg168Cys,
and Glul72Asp mutants formed large, bright nuclear aggregates, while the Asp31Tyr mutant was mis-
localised to the cytoplasm in a diffuse pattern. The reason behind these conflicting findings is unclear,
as apart from some subtle differences in immunostaining protocols, the only obvious difference
between the studies was the use of an N-terminal hemagglutinin tag versus a C-terminal FLAG tag in
the PRDM12 constructs. However, both groups suggested that aggregation and mis-localisation

reduced the availability of functional PRDM12 in the nucleus.

Further investigations by Chen et al. refined the mechanisms of pathogenicity behind the missense
and expansion mutations?3, Transfection of the 18A and 19A polyalanine expansion mutants into COS-
7 cells indicated a 60% reduction in protein expression levels when compared to WT, but upon
proteasome inhibition with MG132, expression levels of the mutants were commensurate with WT.
The same assay conducted on the missense mutants revealed no significant differences in their
relative expression compared to WT. These results suggest that in addition to aggregation, heightened

degradation of the expansion mutants contributed to their LOF.

Turning to in vivo experiments in Xenopus embryos confirmed a robust increase in H3K9 di-
methylation (H3K9me2) levels upon injection of WT prdm12 mRNA into neutralized animal cap cells.
Injection of prdm12 mRNAs with corresponding human missense mutations resulted in approximately
80% reduction of H3K9me2 signal across all mutants compared to WT — a substantial disruption to
PRDM12’s histone-modifying function. Using a G9a co-IP protocol in COS-7 cells that were co-
transfected with WT or mutant PRDM12 revealed that the PRDM12-G9a interaction was only broken
by the His289Leu mutation!®; this was consistent with established knowledge of PRDM12 as

His289Leu is located within the second zinc finger domain.
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How the remaining 5 missense mutations (4 of which are located in the PR domain) disturb H3K9
methylation, when they were still able to pulldown G9a, is uncertain. In vitro assays of histone
methylation had previously demonstrated that PR domain deletion constructs could still pulldown G9a
and generated H3 methylation signal that was comparable to WT PRDM123%, It may be that in the in
vivo context, the mutated residues in the PR domain mediate interactions with alternative HMT
enzymes modulating H3K9 methylation status. Supporting the functional importance of this part of
the protein was the discovery of two further PR domain missense mutations, Gly115Arg and

Asn174Lys, in another PRDM12-CIP patient*!2,
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Figure 4.3: Impact of PRDM12 LOF in sensory neuron development
(A) Critical domains of the PRDM12 protein and functional consequences of missense or polyalanine

tract expansion mutations identified from PRDM12-CIP patients. (B) Transcriptional cascades
involved in the development of mature somatosensory neurons from multipotent precursors.

Adapted from (2020) Vermeiren et al.
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4.1.6 - Developmental and Physiological Roles of PRDM12

A number of model organisms have been used to understand the consequences of PRDM12 LOF or
over-expression in the development of somatosensory neurons and pain-related behaviours. Further
studies carried out in human stem cell-derived models and embryonic sections, as well as the adult
phenotype of PRDM12-CIP patients, all point to a critical developmental role for this protein in

generating the TrkA-positive lineage of nociceptive neurons (see Figure 4.3B).

Knockdown of Prdm12 in Xenopus embryos led to reduced mRNA levels of Ath3 and Islet1%, early
markers of neurons in the ectoderm-derived trigeminal placodes; these go on to contribute to the
sensory neuron population in the trigeminal ganglia (TG), together with NCC-derived sensory neurons.
In addition to lowering mRNA levels, the distribution of trigeminal placode markers appeared
disorganised after Prdm12 knockdown, whereas markers for other cranial placodes such as the otic
placode which develops into the ear, were unaffected!?®. On the other hand, microinjection of human
PRDM12 mRNA into neuralized cap cells robustly induced mRNA expression of early markers of
sensory neurons, Islet1 and Tix3, but this effect was diminished when several human missense mutant
mMRNAs were tested*”’. Together, these results indicated a requirement of functional PRDM12 for the

early differentiation stages of NCCs into somatosensory neuron fate.

Similar temporal patterns of PRDM12 expression have been observed in mammalian systems. In mice,
Prdm12 mRNA was observed in the neural folds at E9.0, and by E10.5 was specifically enriched in the
DRG and p1 progenitor domain in the spinal cord; purified tissue preparations and cell line controls
established this expression was restricted to neurons rather than peripheral glial cells. Prdm12
expression was stable and continued into adulthood as late as postnatal day 56 (P56)'%3. At the protein
level, Prdm12 has been detected in DRG and TG from E9.5 onwards'?®. From E9.5-E10.5, this primarily
consists of post-migratory cells that are committed to a sensory neuron fate, which begin to lose Sox10
expression (an early marker of multipotency in NCCs) and increasingly express Islet1, which is required
for nociceptor specification®®*41442 The subsequent confined expression of tyrosine receptor kinase
A (TrkA) from E10.5 onwards identifies all neurons that are fated to become either myelinated A8- or
unmyelinated C-fibres, both involved in nociception, as opposed to the TrkB/C-positive low-threshold
mechanoreceptive (LTMR) and proprioceptive neurons. Immunohistochemistry analysis confirmed
the co-expression of PRDM12 with TrkA as early as E12.5 which continued postnatally even in adult
mice, while the absence of Prdm12 co-expression in TrkB- and TrkC-positive neurons was observed

from E11.5 onwards'?*2>,
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Homozygous knockout mice have been generated to study (1) the cellular mechanisms of Prdm12 LOF
in the early stages of differentiation of NCCs into mature nociceptors, and (2) how well these
molecular findings correlate with behavioural assays testing different modalities of sensation. In three
different mouse models, Prdm12 constitutive knockout mice died within a few hours of birth or could
not be detected among newborn pups; the reason for perinatal lethality is not known, however
embryonic mice up to E18.5 were viable?#125137.138 Compared to Prdm12** control mice, a reduction
in DRG size was observed around E11.5-E12.5, and by E12.5 there appeared to be a significant drop in
the number of neurons marked by Isletl or Peripherin. The number of TrkB and TrkC neurons was
similar to WT at all timepoints, and Runx3 expression remained constant, suggesting Prdm12 does not
regulate cascades specifying non-nociceptive fates nor does its absence lead to a compensatory up-
regulation of these populations. In stark contrast, the TrkA nociceptive population was completely
absent in DRG and TG from E11.5 onwards. Of note, TrkA is also required for the survival of developing
neurons in the sympathetic ganglia*# but its expression here was unaltered®?*!?*, indicating PRDM12

is not the universal regulator of NTRK1 activation.

TrkA-C are the earliest markers used to define sensory neurons that form the nociceptor, LTMR and
proprioceptor lineages. The latter two groups, as well as a subset of lightly myelinated AS-fibres which
are TrkA+*®, are generated from an early wave of NCCs that express high levels of Neurogenin-2 and
low levels of Neurogenin-1 at E9.5-E10.5. In a successive wave around E10.5-E13.5, NCCs expressing
high levels of Neurogenin-1 alone produce the unmyelinated nociceptor class**, hinting at a particular
importance for PRDM12 in this phase. Supporting this hypothesis, cell populations marked solely by
either Neurogenin-1 or Neurogenin-2 at E10.5 were equivalent in Prdm12 germline KOs and WT mice,
but at E12.5, the Neurogenin-1 population was substantially smaller in KO mice compared to WT. The
mMRNA levels of downstream genes important for neuronal differentiation (Neurod1)*® and sensory

)428451 were also reduced in the Prdm12 KOs. However, Neurogenin-1

neuron diversification (Poudf3
or -2 KO had no effect on Prdm12 expression. These results suggest Prdm12 expression is activated in
early sensory neurogenesis, independently of Neurogenin signalling, but is critical to the maintenance

of Neurogenin-1 expression and subsequent nociceptor differentiation in the second wavel?*125,

Two hypotheses have been put forth as to how PRDM12 LOF leads to a loss of the TrkA+ lineage —
reduced proliferation versus increased apoptosis of sensory neuron precursors. Both questions have
been investigated in three different papers, all using germline Prdm12 knockout mice. Desiderio et al.
saw no difference between KO and WT mice in the number of phospho-histone H3 (pH3) positive cells

(i.e., mitotic cells) at E10.5-E11.5, but they did observe more apoptotic cells at E12.5 in the mutant
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-3125 Bartesaghi et al. looked specifically at the Sox10+

mice, as marked by activated capsase
multipotent NCC population®'® in DRGs from E10.5-E12.5. Quantification of pH3+ cells revealed a 40-
50% drop in proliferating NCCs in the Prdm12 KOs at E11.5-E12.5 compared to WT mice, whereas they
saw no difference between groups in apoptosis of NCCs from E10.5-E12.5%%4, To address this debate,
Landy et al. measured activated caspase-3 positive cells as a readout for apoptosis, and cells positive
for EdU-labelling (a thymidine analogue) as a readout for proliferation, from E11.5-E13.5. Their results
indicated no significant difference in apoptotic rate between WT and Prdm12 KOs, but rather a

decrease in proliferation at E11.5, specifically of precursors destined to become TrkA+ nociceptors,

while LTMR and proprioceptor populations continue to proliferate normally¥.

Downstream of TrkA, a number of markers for mature nociceptor subtypes were also affected by
Prdm12 knockout. The expression of Ret, another neurotrophin receptor, can mark a variety of
sensory neuron subtypes depending on the co-expression of other markers and the timepoint at which
it is measured. At E12.5, a 60% reduction in the number of neurons expressing Ret was observed in
KO mice and this was mirrored by a significant loss of Ret expressing neurons at P0*?#12>_ Early Ret
signalling from E10.5 onwards determines large-diameter, myelinated LTMRs and is maintained
postnatally**#7¢, thus the surviving Ret+ neurons likely reflect this class. However, Ret expression is
also required during later embryonic timepoints and postnatally for the specification of unmyelinated
C-LTMRs and non-peptidergic nociceptors. This was confirmed by a complete loss of tyrosine
hydroxylase positive neurons by E18.5 which marks the C-LTMR class, as well as the Nav1.8-encoding
gene SCN10A by E16.5, which is essential to maintaining electrical excitability of all nociceptor
subtypes. Furthermore, Substance P and calcitonin-gene related peptide (CGRP) were completely

absent at E18.5 indicating the peptidergic nociceptor population had also been lost241%

Embryonic conditional knockout (cKO) of Prdm12 in DRG neurons was achieved using the Advillin
promoter in three mouse models, allowing for histological and behavioural analysis as these mice
survived into adulthood'*%7138 Desiderio et al. showed Prdm12 expression was still detected from
E13.5-E15.5 but was deleted by E16.5. Consistent with this pattern, fewer TrkA+ neurons were
detected in the cKO mice than in controls from E13.5-E15.5, and were virtually absent in knockouts by
E16.5%?°. Similar to the constitutive knockouts, both cKO models revealed a selective loss of small-
diameter neurons, which included both peptidergic and non-peptidergic populations in adults. Other
markers of maturing nociceptors were substantially reduced during embryonic development including
Runx1 and Scnl0a at E15.5, and their encoded proteins by E18.5'2>137, Kokotovic et al. also

demonstrated a robust knockdown of Prdm12 transcripts and protein in lumbar DRG in their cKO
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model (Prdm12%"/"; Avil-Cre). These mice presented facial scars and corneal abrasions similar to human-
CIP patients, as well as significantly reduced sensitivity to pain from intraplantar capsaicin injections
when compared to WT littermate controls. The authors extended their analyses with single-cell
electrophysiology and bulk RNA sequencing, demonstrating cultured DRG neurons from Prdm12™/,
Avil-Cre were hypoexcitable in response to both ramp and block current stimulation protocols, which
was associated with a depletion of several sodium and potassium channel transcripts important for

nociceptor electrogenesis®.

Human histological studies validated TrkA and PRDM12 co-expression in embryonic DRG at Carnegie
stage 12%; approximately equivalent to E10.5 in mice*”’. Differentiation of human embryonic stem
cells and inducible pluripotent stem cells (iPSCs) into nociceptor-like neurons also produced a sharp
increase in PRDM12 expression from day 7-11, coinciding with markers of neural crest specification.
After 52 days in vitro, mature neurons expressed large transient TTX-resistant Na* currents, most likely
from Nav1.8 channels as SCN1I0A mRNA was robustly detected in these cells'®. In another iPSC line
with PRDM12 expression under tetracycline-inducible control, PRDM12 induction led to a strong
increase of NTRK1 levels as well as a decrease in NTRK2 and NTRK3 levels, suggesting that contrary to

mouse studies, PRDM12 may repress TrkB and TrkC expression in this model*?,

Detailed behavioural analysis has been conducted in PRDM12 knockout flies and cKO mice. In
Drosophila, latency in response to a heat probe set to 46°C was used as an assay of thermal
nociception. Knockdown of Hamlet, the Drosophila orthologue of PRDM12, increased the response
time to noxious stimuli compared to WT flies. These results were recapitulated when human PRDM12
mRNA with patient mutations were ectopically expressed*”’, mimicking the hyposensitivity seen in
PRDM12-CIP patients who often suffer burn injuries. However, despite showing insensitivity to
noxious mechanical and chemical stimuli in behavioural assays, studies of noxious heat sensitivity in
embryonic cKO mouse models have produced conflicting results'3”:1%, In Landy et al.’s model, WT and
cKO mice demonstrated equivalent sensitivity to noxious thermal stimulation from 50-55°C*¥, In
contrast, Kokotovic et al. investigated noxious heat sensitivity using single-cell electrophysiology
where they observed 16 out of 42 cultured DRG neurons from WT mice produced temperature-evoked
current, but only 1 of 42 cells from the cKO mice was heat-responsive in the same (noxious

temperature range from ~35-45°C!3,

Both studies found a significant reduction in transcript expression of the noxious heat-sensitive

channels Trpal and Trpvl, while Trom3 transcripts were dysregulated in opposing directions in the
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two cKO mouse lines3”:138

. Investigating the full complement of thermosensitive channels and
comparing their regulation by PRDM12 may explain the discrepancies in nociceptive responses at the
cellular and behavioural levels. Nevertheless, how these transcriptional differences arise is unclear as
both groups ablated Prdm12 expression within DRG using the Cre-LoxP system under the Advillin
promoter — the only distinction being the loxP targeting to Prdm12 exon 5 by Landy et al. versus exon
2 by Kokotovic et al. The former group did detect low-level expression of Prdm12 transcripts with

exons 1-4 present, encoding the PR domain and a portion of the flanking sequence before the zinc

fingers, which may be partially functional’.

Considering the robust postnatal expression of PRDM12 mRNA in adult mice and human DRG?1%5,

and that enhancement of pain has been observed through G9a-mediated modulation of potassium

478,479 480,481

channel expression and endogenous opioid signalling in nociceptors, it has been posited
that PRDM12 could have a role in hypersensitisation. Tamoxifen-inducible cKO mice were generated
to test the effects of adult-onset Prdm12 ablation by two groups: Landy et al. continuing with DRG-
restricted Prdm12 deletion targeting exon 5, while Kokotovic et al. used the ubiquitously expressed
promoter Rosa26 to target Prdm12 exon 2 deletion globally. Using behavioural assays modelling acute
and neuropathic pain, Landy et al. found no differences in sensitivity to any modality of noxious stimuli
between WT and mutant mice; furthermore, despite dysregulation of ~150 genes upon Prdmi12

knockout, few could be obviously tied to nociceptor function®.

In contrast, the adult-onset deletion mice studied by Kokotovic et al. exhibited a significant reduction
in sensitivity to intraplantar capsaicin injection compared to control mice. Other pain behaviour assays
were not conducted, but at the cellular level, they also found modest changes in nociceptor excitability
and responsiveness to noxious thermal stimulation, as well as almost 70 genes differentially expressed
upon Prdm12 deletion — e.g., potassium channels Kcnvl and Kcnb1, signal transducers Ntrkl and
Trpm8, neurotransmitter receptor subunits Grikl and Chrna7®. Thus, the purpose of postnatal

PRDM12 expression and its genetic targets require further corroboration.

One notable difference between human and mice PRDM12 knockouts is related to itch. In the original
PRDM12-CIP study, affected cases from a single family with homozygous 18A polyalanine expansion
mutations (Family J) displayed intense scratching of the face without the other archetypal severe CIP
injuries such as burns and broken bones!%. Two cKO mouse models (exon 2 and full protein deletion)
exhibited similarly severe facial scratching without provocation, in addition to typical CIP injuries to

the skin and corneal scarring?>!3. However, in a separate cKO model (exon V deletion with reduced
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but detectable expression of exon 1-4 transcripts), mutant mice spent markedly less time scratching
than WT mice when chemically-evoked itch was tested by chloroquine or histamine injection?®’. These
findings suggest a complex relationship in the specification of pain and itch sensing circuitry which

may critically depend on different parts of the PRDM12 protein.
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4.1.7 - Midface Toddler Excoriation Syndrome - a distinct PRDM12 sensory disorder

From the original set of PRDM12-CIP patients, affected cases from two families were found to have
homozygous expansions of the polyalanine tract — Family A originated from Pakistan and possessed
19A/19A alleles, while Family J originated from Ireland and had 18A/18A alleles. Unaffected parents
were heterozygous for WT and mutant alleles. Genetic analysis of the polyalanine tract length in
healthy Caucasian and Pakistani cohorts showed 12A or 13A alleles were most common but could

range from 7 to 14 alanines.

A direct comparison of clinical phenotype between these two families highlighted several features in
the 18A/18A cases that were atypical for PRDM12-CIP (see Table 4.1). The first sign of sensory
abnormality in these individuals was severe scratching restricted to the face from 3-6 months of age,
rather than the typical mutilation of lips, tongue and fingers. Corneal reflexes and sweating were
intact, but all reported hypoesthesia (numbness) which had only been seen in one other PRDM12-CIP
case. While abnormal sweating is not a definitive feature in PRDM12-CIP, it was observed in 9
individuals from 4 families, including Family A2, The presentation of patients in Family J was therefore

considered a milder manifestation of PRDM12-CIP

Rare cases such as these had been recognised by dermatologists, because of the strikingly distinctive
pattern and intensity of scratching across the midface (see Figure 4.1B), and the occurrence in families
that hinted to a possible genetic aetiology. Family J had been presented at the British Society of
Paediatric Dermatology on two occasions and when 2 independent affected Indian children were
presented in 2015, members agreed they all shared the same phenotype. Together with colleagues in
India, Professor Celia Moss reviewed the newer cases and suggested designating this disorder as a

new clinical entity — Midface Toddler Excoriation Syndrome (MITES).

They noted the severity of skin ulcers in children so young and in such a highly reproducible
distribution across the face could not be explained by any other known causes of chronic pruritis.
Lesions to the depth of muscle were observed across the bridge of the nose and extended in an X-like
pattern to the eyebrows and beside the mouth. Occasionally scars were found on the forehead and
behind the ears, but the chin and cheeks were largely spared. Common behaviours reported by
parents and observed by physicians included nose-pulling, continual scratching and slapping the face,
and disturbed sleep. An 11-year-old child could articulate “an irresistible urge to scratch the
lesions”*®, Interestingly, the patterns of facial lesions correlates strongly with sensory innervation by

the V1 and V2 branches of the trigeminal nerve (see Figure 4.4).
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After the PRDM12 mutations of Family J were published, Professor Moss approached our group for
genetic analysis of PRDM12 in newly diagnosed MITES cases. Astonishingly, we consistently found the
homozygous 18A/18A expansion mutation in affected individuals, although compound heterozygous
expansions to 16A/18A or 17A/18A have also been detected by other groups*38_ These results have
been published and are described in more detail with a review of phenotypic profiles from 27 reported
MITES cases in Section 4.4.1. In two families, affected individuals were either negative for PRDM12
mutations in any exon, or mutations were found in a different gene also associated with disorders of

painlessness; these results suggest MiTES may be genetically heterogeneous like CIP.
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Table 4.1: Comparing the clinical presentation of PRDM12 polyalanine expansion families

Adapted from Chen et al., 2015. M: male; F: female; m: months; y: years; +: present; -: not present; n.d.: not determined

Family Family A Family J
Ethnic Origin Pakistan Ireland
Known parental consanguinity + -
¢.1056_1076dup c.1059_1076dup

Amino acid change p.Ala353_Ala359dup p.Ala354_Ala359dup
Individual P1 P2 P3 P4 P5 P16 P17 P18 P19 P20
Sex M M M F M M M M F F
Age at onset / last examination 6m/11ly 12m/13y 6m/39y 6m/40y 6m/18y 3m/19y 3m/15y 3m/13y 6m/11y 6m/11ly

. . No No Facial Facial Facial Facial Facial
First sign response to tongue response to . ) ) . )

. " . scratching scratching scratching scratching scratching
pain biting pain
Disturbed pain perception + + + + + + + + + +
Disturbed temperature perception + + + + + + + + + +
Tongue,
e : Tongue, :
Ulcers and mutilations lips and . Fingers Face, feet Face, feet Face, feet Face, feet
s lips
fingers

Corneal injuries
Skin / bone infections + + + + + + - - - -
Orthopaedic complications + + + + + + + + + -

Abnormal sweating
Hypo- / alacrimia - - + - - - - - - -

Hypoactive deep tendon reflexes - - - - - - - B B N

Disturbed vibration sense - - - - - - - - - -

Hypoesthesia
Disturbed proprioception - - - - - - - B - N
Life threatening hyperthermia - - - - - - - B B _
Abnormal blood pressure regulation - - - - n.d - - - - -
Intestinal dysmotility - - - - - - - - R R
Motor weakness - - - - - - - - - -
Sensorineural deafness - - - - - - - - R R
Hyposmia - - - - - - - - - B
Intellectual disability - - - - - - - - R R

Abnormal motor nerve conduction n.d. n.d. n.d. n.d. n.d. - - - - -
Abnormal sensory nerve conduction n.d. n.d. n.d. n.d. n.d. + + + - -
Pathologic sweat test n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Abnormal histamine axonal flare test n.d. n.d. + n.d. n.d. n.d. n.d. n.d. n.d. n.d.
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Facial Dermatomes
A Anterior Lateral

[EB M consuLt

Figure 4.4: MITES injuries correlate with innervation by V1 and V2 branches of the trigeminal nerve
(A) Facial regions frequently affected in MITES patients occur in the V1 and V2 dermatomes, (B)
innervated by the ophthalmic (V1) and maxillary (V2) divisions of the trigeminal nerve. Figure 4.4A
provided by EBM Consult from https://www.ebmconsult.com/articles/anatomy-dermatomes-face.
Figure 4.4B designed by AnaesthesiaUK, all rights reserved © 2021 — taken from
https://www.frca.co.uk/article.aspx?articleid=100533.
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4.1.8 - Overview of Polyalanine Expansion Disorders

PRDM12 is not the only gene to cause disease due to pathogenic expansion of the polyalanine tract.
Polyalanine (PA) expansions in eight other transcription factors and the mRNA-modifying protein
PABPN1 (see Table 4.2) have been established as disease-causing mutations*®’=%%, The transcription
factor-associated diseases are all congenital, patients presenting with defects in physical and/or
mental development from early childhood; they can also be caused by non-PA expansion mutations.
In contrast, patients with PABPN1 mutations are typically seen in their late 50s and are very rarely
associated with missense mutations*°. Despite most of these genes producing a single characteristic
phenotype, the severity of major symptoms and penetrance can be variable, sometimes positively
correlating with longer expansions**¥%, However, none display such a strict genotype-phenotype

correlation as seen with PRDM12 polyalanine tract length causing either MiTES or CIP.

PRDM12-CIP and -MITES are the only autosomal recessive PA diseases, although biallelic mutations
have been identified in FOXL2 and PHOX2B in one family and a single child respectively***%%>, The
majority of PA expansion disorders are inherited in an autosomal dominant manner with the exception
of X-linked mental retardation or X-linked hypopituitarism caused by mutations in ARX and SOX3
respectively*®, It is noteworthy that individuals who are heterozygous for WT/mutant PRDM12-CIP or
-MITES alleles are born healthy because this indicates the presence of one WT allele in enough for
normal development to occur — i.e., the WT PRDM12 allele is dominant over all mutant alleles
identified so far, and disease phenotypes only arise from LOF in both PRDM12 alleles rather than a
dominant change or gain-of-function. In contrast, an autosomal dominant inheritance pattern would
indicate that the polyalanine expansion results in either (A) a dominant negative variant that interferes
with the function of the WT gene product, or (B) a LOF allele in a haploinsufficient gene, where the
activity of one normal allele is not enough to produce a WT phenotype*49497 X.linked diseases
usually arise through haploinsufficiency when a male only carries a single mutant allele on their X

chromosome, while females must be homozygous to express the full disease phenotype*®®.

Regardless of the route from PA expansion genotype to disease phenotype, in vitro studies have
uncovered protein aggregation and mis-localisation to the cytoplasm as universal mechanisms of
pathogenicity, compared to the diffuse, nuclear-restricted expression of WT transcription factors. In
some cases, PA-expanded mutants were also shown to be more susceptible to degradation through
the ubiquitin-proteasome system*°%, as has been noted for both MITES- and CIP-associated
PRDM12 PA expansion mutants'?3, However, there is no evidence of aggregates in vivo in PA expansion

mouse models of HOXA13, SOX3 and ARX genes, suggesting this may be an artefact of overexpression
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in cell culture. Instead, these studies revealed a decrease in steady-state abundance of expanded

proteins compared to WT mice, without effects on mRNA processing or translation®0%4,

PRDM12-CIP and -MITES clearly belong to this class of disorders based on clinical and genetic findings,
as well as some evidence of shared molecular mechanisms of dysfunction with other members of this
group. However, it is unclear how the discrete ranges of polyalanine length in PRDM12 produce such
distinct sensory phenotypes. To address this puzzle, | used fluorescence microscopy to investigate

potential differences in localisation between 18A (MITES) and 19A (CIP) PRDM12 constructs.
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Table 4.2: Summary of polyalanine expansion diseases and molecular/cellular mechanisms of dysfunction

AD: autosomal dominant; XR: X-linked recessive; AR: autosomal recessive; PA#: Polyalanine tract number where multiple are present in the protein

DISEASE

INHERITANCE
PATTERN

POLYALANINE TRACT
LENGTH

MOLECULAR MECHANISMS OF DYSFUNCTION

Disease

Aggregation: (2004) Albrecht; (2007) Utsch; (2010) Villavicencio-Lorini

Mis-localisation: (2004) Albrecht; (2007) Utsch; (2010) Villavicencio-Lorini

dystrophy (OPMD)

HOXD13 Synpolydactyly type Ii AD 5 22-29 Increased Degradation: (2004) Albrecht; (2007) Utsch
Altered Phase Separation: (2020) Basu
oavie | pasae | Aeeon (000 sl kg ke e
HOXA13 Hand-foot-genital syndrome AD PA2:12 PA2: 18 o " S . -
PA3: 18 PA3: 24-30 Increased Degradation: (2004) Innis; (2010) Villavicencio-Lorini
’ ’ Altered Phase Separation: (2020) Basu
. . PA1: 16 PA1:18-23 | Aggregation: (2011) Fullston
ARX X-linked mental retardation XR PA2: 12 PA2:20 | Mis-localisation: (2011) Fullston
Congenital central Aggregation: (2012) Parodi; (2013) Di Lascio
PHOX2B hypoventilation syndrome AD 20 25-33 Mis-localisation: (2012) Parodi; (2013) Di Lascio; (2016) Di Lascio
(CCHS) Increased Degradation: (2012) Parodi
. . Aggregation: (2004) Albrecht; (2007) Wong
SOX3 X-linked hypopituitarism XR 5 22-26 Mis-localisation: (2004) Albrecht; (2005) Woods; (2007) Wong
Aggregation: (2004) Albrecht; (2014) Pelassa; (2016) Shibata
RUNX2 Cleidocranial dysplasia (CCD) AD 17 27 Mis-localisation: (2004) Albrecht; (2014) Pelassa; (2016) Shibata
Altered Phase Separation: (2020) Basu
Blepharophimosis-ptosis- . ) ,
FOXL2 epicanthus inversus AD 14 22-27 Ag'gregat!on.‘(2004) Caburet; (2008) Moumné ,
Mis-localisation: (2004) Caburet; (2008) Moumné
syndrome (BPES)
Midface Toddler E>.<cor|at|on MITES: Aggregation: (2015) Chen
Syndrome (MITES) 16-18 gt ...
PRDM12 . . AR 7-15 Mis-localisation: (2015) Chen
OR Congenital Insensitivity Increased Degradation: (2015) Chen
to Pain (CIP) CIP: 19 & '
ZIc2 Holoprosencephaly AD 15 25 Undetermined
PABPN1 Oculopharyngeal muscular AD 10 12-17 Not reviewed here
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4.2 OBJECTIVES

The “milder” phenotype associated with a family initially diagnosed with PRDM12-CIP'?® was later
recognised by paediatric dermatologists as the newly classified MiTES*®2. Clinical features of this family
were distinct from the normal profile of PRDM12-CIP patients, and multiple MITES cases were

discovered with the same presentation:

i Highly localised and deep excoriating wounds across the nasal bridge and nasolabial folds due
to intense scratching, visible from the first year of life.
ii.  Older patients have described an overwhelming itchy sensation, but lesions appear to settle
with scarring by late teens — it is unclear if this is due to a change in sensation or behaviour.
iii.  Signs of partial pain insensitivity may be present, such as in the hands and feet, but CIP-related

defects in corneal reflexes and autonomic function are not observed.

In this project, | performed Sanger sequencing of PRDM12 in newly diagnosed MITES cases to
determine if this was a separate congenital sensory disorder. This work has been published*¥*4* and
between our findings and those from independent groups*>%¢, there is a clear genotype-phenotype

correlation between PRDM12 mutations and CIP versus MITES (see Figure 4.5):

=  PRDMI12-CIP is caused by biallelic LOF mutations including missense, truncations or a
homozygous expansion of the polyalanine tract to 19 alanines
=  PRDMI12-MITES is so far only associated with homozygous expansions of the polyalanine tract

in the range of 16-18 alanines

Following the genetic analysis, | conducted microscopy studies to compare the distribution and
localisation of hemagglutinin (HA)-tagged PRDM12 constructs in the human HEK293 cell line. The main

objective was to identify any differences between the MITES and CIP polyalanine expansion mutants.
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PRDM12 expansions = 2 distinct sensory disorders

A

PolyA Tract # 7-15 16-18 19 %
16-18 19 Alanine
Sensory Dysfunction nfa Increased Itch Complete Loss of Pain _ﬁI;'?ll-:: =CIP 1
Anatomic Location nfa Mid-face (local) Whole body (global)
. 5 Resolution by teens <
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Figure 4.5: The PRDM12 polyalanine tract puzzle

Biallelic polyalanine expansion mutations in PRDM12, within discrete ranges, lead to either MiTES or
CIP phenotypes. These disorders can be differentiated by clinical characteristics and genetic testing.
How PRDM12 polyalanine tract length affects the development of somatosensory neuron identity
and function in processing pain and itch sensations is unclear.
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4.3 METHODS

4.3.1 - MiTES Case Ascertainment

Cases presented to local dermatological units with characteristic distribution of severe facial lesions,
atrophic scars and/or post-inflammatory hyperpigmentation. Parents commonly reported sleep
disturbance, self-inflicted scratching and nose-pulling in the affected children. As this is a newly
described clinical entity, most diagnoses were confirmed by consultation with Professor Celia Moss at
the University of Birmingham, before being referred to the Woods laboratory for PRDM12 mutation

screening. Full phenotype-genotype information and genetic pedigrees are described in the results.

4.3.2 - PRDM12 Sanger Sequencing

Genomic DNA was isolated from suspected cases, parents and affected relatives where possible.
Sequencing primers were designed using the reference transcript “NM_021619.2"” — see Table 4.3.
Exons 1-4 were amplified using the KOD Hot Start DNA Polymerase kit (Sigma-Aldrich), while exon 5
was amplified using FailSafe PCR 2X PreMix J (Lucigen) with OneTag DNA Polymerase (NEB) —
thermocycling conditions are described in Table 4.4. PCR products were purified by enzymatic

treatment with Exonuclease | and Shrimp Alkaline Phosphatase (both from NEB).

For early cases, Sanger sequencing was conducted in-house using the BigDye Terminator v.3.1 Cycle
Sequencing Kit and ABI PRISM 3730 DNA Analyzer (Applied Biosystems); for technical details see
Section 2.3.6. Later cases were sequenced in commercial laboratories (Genewiz and/or Source
BioScience). In all cases, patient sequences were compared to the reference transcript
“NM_021619.2” using the alignment software, BioEdit>*>. Where variants were found in affected
cases, parents were also screened to determine whether they were inherited or a result of de novo

mutation.

Examination of hemizygosity in the father of cases C9, C10 and C11 was conducted by Mike Nahorski,
and sequencing of case 27 (C27) was conducted by Yunisa Pamela, both members of the Woods

laboratory.



Table 4.3: Sequencing primers for PRDM12 exons

EXON PRIMER ID PRIMER SEQUENCE (5’ - 3’)

E1-FWD TGCTCTGGTTCCTTCTCCAT

! E1-REV CCATGGGGAAACTGAGGTG

) E2-FWD ACTTGGGTTTGGCTGGTCT
E2-REV CTTAGAGTCCCGGCTCAGG

3 E3-FWD GGCTGTTGTGAGGATGGAGA
E3-REV TCTGTCCACTGTGGTTCCTG

4 E4-FWD AATGGGACTGTGTGGCTTTC
E4-REV GAGCCTCTCTGCCTCTCTCA
E5-FWD CTGTCCCTCCAGTCCGTCT

> E5-REV GTGTCCTCATCTGCGACACG

Table 4.4: Input preparation for amplification of PRDM12 exons

Amplification reaction components for PRDM12 exons 1-4

COMPONENT VOLUME (pl)
PCR grade water 325

10X KOD Buffer 5.0

dNTP mix (2mM) 5.0

MgS0a4 (25 mM) 3.0

FWD primer (10 uM) 1.5

REV primer (10 pM) 1.5
Genomic DNA template (100 ng/pl) 1.0

KOD Hot Start DNA Polymerase (1.0 U/pl) 0.5
Thermocycling Parameters

STAGE TEMP (°C) TIME CYCLES
Initiation 95 2 mins -—-
Denaturation 95 30 secs

Annealing 59 10 secs x35
Extension 70 10 secs

Final extension 70 10 secs -—-
Hold 4 oo ---
Amplification reaction components for PRDM12 exon 5

COMPONENT VOLUME (pl)
PCR grade water 19.0
FailSafe™ PCR 2X PreMix J 25.0

FWD primer (10 uM) 2.0

REV primer (10 pM) 2.0
Genomic DNA template (100 ng/pl) 1.0
OneTaqg DNA Polymerase (5.0 U/ul) 1.0

ABI Sanger Sequencing Reaction Parameters

STAGE TEMP (°C) TIME CYCLES
Initiation 95 4 mins -—-
Denaturation 95 30 secs

Annealing 60 30 secs x30
Extension 72 45 secs

Final extension 72 5 mins ---
Hold 4 oo ---
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4.3.3 - PRDM12 Plasmid Preparation

Wild-type and mutant PRDM12 plasmids were synthesised by Source BioScience. The coding sequence
was based on the reference transcript “NM_021619.2”, with an N-terminal fusion human influenza
hemagglutinin (HA) tag, placed within the pcDNA3 mammalian expression vector. The polyalanine
tract length was modified according to clinical phenotype and most common genotype: wild-type

(12A), MIiTES (18A) and CIP (19A).

Plasmid propagation was successful using both XL10-Gold Ultracompetent Cells (Agilent Technologies)
and MAX Efficiency Stbl2 Competent cells (Invitrogen) — see Section 2.3.5 for protocol details. For
PRDM12 plasmids, all bacterial growth stages were conducted in LB-Ampicillin cultures at 37°C.
Double restriction enzyme digests with Kpnl-HF and Xhol (NEB) were conducted for 2 hours at 37°C,
and comparison against the Hyperladder 1 kb molecular weight marker (Bioline) and GelPilot 100 bp
Plus Ladder (Qiagen) produced two bands corresponding to the PRDM12 insert and plasmid backbone.
All plasmid preps were sequence verified by Source BioScience with dGTP chemistry to ensure clear

reading of the GC-rich sequence, using common primers CMV-F and BGH-rev.

4.3.4 - HEK293 Cell Maintenance
HEK293 cells were maintained in high-glucose DMEM with pyruvate and GlutaMAX Supplement
(Gibco), supplemented with 10% dialysed fetal bovine serum (Sigma). Cells were grown in 75 cm?

tissue culture treated flasks, incubated at 37°C and 5% CO,, and split at a 1:10 ratio twice a week.
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4.3.5 - PRDM12 Localisation Studies Using Confocal Microscopy

Coverslips were sterilised and coated with poly-L-lysine solution (Sigma) before plating HEK293 cells
at an appropriate density to ensure well separated cells in confocal microscopy images. Transfection
complexes were prepared the next day, as recommended in the FUGENE HD Protocol Database
[ ] —at a 3:1 ratio FUGENE HD transfection
reagent (Promega) to PRDM12 plasmid DNA, diluted in reduced serum Opti-MEM media (Gibco). The

immunocytochemistry protocol was conducted 24 hours post-transfection.

Cell culture medium was removed and cells were washed in PBS, followed by fixation using freshly
prepared 4% PFA in PBS for 10 minutes at room temperature. Cells were then washed twice with PBS,
followed by permeabilization in 0.1% PBS-Tx for 10 minutes at room temperature. Permeabilization
buffer was removed before directly adding blocking buffer comprised of 5% BSA and 10% NDS in PBS-
Tx, which was incubated with cells for 1 hour at room temperature. After blocking buffer removal,
primary antibody combinations were diluted in blocking buffer and incubated with cells at 4°C

overnight.

The next day cells were washed thrice with PBS. Fluorescently conjugated secondary antibodies were
diluted in blocking buffer and incubated with cells for 1 hour at room temperature. Following three
more PBS washes, coverslips were mounted ProLong Diamond Antifade Mountant with DAPI

(Invitrogen), and stored at 4°C until imaging.

PRDM12 distribution was initially detected using the Biolegend mouse anti-HA primary antibody. In
co-localisation studies, the CST rabbit anti-HA primary antibody allowed for co-staining with marker
antibodies generated in mouse. Preliminary co-localisation studies used combinations of secondary
antibodies with Alexa Fluor Dyes AF488 and AF546. These were subsequently confirmed with AF488
and AF647 to ensure sufficient separation of excitation and emission spectra, therefore minimising

signal bleed-through. Full antibody information is detailed in Table 4.5.

Representative single plane images were acquired on an LSM880 confocal microscope, using the
Airyscan detector system and a 63x magnification, planar-apochromatic, 1.4NA oil immersion lens.
Laser wavelengths were set at 405, 488, 561 and 633 nm to excite DAPI stain, AF488, AF546 and AF647
dyes respectively. Airyscan image processing and pseudo-colouring was done in ZEN Black and ZEN

Blue software (Carl Zeiss).


https://www.promega.com/techserv/tools/FugeneHdTool/

Table 4.5: Antibodies used for PRDM12 co-localisation studies by immunocytochemistry

Primary Antibodies

# | TARGET CAT #, MANUFACTURER SPECIES & DILUTION
CLONALITY

1 | Anti-HA 901501, BioLegend Mouse mAb 1in 500

2 | Anti-HA C2954, CST Rabbit mAb 1in 500

3 | Anti-G9a PP-A8620A-00, R&D Mouse mAb 1in 500

Systems

4 | Anti-SC35 ab11826, Abcam Mouse mAb 1in 500

5 | Anti-Nucleolin ab22758, Abcam Rabbit pAb 1in 2000

6 | Anti-KDEL ab176333, Abcam Rabbit mAb 1in 500

Secondary Antibodies

# | TARGET CAT #, MANUFACTURER SPECIES & DILUTION

CLONALITY

7 | Anti-Mouse IgG A-21202, Invitrogen Donkey pAb 1in 1000
AF488

8 | Anti-Rabbit IgG A-21206, Invitrogen Donkey pAb 1in 1000
AF488

9 | Anti-Mouse IgG A10036, Invitrogen Donkey pAb 1in 1000
AF546

10 | Anti-Rabbit IgG A10040, Invitrogen Donkey pAb 1in 1000
AF546

11 | Anti-Mouse IgG A-31571, Invitrogen Donkey pAb 1in 1000
AF647

12 | Anti-Rabbit IgG A-31573, Invitrogen Donkey pAb 1in 1000

AF647
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4.3.6 - PRDM12 Localisation Studies Using High-Content Widefield Imaging

HEK293 cells were transfected by reverse transfection in PDL-coated, 96-well imaging plates (Thermo
Scientific). Transfection complexes were prepared as above in Section 4.3.5, although the
recommended protocol from the FUGENE HD Protocol Database was adapted and confirmed to have
sufficient transfection efficiency in pilot studies — 100 ng DNA for 5,000 cells per well. The

immunocytochemistry protocol followed as above in Section 4.3.5 up to the primary antibody stage.

The rabbit anti-HA primary antibody (CST) was incubated with cells at 4°C overnight. The next day,
cells were washed thrice with PBS and incubated sequentially with fluorescent stains, each step at
room temperature and protected from light, with three PBS washes between staining incubations.
The first fluorescent incubation was with anti-rabbit AF488 for 1 hour. The second incubation was with
HCS CellMask Deep Red Stain (Invitrogen) for 30 minutes, freshly prepared at 2 ug/mlin PBS. The final
incubation was with Hoechst 33342 nucleic acid stain (Invitrogen) for 15 minutes, also freshly
prepared at 2 ug/ml in PBS. After three final PBS washes, PBS was added to all wells and plates were
stored covered in foil at 4°C until imaging. Plates were brought to room temperature at least 30

minutes before imaging.

For unbiased, high-throughput image acquisition, the ImageXpress Micro XLS Widefield High-Content
Analysis System (Molecular Devices) was used. Site images were acquired using a planar-apochromatic
objective at 60x magnification, with DAPI, FITC and Cy5 imaging channels set to detect Hoechst stain,

AF488 and CellMask Deep Red Stain respectively.

Using the Multiwavelength Scoring Module in MetaXpress image analysis software (Molecular
Devices), fluorescence and area thresholds were adjusted to create segmentation masks of different
cell compartments; Hoechst for the nucleus and CellMask for the whole cell, but from which the
cytoplasm could be isolated by subtraction. In every image, each cell was individually counted using

the nuclear mask and then marked as positive or negative for transfection using the “Cell Positive:
W3” setting which measures whole cell fluorescence in the FITC channel (i.e., from AF488 secondary
antibody). The total pixel intensity in the FITC channel was then measured within the masked areas

for the nucleus versus cytoplasm.

Raw data was exported to Microsoft Excel for further processing; all site images were reviewed
manually to remove out of focus sites which produced segmentation artefacts, and then individual

cells were sorted based on their “Cell Positive: W3” score so that untransfected cells were excluded.
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For each transfected cell, AF488 fluorescence in the cytoplasm was divided by that in the nucleus to
generate a C:N ratio. Statistical analysis was conducted in GraphPad Prism where mean average C:N
ratios per genotype were compared using a one-way ANOVA. Statistical significance between groups
was assessed by the Kruskal-Wallis test with alpha threshold set to P < 0.05 and corrected for multiple

comparisons using Dunn’s test.
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4.4 RESULTS

4.4.1 - MiTES cases and results of PRDM12 sequencing

Several patients with a formal diagnosis of MIiTES were referred to our lab for Sanger sequencing of
PRDM12. Pedigrees of families tested are illustrated in Figure 4.6 and clinical features are described
for each case in Table 4.6. In almost all cases, affected individuals were homozygous for a polyalanine
tract expansion to 18 alanines (18A/18A), with one mutant allele inherited from each heterozygous
parent. C22 was an affected paternal uncle of index case C21, both of whom were homozygous
18A/18A, but DNA from earlier generations was not available for testing. C14 was the only exception
in whom no PRDM12 mutations were found in any exon and their polyalanine tract was homozygous

12A/12A which is within the normal range.

Initial inspection of the chromatograms for the C10-C11 sib-pair looked as if they were homozygous
for 18 alanines as there was no apparent frameshift which is observed when the two alleles differ in
length — this type of frameshift is demonstrated in Figure 4.7A, preceding the red dashed line in the
heterozygous parents. Upon sequencing the parents, the mother was found to be heterozygous
13A/18A as expected but the father was seemingly homozygous for 7 alanines. After confirming that
sample mix-up and non-paternity did not explain the result, this suggested that either the second 18A
allele occurred as a de novo expansion in both children independently, or that there was a deletion in

a portion of the paternal PRDM12 allele which both children had inherited.

Sequencing of a microsatellite repeat in intron 3 by Mike Nahorski revealed normal segregation of
alleles at least up to this position, but further analysis to prove the presence of a deletion and the
location of the breakpoint was impossible due to the GC-rich content of exon 5. Nevertheless, the
most likely conclusion was the father being hemizygous in part of PRDM12 between intron 3 and the
end of the gene, and this partial gene deletion was the allele inherited by both children. This would
mean the only full-length PRDM12 protein they expressed contained the 18A polyalanine tract

expansion, which is consistent with an autosomal recessive pattern of inheritance in PRDM12-MiTES.

A notable finding from these sequencing studies was the refinement of the polyalanine boundary
between normal and pathogenic. The unaffected mother of sib-pair C19 and C20 was heterozygous
15A/18A, which is the longest polyalanine tract length in a healthy individual observed to date Figure
4.7B. Careful physical examination and review of her medical history affirmed she had never
experienced any symptoms associated with MITES, and due to the clear segregation of PRDM12

expansion mutations within this family and others, we concluded 15 alanines was not pathogenic.



188

Father Mother Father Mother Father Mother
7A/del  13A/18A 13A/18A 13A/18A n.d. n.d.
c9 C10 Cl1 c14
nd. 18A/del 18A/del 12 12A/12A
18A/18A
Father Mother Father Mother Father Mother
12A/18A 15A/18A 13A/18A 13A/18A 13A/18A 13A/18A
c22
o m
Cc19 c20 c21 c23
18A/18A 18A/18A 18A/18A 18A/18A
Father Mother Father Mother
n.d. 13A/18A 13A/18A 13A/18A
c25 c26 c27
18A/18A 18A/18A 18A/18A

Figure 4.6: MIiTES case pedigrees screened for PRDM12 mutations in the Woods laboratory

DNA was obtained from affected cases with a formal diagnosis of MiTES to be screened for
mutations in the PRDM12 gene. Genetic pedigrees are illustrated above with detailed family histories
and results published for C9-C14 in (2018) Moss et al. and for C19-C23 in (2019) Inamadar et al.; C25-

C27 are unpublished.
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Table 4.6: Reported MiTES cases with phenotype-genotype information

n.a.: not applicable; n.d.: not determined; #A: total number of alanine residues in exon 5 polyalanine tract

PUBLICATION CASE FAMILIAL COUNTRY AGE OTHER PARENTAL CASE: PRDM12 M:g;:nl\i»:l. PS;EDE“]‘_AZL:
RELATIONS OF ORIGIN AT ONSET NOTABLE FEATURES CONSANGUINITY GENOTYPE GENOTYPE GENOTYPE
Infancy e Absent tendon reflex
Unknown
(2014) Siblings: 1 & 2 ireland Infancy : sbsent tendon reflex na na
Watson Father: 3 C;essure.s?re - -
Childhood * .ar?otjon?t.s. Unknown
e Pain insensitivity
| a4 | 3 months e Pain insensitivity (all) 18A / 18A
(2015) | 5 | Siblines: 3 months e Foot ulcers (all) 18A / 18A
— B .Y, Ireland 3 months * Hypoesthesia (all) No 18A/ 18A 18A/WT 18A / WT
e 6 months e Abnormal sensory nerve 18A / 18A
| 8 | 6 months conduction (cases 4, 5, 6) 18A / 18A
[ o | siblings: 9 months 18A / deletion
9 10 gll' India 4 months None Yes 18A / deletion 13A/18A 7A / deletion
T 3 months
Cousins: ndia 9 months None Yes 18A / 18A 13A/ 18A 13A/ 18A
12&13 Childhood None Unknown n.d. n.d.
L) Single case India 1 year ° De.ve.lopme.n.ta.l delay Yes n.d. n.d.
Moss e Pain insensitivity
Single case Ireland 1year ¢ De.Ia\./ed spn.agc.h No 17A/ 18A n.d. n.d.
e Pain insensitivity
Single case India 1 year e Developmental delay No nd nd
Single case India 6 months None Yes o o
Single case Pakistan 9 months None Yes n.d. n.d.
- _ 6 months 18A / 18A
2015 20 | Siblings India 6 months None No 18A/ 18A 15A / 18A 12A/ 18A
In(amad)ar Nephew: 21 ndia 7 months None Yes 18A / 18A 13A/18A 13A/18A
“ Uncle: 22 Early childhood None Yes 18A / 18A n.d. n.d.
R single case UK 10 months * High pain threshold No 18A / 18A 13A/18A 13A/18A
(2020) ) . . .
Noguera-Morel Single case Spain 9 months e High pain threshold No 16A / 18A n.d. n.d.
| 25 | Siblings: ) Early childhood e Pain insensitivity in hands 18A / 18A
Ind Y 13A/18A d d
Unpublished  [ECE = 25&26 nda Early childhood (both siblings) e 18A/ 18A / ecease
Single case India 1year None Yes 18A / 18A 13A/18A 13A/18A
12020 Single case India 11 months None No n.d. n.d.

Kumar
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Pakistani (n = 212)

Figure 4.7: PRDM12-MiTES exhibits a clear correlation with polyalanine tract expansion

(A) Example chromatogram traces illustrate the GC-rich content of the polyalanine tract in exon 5.
Reading the genetic sequence is relatively easy when polyalanine tract length is homozygous,
however where a frameshift occurs due to polyalanine tract length differing between two alleles
(e.g., in heterozygous parents of an affected child), careful assignment of nucleotides at each site is
required. (B) The length of the PRDM12 polyalanine tract in healthy individuals from different ethnic
populations ranges from 7 to 14 alanines — taken from (2015) Chen et al..
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4.4.2 - Subcellular expression patterns of PRDM12 in HEK293 cells

HA-tagged PRDM12 fusion constructs were transiently transfected into HEK293 cells to investigate
differences in subcellular localisation between wild-type (12A), MIiTES (18A) and CIP (19A) forms of
PRDM12 protein. In all three genotypes, low-expressing cells produced a low intensity, homogeneous
staining of the nucleus, as displayed in Figure 4.8. This was the predominant cellular phenotype in the
WT condition, occasionally combined with very low-level diffuse staining in the cytoplasm.
Remarkably, in a small proportion of WT-expressing cells, PRDM12 appeared to condense into non-

DAPI stained regions of the nucleus as seen in Figure 4.8C-D.

Expression of the 18A and 19A constructs produced a spectrum of cellular phenotypes, including
prominent bright nuclear aggregates of increasing size and cytoplasmic mis-localisation. Neither of
these phenotypes were ever seen in WT-transfected cells. In contrast to WT PRDM12 condensates,
the fluorescence intensity of 18A and 19A nuclear aggregates were stronger and did not specifically
localise to non-DAPI stained spaces, as shown in Figure 4.9A-B and 4.10A-B. This pattern was broadly
similar between both mutant constructs, however where nuclear spots of similar size were expressed,
19A-transfected cells appeared to have less diffuse expression of PRDM12 in the nucleoplasm, as
though more protein had been drawn up into these aggregates (see Figure 4.10A-D). Mutant PRDM12
localised in the cytoplasm formed fibril-like patterns extending from the nuclear envelope to the cell
perimeter with small clumps as shown in (Figure 4.9C and 4.10C). In more dramatic cases, mutant

PRDM12 protein formed larger plaques in the nucleus and cytoplasm, see (Figure 4.9D and 4.10D).

The proportion of abnormal cellular phenotypes in 18A versus 19A expressed PRDM12 was not
obviously different between the two mutations, and a tile-scan of a larger field of view in 18A-
transfected HEK293 cells (see Figure 4.11) shows these are not rare artefacts. Rather than scoring cell
phenotypes by eye and comparing their prevalence between genotypes, an image segmentation

analysis approach was taken to make unbiased measurements of cytoplasmic mis-localisation.
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Figure 4.8: PRDM12-12A was predominantly expressed in the nucleus with possible condensates
(A—B) WT PRDM12 was expressed diffusely in the nucleus, with very low-level staining visible in the
cytoplasm of transfected cells. (C — D, on next page) In some cells, WT PRDM12 condensed into
nuclear cavities that were not stained by DAPI (i.e., DNA-poor regions).
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Figure 4.8: PRDM12-12A was predominantly expressed in the nucleus with possible condensates
(A —B, on previous page) WT PRDM12 was expressed diffusely in the nucleus, with very low-level
staining visible in the cytoplasm of transfected cells. (C— D) In some cells, WT PRDM12 condensed
into nuclear cavities that were not stained by DAPI (i.e., DNA-poor regions).
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Figure 4.9: PRDM12-18A localisation ranged from bright nuclear spots to cytoplasmic plaques
(A —B) The PRDM12-18A construct, representing the MITES condition, produced small but bright
nuclear aggregates in addition to diffuse nuclear staining. (C — D, on next page) Larger aggregates
were seen in the nucleus and cytoplasm of other cells, as well as cytoplasmicfibrils and plaques.
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Figure 4.9: PRDM12-18A localisation ranged from bright nuclear spots to cytoplasmic plaques
(A —B, on previous page) The PRDM12-18A construct, representing the MITES condition, produced
small but bright nuclear aggregates in addition to diffuse nuclear staining. (C — D) Larger aggregates
were seen in the nucleus and cytoplasm of other cells, as well as cytoplasmicfibrils and plaques.
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Figure 4.10: PRDM12-19A subcellular expression was similar to PRDM12-18A
(A —B) The PRDM12-19A construct, representing the CIP condition, produced similarly bright nuclear
aggregates as observed with the 18A construct, as well as cytoplasmicfibrils and plaques (C— D, on

next page). The intensity of non-aggregated PRDM12 in the nucleoplasm was lower here than in 18A-
transfected cells, suggesting more protein was taken up into the aggregates.
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Figure 4.10: PRDM12-19A subcellular expression was similar to PRDM12-18A

(A —B, on previous page) The PRDM12-19A construct, representing the CIP condition, produced
similarly bright nuclear aggregates as observed with the 18A construct, as well as cytoplasmicfibrils
and plaques (C — D). The intensity of non-aggregated PRDM12 in the nucleoplasm was lower here
than in 18A-transfected cells, suggesting more protein was taken up into the aggregates.



198

Figure 4.11: Spectrum of cellular phenotypes exhibited by PRDM12-18A

A confocal tile scan of transiently transfected PRDM12-18Ain HEK293 cells confirmed the spectrum
of cellular phenotypes from homogeneous nuclear staining with or without small nuclear spots, to
dramatic cytoplasmicfibrils. Neither of these phenotypes were rare artefacts.
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4.4.3 - Quantification of PRDM12 cytoplasmic mis-localisation

Automated image acquisition and analysis was undertaken to assess the magnitude of PRDM12 mis-
localisation between WT and mutant genotypes. Figure 4.12A illustrates the image segmentation
principles that defined the nucleus from the cytoplasm, allowing separate measurements of PRDM12
intensity in each compartment per cell. The average cytoplasmic to nuclear (C:N) signal intensity ratio
was calculated for each transfection condition and presented in Figure 4.12B —12A:1.14 £ 0.04, n=378
versus 18A: 1.49 £ 0.08, n=282 versus 19A: 1.59 + 0.06, n=336. Comparisons of C:N ratios between WT
and each mutant were highly significant (p = < 0.001), but the difference between 18A and 19A C:N
ratios was not statistically significant (p = 0.101). This assay supported previous observations by
providing quantitative evidence of cytoplasmic mis-localisation when pathogenic PRDM12 mutants

were expressed in HEK293 cells.
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4.4.4 - Co-localisation studies with ER and nuclear proteins

The final set of microscopy studies sought to rule in or out a number of hypotheses that could hint at
different mechanisms of pathogenicity behind the two polyalanine expansion mutations. PRDM12
recruits the histone methyltransferase G9a to exert its regulatory effects on histones and gene
expression3¥. Interaction between the two proteins is dependent on the PRDM12 zinc finger domains
upstream of the polyalanine tract, and has been shown to be disturbed by a missense mutation in this
domain, resulting in lowered histone methylation levels in the developing Xenopus neurula!?. As
these assays were not tested on the polyalanine expansion mutations, co-staining of G9a and PRDM12
in transfected cells was performed as a simple test to see if mutant PRDM12 expression was
accompanied by a change in G9a distribution that might be different between the 18A and 19A
mutants. Figure 4.13 shows endogenous G9a levels were low in untransfected HEK293 cells, but
fluorescence intensity increased with exogenous expression of PRDM12. G9a staining was always
homogeneous and slightly granular in the nucleus, but was never concentrated into WT PRDM12
condensates or mutant PRDM12 aggregates. These results indicate aggregation of PRDM12

polyalanine expansion mutants does not affect G9a localisation.

The nucleus can be further organised into membrane-less subnuclear bodies that compartmentalize
factors involved in different cell functions, e.g., splicing factor storage in nuclear speckles and
ribosome biogenesis in nucleoli®®. Expansions of polyalanine tracts in nuclear-targeted proteins have
been shown to cause abnormal co-localisation or de-localisation with splicing speckles, as observed
with RBM4°®” and PABPN1°% respectively. PRDM12-transfected HEK293 cells were thus co-stained
with markers of nuclear speckles (SC35) and nucleoli (nucleolin), to see if WT and mutant PRDM12
differentially associated with these compartments. It is well known that nucleoli are not stained with
DAPI or Hoechst due to low DNA-density, and so this region was of particular interest in localising WT
PRDM12 condensates. Figures 4.14-15 reveal that all forms of PRDM12 were spatially separate to
nuclear speckles and nucleoli, and this lack of association was not altered by any genotype. Therefore,
selective disturbance of these functions in nociceptive neurons is unlikely to be a pathogenic

mechanism behind PRDM12 polyalanine expansion mutations.

The cytoplasmic mis-localisation was previously observed for the 19A expansion mutant in HEK293T
cells, and both 18A and 19A PRDM12 mutants were shown to be less stable than WT PRDM12 when
expressed in COS-7 cells, the difference being recovered upon proteasome inhibition?3, In support of
this hypothesis, Figure 4.16 shows the intracellular staining of mutant PRDM12 is distinct from the ER

marker KDEL, indicating mutant PRDM12 is not retained in the ER due to misfolding.
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Figure 4.13: PRDM12 aggregates did not affect the distribution of endogenous G9a

Endogenous G9a expression was low in untransfected HEK293 cells but appeared to be up-regulated
after transfection of PRDM12 constructs. In all cases, G9a maintained a homogeneous, slightly
granular distribution in the nucleus which was not disturbed in the presence of PRDM12 aggregates.
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Merge +

Figure 4.14: WT and mutant PRDM12 foci did not associate with nuclear speckles
Both WT PRDM12 condensates and mutant PRDM12 aggregates remained spatially separated from
SC35, a marker protein of nuclear speckles.
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Merge +

Figure 4.15: WT and mutant PRDM12 foci did not localise within the nucleolus
Both WT PRDM12 condensates and mutant PRDM12 aggregates were spatially separate from
nucleolin, a marker protein of nucleoli.
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Figure 4.16: Cytoplasmic mutant PRDM12 was not retained in the ER

Where 18A and 19A PRDM12 constructs mis-localized to the cytoplasm, they displayed similar
granular staining as KDEL, an ER marker. However, merging these two images revealed the puncta
were discriminate from each other suggesting PRDM12 aggregates were not misfolded in the ER.

204
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4.5 DISCUSSION

Through this project we found a consistent genotype-phenotype correlation between MITES and
homozygous expansions in the polyalanine tract of PRDM12 within the range of 16-18 alanines. These
results confirm MITES is a distinct congenital sensory disorder which can be distinguished from other
neurological or infectious causes of chronic itch, or from fabricated illness, based on clinical
presentation and genetic testing for this specific type of PRDM12 mutation. However, MiTES may be
a genetically heterogenous disease as some patients were negative for this or any PRDM12 mutation.
At the cellular level, we found PRDM12 constructs representing the MIiTES (18A) and CIP (19A)
expansion proteins both formed aggregates and mis-localised to the cytoplasm when expressed in
HEK293 cells, compared to the homogeneous, nuclear-restricted expression of the WT (12A) protein.
This result matches the in vitro findings from other transcription factors whose polyalanine expansions
are associated with disease, indicating both PRDM12-CIP and PRDM12-MiTES should be considered
bona fide polyalanine expansion disorders. However, we could not detect any significant differences

between the MITES and CIP constructs in our molecular studies.

In 2017, Srinivas et al.*®? outlined the unique characteristics of MITES that set it apart from other
dermatological conditions where chronic facial lesions are observed, emphasising these injuries are
particularly rare in young children. Patient history and clinical investigations can help to rule out other
causes of repetitive, self-mutilating behaviour such as trigeminal-trophic syndrome, erythropoietic
protoporphyria or Lesch-Nyhan syndrome*8248348 Recognition that this presentation represented a
real disease has meant more cases could be formally diagnosed and supported with appropriate
treatment, which at this time is limited to topical emollients as a protective layer and antibiotics to
reduce the chance of infection. Psychological support is also recommended to patients to cope with

the sensory, behavioural and emotional elements of MITES.

Reviewing the reported MITES cases from the literature (Table 4.6) confirmed disease onset occurs
within the first year of life in 75% of cases and thus a valid distinguishing feature of MITES. As
illustrated in Figures 4.1 & 4.3, the distribution of lesions across the mid-face is highly reproducible
and correlate with the ophthalmic (V1) and maxillary (V2) branches of the trigeminal sensory nerve.
Given the association between PRDM12 mutations and CIP, it may be that MIiTES mutations cause
localised analgesia accompanied by intensified itch in these particular nerve branches, such that facial
scratching in response to itch is able to get so severe because it is not inhibited by painful sensations.
Pain insensitivity or high pain threshold in other areas of the body have been reported in several

patients, sometimes evidenced by injuries associated with CIP such as foot ulcers and Charcot joints.
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When making these assessments, clinicians should provide details of the exams undertaken and/or
injuries identified, as explained by Schon et al.1%; this would allow for patterns in sensory dysfunction
to be clearly defined, which may be of particular importance in MiTES where excessive itch is highly

localised.

Due to language barriers and the age of most cases sequenced, it has been difficult to pin down the
exact sensations that patients are experiencing. However, an 18-year-old sister (case 11) of a sib-pair
we tested, and a 26-year-old affected man (case 22), had both suffered from similar facial lesions
during their childhood which had settled with scarring by their teens. Case 11 still complains of itchy
sensations. Developing a pictorial-based questionnaire with simple descriptors of itch and other
relevant sensory dimensions (e.g., tingling, prickling, cooling etc.)*® could be helpful to understand
what dysesthesias are experienced in the onset of and during an episode; if there are any external

triggers; and what motivates the scratching, slapping and nose-pulling behaviours.

Genetic analysis driven by our group and others has revealed PRDM12 polyalanine expansion
mutations in 18 of 28 reported cases; of the remaining cases, 4 were negative for PRDM12 mutations,
and 6 have not been tested. The consistency of this association, as well as the segregation of disease
with homozygous expansion mutations specifically in the range of 16-18 alanines (which are absent in
the general population), provides strong evidence that this type of variant is a causative
mutation®%%11, Although MITES is not a progressive disease, the severity of injuries and sensory
disturbances are clearly troublesome for affected children and their parents. Obtaining a precise
molecular diagnosis can alleviate the uncertainty as to the cause of disease and where possible,
genetic counselling should be offered to help parents understand the impact of the results for
themselves and other family members. MiTES is incredibly rare and so the ability to follow up patients
sharing the same condition allows clinicians to identify treatments and disease management
programmes that may be of mutual benefit.

.12, genetic analysis of MIiTES families has

Expanding on the population data collected by Chen et a
refined the boundary between functional and pathogenic polyalanine tract length in PRDM 124837485,
The unaffected mother of MITES sib-pair C19 & C20 was found to be heterozygous 15A/18A and had
no history of disease-related symptoms. Previously, the longest known PRDM12 polyalanine tract in
healthy individuals was 14 alanines; our data implies PRDM12 with 15 alanines produces fully

functional WT protein. Independent sequencing of C15 and C24 revealed they were heterozygous

17A/18A and 16A/18A respectively, suggesting PRDM12 with 16 alanines is the threshold at which
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function is altered. However, genetic testing of the unaffected parents would help to corroborate this

claim and strengthen the evidence that 16A and 17A alleles are pathogenic variants.

Molecular studies of the PRDM12 polyalanine expansion mutations has been limited to observations
of the 19A mutant by confocal microscopy in fixed HEK293 cells and examining steady-state
abundance of 18A and 19A mutants in COS-7 cells?3, The immunocytochemistry studies in this chapter
aimed to identify subtle differences between the two expansion mutants. The Airyscan LSM880
microscope used in this work generated higher resolution images than previously shown and
confirmed WT PRDM12 was strictly localised to the nucleus in a slightly granular but homogeneous
pattern, whereas both expansion mutants produced bright aggregates in the nucleus and cytoplasm.
Interestingly, we observed condensation of WT PRDM12 in nuclear cavities that did not stain with
DAPI (i.e., areas of low DNA density), but were not nucleolar sites. This was markedly different to the
mutant nuclear aggregates which were much brighter, amorphous and randomly distributed. WT or
mutant PRDM12 were not associated with nuclear speckles either, a membraneless sub-compartment
involved in splicing whose function is disrupted by PABPN1 polyalanine expansions®!?2. The one
noticeable difference between the two expansion mutants was depletion of diffuse PRDM12 in the

nucleoplasm, to a greater extent in the 19A-transfected cells.

Several transcription factors from the polyalanine expansion group of disorders — HOXD13, HOXA13
and RUNX2 — were recently shown to display liquid-liquid phase separation behaviour®®. The WT
proteins were expressed diffusely in the nucleus but could be reversibly induced to form droplets
through an optogenetic assay. In contrast, disease-associated polyalanine expansion alleles formed
spontaneous foci in the nucleus and cytoplasm, which were more concentrated and exhibited gel-like
properties. It is tempting to consider if WT PRDM12 also possesses the capacity to phase separate in
order to accumulate co-factors involved in the activation of various transcriptional targets, and

perhaps this process is differentially disrupted by MITES- versus CIP-associated expansion mutations.

As neither polyalanine expansion mutant had been tested in G9a pulldown assays in the original
PRDM12-CIP paper'?, | co-stained G9a to rule out the possibility that the MiTES and/or CIP-associated
aggregates differentially altered its distribution. As anticipated, G9a maintained nuclear-restricted
expression in all conditions and was not absorbed into mutant aggregates. A more striking observation
was the cytoplasmic, fibril-like pattern in mutant-transfected cells, compared to larger cytoplasmic
plaques observed in other polyalanine expanded proteins. Co-staining with endoplasmic reticulum

marker anti-KDEL revealed minimal overlap, suggesting the transient transfection of these proteins
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overloaded quality control mechanisms in the ER, with escaped proteins forming cytoplasmic
aggregates®'®. Testing for ubiquitin-positive inclusions would answer if these proteins had been
recognised as terminally misfolded but had overcome the capacity for proteasomal degradation due

to high levels of ectopic expression.

In the study of polyalanine expansion disorders, comparisons between WT and mutant proteins have
been made by defining abnormal cell phenotypes (e.g., aggregates present/absent; protein localised
to nucleus only/cytoplasm only/both compartments) and asking blinded observers to score prepared
images>'>°16, Given the spectrum of aggregate size, brightness and location seen in cells transfected
by the PRDM12 expansion mutants, | focused our quantification efforts on an automated image
acquisition and analysis method. These results clearly illustrated the significant cytoplasmic
expression of expansion mutants which would lead to a LOF in transcriptional regulation. Together

123 it seems

with previously collected data on reduced steady-state abundance in COS-7 cells
polyalanine expansions associated with MITES or CIP both cause PRDM12 LOF through reduced

availability of functional protein.

The PRDM12-KO mouse models generated so far recapitulate the CIP phenotype, and it is probable
that a homozygous 19A/19A mouse model would similarly show a loss of the TrkA+ nociceptor lineage
through neurodevelopmental defects, rather than neurodegeneration caused by toxic aggregates as
observed in mouse models of polyglutamine expansion disorders®’->18, Albrecht et al. also observed
aggregates of HOXD13 polyalanine expansion mutants when over-expressed in vitro, but when
transfection was controlled to a single gene copy per cell, they found mutants were rapidly degraded
by the proteasome while WT HOXD13 was expressed normally. Parallel studies in the HOXD13
expansion mouse model confirmed the primary defect in vivo was reduced protein expression and

mis-localisation to the cytoplasm*®°.

It will likely take a combination of neuronal cell line and
transgenic animal model studies to be able to distinguish the differences in cellular and physiological

defects arising from MITES versus CIP expansion mutations.

The puzzle of how PRDM12 polyalanine tract length causes CIP versus MIiTES phenotypes can be
divided into 3 key aspects:
(1) Aloss of pain sensation in CIP compared to enhanced, seemingly spontaneous itch in MiTES.
(2) Global dysfunction of nociception across all somatosensory ganglia in CIP compared to

localised change in function in the trigeminal ganglia in MiTES.
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(3) Alifelong lack of nociception and thus vulnerability to injury in CIP, compared to ongoing itch

sensations in MIiTES that may become manageable by early adulthood.

Given the restricted expression and role of PRDM12 in specifying peripheral sensory neurons, it is
likely that this is the affected component within sensory circuits that produces the MiTES phenotype.
The existence of any sensation at all and mostly intact nociception in MITES cases indicates the
presence of some nociceptor classes, compared to the complete absence of the TrkA+ lineage in
PRDM12-CIP mice and humans. The lack of a discernible trigger in MiTES suggests that these neurons
could be hypersensitive or hyperexcitable within itch pathways. Together these features imply that
PRDM12 with MITES mutations may be partially functional, changing the intrinsic identity of certain
somatosensory neurons so that they are biased to signalling itch rather than pain. This may be via the
expression of signal transducing molecules or peptides involved in neurotransmission, or by changing

the targeting of central axons within dorsal horn circuits.

Several spinal interneuron populations have been implicated in itch processing and produced chronic
itch phenotypes when they were ablated or their inputs from peripheral sensory neurons were
disrupted. The loss of Bhlhb5-dependent inhibitory interneurons was shown to produce chronic itch
in mice as well as hypersensitivity to chemical pruritic stimuli such as histamine and chloroquine, but
without any defects in thermal, chemical or mechanical pain®®. The loss of Ptfla-dependent
interneurons results in disinhibition within itch circuits that normally filter out self-generated
mechanosensory stimuli, thus leading to chronic and spontaneous scratching behaviour®?>>2!, Other
interneurons mediating mechanical itch are located within spinal circuits with inputs from ApB-
LTMRs*76522524 |f PRDM12-dependent somatosensory neurons are present postnatally in MITES,
investigating their morphology and the identity of their synaptic targets in the dorsal horn could be
informative in understanding how itch and pain sensations from polymodal nociceptive neurons are

processed at the spinal level.

The most curious features of MiTES are the strict localisation of scratching and the potential resolution
of symptoms in adult patients. As MiTES cases have only begun to be formally diagnosed in the last 3
years and most are still children, monitoring their sensory perceptions and physical injuries as they
grow older will shed light on this aspect. Why somatosensory neurons of the trigeminal ganglia seem
to be vulnerable to MITES mutations is intriguing. Single-cell RNA sequencing studies comparing DRG
and TG concluded they share a similar breadth of functionally distinct classes to be able to identify

mechanical, thermal and pruritic stimuli®?>. However, examining mRNAs that are actively translated
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revealed some genes may be differentially expressed at the protein level between ganglia, suggesting
a heightened sensitivity to certain stimuli — e.g., pruritogen receptor MrgprD is translated with high
efficiency in trigeminal nociceptors, but barely detected in DRG nociceptors®?. Alternatively, the
organisation of circuitry in the spinal trigeminal nucleus caudalis (i.e., the medullary dorsal horn) may
differ to the dorsal horn of the spinal cord, but sensory wiring at this site is relatively understudied®?.
Finally, while DRG neurons arise solely from neural crest cells, TG neurons are additionally derived
from the trigeminal cranial placodes. Whether PRDM12 regulates different transcription

528

programmes in this source population, as has been shown for its downstream signal Brn3a>*%, remains

to be seen.

In summary, this chapter introduces a novel congenital sensory disorder arising from PRDM12
mutations, and the tight genotype-phenotype correlation that distinguishes the unique clinical profile
of MITES from PRDM12-CIP. This disorder reiterates the complexity of somatosensory development
and highlights the importance of both neural architecture and functional connectivity when it comes

to understanding sensory processing, particularly the relationship between itch and pain.
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CHAPTER 5: Thesis Summary & Research Implications

5.1 - Summary of Thesis Findings

This dissertation demonstrates the strength of leveraging genetic data from patients with rare
disorders to enhance our understanding of human physiology; specifically, how the disruption of
certain molecular components alters the nociceptive system and causes congenital insensitivity to
pain (CIP). Chapter 2 provided bioinformatic analyses and experimental data to confirm missense
mutations from patients with SCN9A-CIP resulted in loss-of-function (LOF). Chapter 3 presented an
interactome study of the null Nav1.7 N-terminal mutation and alternative hypotheses to explain the
molecular contribution of this region. Chapter 4 extended early work on PRDM12-CIP, revealing a
previously presumed milder phenotype was actually a distinct condition arising from a particular set

of PRDM12 mutations, and highlighted the connection between neurons mediating pain and itch.

The genotype-phenotype relationship between Nav1.7 dysfunction and pain is well established; bi-
allelic mutations that abolish or cause >50% reduction in Navl.7 current magnitude are associated
with congenital painlessness, while dominant mutations that increase the open-state probability of
Nav1.7 lead to disorders of excessive pain?®>. The clinical picture and disease segregation of our SCN9A
variants were strongly indicative of SCN9A-CIP'®, and the novel missense variants were absent in
cohorts of healthy controls. Furthermore, the Polyphen-2 tool predicted these missense variants were
probably damaging based on extremely high sequence conservation and algorithms scoring the impact
of substituted residues on local structural features®®. However, using population frequency and
bioinformatic predictions to infer pathogenicity has significant drawbacks that have been noted more
generally and for Nav channels involved in pain®>51952%, Thus, our functional assays provided valuable
experimental data to confirm these variants were the causative mutations. An examination of recently
resolved eukaryotic Nav structures also shed light on vital biochemical and physical features at these
locations. In addition, this project demonstrated how engineered cell systems and automated patch
clamp technology can increase the efficiency of variant interpretation — an approach that has been

successfully employed for ion channel genes with cardiac implications>3%>3L,

Although many variants in the N-terminal tail of Nav channels are associated with disease'*” and a few
have been functionally assessed?*®2°%2%9 this region does not have an obvious role in controlling gating
or conductance. The Leu75Pro mutation in Nav1.7 was thus the most difficult to comprehend, given
that it reached the cell surface but was non-conducting. Because the N-terminus has been suggested
to tether membrane-localised channels to the cytoskeleton, we conducted an interactome study to

test whether a disrupted protein-protein interaction (PPI) could explain the LOF observed in the cell
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line system. While our results did not necessarily support this hypothesis, it is possible that by using a
label-free method, a transient, low affinity or less abundant PPl was missed. Proximity-labelling
approaches could overcome these issues®®*, and combined with metabolic or chemical labelling in
vitro, would increase the reliability of quantitative comparisons. Alternatively, when performed in
label-free conditions in vivo, proximity labelling is a powerful approach to study native PPls in a
physiologically relevant context>*2. Nevertheless, we were able to identify a handful of Nav1.7 binding
partners (e.g. NEURL4, PPP1R12A, filamin-A) present in both our human, non-neuronal interactomes
and the mouse, neuronal dataset produced by Kanellopoulos et al.3%. Future investigation of these

candidates are needed to understand their involvement in Nav1.7 function.

In contrast to nociceptor dysfunction in SCN9A-CIP, PRDM12-CIP is caused by a neurodevelopmental
defect. Bi-allelic mutations in PRDM12 disrupt histone methylation of key genetic targets during
embryogenesis, resulting in complete absence of TrkA-positive sensory neurons from birth. In the
original case series!®, missense mutations seemed to disturb the function of PRDM12-G9a
transcriptional complexes whereas polyalanine tract expansions reduced the availability of PRDM12
due to aggregation and enhanced degradation. While molecular studies indicated these defects were
comparable between the 18-alanine (18A) and 19-alanine (19A) PRDM12 mutants, the clinical
phenotypes of these families were quite distinct. Dermatologists recognised the “milder” phenotype
of homozygous 18A patients as a rare familial itch presentation, designated ‘Mid-face Toddler
Excoriation Syndrome’ (MiTES)*2. This report aided the diagnosis of more patients, careful clinical
characterisation to delineate the unique features of this condition, and confirmation that the majority
of MITES cases are associated with homozygous PRDM12 polyalanine expansion mutations to 18
alanines. Our work and independent case studies have further defined the boundaries of PRDM12
polyalanine tract length that are non-pathogenic (7-15A), MiTES-associated (16-18A) or CIP-associated
(19A)*885 Furthermore, the identification of cases without PRDM12 mutations suggests MITES is
genetically heterogeneous like CIP*8,

123 we could not identify an obvious difference

Similar to previous work in the monkey COS-7 cell line
between the 18A and 19A PRDM12 mutants in the human HEK293 cell line. Both mutants formed
nuclear aggregates of various sizes and exhibited significant cytoplasmic mis-localisation, although
nucleoplasmic expression appeared to be diminished to a higher degree in 19A-transfected cells.
These studies hint at a subtle difference between expansion mutants in their bioavailability during

nociceptor development, which likely requires a neuronal model to be accurately captured.

Comparing the clinical profiles of PRDM12-CIP (lifelong, global painlessness) to PRDM12-MiTES
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(facially-localised intense itch that resolves by early adulthood) suggests sensory neurons may develop
physically in the latter condition but undergo a delay in nociceptor maturation, transitioning through
an intermediate cellular identity. Moreover, the absence of typical facial injuries to the eyes, lips and
tongues in MITES patients imply that some trigeminal nociceptors function normally. Skin biopsies
from scarred areas, plus unaffected areas of the face and trunk, would clarify whether cutaneous

innervation by small fibre nociceptors is affected differently than in PRDM12-CIP.

Mouse models with polyalanine expansion alleles knocked in have been generated for other human

489 even recapitulating genotype-phenotype patterns®3. Translating disease-associated

disease genes
alleles between species may be more complex for PRDM12 than other genes, due to the shorter
polyalanine tract length in mouse PRDM12, and the tight range that separates MITES from wild-type
or CIP phenotypes. However, these mice would be valuable tools for physiological comparisons of
MITES and CIP, as well as validating findings from PRDM12 knockout mice modelling PRDM12-
CIP124125137 |f TrkA-positive sensory neurons are present in MITES, it would be helpful to know
whether these PRDM12 mutations affect transcriptional cascades in sensory neurons and/or synaptic

contacts with spinal circuitry, as well as how these factors change during postnatal development.

5.2 - Analgesic Potential of Navi.7 and PRDM12

As a novel analgesic drug target, Nav1.7 remains the most attractive of the CIP genes due to strong
human genetic validation, limited side effect profile and involvement in both inflammatory and
neuropathic pain states!!'>**, Dosing of approved VGSC blockers such as lidocaine or carbamazepine
are constrained by off-target effects on central and cardiac channels, which led to increased efforts to
optimise subtype-selectivity. These adaptations have been more successful for gating modifiers than
pore blocking drugs, due to higher sequence and structural variation at the external surface of voltage
sensor modules where gating modifiers bind. A range of therapeutic modalities have been developed
to inhibit Nav1.7 activity such as the sulfonamide class of small-molecules and synthetic peptides
adapted from natural toxins, as well as repurposing the anticonvulsant lacosamide for certain chronic

pain indications>34>3>,

Several compounds have shown robust antagonism of Nav1.7 and subtype-selectivity in pre-clinical
stages, as well as passing phase | clinical trials to determine drug safety, tolerability and
pharmacokinetics. However, most compounds failed at the phase Il stage due to poor efficacy or lack

of differentiation from the standard of care in the patient populations tested®3*>%, These failures
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could stem from the complexity of human biology including native beta subunit expression obscuring
the voltage sensor binding interface, rapid turnover of peptides, or insufficient target engagement at
the crucial cellular location®*®>%¥, Inclusion of beta subunit combinations during in vitro profiling,
modifications to enhance peptide stability, and intrathecal delivery have been proposed to address
these issues®**¥; the latter recommendation may have the most impact given the recent

demonstration of Nav1.7’s critical role in neurotransmitter release at the central synapse!®3.

Novel strategies to inhibit Nav1.7 activity involve modulating intracellular pathways. One example is
the long-term repression of SCN9A via a catalytically inactive form of the DNA-binding Cas9 protein,
fused to the KRAB repressor domain, and co-delivered with SCN9A-guide RNAs via adeno-associated
virus®®, Alternatively, the Khanna laboratory has generated a cell-penetrant peptide that prevents
Ubc9-mediated SUMOylation of CRMP2, thus biasing its action towards endocytosis of Nav1.73%,
These projects highlight the importance of basic research into the biology of drug targets, as those
that seem less amenable to modulation can become more attractive with technical innovations. If a
disrupted PPI underlies the LOF mechanism behind the Navl.7 Leu75Pro mutation, intracellular
delivery of a peptide mimetic of the mutant motif may produce similar effects on channel conductance
and pain perception; a similar approach was taken to disturb Ca,2.2-CRMP2, Nav1.8-Magil and

GIuN2A-SHP1 interactions and successfully attenuated pain in behavioural models>3%->41,

PRDM12 may have analgesic potential as an epigenetic modifier, but requires in-depth study to tease
out its genetic binding sites and effectors. During embryogenesis, the interaction between PRDM12
and histone methyltransferase G9a is required for the initiation and maintenance of TrkA expression
to define the nociceptor lineage. Notably, the methylation marks imparted by G9a are typically
considered repressive3®, implying PRDM12 regulates NTRK1 activation indirectly in this context. Given

2123125 it may modulate TrkA expression and potentially

the persistent postnatal expression of PRDM1
attenuate pain analogous to NTRK1-CIP patients or TrkA antagonists'?*132, Adult-onset deletion of
PRDM12 in a transgenic mouse did result in a 47% reduction of NTRK1 expression in DRG in native
conditions; however, sensitivity to pain in a variety of behavioural models was comparable to wild-
type mice, even 4 weeks after PRDM12 knockout was induced®®’. NTRKI mRNA and TrkA protein levels
were not measured at this stage, but could be stimulated by the action of multiple transcriptional
activators or enhancers®*? that out-compete the unknown repressor. While this study suggests
reducing PRDM12 activity in adults is insufficient as an analgesic strategy, isolating its genetic targets

by chromatin immunoprecipitation sequencing would reveal downstream effectors whose

optimisation could provide stronger pain relief.
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5.3 - Implications for the Interpretation of Missense Variants in Nav Channels

In Mendelian disorders, a genetic diagnosis can positively impact the patient experience. It signals an
end to investigative procedures and the psychological burden of the diagnostic odyssey, as well as
giving patients access to disease-specific support groups and genetic counselling. In the medical
setting, collating data from patients who share a genetic diagnosis can lead to more accurate
predictions of prognosis and help clinicians make more rational treatment choices®*>*. As next
generation sequencing technologies have become less costly, there has been a shift from targeted
sequencing of genes that have established relationships with disease, to whole exome or genome
sequencing which can restrict results to a gene panel or be expanded to search for novel genetic
causes®”. However, this accelerated acquisition of genetic data has led to the detection of thousands
of variants that require careful interpretation before they can be causally associated with

disease®195%,

At the genetic level®’, a novel variant must co-segregate with affected individuals and unaffected
relatives in a manner that is consistent with the proposed pattern of inheritance; mismatches at this
stage allow the exclusion of benign variants. If the variant under investigation is absent or rare in
healthy control populations (e.g., 1000 Genomes Project and gnomAD databases>*">*), this can also
hint at potential disease associations, although this analysis is more suited to congenital or early-onset
diseases. Another important caveat is allele frequency data is limited to the populations sampled
which can confound variant interpretation. For example, the missense SCN9A variant Asn641Tyr was
previously implicated with monogenic epilepsy due to co-segregation with disease in a large American
pedigree and allele frequency of 0.001% in the gnomAD database>*. However, the same variant was
later found in 18 unaffected individuals of an extended Amish family, contradicting its designation as
a pathogenic mutation®>°, These findings reinforce observations from other labs that the rarity of Nav

channel variants does not always correlate with pathogenicity?*.

Bioinformatic annotation based on sequence conservation across protein families and local changes
to structural features can be used to increase confidence in variants of interest>%°%; this is the basis
of scoring algorithms used by pathogenicity prediction tools such as PolyPhen-2 and SIFT3%%51, A
machine learning model was recently trained on patient mutations across the voltage-gated sodium
channel (VGSC) family to predict pathogenicity as well as the direction of altered function caused by
missense variants>>2. Other computational models have been developed to predict painful, gain-of-
function missense variants in Nav1.7 based on intramolecular interactions and hydropathicity>>*%4,

These in silico approaches should be integrated into variant analysis with caution for a few reasons;
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(i) substitutions of functionally critical residues may not necessarily be pathogenic?®®, (ii) homologous

99,555,556

mutations do not always have the same effect in VGSC paralogues , and (iii) their predictive

power is limited for variants in intracellular tails and linkers, whose functions are less understood?*®.

Functional characterisation by voltage-clamp provides the strongest evidence that a variant causes a
change in function at the molecular level?*>%2, These experiments are typically conducted in HEK293
cells due to the lack of interfering currents from endogenous VGSCs, sufficient cellular machinery to
express wild-type human channels, and ease of use in parallel biochemical assays. Such studies usually
focus on a handful of variants as manual patch clamp electrophysiology is a time-consuming process,
which can be prolonged by transient transfection complications or if stable cell lines need to be
generated. While Navl.7 pain-related disorders are extremely rare, understanding the exact gating
changes caused by a mutation can inform which pharmacotherapies are most likely to be effective in
certain patients®>°7>*8, Combining the HEK JI TREX cell line and QPatch system in this project
drastically sped up the profiling of Nav1.7 mutations —an approach that could also be applied to more
common VGSC-associated disorders such as life-threatening cardiac conditions, or infantile-onset

epilepsy, where early treatment decisions can dramatically improve disease prognosis and quality of

|ife559,560
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Appendix A: Reported biophysical properties of WT Nav1.7 expressed in HEK293 cells
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ICS: intracellular solution; CsF: caesium fluoride; CsAsp: caesium aspartate; CsCl: caesium chloride;
n.d.: not determined

BETA Vso FAST
SUBUNITS |cz A“':'III-\OJﬁ R | Ve AC(E\\//?T'ON INACTIVATION | PMID
PRESENT? (mV)
none 135 mM CsAsp 26.2+1.6 -80.9+1.4 18945915
none 110 mM CsCl -14.0£1.0 -64.0£1.0 23836888
none 150 mM CsCl -10.0£0.7 -81.5+1.3 22911851
B1 only 150 mM CsCl -15.8+1.8 -76.8+2.2 22911851
Bl & B2 140 mM CsCl -8310.5 -51.2+0.6 23292638
Bl & B2 140 mM CsCl 2.6+1.3 -59.3+3.1 24866741
none 140 mM CsF 29.9+1.3 -86.6+1.4 29176367
none 140 mM CsF 21.5+1.7 75.4+1.3 23376079
none 140 mM CsF -185+1.1 -79.0+0.5 25575597
none 140 mM CsF 95+1.1 -64.6+1.3 29335280
Bl & B2 107 mM CsF -28.0+1.0 -71.0+1.0 17167479
Bl & B2 140 mM CsF 28.9+0.2 -77.6+0.1 18599537
Bl & B2 140 mM CsF 246+1.1 73.6+1.1 15385606
Bl & B2 140 mM CsF 17.2+1.1 -80.2+1.4 28381558
Bl & B2 140 mM CsF n.d. 775+1.4 21232038




Appendix B: Sequencing Primers for SCN9A constructs

NB: At the time of design, we were still using manual ABI sequencing machine. Trace quality was

decreasing, hence the number of primers to ensure ample coverage of the whole insert.
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PRIMER PAIR FORWARD PRIMER REVERSE PRIMER

1 CACGCTGTTTTGACCTCCAT GCGTAGTAGGGGTCCAGATC
2 AGCTGCCCTTCATCTACGG TGGTCATGAAGATGCAGTTGG
3 GCTGATCATGTGCACCATCC TGATGGTTTTCAGGGCCCG
4 CTGGACTTCGTGGTGATCGT ATGCTTTCCAGGGTCTCGTT
5 CACAAGTGCTTCCGGAACAG TCTCAGGGTCTGCTGGTACA
6 TACACCAGCTTCGACACCTT GGCCTCTTCCTGCTCTTTCT
7 CCAACATCGAGGAAGCCAAG CTGATGCTGTCCTCGCTCT
8 GGCGGAAGAAGAAGAACCAG GAAGATGCTGTGCTCGTCG
9 TTCAGCTTCAAGGGCAGAGG GTGGATCTGATTGGTGGTGC
10 GAGCAGCAACATCAGCCAG TCAGAAACTTGTGGGCGAAC
11 GAAGAGTCCCGGCAGAAATG TAAGGGTCCATGGCGATCAG
12 AGAACGTGCTGGCCATCG GCACCAGGGTCAGATTGC
13 GTGTTCAAGCTGGCCAAGAG CTTCCATGCAGTCCCACATG
14 GCTGTGTGGCGAGTGGAT GGCTGATCTTGGGCTTCTTG
15 CCCGGATCAAGAAAGGCATC GGTTGTGGATGAAGCTCTGG
16 CGTGGACAAGCACCTGATG GCTGTTCATGGGCTCGGC
17 GACTCCGAGTACAGCAAAGTG CAGCAGCATTTCCAGGATGA
18 ACTCCTGGTTCGAGAGCTTT ACGTTCATGATGGAGGGGAT
19 CAACACCCTGGGCTACTCC AAAGCACTCGGACCGGTT
20 GGCAAGTTCTACGAGTGCAT CCCGAAGATGATGAACACCAC
21 GGATAAGCAGCCCAAGTACG ATGGAGATGTCGAAGGCCTG
22 ACAACGCCATGAAGAAGCTG CAAAGATATTCCACCCCACGG
23 GAGTGCGTGCTGAAACTGAT CATCACCAGAAACAGCAGCA
24 CTGTTCGCCCTGATGATGAG GAAGTAGAAGATGCCCACGC
25 CATCCTGAACAGCAAGCCC ATCGGACAGCTTGGAGAACT
26 CACCGAGCCTCTGAGCGA TGAACCGCTCTTCCATCTGG
27 GACATCCTGTTCGCCTTCAC GTTATCGAAGGCCATGTCCT
28 ACGACGACCTGCTGAACAAA TAAACGGGCCCTCTAGACTC
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Appendix C: MSA of Nav1.7 paralogues hNav family

hNavl.1 ---MEQTVLVPPGPDSFNFFTRESLAATIERRIAEEKAKNPKPD---KK-DDDENGPKPNS 53
hNavl.2 ---MAQSVLVPPGPDSFRFFTRESLAAIEQRIAEEKAKRPKQE---RKDEDDENGPKPNS 54
hNavl.3 -—--MAQALLVPPGPESFRLFTRESLAATIEKRAAEEKAKKPKKE---Q-DNDDENKPKPNS 53
hNavl.4 MARPSLCTLVPLGPECLRPFTRESLAAIEQRAVEEEARLQRNK----QMETIEEPERKPRS 56
hNavl.5 --—-MANFLLPRGTSSFRRFTRESLAATIEKRMAEKQARGSTTLQESREGLPEEEAPRPQL 56
hNavl.6 ---MAARLLAPPGPDSFKPFTPESLANIERRIAESKLKKPPKADGSHREDDEDSKPKPNS 57
hNavl.7 ————-= MAMLPPPGPQSFVHFTKQSLALIEQRIAERKSKEPKEE---KK-DDDEEAPKPSS 51
hNavl.8 —-—--MEFPIGSLETNNFRRFTPESLVEIEKQIAAKQGTKKARE-KHREQKDQEEKPRPQL 55
hNavl.9 ~MDDRCYPVIFPDERNFRPFTSDSLAATIEKRIAIQKEKKKSKD-——~-~— QTGEVPQPRPQL 54
. * % :**. **:: . . : :*
hNavl.1l DLEAGKNLPFIYGDIPPEMVSEPLEDLDPYYINKKTFIVLNKGKAIFRFSATSALYILTP 113
hNavl.2 DLEAGKSLPFIYGDIPPEMVSVPLEDLDPYYINKKTFIVLNKGKAISRFSATPALYILTP 114
hNavl.3 DLEAGKNLPFIYGDIPPEMVSEPLEDLDPYYINKKTFIVMNKGKAIFRFSATSALYILTP 113
hNavl.4 DLEAGKNLPMIYGDPPPEVIGIPLEDLDPYYSNKKTFIVLNKGKAIFRFSATPALYLLSP 116
hNavl.5 DLQASKKLPDLYGNPPQELIGEPLEDLDPFYSTQKTFIVLNKGKTIFRFSATNALYVLSP 116
hNavl.6 DLEAGKSLPFIYGDIPQGLVAVPLEDFDPYYLTQKTFVVLNRGKTLFRFSATPALYILSP 117
hNavl.7 DLEAGKQLPFIYGDIPPGMVSEPLEDLDPYYADKKTFIVLNKGKTIFRFNATPALYMLSP 111
hNavl.8 DLKACNQLPKFYGELPAELIGEPLEDLDPFYSTHRTEFMVLNKGRTISRFSATRALWLESP 115
hNavl.9 DLKASRKLPKLYGDIPRELIGKPLEDLDPEFYRNHKTFMVLNRKRTIYRFSAKHALFIFGP 114
**:* "** :**: * T, ****:**:* ::**:*:*: T **'*' **::: *
hNavl.1l FNPLRKIAIKILVHSLFSMLIMCTILTNCVFMTMSNPP--—--DWTKNVEYTFTGIYTFES 169
hNavl.2 FNPIRKLAIKILVHSLFNMLIMCTILTNCVFMTMSNPP----DWTKNVEYTFTGIYTFES 170
hNavl.3 LNPVRKIAIKILVHSLFSMLIMCTILTNCVFMTLSNPP--—--DWTKNVEYTFTGIYTFES 169
hNavl.4 FSVVRRGAIKVLIHALFSMFIMITILTNCVEFMTMSDPP-—---PWSKNVEYTFTGIYTFES 172
hNavl.5 FHPIRRAAVKILVHSLFNMLIMCTILTNCVFMAQHDPP-—-—--PWTKYVEYTFTAIYTFES 172
hNavl.6 FNLIRRIAIKILIHSVFSMIIMCTILTNCVFMTFSNPP----DWSKNVEYTFTGIYTFES 173
hNavl.7 FSPLRRISIKILVHSLFSMLIMCTILTNCIFMTMNNPP----DWTKNVEYTFTGIYTFES 167
hNavl.8 FNLIRRTAIKVSVHSWFSLFITVTILVNCVCMTRTDLP-————-—— EKIEYVFTVIYTFEA 168
hNavl.9 FNSIRSLAIRVSVHSLFSMFIIGTVIINCVFMATGPAKNSNSNNTDIAECVFTGIYIFEA 174
: O T A R
hNavl.1l LIKITARGFCLEDFTFLRDPWNWLDFTVITFAYVTEFVDL-GNVSALRTFRVLRALKTIS 228
hNavl.2 LIKILARGFCLEDFTFLRDPWNWLDFTVITFAYVTEFVDL-GNVSALRTFRVLRALKTIS 229
hNavl.3 LIKILARGFCLEDFTFLRDPWNWLDFSVIVMAYVTEFVSL-GNVSALRTFRVLRALKTIS 228
hNavl.4 LIKILARGFCVDDFTFLRDPWNWLDFSVIMMAYLTEFVDL-GNISALRTFRVLRALKTIT 231
hNavl.5 LVKILARGFCLHAFTFLRDPWNWLDFSVIIMAYTTEFVDL-GNVSALRTFRVLRALKTIS 231
hNavl.6 LVKIIARGFCIDGFTFLRDPWNWLDFSVIMMAYITEFVNL-GNVSALRTFRVLRALKTIS 232
hNavl.7 LVKILARGFCVGEFTFLRDPWNWLDFVVIVFAYLTEFVNL-GNVSALRTFRVLRALKTIS 226
hNavl.8 LIKILARGFCLNEFTYLRDPWNWLDFSVITLAYVGTAIDL-RGISGLRTFRVLRALKTVS 227
hNavl.9 LIKILARGFILDEFSFLRDPWNWLDSIVIGIAIVSYIPGITIKLLPLRTFRVFRALKAIS 234
*:**:**** . *::********* * % :* . . ******:****:::
hNavl.1l VIPGLKTIVGALIQSVKKLSDVMILTVEFCLSVFALIGLQLFMGNLRNKCIQWPPTNASLE 288
hNavl.2 VIPGLKTIVGALIQSVKKLSDVMILTVEFCLSVFALIGLQLFMGNLRNKCLQWPPDNSSFE 289
hNavl.3 VIPGLKTIVGALIQSVKKLSDVMILTVFCLSVFALIGLQLFMGNLRNKCLOQWPPSDSAFE 288
hNavl.4 VIPGLKTIVGALIQSVKKLSDVMILTVFCLSVFALVGLQLFMGNLRQKCVRWPPPENDTN 291
hNavl.5 VISGLKTIVGALIQSVKKLADVMVLTVEFCLSVFALIGLQLFMGNLRHKCVRNFTALNGTN 291
hNavl.6 VIPGLKTIVGALIQSVKKLSDVMILTVEFCLSVFALIGLQLFMGNLRNKCVVWPINENE-— 290
hNavl.7 VIPGLKTIVGALIQSVKKLSDVMILTVFCLSVFALIGLQLFMGNLKHKCFRNSLENNETL 286
hNavl.8 VIPGLKVIVGALIHSVKKLADVTILTIFCLSVFALVGLQLFKGNLKNKCVKNDMAVNETT 287
hNavl.9 VVSRLKVIVGALLRSVKKLVNVIILTFFCLSIFALVGQQLFMGSLNLKCISRDCKNISNP 294
*: **'*****::***** :* :**'****:***:* * k x *'*‘ **‘
hNavl.1l EHSIE-KNITVNYNG-—-—-—-——————————=———————— TLINETVFEFDWKSYIQDSRYHY 325
hNavl.2 INITSFENNSLDGNG-—-—=-—==——=—=—=—==—=———————— TTEFNRTVSIFNWDEYIEDKSHEY 327
hNavl.3 TNTTSYFNGTMDSNG-—-—-—-—-————=——=——=————————— TEVNVTMSTENWKDY IGDDSHEY 326
hNavl.4 TTW--YSNDTWYGNDTWYGNEMWYGNDSWYANDTWNSHASWATNDTEFDWDAY ISDEGNEY 349
hNavl.5 GSV-==——=—- EADG-———=——==—=————————————————— LVWESLDLYLSDPENYL 315
hNavl.6 = @ —————mmmmm e SYLENGTKGFDWEEYINNKTNEY 313
hNavl.7 ESIM-————=——————— = ——————— NT-————- LESEEDFRKYFY 304
hNavl.8 Nys------------------ - - - - ---------"--"-"-"—"—"\——\—\—\——\—\—— SHRKPDIYT 299
hNavl.9 EAY----—-—— DHCFE 302
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FLEGFLDALLCGNSSDAGQCPEGYMCVKAGRNPNYGYTSFDTFSWAFLSLFRLMTQDEWE
FLEGONDALLCGNSSDAGQCPEGYICVKAGRNPNYGYTSFDTFSWAFLSLFRLMTQDEWE
VLDGQKDPLLCGNGSDAGQCPEGYICVKAGRNPNYGYTSFDTFSWAFLSLEFRLMTQDYWE
FLEGSNDALLCGNSSDAGHCPEGYECIKTGRNPNYGYTSYDTFSWAFLALFRLMTQDYWE
LKNGTSDVLLCGNSSDAGTCPEGYRCLKAGENPDHGYTSFDSFAWAFLALFRLMTQDCWE
TVPGMLEPLLCGNSSDAGQCPEGYQCMKAGRNPNYGYTSFDTFSWAFLALFRLMTQDYWE
YLEGSKDALLCGFSTDSGQCPEGYTCVKIGRNPDYGYTSFDTFSWAFLALFRLMTQDYWE
NKRGTSDPLLCGNGSDSGHCPDGYICLKTSDNPDENYTSFDSFAWAFLSLFRLMTQDSWE
KKENSPEFKMCGIWMGNSACSIQYECKHTKINPDYNYTNFDNFGWSFLAMFRLMTQDSWE

. kK * * k. * K . KKk ek kK KekKke s kAKX KKK KKk

NLYQLTLRAAGKTYMIFFVLVIFLGSFYLINLILAVVAMAYEEQNQATLEEAEQKEAEFQ
NLYQLTLRAAGKTYMIFFVLVIFLGSFYLINLILAVVAMAYEEQNQATLEEAEQKEAEFQ
NLYQLTLRAAGKTYMIFFVLVIFLGSEFYLVNLILAVVAMAYEEQNQATLEEAEQKEAEFQ
NLFQLTLRAAGKTYMIFFVVIIFLGSEFYLINLILAVVAMAYAEQNEATLAEDKEKEEEFQ
RLYQQTLRSAGKIYMIFFMLVIFLGSFYLVNLILAVVAMAYEEQNQATIAETEEKEKREQ
NLYQLTLRAAGKTYMIFFVLVIFVGSFYLVNLILAVVAMAYEEQNQATLEEAEQKEAEFK
NLYQQTLRAAGKTYMIFFVVVIFLGSEFYLINLILAVVAMAYEEQNQANIEEAKQKELEFQ
RLYQQTLRTSGKIYMIFEFVLVIFLGSFYLVNLILAVVTMAYEEQNQATTDEIEAKEKKEQ
KLYQQTLRTTGLYSVFFFIVVIFLGSFYLINLTLAVVTMAYEEQNKNVAAEIEAKEKMEQ

LKk KRk ok sa kK a Rk kRRKK kK KkKK KKK KkK g * . kK k.
OMIEQLKKQQEAAQQAATATASE--HS----REPSAAGRLSDSSSEASKLSSKSAKERRN
OMLEQLKKQQEEAQAAAAAASAESRDF----SGAGGIGVFSESSSVASKLSSKSEKELKN
OMLEQLKKQQEEAQAVA-AASAASRDE----SGIGGLGELLESSSEASKLSSKSAKEWRN
OMLEKFKKHQEELEKAKAAQALE-————————————————————————————————————
EAMEMLKKEHEALTIRGV--=-————-—-——————————— DTVSRSSLEMSPLAPVNSHERRS
AMLEQLKKQQEEAQAAAMATSAGTVSEDAIEEEGEEGGGSPRSSSEISKLSSKSAKERRN
OMLDRLKKEQEEAEATAAAAAEY--TS----IRRSRIMGLSESSSETSKLSSKSAKERRN
EALEMLRKEQEVLAALGIDTT-----—-————————————— SLHSHNGSPLTSKNASERRH
EAQQLLKEEKEALVAMGIDRSSL---=-==———=-—-—————-—-—— TSLETSYFTPKKRKLEFGN
T

RRKKRKQKEQSGGEEKD-EDEFQKSESEDSIRRKGFRFSIEGNRLTYEKRYSSPHQSLLS
RRKKKKQKEQSGEE--EKNDRVRKSESEDSIRRKGFRFSLEGSRLTYEKREFSSPHQSLLS
RRKKRRQREHLEGNNKGERDSFPKSESEDSVKRSSFLESMDGNRLTSDKKFCSPHQSLLS

——————————— GGEADGDPAH—— === === === —m ———m o
KR----RKRMSSGTEECGEDRLPKSDSEDGPRAMNHLSLTRG-——---—=~ LSRT------
RRKKRKQKELSEGEEKGDPEKVFKSESEDGMRRKAFRLPDNR-—--IGRKFSIMNQSLLS
RRKKKNOKKLSSGEEKGDAEKLSKSESEDSIRRKSFHLGVEGHRRAHEKRLSTPNQSPLS
RIKPRVS—---EGSTED--NKSPRSD===—====—===—— === —— o PYNQRRMS

IRGSLEFSPRRNSRTSLFSFRGR--AKDVGSENDFADDEHSTFEDNESRRDSLEVPRRHGE
IRGSLEFSPRRNSRASLFSFRGR--AKDIGSENDFADDEHSTFEDNDSRRDSLEVPHRHGE
IRGSLEFSPRRNSKTSIFSFRGR--AKDVGSENDFADDEHSTFEDSESRRDSLEVPHRHGE
————— SMKPRSSRGSIFTFR----RRDLGSEADFADDENSTAGESESHHTSLLVPWPLRR
IPGSPFLSRHNSKSSIFSFRGPGRFRDPGSENEFADDEHSTVEESEGRRDSLEFIPIRARE
IRGSLEFSARRSSRTSLFSFKGR--GRDIGSETEFADDEHSIFGDNESRRGSLEVPHRPQE
FLGLASGKRRASHGSVFHFRSPGRDISL--PEGV-TDDGVEFPGDHESHRGSLLLGGGAGQ

—————————————— KSFFLRESGKDQPPGSDS————————————————————————————
RRNS----- NLSQTSRSSRMLAVFPANGKMHSTVDCNGVVSLVGGP-SVPTSPVGQLLPE
RRHS----- NVSQASRASRVLPILPMNGKMHSAVDCNGVVSLVGGP-STLTS-AGQLLPE
RRNS----- NVSQASMSSRMVPGLPANGKMHSTVDCNGVVSLVGGP-SALTSPTGQLPPE
———————————————————————————————— GKDCNGSLDTSQGE-KG-======————
TSAQ--GQ——----- PSPGTSAPGHALHGKKNSTVDCNGVVSLLGAGDPEATSPGSHLLRP
RRSSYSGYSGYSQGSRSSRIFPSLRRSVKRNSTVDCNGVVSLIGGP-GSHI--GGRLLPE
RRSS----- NISQASRSP---PMLPVNGKMHSAVDCNGVVSLVDGR-SALMLPNGQLLPE
QGPL-===—————— PRSPLPQPSNPD-————————=—————— SRHGEDEHQPPPTSELAPG
———————————————————————————————— DEDCQKKPQLLEQT---===——===——~—

VIIDKPATDDNGTTTETEMRKRRSSSFHVSMDFLEDPSQRQRAMSIASILTNT-VEELEE
——————————— GTTTETEIRKRRSSSYHVSMDLLEDPTSRQRAMSIASILTNT-MEELEE
——————————— GTTTETEVRKRRLSSYQISMEMLEDSSGRQRAVSIASILTNT-MEELEE
———————————— APRQ--—-—-—-—-—-—-----—-—-——-—————————-—--S5SSGDSGISDAMEELEE
VMLEHPPDTT--TPSEEPGGPOMLTSQAPCVDGFEEPGARQRALSAVSVLTSA-LEELEE
———————————— ATTEVEIKKKGPGSLLVSMDQLASYGRKDRINSIMSVVTNTLVEELEE
VIIDKATSDDSGTTNQI-HKKRRCSSYLLSEDMLNDPNLRQRAMSRASILTNT-VEELEE
A-—m—mmmm - VDVSAFDAGQKKTFLSAEYLDEPFRAQRAMSVVSIITSV-LEELEE
——————————————————— KRLSONLSLDHFDEHGDPLOQRORALSAVSILTIT-MKEQEK
*
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SROKCPPCWYKFSNIFLIWDCSPYWLKVKHVVNLVVMDPFVDLAITICIVLNTLEFMAMEH
SROKCPPCWYKFANMCLIWDCCKPWLKVKHLVNLVVMDPFVDLAITICIVLNTLEFMAMEH
SROKCPPCWYRFANVEFLIWDCCDAWLKVKHLVNLIVMDPFVDLAITICIVLNTLEMAMEH
AHQKCPPWWYKCAHKVLIWNCCAPWLKFKNIIHLIVMDPFVDLGITICIVLNTLFMAMEH
SRHKCPPCWNRLAQRYLIWECCPLWMSIKQGVKLVVMDPFTDLTITMCIVLNTLFMALEH
SQRKCPPCWYKFANTFLIWECHPYWIKLKEIVNLIVMDPFVDLAITICIVLNTLEMAMEH
SROKCPPWWYRFAHKFLIWNCSPYWIKFKKCIYFIVMDPFVDLAITICIVLNTLEMAMEH
SEQKCPPCLTSLSQKYLIWDCCPMWVKLKTILFGLVTDPFAELTITLCIVVNTIFMAMEH
SQEPCLPCGENLASKYLVWNCCPQWLCVKKVLRTVMTDPFTELAITICIIINTVFLAMEH

* % . * . * * * . * .. *** * * K . ** ** * * **

YPMTDHFNNVLTVGNLVFTGIFTAEMFLKIIAMDPYYYFQEGWNIFDGFIVTLSLVELG—
YPMTEQFSSVLSVGNLVFTGIFTAEMFLKIIAMDPYYYFQEGWNIFDGFIVSLSLMELG-
YPMTEQFSSVLTVGNLVEFTGIFTAEMVLKIIAMDPYYYFQEGWNIFDGIIVSLSLMELG—
YPMTEHFDNVLTVGNLVETGIFTAEMVLKLIAMDPYEYFQQGWNIFDSIIVTLSLVELG—
YNMTSEFEEMLQVGNLVEFTGIFTAEMTFKIIALDPYYYFQQGWNIFDSIIVILSLMELG—-
HPMTPQFEHVLAVGNLVFTGIFTAEMFLKLIAMDPYYYFQEGWNIFDGFIVSLSLMELS—
HPMTEEFKNVLAIGNLVEFTGIFAAEMVLKLIAMDPYEYFQVGWNIFDSLIVTLSLVELE -
HGMSPTFEAMLQIGNIVFTIFFTAEMVFKIIAFDPYYYFQKKWNIFDCIIVTVSLLELG-
HKMEASFEKMLNIGNLVFTSIFIAEMCLKIIALDPYHYFRRGWNIFDSIVALLSFADVMN

* * sk ekKkehkhk ek khkkhk e kekkekhKhk Kk KAKKKK .. K.

—-LANVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVEFIFAVV
—-LANVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVEFIFAVV
—-LSNVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVFIFAVV
—LANVQGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVFIFAVV
—-LSRMSNLSVLRSFRLLRVFKLAKSWPTLNTLIKIIGNSVGALGNLTLVLAIIVEFIFAVV
—-LADVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVEFIFAVV
—LADVEGLSVLRSFRLLRVFKLAKSWPTLNMLIKIIGNSVGALGNLTLVLAIIVFIFAVV
—VAKKGSLSVLRSFRLLRVFKLAKSWPTLNTLIKIIGNSVGALGNLTIILAIIVEFVFALV
CVLQKRSWPFLRSFRVLRVFKLAKSWPTLNTLIKIIGNSVGALGSLTVVLVIVIFIFSVV

***** ************** R R R R R ** * * * * . %

GMQLFGKSYKDCV----CKIAS--DCQLPRWHMNDFFHSFLIVFRVLCGEWIETMWDCME
GMQLFGKSYKECV----CKISN--DCELPRWHMHDFFHSFLIVEFRVLCGEWIETMWDCME
GMQLFGKSYKECV—----CKIND--DCTLPRWHMNDFFHSFLIVFRVLCGEWIETMWDCME
GMQLFGKSYKECV----CKIAL--DCNLPRWHMHDFFHSFLIVFRILCGEWIETMWDCME
GMQLFGKNYSELR-—-—----— DSD--SGLLPRWHMMDFFHAFLITFRILCGEWIETMWDCME
GMQLFGKSYKECV----CKINQ--DCELPRWHMHDFFHSFLIVFRVLCGEWIETMWDCME
GMQLFGKSYKECV--—--CKIND--DCTLPRWHMNDFFHSFLIVEFRVLCGEWIETMWDCME
GKQLLGENYRNNR----KNISAP-HEDWPRWHMHDFFHSFLIVFRILCGEWIENMWACME
GMQLFGRSEFNSQKSPKLCNPTGPTVSCLRHWHMGDFWHSFLVVFRILCGEWIENMWECMQ

* ok k ek . ek KkKk KKk ekehkke ohkkekhkhkhkhkhk Kk Kk

VA--GQAMCLTVEFMMVMVIGNLVVLNLFLALLLSSFSADNLAAT-DDDNEMNNLQIAVDR
VA--GQTMCLTVEFMMVMVIGNLVVLNLFLALLLSSFSSDNLAAT-DDDNEMNNLQIAVGR
VA--GQTMCLIVFMLVMVIGNLVVLNLFLALLLSSEFSSDNLAAT-DDDNEMNNLQIAVGR
VA--GQAMCLTVFLMVMVIGNLVVLNLFLALLLSSFSADSLAAS-DEDGEMNNLQIAIGR
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Appendix D: MSA of Nav1.7 orthologues across species
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--EKMATLPPPGPESFVFFTRQSLELIEQRISEGKSKEPKEE--—--—-——————=———————
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GKAIFRFNATPALYMLSPFSPLRRISIKILVHAAFSMLIMCTILTNCIFMTMSNPPDWTK
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SSGDEKRDNEKLS——-—--—— KSESDESIRKKSFHLGVEGHKLAREKRMSSPNQSPLSIRGS
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SSGEEKGDDEKLS—-—--—-— KSGSEESIRKKSFHLGVEGHHRTREKRLSTPNQSPLSIRGS
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LFSARRSSRTSLFSFKGRGR-DIG-————=———==———————— SETEFADDEHSIFGDNES
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916

902
891
901
897
917
901
901
975

962
951
961
957
977
961
961
1034

1022
1011
1021
1017
1037
1021
1021
1091

1059
1048
1058
1054
1074
1058
1058
1148

1110
1099
1109
1105
1117
1109
1109
1204
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Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

DSEYSKVRL----NRSSSSECSTVDNPLPGEGEE-—--=-===——===— AEAEPMNSDEPEAC
DSEYSKVRL----NQSSSSECSTVDNPLPGEGEE----—-—————-—-— AEAEPMNSDEPEAC
DSEYSKGRL----NQSSSSECSTVDNPVPGEGEE-----—————-—-— AEAEPVNSDEPEAC
DVEGSKERV----HRSSSSEGSTIDNAIPEDREE----=-——=———--— AVAEPENSDEPEAC
DLEESKEKI----NLSSSSEGSTVNLALFGE-EK----=-—-—=———--— AETEPEKAAELQTC
DSDYSKEKR----NRSSSSECSTVDNPLPGEE-E-----—-—-——--— AEAEPVNADEPEAC
DSDYSKERR----NRSSSSECSTVDNPLPGEE-E----—-—-—-———--— AEAEPINADEPEAC
-HKGSAETMEGEEKRDASKEDLGLDEELDEEGECEEGPLDGDIIIHAHDEDILDEYPADC

* . * * .. * * *

FTDGCVWRESCCQVNIESGKGKIWWNIRKTCYKIVEHSWFESFIVLMILLSSGALAFEDI
FTDGCVRREFSCCQVNIESGKGKIWWNIRKTCYKIVEHSWFESFIVLMILLSSGALAFEDI
FTDGCVQRFPCCQVNIESGKGKIWWNIRKTCFRIVEHSWFESFIVLMILLSSGALAFEDI
FTDGCVRREFPCCQVSVESGNGKVWWNIRKTCYRIVEHNWFESFIVLMILLSSGALAFEDI
FTEGCIQKFKCCRCSIESRRGIIWWNLRKTCYRIVEHNWFETFIVFMILLSSGTLAFEDI
FTDGCVRRFPCCQVNVDSGKGKVWWTIRKTCYRIVEHSWFESFIVLMILLSSGALAFEDI
FTDGCVRRFPCCQVNIDSGKGKVWWTIRKTCYRIVEHSWFESFIVLMILLSSGALAFEDI
CPDSYYKKFPILAGDDDSPFWQGWGNLRLKTFQLIENKYFETAVITMILMSSLALALEDV

. % . % * . % LIRS ** KKK . ** ** *‘k

YIERKKTIKIILEYADKIFTYIFILEMLLKWIAYGYKTYFTNAWCWLDFLIVDVSLVTLV
YIERKKTIKIILEYADKIFTYIFILEMLLKWIAYGYKTYFTNAWCWLDFLIVDVSLVTLV
YIEKKKNIKIILEYADKIFTYIFILEMLLKWVAYGYKTYFTNAWCWLDFLIVDVSLVTLV
YIEQRKTIKTVLEYADKIFTYVFILEMLLKWVAYGYKVYFTNAWCWLDFLIVDVSIITLV
YIEQRKTIKVILDYADKIFTYIFILEMVLKWVAYGFQTYFTNAWCWLDFLIVDVSLVSLV
YIEKKKTIKIILEYADKIFTYIFILEMLLKWVAYGYKTYFTNAWCWLDFLIVDVSLVTLV
YIEKKKTIKIILEYADKIFTYIFILEMLLKWVAYGYKTYFTNAWCWLDFLIVDVSLVTLV
HLPQRPILQDILYYMDRIFTVIFFLEMLIKWLALGFKVYFTNAWCWLDFVIVMVSLINFV

* * Kk . *** * *** ** * * *********** ** ** . .k

ANTLGYSDLGPIKSLRTLRALRPLRALSRFEGMRVVVNALIGAIPSIMNVLLVCLIFWLI
ANTLGYSDLGPIKSLRTLRALRPLRALSRFEGMRVVVNALIGAIPSIMNVLLVCLIFWLI
ANTLGYSDLGPIKSLRTLRALRPLRALSRFEGMRVVVNALIGAIPSIMNVLLVCLIFWLI
ASTLGYSDLGPIKSLRTLRALRPLRALSRFEGMRVVVNALLGAIPSIMNVLLVCLIFWLI
ATALGFSELGAIKSLRTLRALRPLRALSRFEGMRVVVNALTGAIPSIMNVLLVCLTFWLI
ANTLGYSDLGPIKSLRTLRALRPLRALSRFEGMRVVVNALIGAIPSIMNVLLVCLIFWLI
ANTLGYSDLGPIKSLRTLRALRPLRALSRFEGMRVVVNALIGAIPSIMNVLLVCLIFWLI
ASLVGAGGIQAFKTMRTLRALRPLRAMSRMQGMRVVVNALVQAIPSIFNVLLVCLIFWLI

* . % . ek e s kA KKK KA KA KKK e kk o o kAKX KKK KK KAk KkhKk e kAKX KAk kk *hkkk

FSIMGVNLFAGKEFYECINTTDGSRFPASQVPNRSECFALMNVSONVRWKNLKVNEDNVGL
FSIMGVNLFAGKEFYECINTTDGSRFPASQVPNRSECFALMNVSONVRWKNLKVNEDNVGL
FSIMGVNLFAGKFYECINTTNGLRFPTSEVENRSACLALMNVSQONVRWKNLKVNEDNVGL
FSIMGVNLFAGKFYECVNTTNGERFPVTVVETYEQCKQLMNS SHDVRWKNVKVNEDNVGI
FSIMGVNLFAGKFEFYCVNTTTGVQFKPYEVDNKSMCENLGNTASDVRWKNVKVNEDNVGA
FSIMGVNLFAGKEFYECVNTTDGSRFPTSQVANRSECFALMNVSGNVRWKNLKVNEDNVGL
FSIMGVNLFAGKFYECVNTTDGSRFSVSQVANRSECFALMNVSGNVRWKNLKVNEDNVGL
FAIMGVQLFAGKYFKCEDM-NGTKLSHEIIPNRNACE-----— SENYTWVNSAMNEDHVGN

* . **** ***** . k. * e . * . . *  *x e kKK o kK

GYLSLLQVATFKGWTIIMYAAVDSVNVDKQPKYEYSLYMYIYFVVFIIFGSFFTLNLFIG
GYLSLLQVATFKGWTIIMYAAVDSVNVDKQPKYEYSLYMYIYFVIFIIFGSFFTLNLEIG
GYLSLLQVATFKGWMDIMYAAVDSVNVDKQPIYEYSLYMYIYFVIFIIFGSFFTLNLEIG
GYLSLLQVATFKGWMIIMYAAVDSVNINFQPKYEASLYMYLYFVIFITIFGSFFTLNLEFIG
GYLSLLQVATFKGWMEIMYAAVDSRDVGKQPMYEDNLYMYLYFVAFITFGSFFTLNLFIG
GYLSLLQVATFKGWMDIMYAAVDSVNVNEQPKYEYSLYMYIYFVIFIIFGSFFTLNLEIG
GYLSLLQVATFKGWMDIMYAAVDSVNVNAQPIYEYNLYMYIYFVIFIIFGSFFTLNLEIG
AYLCLFQVATFKGWIQIMNDAIDSREVDKQPIRETNIYMYLYFVFFIIFGSFFTLNLFIG

KK K akk kKRR kRk Kk kakk sa kX X SRR KKK Kk R Kk K Kk K Kk K Kk K
VIIDNEFNQQKKK-————-—=— LGGODIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKIQG
VIIDNENQQOKKK-—-=-=———-— LGGODIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKIQG
VIIDNENQQKKK-—-==———-— LGGODIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKFQG
VIIDNENQOKKKIIFILFLYLGGQDIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKFQG
VIIDNEFNQQKKK-————-—=— LGGODIFMTEEQKKYYNAMKKLGSKKPQKPIPRPANKLQG
VIIDNENQQKKK-—-==———-— LGGODIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKFQG
VIIDNENQQOKKK-—-=-=———-— LGGODIFMTEEQKKYYNAMKKLGSKKPQKPIPRPGNKFQG
VIIDNFNEQKKKA-——--=- GGSLEMFMTEDQKKYYNAMKKMGSKKPLKAIPRPRWRPQA

Kk Kk KKk KK o kKk KK shkkk ekkkkkhkhkk o hkhkk Kk kkkk

1154
1143
1153
1149
1160
1152
1152
1263

1214
1203
1213
1209
1220
1212
1212
1323

1274
1263
1273
1269
1280
1272
1272
1383

1334
1323
1333
1329
1340
1332
1332
1443

1394
1383
1393
1389
1400
1392
1392
1497

1454
1443
1453
1449
1460
1452
1452
1557

1506
1495
1505
1509
1512
1504
1504
1610
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Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

CIFDLVTNQAFDISIMVLICLNMVTMMVEKEGQSQHMTEVLYWINVVFIILFTGECVLKL
CIFDLVTNQAFDISIMVLICLNMVTMMVEKEGQSPYMTDVLYWINVVFIILFTGECVLKL
CIFDLVTNQAFDIAIMVLICLNMVTMMVEKEGQSDYVTEVLNWINVVFIILFSGECVLKL
CIFDIVTKQAFDITIMVLICLNMVTMMVEKDEQSETMTYVLYWINMVFIILFTGECVLKL
LVFDIVTKQAFDIGIMVLICLNMVTMMIETDDQSELMONILYWINFVFVVLEFTGECVLKL
CIFDLVTNQAFDITIMVLICLNMVTMMVEKEGQTEYMDYVLHWINMVFIILFTGECVLKL
CIFDLVTNQAFDITIMVLICLNMVTMMVEKEGQTDYMSEFVLYWINVVFIILFTGECVLKL
IVFEIVTDKKFDIIIMLFIGLNMFTMTLDRYDASDTYNAVLDYLNAIFVVIFSSECLLKI

oK. ** * KKk ** * * KKk ** .. ek e ek ek e e ek ** **

ISLRHYYFTVGWNIFDFVVVIISIVGMFLADLIETYFVSPTLFRVIRLARIGRILRLVKG
ISLRYYYFTIGWNIFDFVVVIISIVGMFLADLIETYFVSPTLFRVIRLARIGRILRLVKG
ISLRCYYFTVGWNIFDFVVVILSIVGMFLADLIERYFVSPTLFRVIRLARIGRILRLIKG
ISLRHYYFTIGWNIFDFVVVILSIVGMFLADLIEKYFVSPTLFRVIRLARIGRILRLIKG
FSLRYYYFTVGWNIFDFVVVILSIVGMFLAKVIEKYFVSPTLFRVIRLARIGRILRLIKG
ISLRHYYFTVGWNIFDFVVVILSIVGMFLAEMIEKYFVSPTLFRVIRLARIGRILRLIKG
ISLRHYYFTVGWNIFDFVVVILSIVGMFLAEMIEKYFVSPTLFRVIRLARIGRILRLIKG
FALRYHYFIEPWNLEFDVVVVILSILGLVLSDIIEKYFVSPTLLRVVRVAKVGRVLRLVKG

e kK e kK KK e kk KAAKAK e kKX oke Ko e kK KKK KAKAKAK e kK ok okeoohkkeoXkko Xk

AKGIRTLLFALMMSLPALFNIGLLLFLVMFIYAIFGMSNFAYVKKEDGINDMENFETFGN
AKGIRTLLFALMMSLPALFNIGLLLFLVMFIYAIFGMSNFAYVKKEDGINDMENFETEFGN
AKGIRTLLFALMMSLPALFNIGLLLFLVMFIYAIFGMSNFAYVKKEAGINDMENFETFAN
AKGIRTLLFALMMSLPALFNIGLLLFLVMFIYAIFGMSNFAYVKKEEGINDMENFETEFGN
AKGIRTLLFALMMSLPALFNIGLLLFLVMFIYAIFGMSNFAYVKREAGIDDMENFETFGN
AKGIRTLLFALMMSLPALENIGLLLFLVMFIYAIFGMSNFAYVKKEAGINDMENFETFGN
AKGIRTLLFALMMSLPALFNIGLLLFLVMFIYAIFGMSNFAYVKKEAGINDMENFETEFGN
AKGIRTLLFALAMSLPALFNICLLLFLVMFIFAIFGMSFFMHVKEKSGINDVYNFKTEGQ

KXKXKXKXKXKAKAKAAKX AXXKAKXKAKAAKX AXXAAXXAKAAK e AAXAAAKX & ohAXk o AKeKeoohkkehkk o

SMICLFQITTSAGWDGLLAPILNSKPPDCDPKKVHPGSSVEGDCGNPSVGIFYFVSYIIT
SMICLFQITTSAGWDGLLAPILNSKPPDCDPKKVHPGSSVEGDCGNPSVGIFYFVSYIIT
SMICLFQITTSAGWDGLLAPILNSKPPDCDPKKVHPGSSVEGDCGNPSVGIFYFVSYITII
SMICLFQITTSAGWDGLLAPILNSGPPDCDPEKVHPGSSVKGDCGNSSVGIFYFVSYITITI
SMICLFQITTSAGWDGLLAPILNSGKPDCDPNKPHPGSSVKGDCGNPSVGIFFFVSYIIT
SMICLFQITTSAGWDGLLAPILNSAPPDCDPKKVHPGSSVEGDCGNPSVGIFYFVSYIIT
SMICLFQITTSAGWDGLLAPILNSAPPDCDPKKVHPGSSVEGDCGNPSVGIFYFVSYITII
SMILLFQMSTSAGWDGVLDAIINEE--ACDPPDND--KGYPGNCGSATVGITFLLSYLVI

Khkk Ak Kk e e kAKX KKK K o % * . % * % % * . kK% e kKK e e e kK e oKk

SFLVVVNMYIAVILENFSVATEESTEPLSEDDFEMFYEVWEKFDPDATQFIEFSKLSDFA
SFLVVVNMYIAVILENFSVATEESTEPLSEDDFEMFYEVWEKFDPDATQFIEYNKLSDFA
SFLVVVNMYIAVILENFSVATEESTEPLSEDDFEMEYEVWEKEDPDATQFIEYSKLSDFA
SFLVVVNMYIAVILENFSVATEESTEPLSEDDFEMEYEVWEKEDPDATQFIEYSKLSDFA
SFLVVVNMYIAVILENFGVATEESAEPLSEDDFEMFYEVWEKYDPDATQFIEYSKLSDFA
SFLVVVNMYIAVILENFSVATEESTEPLSEDDFEMFYEVWEKFDPDATQFIEFCKLSDFA
SFLVVVNMYIAVILENFSVATEESTEPLSEDDFEMEYEVWEKEFDPDATQFIEFCKLSDFA
SFLIVINMYIAVILENYSQATEDVQEGLTDDDYDMYYEIWQQFDPEGTQYIRYDQLSEFL

KAk ek e kA Ak AKXk A KKKk o * KKk . K K e ekke okehkkekeoohkhke KKhkok o e kK e Kk

AALDPPLLIAKPNKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDSLRSQMEER
AALDPPLLIAKPNKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDSLRSQMEER
AALDPPLLIAKPNKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGEGGEMDSLRSQMEER
ASLDPPLHIAKPNKVQLVAMDLPMVNGDRIHCLDILFAFTKRVLGESEEMDTLRLOMEER
ASLDPPLNIPKPNKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESDEMDALRVQOMEDR
AALDPPLLIAKPNKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGEGGEMDSLRSQMEER
AALDPPLLIAKPNKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDSLRSQMEER
DVLEPPLQIHKPNKYKIISMDIPICRGDLMYCVDILDALTKDFFARKGNPI——EETGEIG

* . *** K KKK K ... ** * * Kx * *** * . ** . *

FMSANPSKVSYEPITTTLKRKQEDVSATVIQRAYRRYRLRONVKNISSIYIKDGDRDDDL
FMSANPSKVSYEPITTTLKRKQEDVSATVIQRAYRRYRLRONVKNISSIYIKDGDRDDDL
FMSANPSKVSYEPITTTLKRKQEDVSATVIQRAYRRYRLRONVKNISSIYIKDGDRDDDL
FVAANPSKVSFEPITTTLKRKQEEVSATIIQRAFRHYRLRONVKHISGIYNKGGERV-DL
FMAANPSKVSYEPITTTLKRKQEEVSATIIQRAYRCYLLRRSIKKLSCMYRKDGV---DV
FMSANPSKVSYEPITTTLKRKQEEVSATITIQRAYRRYRLRQHVKNISSIYIKDGDRDDDL
FMSANPSKVSYEPITTTLKRKQEDVSATITIQRAYRRYRLRONVKNISSIYIKDGDRDDDL
EIAARPDTEGYEPVSSTLWRQREEYCARLIQHAWRKHKARGEGGG———SFEPDTDHGDG—

sk Kk sk oo kKk koK *ooekkok ek

1566
1555
1565
1569
1572
1564
1564
1670

1626
1615
1625
1629
1632
1624
1624
1730

1686
1675
1685
1689
1692
1684
1684
1790

1746
1735
1745
1749
1752
1744
1744
1846

1806
1795
1805
1809
1812
1804
1804
1906

1866
1855
1865
1869
1872
1864
1864
1964

1926
1915
1925
1928
1929
1924
1924
2020
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Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

Navl.7-human
Navl.7-macaque
Navl.7-cattle
Navl.7-opossum
Navl.7-chicken
Navl.7-rat
Navl.7-mouse
Para-fly

LNKKDMAFDNVNENSSPEKTD-ATSSTTSPPSYD-SVTKPDKEKYEQDRTEKEDKGKDSK
LNKKDMAFDNVNENSSPEKTD-ATSSTTSPPSYD-SVTKPDKEKYEQDRTEKEDKGKDSK
PNKEDMVEDNVNENSSPEKTG-ATPSTVSPPSYD-SVTKPDREKYEKDKTEKEDKGKDGK
TMKEDMVFGKVNGNSTPEKTDEVTPSTTSPPSYD-SVTKRDKEKYEKDKAEKEDKDKDGR
LSKNYMLFGKLSENSASEKTN-MTASTTYPPSYD-SVTKQEKEKYEDDKSEKEDKGKDRK
PNKEDTVEDNVNENSSPEKTD-VTASTISPPSYD-SVTKPDQEKYETDKTEKEDKEKDES
PNKEDIVEFDNVNENSSPEKTD-ATASTISPPSYD-SVTKPDQEKYETDKTEKEDKEKDES

---GDP----DAGDPAPDEA---TDG-DAPAGGDGSVNGTAEGAADADESNVNSPGEDAA
. . ... * . * . R . . : * R T, : *
e e L SKK——=———=————————
B m o SKK—=======——=————
B m o GKK=-=——===———————=
e e L GKK--——==————————-
Gmmm NKK-——=--——==——————
R m o o Ke—mm——mm o
R m o o Ke—mm——mmm—mm

AAAAAAAAAAAAGTTTAGSPGAGSAGRQTAVLVESDGEFVTKNGHKVVIHSRSPSITSRTA

-= 1988
-- 1977
-- 1987
-- 1991
-= 1991
-= 1984
-- 1984
DV 2131

1984
1973
1983
1987
1987
1982
1982
2069

1988
1977
1987
1991
1991
1984
1984
2129
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Appendix E: MSA of hNav1.7 splice isoforms and the hNavi.7 structure PDB code: 6J8G

015858-1 5N11L
FC_SCN9A 5N118
PDB_6J8G_5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB_6J8G_5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1_5N11L
FC_SCN9A_5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A_5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A_5N118
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A 5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A_5N11S
PDB 6J8G 5N11L

015858-1 5N11L
FC_SCN9A_ 5N11S
PDB 6J8G 5N11L

——————————————————————————————————————————— MAMLPPPGPQOSFVHEFTK
——————————————————————————————————————————— MAMLPPPGPQOSFVHFTK
MASWSHPQFEKGGGARGGSGGGSWSHPQFEKGFDYKDDDDKGTMAMLPPPGPQSFVHFTK

RR R R R S

OSLALIEQRIAERKSKEPKEEKKDDDEEAPKPSSDLEAGKQLPFIYGDIPPGMVSEPLED
QOSLALIEQRIAERKSKEPKEEKKDDDEEAPKPSSDLEAGKQLPFIYGDIPPGMVSEPLED
QOSLALIEQRIAERKSKEPKEEKKDDDEEAPKPSSDLEAGKQLPFIYGDIPPGMVSEPLED

KA KK KA KA A KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A KA A A AR AR AKX KK

LDPYYADKKTFIVLNKGKTIFRENATPALYMLSPFSPLRRISIKILVHSLEFSMLIMCTIL
LDPYYADKKTFIVLNKGKTIFRENATPALYMLSPFSPLRRISIKILVHSLEFSMLIMCTIL
LDPYYADKKTFIVLNKGKTIFRFNATPALYMLSPFSPLRRISIKILVHSLFSMLIMCTIL

KA KK A KA A A A A KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A AR KA AKX KKK

TNCIFMTMNNPPDWTKNVEYTFTGIYTFESLVKILARGFCVGEFTFLRDPWNWLDEVVIV
TNCIFMTMNNPPDWTKNVEYTFTGIYTFESLVKILARGFCVGEFTFLRDPWNWLDEVVIV
TNCIFMTMNNPPDWTKNVEYTFTGIYTFESLVKILARGFCVGEFTFLRDPWNWLDEVVIV

R R R R R R R R R R R R R R R R R R R R R

FAYLTEFVNLGNVSALRTFRVLRALKTISVIPGLKTIVGALIQSVKKLSDVMILTVEFCLS
FAYLTEFVNLGNVSALRTFRVLRALKTISVIPGLKTIVGALIQSVKKLSDVMILTVEFCLS
FAYLTEFVNLGNVSALRTFRVLRALKTISVIPGLKTIVGALIQSVKKLSDVMILTVFECLS

R R R R R R R R R R R R R R R R R R R R R I

VFALIGLQLFMGNLKHKCFRNSLENNETLESIMNTLESEEDFRKYFYYLEGSKDALLCGF
VFALIGLQLFMGNLKHKCFRNSLENNETLESIMNTLESEEDFRKYFYYLEGSKDALLCGF
VFALIGLQLFMGNLKHKCFRNSLENNETLESIMNTLESEEDFRKYFYYLEGSKDALLCGF

R R R R R R R R R R R R R R R R R R R R R

STDSGQCPEGYTCVKIGRNPDYGYTSFDTFSWAFLALFRLMTQDYWENLYQQTLRAAGKT
STDSGQCPEGYTCVKIGRNPDYGYTSFDTFSWAFLALFRLMTQDYWENLYQQTLRAAGKT
STDSGQCPEGYTCVKIGRNPDYGYTSEFDTFSWAFLALFRLMTQDYWENLYQQTLRAAGKT

KKK KA A A AR AR A A A A A A A A A A A A A A A A A A A A A A A A A A KA A A A A A A A A A AR A AR A AR KA XN KA K

YMIFFVVVIFLGSFYLINLILAVVAMAYEEQNQANIEEAKQKELEFQOMLDRLKKEQEEA
YMIFFVVVIFLGSFYLINLILAVVAMAYEEQNQANIEEAKQKELEFQOMLDRLKKEQEEA
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