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ABSTRACT  

Pain is an intrinsic mechanism that promotes our survival by helping us to avoid injuries. 

However, chronic pain remains a significant clinical burden and is poorly treated. The 

development of new analgesic drugs may significantly improve quality of life for chronic pain 

patients. This thesis investigates the mechanisms of pain sensation and also suggests some 

novel analgesic drug targets by using molecular, genetic, and transgenic approaches.  

Firstly, a novel function of sodium channel Nav1.7 is explored. Microarray data showed 

that gene expression profiles are dramatically altered in dorsal root ganglia from Nav1.7 null 

mice. These changes were confirmed by real-time qRT-PCR. Altered expression of 

preproenkephalin (Penk) and carcinoembryonic antigen-related cell adhesion molecule 10 

(Ceacam10) may contribute to the pain insensitive phenotype seen in Nav1.7 nulls. The gene 

expression changes were further explored using in vitro cell based assays, showing a potential 

role of sodium ions in controlling transcription of Penk.  

Secondly, we study a family with six members affected with a pain insensitive phenotype 

characterized by multiple painless bone fractures and frequent painless lesions caused by 

burning stimuli. A novel point mutation in ZFHX2, encoding a putative transcription factor 

expressed in small diameter sensory neurons, was identified. By analysing Zfhx2 knockout and 

BAC transgenic mice bearing the orthologous mutation, we confirm that ZFHX2 is crucial for 

normal pain perception. We study how the mutation disrupts ZFHX2 function, resulting in 

altered downstream expression of pain-related genes. 

Thirdly, a patient with small fibre neuropathy and erythromelalgia-like symptoms was 

genetically analysed. Using exome sequencing and detailed bioinformatics analyses, I have 

shortlisted three missense mutations in the genes CWC22, TMEM8B and ATL3 that are 

potentially pathogenic. 

By studying genes mutated in families with rare inherited pain disorders this thesis 

broadens our understanding of pain sensation and highlights new routes to develop better 

analgesic drugs.  
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1 INTRODUCTION 

1.1 INTRODUCTION 

Pain perception is a crucial mechanism for survival that enables us to avoid injury. The 

International Association for the Study of Pain (IASP) defines pain as “an unpleasant sensory 

and emotional experience associated with actual or potential tissue damage, or described in 

terms of such damage”. In mammals, the pathways responsible for pain operate at multiple 

levels of both the peripheral and central nervous systems and under both voluntary and 

involuntary control. Pain is a highly complex biological phenomenon which can promote 

recovery from an injured state. Pain, however, may remain even after recovery. Such chronic 

pain can significantly reduce quality of life, which is one of the major clinical issues for a 

number of patients. For example, 19% of people in European countries suffer from moderate 

to severe pain (Breivik et al., 2006) and an estimated 10 million people in Britain suffer from 

chronic pain almost daily (British Pain Society 2014). With an aging population this problem 

may become even more serious, especially in developed countries. The importance of 

increasing the quality of life by reducing unpleasant chronic pain may therefore become 

increasingly important. In the past few decades, some pain mechanisms have been revealed that 

are helping in the development of new analgesic drugs. This is important as currently available 

analgesics still do not relieve pain for all chronic pain patients. This thesis describes new 

potential routes to develop analgesic drugs from the study of genes that are mutated in 

patients with rare inherited pain disorders. 

 

1.1.1 The nervous system and pain 

I. The nervous system 

The nervous system is divided into two main parts: the central nervous system (CNS) 

is composed of the brain and spinal cord and the peripheral nervous system (PNS) contains all 

neurons outside of the CNS and includes both motor and sensory components. The sensory 

component of the PNS consists of afferent neurons and conveys information to the CNS; the 

motor component combines somatic (involved in voluntary functions) and autonomic (involved 

in automatic functions) which consist of efferent neurons. Autonomic neurons are 

furthermore subdivided into sympathetic and parasympathetic nervous systems responsible for 

‘fight or flight’ functioning and maintenance of normal ‘at rest’ functions, respectively. 



 

22 

 

II. Sensory neurons and pain 

The primary afferent neurons of the PNS all have their cell bodies in dorsal root or 

trigeminal ganglia; they are pseudo-unipolar neurons projecting from these cell bodies to the 

periphery and to the dorsal horn of the spinal cord. Based on diameter, myelination and the 

corresponding conduction velocity, peripheral nerve axons were first classified by Erlanger and 

Gasser into three groups (A–C) and later by Lloyd into 4 types (I–IV) (Manzano et al., 2008). 

The differences in conduction velocity give rise to separate roles of conveying information. The 

sense of touch is conveyed by large diameter, myelinated and fast conducting Aβ (Type II) 

fibres (>35µm diameter, 10-30m/s) from cutaneous mechanoreceptors. Slower/thinner 

myelinated Aδ (Type III) fibres (25-35µm diameter, 1.2-10m/s) and the smallest unmyelinated C 

(TypeIV) fibres (<25µm diameter, <1.5m/s) are classically considered as ‘nociceptors’. Aδ fibres 

conduct temperature information from cold thermoceptors, pressure from free nerve endings 

and pain from nociceptors of the neospinothalamic tract (“sharp pain”). C fibres provide 

warmth sense and pain from nociceptors (noxious chemicals) of the paleospinothalamic tract 

(“aching, throbbing or burning pain”) (Almeida et al., 2004). 

 Primary afferent neurons can be also classified by specific molecular markers they 

express. Large-diameter DRG neurons convey low-threshold mechanoreception from the skin 

and express Ret and/or TrkB. TrkC is expressed in large proprioceptive neurons that sense 

limb movement and position. Noxious stimuli is primarily detected by small- and medium-

diameter neurons, many of which express TrkA, Met and/or Ret (Lallemend and Ernfors, 2012) 

(Figure 1-4). Recently, single cell RNA transcriptome analysis have further helped to categorise 

sensory neurons based on gene expression (Usoskin et al., 2015). According to this study, 

primary sensory neurons can be classified into four main clusters; the first one is called the NF 

cluster, expressing neurofilament heavy chain (Nefh) and parvalbumin (Pvalb). This cluster was 

previously known to be correlated with myelinated DRG neurons. The second category is the 

PEP cluster and express substance P (Tac1), TRKA (Ntrk1) and calcitonin gene-related peptide 

(CGRP, also known as Calca), previously associated with peptidergic nociceptors. The third, 

the NP cluster, shows expression of Mrgprd and P2rx3. This cluster was previously described 

as nonpeptidergic nociceptors. The fourth category can be defined as the TH cluster, showing 

distinct expression of tyrosine hydroxylase (Th), and was previously described as a distinct 

subclass of unmyelinated neurons. The Ernfors group further subcategorised these clusters 

into 11 distinct subpopulations using several molecular markers (Figure 1-1b).  

 This RNA-seq study by Ernfors group enables us to understand subpopulation of 

elements in sensory neurons along with previous studies. Several important genes in pain 
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pathways are expressed in certain subpopulations of sensory neurons (Table 1-1). For example, 

Trpa1, which has been linked to noxious mechanical and chemical stimuli (see 1.1.2 I), is 

preferentially expressed in NP and TH clusters which are categorised as unmyelinated neurons. 

Trpv1, which has been connected to noxious heat sensitivity (see 1.1.2 I), is expressed in NP 

and PEP clusters. Of particular interest in this thesis are voltage-gated sodium channels. Among 

the genes encoding voltage-gated sodium channels alpha subunit, Scn9a, Scn10a and Scn11a 

have been linked to human heritable pain disorders (1.1.5V). These three channels are present 

in nociceptive neurons (Dib-Hajj et al., 2010). It has been previously reported that Nav1.7 

encorded by Scn9a is expressed in both large (>30 µm) and small diameter (<25 µm) DRG 

neurons (Black et al., 1996, Ho and O'Leary, 2011). Nav1.8 encoded by Scn10a is 

predominantly expressed in small diameter unmyelinated nociceptive sensory neurons 

(Akopian et al., 1996). The expression of Nav1.8 was thought to be exclusively confined to 

small and medium diameter nociceptive subsets of sensory neurons of the dorsal root ganglia 

(Akopian et al., 1996, Benn et al., 2001). However a recent study has suggested that 75% of 

dorsal root ganglion cells express Nav1.8 with 90% of these expressing nociceptive markers 

and the presence of Nav1.8 in around 40% of myelinated A fibres (Shields et al., 2012). Nav1.9 

is preferentially expressed in nociceptive dorsal root ganglia, exclusively in small neurons (Dib-

Hajj et al., 2002, Dib-Hajj et al., 1998, Dib-Hajj et al., 2010). The RNA-seq study by Ernfors 

group supported these evidences of the expression patterns in DRG neurons (Figure 1-1, 

Table 1-1). The expression of five VGSCs including Nav1.7, Nav1.8 and Nav1.9 in DRG neurons 

by immunofluorescence is shown in (Figure 1-2). Subpopulations of sensory neurons and 

expression patterns can be functionally essential to understand sensory roles and development 

of new pharmaceutical agents to treat pain. 
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Figure 1-1. Heat map of expression patterns in distinct neuronal populations as classified by the 

Ernfors group. NF cluster, expressing neurofilament heavy chain (Nefh) and parvalbumin 

(Pvalb), was previously known to be correlated with myelinated DRG neurons. PEP cluster, 

expressing substance P (Tac1), TRKA (Ntrk1) and CGRP, was previously associated with 

peptidergic nociceptors. NP cluster, showing expression of Mrgprd and P2rx3, was previously 

described as nonpeptidergic nociceptors. TH cluster, showing distinct expression of Th, and 

was previously described as a distinct subclass of unmyelinated neurons. (a) Heat map of 

expression (fraction of positive cells) of the various operational components of sensory 

neurons in different classes of neurons. Neuronal identity is reflected by the unique 

combination of activation properties encoded by the specificity of transducer ion channels at 

peripheral terminals and presence of voltage-gated ion channels which are involved in 

conduction. This eventually results in release of neurotransmitters including glutamate, 

neuropeptides and other signaling molecules in the spinal cord. Trp, transient receptor 

potential cation channels; P2x/yr, purinergic receptor P2X or P2Y; Accn, amiloride-sensitive 

cation channels; KV-rectif., open rectifier potassium channels (Kcnk), neurofilam., 

neurofilaments; Glu transp., glutamate transporters; chemok., chemokines; Opioid R., opioid 

receptors. (b) Proposed new sensory neuron classification based on unbiased full RNA 

transcriptome analyses. Gene products on top are suggested markers for identification of 

subtypes (red, new markers; black, selected previously used markers). Gene products at 

bottom are examples of a distribution of gene products. For example, Nav1.8 and 1.9 are 

expressed in NP, PEP and TH cluster. LTMR, low-threshold mechanoreceptors; Myel., 

myelinated; Unmyel., unmyelinated. (Usoskin et al., 2015).  
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Table 1-1. Distinct expression patters of voltage-gated sodium channel alpha subunits and some TRP channels in mouse DRG neurons by RNA-seq study (Usoskin 

et al., 2015). Trpa1 is preferentially expressed in NP and TH clusters which are categorised as unmyelinated neurons. Trpv1is expressed in NP and PEP clusters. 

Scn10a and Scn11a are expressed in NP, PEP and TH clusters which are mostly categorised in small unmyelinated neurons. On the other hands, Scn9a is expressed 

in both myelinated and unmyelinated neurons. The number in each column of these subpopulations represents the ratio of fraction of positive cells for different 
neuronal populations. Colour indicator; 0, green to 1, red. 

 

 
  

NH NP PEP 

TH 

  
NF1 

NF2/3 NF4/5 
NP1 

NP2/3 
PEP1 PEP2 

  

NF2 NF3 NF4 NF5 NP2 NP3 

Gene symbol Channel                       

Scn1a Nav1.1 0.581 0.854 1.000 0.773 0.885 0.032 0.063 0.083 0.125 0.471 0.215 

Scn2a Nav1.2 0.097 0.208 0.000 0.136 0.192 0.096 0.156 0.083 0.094 0.000 0.129 

Scn3a Nav1.3 0.032 0.000 0.083 0.045 0.038 0.032 0.031 0.000 0.078 0.000 0.116 

Scn4a Nav1.4 0.000 0.021 0.000 0.000 0.000 0.072 0.031 0.083 0.000 0.059 0.039 

Scn5a Nav1.5 0.677 0.021 0.000 0.000 0.000 0.008 0.000 0.000 0.031 0.000 0.069 

Scn7a NaX 0.903 0.688 0.917 0.455 0.192 0.232 0.125 0.250 0.391 0.588 0.708 

Scn8a Nav1.6 0.742 0.896 0.833 0.818 0.923 0.064 0.063 0.000 0.109 0.706 0.270 

Scn9a Nav1.7 0.387 0.521 0.667 0.227 0.000 0.544 0.656 0.750 0.391 0.765 0.777 

Scn10a Nav1.8 0.000 0.000 0.000 0.000 0.000 0.760 0.625 0.417 0.281 0.588 0.227 

Scn11a Nav1.9 0.000 0.000 0.000 0.000 0.000 0.904 0.781 0.833 0.313 0.176 0.330 

Trpa1 Trpa1 0.000 0.000 0.000 0.000 0.000 0.512 0.219 0.167 0.063 0.000 0.176 

Trpv1 Trpv1 0.000 0.000 0.000 0.045 0.000 0.032 0.281 0.583 0.313 0.059 0.000 
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Figure 1-2. Expression of five voltage-gated sodium channels in adult DRG neurons. Sodium channel isoforms Nav1.1, Nav1.6, Nav1.7, Nav1.8, and Nav1.9 (red) are 

colocalized in DRG neurons expressing peripherin (green), a specific small neuron marker, and neurofilament (blue), a marker of medium and large neurons. 

Nav1.1 expression is largely confined to large neurons. Nav1.2, Nav1.3 and Nav1.5 are undetectable in adult DRG neurons. Nav1.6 generally has expression in all 

size classes of neurons. Nav1.7 is highly expressed in small neurons, and is also present in some large neurons. Nav1.8 is expressed preferentially in small and 

medium neurons, whereas Nav1.9 is present exclusively in small neurons. Colocalization of sodium channels with peripherin is depicted in yellow and with 

neurofilament in magenta. (Dib-Hajj et al., 2010) 
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1.1.2 Pain pathways 

Nociceptive neurons detect noxious thermal, mechanical, or chemical stimuli and 

transduce these noxious stimuli into action potentials that are transmitted to the afferent 

central termini resulting in the release of neurotransmitters (Basbaum and Jessell, 2000). 

Nociceptive information is then passed to a second order neuron within the spinal cord and 

then transmitted to the brain. Figure 1-3 shows key elements of transduction, transmission and 

neurotransmitter release in primary afferent neurons. Figure 1-4 illustrates a brief explanation 

for the ascending sensory pathway.  

         

 

Figure 1-3. A brief illustration of the channels at their peripheral terminals in primary afferent 

neurons, such as TRP channels, transducing sensory stimuli including thermal, chemical and 

mechanical stimuli. Transmission of the action potential is conducted by voltage-gated sodium 

channels and potassium channels to the dorsal horn of the spinal cord and voltage-gated 

calcium channels trigger neurotransmitter release across the synapse. (Raouf et al., 2010) 
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Figure 1-4. Ascending sensory pathway from peripherary to the brain.  Nociceptive neurons in 

the peripheral nervous system have their soma located in the dorsal root ganglia (DRG). These 

neurons have a peripheral axon innervating the skin and viscera where they detect painful 

stimuli. The depolarization of the membrane by the stimulus leads to propagation of action 

potentials that travel along the fibers up to the DRG. Then the nociceptive information relays 

in the dorsal spinal cord. Sensory neurons within the DRGs can be classified based on the 

expression of several molecular markers. Small-diameter sensory afferents that correspond to 

unmyelinated C-fibers that are mainly involved in nociception express TrkA and Ret. TrkB- 

and TrkC-positive myelinated larger diameter afferents correspond to A-δ and A-α/β fibers, 

respectively. The sensory information is processed locally in neuronal circuitry within the 

dorsal horn of the spinal cord before being sent to the thalamus to convey nociceptive 

information. Following thalamic filtering, the information is sent to the cortical structures of 

the pain matrix. (Bourinet et al., 2014) 
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I. Transduction 

Transduction, whereby a stimulus is converted into electrical signalling within a neuron, 

is key to understanding sensory systems and the detection of noxious stimuli. Transduction 

involves TRP channels (transient receptor potential cation channels), acid-sensing ion channels 

(ASICs), ATP receptors and G protein coupled receptors (GPCRs) among others, and 

distinct nociceptors require different types of thermal, chemical or mechanical stimuli (Raouf 

et al., 2010). 

Multiple TRP channels are involved in detecting noxious thermal stimuli. For example, 

TRPV1 channels are considered to be activated by noxious heat; Trpv1 null mice demonstrate 

deficits in response to acute noxious heat and thermal hyperalgesia, but responses to 

mechanical stimuli are normal (Caterina et al., 2000) (Figure 1-5). On the other hand, the 

TRPM8 channel which is menthol-sensitive with a thermal activation threshold of around 25°C 

(Basbaum et al., 2009) is involved in transduction of cold stimuli (Figure 1-5); Trpm8 knockout 

mice show a loss of menthol and cold-evoked responses (Bautista et al., 2007, Dhaka et al., 

2007). These mice do not have altered behavioural responses to noxious heat.  

 

Figure 1-5. Hypothetical correspondence between activation of TRP channels, body surface 
temperature and evoked sensations. (Belmonte and Viana, 2008) 
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The molecular mechanisms behind mechanotransduction appear to be more 

complicated. Several candidate mechanotransducer molecules have been reported, such as 

TRP channels, potassium channels, Piezos and ASICs (acid sensing ion channels) (Basbaum et al., 

2009, Raouf et al., 2012). Trpa1 null mice demonstrate reduced responses to high-force 

innocuous and noxious mechanical stimuli (Kwan et al., 2006). Small diameter DRG neurons 

taken from Trpa1 null mice show a lack of slowly and intermediately adapting currents 

associated with noxious mechanosensation (Brierley et al., 2011, Vilceanu and Stucky, 2010). 

However, some studies on Trpa1 knockout mice show unaltered mechanical thresholds 

(Bautista et al., 2006) and knockdown of Trpa1 by antisense oligonucleotides resulted in the 

mice that developed nerve injury induced mechanical allodynia normally (Obata et al., 2005). 

More recently, TRPC1, 3, 5, and 6 have been linked to mechanotransduction. Deletion of both 

Trpc3 and Trpc6 attenuated light touch sensitivities and silenced half of small-diameter sensory 

neurons expressing mechanically activated rapidly adapting currents (Quick et al., 2012). 

Double Trpc3/Trpc6 knockout mice also showed a hearing impairment (Quick et al., 2012). 

Furthermore, the quadruple knockout mice demonstrated larger deficits of behavioural 

responses in light touch stimuli than the Trpc3/ Trpc6 double knockouts (Sexton et al., 2016). 

These studies imply that TRP channels are required for mechanosensation in a combinatorial 

matter. Piezo protein 1 and 2 are also candidate molecules for mechanotransduction. 

Mechanically activated currents were shown to be dependent on Piezo1 expression in a mouse 

neuroblastoma cell line (Coste et al., 2010). Also, expression of Piezo2 appears to be essential 

to induce mechanically activated rapidly adapting currents. In addition, knockdown of Piezo2 in 

cultured DRG neurons reduced these kinetically distinct currents (Coste et al., 2010). The 

conditional Piezo2 KO mice, where Piezo2 is deleted from all sensory neurons, significantly 

attenuated behavioural responses to a variety of innocuous mechanical stimuli (Ranade et al., 

2014). 

Chemical compounds are also a cause of acute pain. Again, TRP channels are 

important in transduction of chemo-nociception. For example, heat sensitive TRPV1 is 

activated in response to capsaicin, the active component in chili peppers (Caterina et al., 1997). 

TRPA1 is also involved in detecting noxious chemicals since Trpa1 knockout mice show 

reduced sensitivity to several chemical compounds such as allyl isothiocyanates, found in 

wasabi, and allicin found in garlic (Macpherson et al., 2007, Hinman et al., 2006). 
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II. Conduction 

Electrical signals transduced from noxious stimuli are transmitted along the length of a 

neuron to the central terminals. Voltage-gated sodium channels (VGSCs) and potassium 

channels are involved in this process. VGSCs serve as key elements in propagating action 

potentials while potassium channels shape action potentials and set the resting membrane 

potential. These channels’ role in pain has been well documented. For example, both K2P4.1 

and K2P2.1 knockout mice showed mechanical allodynia and heat hyperalgesia (Noël et al., 

2009). Also, double knockout of these channels increased responses to acute noxious cold as 

well as causing cold hyperalgesia. VGSCs are particularly interesting and relevant to this thesis 

with the properties and functions of VGSCs and their roles in pain discussed in detail in 

section 1.1.5.  

 

III. Transmission 

The activation of VGSCs propagates action potentials and leads to the entry of calcium 

ions (Ca2+); once the depolarizing signals reach at the terminal, voltage-gated calcium channels 

(VGCCs) are activated, mediating Ca2+ influx in response to action potentials and depolarizing 

signals. This process triggers neurotransmitter release in neurons. A number of VGCCs are 

expressed in nociceptive neurons, being involved in neurotransmitter(s) release through 

regulating calcium influx. Similarly to VGSCs (discussed in the following section, 1.1.3), tissue 

and cellular distribution of VGCCs subtypes are distinct allowing them to play a number of 

different roles in neuronal processing. They are categorised broadly into two groups based on 

their voltage dependence of activation: low voltage activated (LVA) and high voltage activated 

(HVA) channels (Bean, 1991, Bean, 1989, Nowycky et al., 1985). The HVA channel family is 

further subdivided, based on pharmacological and functional properties, into L-, N-, P/Q-, and 

R-types (Bean, 1991, Catterall et al., 2005). Several subtypes of VGCCs have well documented 

roles in pain. For instance, N-type calcium channels are enriched at presynaptic nerve 

terminals where they trigger the release of neurotransmitters (Wheeler et al., 1994, 

Westenbroek et al., 1992a); knockout of Cav2.2, which forms a N-type calcium channel, leads 

to hyposensitivity to pain (Westenbroek et al., 1992b, Saegusa et al., 2002, Saegusa et al., 2001, 

Kim et al., 2001). R-type calcium channels are known to be associated with the regulation of 

neuronal excitability in many neuronal cells including DRG neurons (Zaman et al., 2011, Park 

et al., 2010, Lirk et al., 2008). Mice lacking the expression of Cav2.3, which forms an R-type 

calcium channel, were less sensitive to inflammatory pain (Saegusa et al., 2000) through 
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alterations in both ascending and descending pathways (Saegusa et al., 2002). Similarly, young 

mice without functional expression of Cav2.1, which forms a P/Q-type calcium channel, 

showed impaired sensitivity to inflammatory pain as well as neuropathic pain, although they 

displayed increased acute thermal nociception (Luvisetto et al., 2006). 

Another key element in nociceptive pathways is neurotransmitter release. The 

vesicular glutamate transporter family (VGLUT), which incorporates glutamate into synaptic 

vesicles (Lagerström et al., 2010), has an important function in pain. Global heterozygote 

VGLUT2-KO (Leo et al., 2009, Moechars et al., 2006) or homozygote VGLUT3-KO (Seal et al., 

2009) mice showed reduced mechanical hypersensitivity to neuropathic pain following the 

spared nerve injury model (SNI). VGLUT3 knockout mice also showed impaired acute 

mechanical pain sensitivity, as well as deficits in inflammatory pain (Seal et al., 2009). 

 

IV. Modulation and perception 

The nociceptive information conveyed by primary afferent neurons is passed to a second 

order neuron within the spinal cord by neurotransmitter(s). Primary afferent neurons mostly 

terminate at laminae I-V (Figure 1-6) in the dorsal horn of the spinal cord with second order 

neurons (Todd, 2010). Then the nociceptive information ascends from the spinal cord to the 

brain though five major pathyways; the spinothalamic, spinoreticular, spinomesencephalic, 

spinocervical, and spinohypothalamic tracts (Basbaum and Jessell, 2000, Almeida et al., 

2004)(Figure 1-7, Figure 1-8). These tracts consist of neurons originated from different lamina 

of the dorsal horn and terminate at different central destinations. The spinothalamic tract 

arises from the axons of nociceptive-specific and wide-dynamic-range neurons in laminae I and 

V-VII of the dorsal horn. The nociceptive information terminates at the thalamus through the 

contralateral side of the spinal cord and the anterolateral white matter. The spinoreticular 

tract consists of the axons of neurons from laminae VII and VIII. It terminates at both the 

reticular formation and the thalamus. The spinomesencephalic tract comprises the axons of 

neurons originating from laminae I and V. It projects in the anterolateral quadrant of the spinal 

cord to the mesencephalic reticular formation and periaqueductal grey matter and terminates 

at parabrachial nuclei via the spinoparabrachial tract. The spinocervical tract comprises 

neurons mostly from laminae III and IV, which receive input from Aβ and Aδ fibres. Most 

axons ascend in the brain stem to the midbrain and to the thalamus. Some axons terminate at 

the medulla. The spinohypothalamic tract comprises the axons of neurons in laminae I, V, and 
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VIII. It projects directly to the supraspinal autonomic control centre, thus is considered to 

activate neuroendocrine and cardiovascular responses (Basbaum and Jessell, 2000, Almeida et 

al., 2004).  

Figure 1-6. Central termination patterns of different classes of dorsal root ganglion (DRG) 
neuron (Lallemend and Ernfors, 2012). 
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Figure 1-7. Spinothalamic, spinoreticular, and spinomesencephalic tracts. The spinothalamic tract arises from the axons of neurons in laminae I and V-VII of the 

dorsal horn. The nociceptive information terminates at the thalamus through the contralateral side of the spinal cord and the anterolateral white matter. The 

spinoreticular tract consists of the axons of neurons from laminae VII and VIII and terminates at both the reticular formation and the thalamus. The 

spinomesencephalic tract comprises the axons of neurons from laminae I and V. It projects in the anterolateral quadrant of the spinal cord to the mesencephalic 
reticular formation and periaqueductal grey matter and terminates at parabrachial nuclei via the spinoparabrachial tract. (Almeida et al., 2004) 
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Figure 1-8. Spinocervical and spinohypothalamic tracts. The spinocervical tract comprises neurons mostly from laminae III and IV, which receive input from Aβ and 

Aδ fibres. Most axons ascend in the brain stem to the midbrain and to the thalamus and some axons terminate at the medulla. The spinohypothalamic tract 

comprises the axons of neurons in laminae I, V, and VIII. It projects directly to the supraspinal autonomic control centre, thus is considered to activate 
neuroendocrine and cardiovascular responses. (Almeida et al., 2004)
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Neuronal activities in both the spinal cord and brain can modulate nociceptive 

information, thus altering the perception of pain. Great numbers of molecules and factors are 

associated with central processing in nociception and pain perception. For example, projection 

neurons, which are concentrated in lamina I in the dorsal horn, can modulate nociceptive 

information by regulating neurotransmitter release. The neurokinin 1 receptor (NK1R) is the 

main target for one of the neurotransmitters, substance P, and is predominantly expressed in 

lamina I. Ablation of NK1R-expressing cells with a substance P–saporin conjugate in rats 

showed that they did not develop hyperalgesia in neuropathic and inflammatory pain models 

(Mantyh et al., 1997, Nichols et al., 1999). Also, the descending pain modulatory system is a 

well-characterized anatomical network that can modulate nociceptive processing. It is known 

that some neurons in the periaqueductal grey (PAG) matter in the midbrain directly project to 

the rostral ventromedial medulla (RVM) and the doral horn of the spinal cord (Tracey et al., 

2007). Direct microinjection of opioids into the PAG produces antinociception (Jacquet and 

Lajtha, 1976, Bodnar, 2000) by inhibiting the firing of nociceptive neurons in the dorsal horn 

(Basbaum and Jessell, 2000). 

 

1.1.3 Overview of sodium channels 

As discussed above, ion channels have an important role in neuronal processing. 

Investigating the function of ion channels can be essential to identify potential drug targets for 

specific diseases such as epilepsy, ataxia, seizure, as well as pain. In mammals, there are nine 

voltage-gated sodium channel genes (SCN1A–SCN5A and SCN8A–SCN11A) that encode 

molecularly and physiologically distinct α subunits (NaV1.1-NaV1.9) (Catterall et al., 2005). The 

association of the alpha subunits with beta auxiliary proteins, encoded by four genes (SCN1B-

SCN4B), regulates channel gating and trafficking, allowing cell specific modulation of sodium 

channels in different cell types. With the exception of Nav1.4, all voltage-gated sodium 

channels are expressed in the nervous system. The subtypes have been shown to be associated 

with different diseases (Table 1-2). Among the isoforms important in nociceptive transmission 

and pain, Nav1.7, Nav1.8 and Nav1.9, are all preferentially expressed in the peripheral nervous 

system (Eijkelkamp et al., 2012)(Table 1-2). Some evidence showing an upregulation of Nav1.3 

in rodent DRG neurons following nerve injury has also suggested a potential role for this 

channel in pain (Waxman and Zamponi, 2014). There is strong evidence showing Nav1.7, 

Nav1.8 and Nav1.9 are essential in pain sensation in both animal and human studies, as 

discussed in section 1.1.5.  



 

 

37 

 

 

Table 1-2. Expression patterns of VGSCs and their disease association (modified from 
(Eijkelkamp et al., 2012)) 

Channel Gene Tetrodotoxin 

sensitive 

Major Expression Channel disease association 

Nav1.1 SCN1A + CNS, PNS, Heart Epilepsy, Migraine, Autism 

Nav1.2 SCN2A + CNS, PNS Epilepsy, Autism, Episodic ataxia 

Nav1.3 SCN3A + CNS, PNS Epilepsy 

Nav1.4 SCN4A + Skeletal muscle Hyperkalaemic periodic paralysis, 

Paramyotonia congenital, Hypokalaemic 

periodic paralysis 

Nav1.5 SCN5A - Cardiac muscle Brugada syndrome, Long QT syndrome 

3, Atrial fibrillation 

Nav1.6 SCN8A + CNS, ONS, Smooth 

muscle 

Mental retardation, Pancerebellar 

atrophy, Ataxia, Infantile Experimental 

encephalopathy 

Nav1.7 SCN9A + PNS Congenital insensitivity to pain, 

Inherited primary erythromelalgia, 

Paroxysmal extreme pain disorder, 

Small fibre neuropathy, anosmia 

Nav1.8 SCN10A - PNS, Heart Small fibre neuropathy 

Nav1.9 SCN11A - PNS Congenital insensitivity to pain, Painful 

peripheral neuropathy, Familial episodic 

pain syndrome 

NaX SCN7A + Circumventricular organs Unknown 

 

1.1.4 Structure and functional states of voltage-gated sodium channels 

As stated before, voltage-gated sodium channels are critical for pain perception. The 

structure and functional states of these channels is essential to understanding pain sensation. In 

this section, the structure and subtypes of these channels, and their functional states will be 

addressed. 

The voltage-gated sodium channels (VGSCs) are heteromeric transmembrane proteins 

which open in response to alteration in membrane potential to provide selective permeability 

for sodium ions (Anger et al., 2001). There are at least three functional states of sodium 

channels. The “resting” (closed, activatable) state emerges from a conformational change that 

requires repolarization of the membrane (membrane potentials below -60 mV). In this state, 

the channels are ready to open. In response to membrane depolarization they become “open” 

(or “activated”) and allow rapid influx of sodium ions. Then they are converted to 

“inactivated”, when the channels undergo conformational changes in which isoleucine, 

phenylalanine, and methionine between domains III and IV play an important role. When 

inactivation takes a time of around 1 ms it is called “fast-inactivation” and channels shift into a 
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fast inactivated state. On the other hand, some channels undergo slow-inactivation, which 

takes considerably longer (seconds to minutes). As a result the “slow-inactivation” state, a 

fourth possible functional state is created (Anger et al., 2001, Kyle and Ilyin, 2007). Moreover, 

functional changes and increased permeability of sodium ions result in generation of sodium 

currents, which can be measured. These currents are responsible for the upstroke of the 

action potential. Many neurons possess two types of sodium currents: transient and persistent. 

Transient sodium currents (INaT) are related  to the opening of the channel when sodium ions 

passively move through the channel on the basis of an electrochemical gradient (Sun et al., 

2007). On the other hand, a persistent sodium current (INaP) is a small, slowly inactivating 

sodium current with relatively long kinetics of inactivation (tens of seconds), which appears 

when inactivation of channels is incomplete (Mantegazza et al., 2010). It activates as potentials 

close to or slightly more negative than resting membrane potential and it hardly inactivates. Its 

amplitude is relatively small, constituting about 1% of the peak amplitude of the transient 

sodium current (Sun et al., 2007, Hammarström and Gage, 2002). 
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Figure 1-9. Primary structure of a voltage-gated sodium channel. Transmembrane segments are 

shown as cylinders. The main pore-forming and voltage-sensing α-subunit comprises four 

domains (labelled I–IV), each with six transmembrane segments. The β-subunits have a single 

transmembrane segment, a short intracellular domain and a single, extracellular 

immunoglobulin-like loop; β1 and β3 have non-covalent interactions with the α-subunit, 

whereas β2 and β4 are covalently linked to it with disulfide bridges. (Mantegazza et al., 2010, 

Benarroch, 2007) 

 

Sodium channels consist of a pore-forming α subunit that is sufficient for functional 

expression, and β subunits that play an important role in channel localization and interaction 

with cell adhesion molecules, the extracellular matrix, and the intracellular cytoskeleton. The 

structure of mammalian VGSCs has yet been determined. However, the crystal structure of 

the homotetrameric bacterial sodium channel has provided insights into the atomic structure 

of mammalian sodium channels (Payandeh et al., 2011). Figure 1-9 shows the primary structure 

of VGSCs. These pore forming alpha subunits, each composed of a long polypeptide chain 

(1700-2000 amino acids), comprise four homologous domains (DI-DIV) with each domain 

broken down into six transmembrane alpha helical segments (SI-S6) with an additional 

membrane-reentrant pore loop between S5 and S6. The ion selective pore of the channel is 

formed by S5-S6 and the voltage sensor is located at S4. Domains are linked by three 

intracellular loops (LI-L3). There are 4 homologous domains (I–IV) with the N and C termini 

regions located intracellularly. The pore loops line the outer, narrow entry to the pore, 

whereas the S5 and S6 segments line the inner, wider exit from the pore. The S4 segments 
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which contain positively charged residues contribute to the voltage sensor. These positively 

charged residues are neutralized by interaction with negatively charged residues from the 

surrounding protein (principally the S2 and S3 segments). Depolarization of the membrane 

allows the S4 segments to move outward, leading to a conformation change which opens the 

pore. Additionally, a short loop connecting S3 and S4 serves as an inactivation gate, blocking 

the pore from inside upon sustained depolarization (Catterall, 2000). 

By similarities between the amino acid sequences of the channels, Nav1.1, Nav1.2, 

Nav1.3, and Nav1.7 are most closely related. They are broadly expressed in neurons and they 

are sensitive to block by nanomolar concentrations of tetrodotoxin (TTX-S) found in puffer 

fish and other marine and terrestrial animals (Narahashi, 2008). NaV1.5, NaV1.8, and NaV1.9 

are also closely related. They are resistant to nanomolar concentration of tetrodotoxin (TTX-

R). The other TTX-S isoforms Nav1.4 (expressed primarily in skeletal muscle), and NaV 1.6 

(expressed primarily in the nervous system) are set apart from these other two closely related 

groups of sodium channel genes (Catterall et al., 2005). DRGs neurons express NaVα subunits 

(Black et al., 1996) together with four isoforms (β1–β4) of β subunits; predominantly β1, β4 in 

large-diameter mechanoreceptors and β3 in small-diameter nociceptors (Chahine and O’Leary, 

2011) presumably to help fine-tune the electrical properties to different sensory modalities. 

Adult rodent DRG neurons can express the TTX-S channels Nav1.1, Nav1.6, and Nav1.7, and 

the TTX-R channels Nav1.8 and Nav1.9 as well as Nav1.5 at low levels. Nav1.6 is expressed in 

all size classes of neurons while NaV1.1 is expressed only by large sensory neurons. Nav1.7 is 

expressed in small sympathetic, myenteric and sensory neurons as well in some large sensory 

neurons. Nav1.8 is considered to be expressed almost specifically in sensory nociceptive 

neurons, and Nav1.9 is expressed in small myenteric and sensory neurons as well as motor 

neurons (Dib-Hajj et al., 2010). 

These differences in localization and electrophysiological properties of the channels 

contribute to their distinct functions. For example, Nav1.7 produces a rapidly activating and 

inactivating TTX sensitive current. Nav1.7 contributes to low-frequency firing in C-fibres due 

to its slow repriming nature (Herzog et al., 2003, Rush et al., 2007). Also it is considered a 

threshold channel due to its ability to boost subthreshold stimuli and thereby increase action 

potential firing frequency (Dib-Hajj et al., 2007, Herzog et al., 2003). Nav1.8, producing a TTX 

resistant current, acts as a major contributor to the upstroke of action potentials 

(Renganathan et al., 2001, Akopian et al., 1999). Nav1.8 is the sole channel that generates 

electrical impulses acting to maintain nociceptor excitability under cold conditions, where slow 

inactivation is enhanced in TTX sensitive channels (Zimmermann et al., 2007). Nav1.9 has 
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unique biophysical properties; this channel generates a persistent TTX-resistant current that 

has very slow gating kinetics and can be activated at potentials close to resting membrane 

potential (Dib-Hajj et al., 2002). Activation kinetics of this nature are unable to contribute to 

the up-stroke of action potentials and instead act as modulators of membrane excitability 

through persistent inward currents and the ability to activate at a strategic range that is 

negative to, and overlaps with, the voltage thresholds of other transient sodium channels. 

Figure 1-10 illustrates distinct electrophysiological properties of Nav1.7, Nav1.8 and Nav1.9 

in action potential generation (Momin and Wood, 2008).  

 

Figure 1-10. Three subtypes of voltage-gated sodium channels, Nav1.7, Nav1.8 and Nav1.9 
in action potential generation. (Momin and Wood, 2008) 

 

 

1.1.5 Voltage-gated sodium channels and pain 

Nav1.3, Nav1.7, Nav1.8 and Nav1.9 are ion channels that play important roles in pain 

pathways. In this section, properties and animal and human studies of these channels will be 

addressed (1.1.5 I-IV). Later human heritable sodium channelopathies (1.1.5 V) will be 

discussed. 
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I. Nav1.3 (SCN3A) 

Nav1.3 is widely expressed in brain (Whitaker et al., 2001, Hains et al., 2003) and also 

reported to be expressed in skeletal muscle (Haimovich et al., 1987), and sensory neurons 

(Waxman et al., 1994). Nav1.3 is a TTX-S channel which produces a persistent current and 

responds to small depolarizations close to resting potential thus amplifying small inputs. Nav1.3 

also demonstrates repetitive firing due to rapid recovery from inactivation (Cummins et al., 

2001). While Nav1.7, Nav1.8 and Nav1.9 have all been linked to human pain disorders, SCN3A 

mutations have yet to be found as a cause of a human pain syndrome. Animal studies of this 

channel are controversial: interest in Nav1.3 as a pain target came from upregulation of this 

channel after nerve injury. Nav1.3 expression, which was not detectable in the adult rodent 

nervous system, was upregulated in sensory neurons after peripheral nerve injury (Waxman et 

al., 1994, Dib-Hajj et al., 1999). Results from neuropathic pain models in rodents appeared to 

give some support to Nav1.3 as a potential therapeutic target. Knockdown of Nav1.3 

expression using an antisense approach attenuated pain-related behaviour associated with 

spinal cord injury and chronic constriction injury (Hains et al., 2004). More recently, a 

knockdown of this channel by adeno-associated virus delivery of NaV1.3 short hairpin RNA 

attenuated Nav1.3 expression in a rodent neuropathic pain model. These rats showed reduced 

pain behavioural responses following nerve injury (Samad et al., 2013). However, another 

antisense study demonstrated that knockdown of Nav1.3 did not reduce allodynia in the spared 

nerve injury model (Lindia et al., 2005). More evidence of an elusive role of Nav1.3 in pain 

sensation has been searched for by analysis of Nav1.3 knockout mice, where the gene was 

deleted globally or selectively in nociceptive neurons. However, these mice showed normal 

pain behaviour and normal development of neuropathic pain in the Chung model of 

neuropathic pain (Nassar et al., 2006). Further investigations are necessary to understand the 

role of Nav1.3 in pain sensation and its potential as a therapeutic target. 

 

II. Nav1.7 (SCN9A) 

Nav1.7 was first found in somatosensory and sympathetic neurons and has since been 

detected in myenteric neurons, smooth myocytes, olfactory neurons and visceral sensory 

neurons. Nav1.7 is preferentially expressed in a number of tissues including dorsal root ganglia 

(DRG), trigeminal ganglia, olfactory epithelia, and sympathetic neurons (Toledo-Aral et al., 

1997, Weiss et al., 2011). Among DRG, Nav1.7 is expressed in both large (>30 µm) and small 
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diameter (<25 µm) dorsal root ganglion neurons (Black et al., 1996, Ho and O'Leary, 2011). In 

the CNS, Nav1.7 expression has been recently reported in the hypothalamus (Black et al., 

2013), as well as in free nerve endings within superficial lamina of the dorsal horn in the spinal 

cord (Black et al., 2012). Functional mutations in SCN9A, the gene that encodes Nav1.7, are 

known to be the underlying cause of a number of heritable disorders such as congenital 

insensitivity to pain (CIP) (Cox et al., 2006), inherited primary erythromelalgia (IEM) (Yang et 

al., 2004), paroxysmal extreme pain disorder (PEPD) (Fertleman et al., 2006), and small fibre 

neuropathy (SFN) (Faber et al., 2012a).  

Several mouse studies have also highlighted the importance of Nav1.7 in pain sensation. 

Interestingly, Nav1.7 expression in different sets of mouse sensory and sympathetic neurons is 

essential for distinct types of pain sensation (Nassar et al., 2004, Minett et al., 2012). 

Conditional knockout mice of Nav1.7 in Nav1.8 positive nociceptors show a loss of acute 

noxious mechanosensation and inflammatory pain (Nassar et al., 2004)(Table 1-3) but normal 

hot-plate evoked responses (Minett et al., 2012). Ablating Nav1.7 in all sensory neurons using 

an Advillin Cre abolishes mechanical pain, inflammatory pain and reflex withdrawal responses 

to heat. Ablation of Nav1.7 in all DRG sensory neurons and sympathetic neurons is needed for 

insensitivity to the hot plate test and a surgical neuropathic pain model (Minett et al., 2012) 

(Table 1-3). Consistent with human findings, global Nav1.7 KO mice displayed marked 

insensitivity to mechanical and thermal pain as well as anosmia but are otherwise 

phenotypically normal (Cox et al., 2006, Gingras et al., 2014, Weiss et al., 2011) (Table 1-3). 

These studies indicate the importance of Nav1.7 in pain sensation and highlight it as an 

excellent drug target for pain therapies.  

The crucial role of Nav1.7 in pain sensation has accelerated the development of drugs 

targeting this channel. Considerable efforts have been made to develop new analgesic drugs 

which selectively block Nav1.7 (Schmalhofer et al., 2008). Moreover, a recent study focussing 

on the natural antisense transcript (NAT) for SCN9A (Koenig et al., 2015), that is conserved in 

humans and mice, showed it can downregulate Nav1.7 mRNA and protein levels and reduce 

Nav1.7 peak sodium currents when overexpressed in human embryonic kidney cells 

(HEK293A) and human neuroblastoma (SH-SY5Y) cell lines. These results suggest that the 

SCN9A NAT can attenuate native sodium currents and regulate SCN9A post-transcriptionally, 

potentially altering pain thresholds and highlighting a new route to target Nav1.7 function.  

Aside from the generation and propagation of action potentials in sensory neurons, 

further functional roles for Nav1.7 have been uncovered such as involvement of Nav1.7 in itch 

(Lee et al., 2014, Devigili et al., 2014). Furthermore, in the olfactory system, deleting Nav1.7 in 
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all olfactory sensory neurons caused the absence of postsynaptic responses and currents in 

olfactory bulb projection neurons. However, these neurons produced normal action potentials 

when depolarized via current injection through the patch pipette, linking Nav1.7 to a role in 

neurotransmitter release (Weiss et al., 2011). Our group also reported that electrical 

stimulation of isolated sciatic nerve roots failed to induce increased substance P release in the 

dorsal horn of conditional Nav1.7 KO mice, where Nav1.7 was deleted in all sensory neurons 

(Minett et al., 2012).  

 

III. Nav1.8 (SCN10A) 

Nav1.8 is predominantly expressed in small diameter unmyelinated nociceptive sensory 

neurons (Akopian et al., 1996). Previously, the expression of Nav1.8 was thought to be 

exclusively confined to small and medium diameter nociceptive subsets of sensory neurons of 

the dorsal root ganglia  (Akopian et al., 1996, Benn et al., 2001). However it has subsequently 

been shown that 75% of dorsal root ganglion cells express Nav1.8 with 90% of these 

expressing nociceptive markers (Shields et al., 2012). Evidence also suggests the presence of 

Nav1.8 in around 40% of myelinated A fibres (Shields et al., 2012). The slowly TTX-R 

inactivating sodium channel, later identified as Nav1.8, was described in an electrophysiological 

study using rat small DRG neurons (Rizzo et al., 1994); the predominant sodium conductance 

in the small neurons (18-25 µm diameter) to be resistant to TTX and slower than in many 

larger DRG neurons (44-50 µm diameter), while sodium conductance in the latter ones was 

kinetically faster and TTX sensitive.  

This TTX-resistant sodium channel (IC50=60mM) (Akopian et al., 1999) is the main 

contributor to the upstroke of action potentials in nociceptive neurons (Renganathan et al., 

2001, Akopian et al., 1999). Nav1.8 also mediates the excitability of nociceptors at low 

temperatures, indicating its essential role in the propagation of cold stimuli. In mice, deleting 

Nav1.8 in sensory neurons reduces the sensitivity to noxious mechanical stimuli as well as 

thermal stimuli and causes insensitivity to noxious cold (Abrahamsen et al., 2008, Akopian et 

al., 1999, Zimmermann et al., 2007) (Table 1-3). Engineered gain-of-function mutations in 

Nav1.8 increase sensitivity to cold stimuli by enhancing Nav1.8 sodium currents and show 

mechanically-evoked action potential firing in subclasses of Aβ, Aδ and C-fibers (Blasius et al., 

2011, Garrison et al., 2014). This evidence cumulatively supports the role of Nav1.8 in noxious 

cold stimuli sensation. In addition, multiple studies also support the role of Nav1.8 in 

inflammatory pain; Nav1.8 KO mice show reduced CFA-induced heat hypersensitivity (Leo et 
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al., 2010), and ablation of Nav1.8-positive sensory neurons using diphtheria toxin reduces 

mechanical and heat hypersensitivity in carrageenan and CFA models (Abrahamsen et al., 2008). 

Furthermore, the administration of antisense oligodeoxynucleotides targeting Nav1.8 in rats 

leads to a decrease in prostaglandin E2 (PGE2)-induced hyperalgesia (Khasar et al., 1998) and 

reverses (CFA)-induced heat and mechanical hypersensitivity in rats (Yu et al., 2011). In 

contrast, the role of Nav1.8 in neuropathic pain is unclear. In some antisense studies, the 

knockdown of Nav1.8 attenuates the development and maintenance of neuropathic pain in rats 

(Joshi et al., 2006, Lai et al., 2002). On the other hand, Nav1.8 knockout mice, as well as Nav1.7 

and Nav1.8 double knockout mice, show normal behaviour in neuropathic pain models (Kerr 

et al., 2001, Nassar et al., 2005).  

In humans, gain-of-function mutations in Nav1.8 in patients with small fibre 

neuropathies are known to cause mechanical hypersensitivity (Faber et al., 2012b, Huang et al., 

2013), propounding that Nav1.8 is a key contributor to pain sensation in peripheral 

neuropathies. Electrophysiology studies using Nav1.8-null mouse DRG neurons, transfected 

with either Nav1.8 WT or mutant constructs, have demonstrated that these mutations cause 

increased excitability of small DRG neurons that are characterised as nociceptors. These 

neurons have reduced current threshold, increased firing frequency and increased spontaneous 

firing (Faber et al., 2012b, Huang et al., 2013). It should be noted that a recent 

electrophysiological study has provided novel distinctions between properties of the human 

and rodent Nav1.8 orthologues, including slower inactivation kinetics, larger persistent and 

ramp currents, as well as longer-lasting action potentials and increased firing frequency in 

human Nav1.8 channels (Han et al., 2015a).  

 

IV. Nav1.9 (SCN11A) 

Nav1.9 is preferentially expressed in nociceptive dorsal root ganglia, trigeminal ganglia 

and motor neurons (Dib-Hajj et al., 2002, Dib-Hajj et al., 1998). Nav1.9 is a TTX-resistant 

channel that activates at more hyperpolarising voltages in comparison to other VGSCs, which 

produces its characteristic persistent current (Herzog et al., 2001, Cummins et al., 1999).  This 

feature enables Nav1.9 to regulate resting membrane potentials and prolongs the 

depolarisation response to subthreshold stimuli (Herzog et al., 2001, Cummins et al., 1999) 

helping to lower the threshold for single action potentials and increasing repetitive firing 

(Maingret et al., 2008).  
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Nav1.9 holds an important role in the generation of inflammatory pain (Table 1-3). 

Administration of inflammatory mediators such as Interleukin-1B, Bradykinin or PGE2 

increases the current density of the channel, lowering the threshold for action potential 

generation in these neurons and thereby enhancing excitability of rodent DRG neurons 

(Maingret et al., 2008, Binshtok et al., 2008, Petho and Reeh, 2012). Nav1.9KO mice showed 

reduced responses compared to WT mice in several inflammatory pain tests (Priest et al., 

2005, Leo et al., 2010, Amaya et al., 2006, Lolignier et al., 2011) (Table 1-3): Nav1.9KO mice 

did not develop thermal hyperalgesia after CFA (Priest et al., 2005, Amaya et al., 2006, 

Lolignier et al., 2011) or carrageenan injection (Priest et al., 2005) (Table 1-3). Mechanical 

hypersensitivity induced by CFA was also diminished in Nav1.9KO mice (Lolignier et al., 2011) 

as well as having reduced responses after formalin-induced inflammation (Priest et al., 2005, 

Leo et al., 2010) (Table 1-3).  

Several mutations in SCN11A have been described which cause a number of pain 

related diseases. Familial episodic pain (Zhang et al., 2013b) is known to be caused by two 

different missense mutations in Nav1.9. Furthermore, other gain-of-function mutations in this 

channel are thought to be associated with peripheral neuropathy (Han et al., 2015b, Huang et 

al., 2014). Also, a recurrent mutation causing a heritable inability to experience pain has also 

been identified in this channel (Leipold et al., 2013).  
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Table 1-3. A summary of pain behaviour in Nav1.7, Nav1.8 and Nav1.9 KO mice. (0: No change, -: Reduced responses) Modified from (Kanellopoulos and Matsuyama, 2016) 

Nav1.7Na
v
1.8: Nav1.7 flox Nav1.8 Cre (Nav1.7 is deleted in Nav1.8-positive sensory neurons), Nav1.7Advillin: Nav1.7flox Advillin Cre (Nav1.7 is deleted in all sensory 

neurons), Nav1.7Wnt1: Nav1.7 flox Wnt1 Cre (Nav1.7 is deleted in all sensory neurons and sympathetic neurons), Nav1.8DTA: Floxed stop DTA Nav1.8 Cre (Nav1.8-

positive neurons are ablated with diphtheria toxin). Mechanical pain: Randall-Selitto test (RS), Light touch: Von Frey (vF), Thermal spinal reflex: Hargreaves’ test 

(HG), Supraspinal thermal: Hot plate test, Noxious cold: Cold plate test, Noxious cooling: acetone test (Ac), Weight distribution to each hindpaw: Weight-bearing 
test (WB). CFA: complete Freund's adjuvant, SNT: spinal nerve transection, CCI: chronic constriction injury, SNI: spared nerve injury, WW: warm water 

Transgenic 

mice 

Acute Pain Inflammatory Pain (F: Formalin, C; Carrageenan) Neuropathic pain Reference 

RS vF HG Hot 

plate 

Cold 

plate 

Ac F CFA C Other SNT CCI SNI 

Nav1.7 KO - (tail) 0 - -   - - (HG)  1    [1]  

Nav1.7Na
v
1.8 - 0 0/- 0 0 - - - (HG, vF) - (HG)     [2] [3] 

Nav1.7Advillin - 0 - 0 0 -     0 (vF)   [3] 

Nav1.7Wnt1 - 0 - - 0 -     - (vF)   [3] 

Nav1.8 KO - 0 0/- 0   0 - (HG),  

0 (vF) 

0/- (HG)   0 (vF) 0 (vF) [4] [5] 

Nav1.8DTA - 0 0 0 -  0/- - (vF, HG)    0 (vF, HG)   [4][6][7]  

Nav1.9 KO  0 0 0 0  - - (Hot plate, 

WW, WB), 0 

(vF),-/0 (HG) 

-(vF, WW, 

WB),  

-/0 (HG) 

- (PGE2, NGF, IL-

1β, bradykinin; vF, 

Hot plate) 

 0 (vF, 

WB), 

- (Ac) 

0 (vF, 

WB, Ac) 

[5][8][9] 

[10] 

                                                

1 Gingras et al., 2014; 2 Nassar et al., 2004; 3 Minett et al., 2012; 4 Akopian et al. 1999; 5 Leo et al, 2010; 6 Zimmermann et al., 2007; 7 Abrahamsen  et al., 2008; 8 Priest et al., 2005; 9 Amaya et al., 2006; 
10 Lolignier et al., 2011 
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V. Human heritable sodium channelopathies 

As briefy described above, mutations in Nav1.7, Nav1.8 and Nav1.9 cause several 

inherited human pain disorders including IEM, PEPD, CIP, SFN, and FEP. Figure 1-11 

demonstrates the structure of VGSC alpha subunit and the locations of some of the mutations 

that cause these disorders. Table 1-4 summarises these mutations and the associated diseases. 

Of note, the structure of mammalian VGSCs has not been determined as stated in 1.1.4. Thus 

the consequences of these mutations in the structural states of these channels are still open 

questions.  

 

i.  Inherited primary erythromelalgia (IEM) (Nav1.7) 

Mutations in SCN9A are known to be the underlying cause of Inherited Primary 

Erythromelalgia (IEM). IEM's symptoms include symmetrical burning pain accompanied by 

redness, increased skin temperature, oedema, and erythema. Symptoms usually appear in 

childhood or adolescence, but some infant or adult cases have also been reported (Waxman 

and Dib-Hajj, 2005). The phenotype can vary from mild to severe, even in the same family. The 

first IEM related mutations were identified in a Chinese family in 2004 (Yang et al., 2004) and 

more have been reported since then (Ahn et al., 2010, Dib-Hajj et al., 2010). 

Electrophysiological characterisation of IEM mutations in SCN9A has shown that these 

mutations cause a hyperpolarizing shift in the voltage dependence activation and increased 

persistent current of the channel (Dib-Hajj et al., 2010). Recent studies have also suggested 

that the mutations lead to a significant hyperpolarized shift in voltage dependent activation 

(Stadler et al., 2015), and a persistent current, which in turn, leads to a reduced current 

threshold and enhanced action potential firing probability (Vasylyev et al., 2014). Furthermore, 

along with the notable expression of Nav1.7 in sensory neurons, sympathetic ganglion neurons, 

and olfactory neurons, it has been claimed that this channel is expressed in the smooth muscle 

cells of cutaneous arterioles, arteriole-venule shunts and endothelial cells in the skin, 

accounting for the redness of the skin seen in IEM (Rice et al., 2015). However, despite the 

evidence supporting SCN9A mutations in IEM, only 10% of IEM families are proven to have 

SCN9A mutations, implying that some other genetic mutations may be linked to this disorder 

(Goldberg et al., 2012).   
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ii.  Paroxysmal extreme pain disorder (PEPD) (Nav1.7) 

Paroxysmal extreme pain disorder, originally named familial rectal pain syndrome, is a 

dominantly inherited condition with its common symptom being severe burning pain in the 

rectal, ocular and submandibular areas, which can last several hours. Pain attacks can also be 

accompanied by flushing of the skin, legs, eyelids, and buttocks (Hayden and Grossman, 1959, 

Fertleman et al., 2006). In 2006 Fertleman and colleagues described the first mutations 

associated with PEPD. The eight disease-causing mutations in SCN9A were mapped in 11 

families and 2 sporadic cases (Fertleman et al., 2006). Electrophysiological analysis showed that 

the gain-of-function mutations in SCN9A are linked to neuronal hyperexcitability. Although 

both IEM and PEPD are caused by gain-of-function mutations in SCN9A, their 

electrophysiological profiles are distinct.  In contrast to IEM, certain PEPD mutations shift the 

voltage dependency of steady-state fast-inactivation in a depolarizing direction and may make 

inactivation incomplete. This results in a persistent current entering the channel. Interestingly, 

one SCN9A mutation is associated with a mixed clinical phenotype, displaying characteristics of 

both IEM and PEPD (Estacion et al., 2008). 

 

iii.  Pain insensitivity (Nav1.7 and Nav1.9) 

To date, there are two VGSC genes that cause pain insensitivity in humans: SCN9A and 

SCN11A encoding Nav1.7 and Nav1.9, respectively. The first description of a number of 

homozygous nonsense mutations in SCN9A causing a CIP phenotype were described in a 

number of patients originating from consanguineous families in northern Pakistan (Cox et al., 

2006). Since this discovery, other loss-of-function mutations in SCN9A causing pain insensitivity 

have been reported in other families (Goldberg et al., 2007, Cox et al., 2010). Another 

phenotype caused by loss-of-function mutations in SCN9A was described in 2013 in two 

Japanese families (Yuan et al., 2013). In contrast to the Pakistani families, these patients 

demonstrated complete loss of temperature sensation, autonomic nervous dysfunctions, 

hearing loss, and hyposmia in addition to adolescent onset of a loss of pain sensation. The 

homozygous mutation was identified in exon 22 of SCN9A in these patients. However, the 

reason for the difference in phenotype in these individuals remains elusive.  

Interestingly, pain insensitivity phenotypes are not solely generated by mutations 

confined to SCN9A. In 2013, a de novo missense mutation in SCN11A, the gene that encodes 

Nav1.9, was found in two unrelated patients exhibiting a similar pain insensitive phenotype to 

that of CIP patients but with extra syndromal features (Leipold et al., 2013). These individuals 
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displayed signs of mild muscular weakness, delayed motor development, slightly reduced 

motor and sensory nerve conduction velocities with normal amplitudes, no intellectual 

disability, and a prominent hyperhidrosis together with gastrointestinal dysfunction. A mutation 

changing a highly conserved amino acid within the D2/S6 domain was identified in these 

patients. An investigation into the electrical properties of mouse DRG neurones bearing this 

mutation suggested that a gain-of-function mutation in this channel was the underlying cause of 

this pain insensitive phenotype.  

 

iv.  Small fibre neuropathies (SFN)/ Painful peripheral neuropathies (PPN) 
(Nav1.7, Nav1.8 and Nav1.9) 

Adult onset small fibre neuropathy (SFN) affects unmyelinated and thinly myelinated 

axons with patients displaying a reduced intraepidermal nerve fibre density. This disorder is 

often characterised by burning pain, allodynia and hyperesthesia. Large diameter axons are 

typically not damaged by SFN, resulting in normal tendon reflexes and vibration sense, and 

preservation of normal nerve conduction. 

SCN9A, SCN10A, SCN11A, encoding Nav1.7, Nav1.8, and Nav1.9 respectively, have been 

identified as the three VGSC genes that can cause SFN. Gain-of-function missense variants in 

Nav1.7 have been reported in approximately one third of the individuals with small fibre 

neuropathies (Faber et al., 2012a). The phenotype of these individuals with SCN9A mutations is 

different from IEM. For instance, SFN patients have reported experiencing pain throughout the 

body, whereas in IEM pain tends to localise to the extremities. Furthermore, in contrast to the 

patients with IEM whose symptom is mostly relieved by cooling (Bennett and Woods, 2014), 

this treatment did not help for most of the patients with SFN caused by SCN9A mutations 

(Faber et al., 2012a). Functional profiling of the SFN mutant Nav1.7 channels showed impaired 

slow inactivation, depolarised slow and fast inactivation, and increased resurgent currents. 

However, the hyperpolarizing shift in voltage dependence of activation and enhanced ramp 

responses that normally characterise IEM were not observed. In addition, the SFN mutant 

Nav1.7 channels did not demonstrate the incomplete fast inactivation often found in PEPD 

(Faber et al., 2012a). 

Gain-of-function mutations in Nav1.8 have also been identified in patients with painful 

SFN (Faber et al., 2012b, Huang et al., 2013). These mutations caused enhanced ramp 

responses, recovery from inactivation and activation, and led to hyperexcitability of small 

neurons in DRG, characterised by reduced current thresholds, increased firing frequency, and 
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an increase in spontaneous activity. 

More recently, mutation of SCN11A was also identified as a cause of painful peripheral 

neuropathy (PPN) (Huang et al., 2014) (Han et al., 2015b). The G699R mutation, located in the 

domain II S4-S5 linker region of the channel, causes a hyperpolarisation in channel activation, a 

depolarisation in steady-state fast inactivation along with enhancing ramp responses of Nav1.9, 

leading to hyperexcitablility in dorsal root ganglion neurons.  

 

v.  Familial episodic pain syndrome (FEP) (Nav1.9) 

Familial episodic pain syndrome (FEP) is a Mendelian heritable trait resulting in severe 

pain and triggered by conditions such as fatigue, fasting, and cold. Three distinct types of this 

disease have so far been documented (Bennett and Woods, 2014). Type I, characterised by 

pain localised predominantly to the upper body, is linked to a gain-of-function missense 

mutation in TRPA1 encoding the TRPA1 channel (Kremeyer et al., 2010). In contrast to type I, 

type II and type III have a distal distribution. Type II is also characterised as SFN caused by 

SCN10A mutations; clinical features of these patients are paroxysmal pain mainly affecting the 

distal lower extremities with reduced intraepidermal nerve fiber density or epidermal 

denervation (Faber et al., 2012b).  The autosomal dominant type III disease form, first 

identified in two Chinese families, is characterised by pain in the distal parts of the body, more 

specifically localised to the hands and feet (Zhang et al., 2013b). In these patients, pain attacks 

usually occur late in the day with pain expanding simultaneously in different localisations, often 

triggered by intercurrent illness and fatigue after exercise. A combination of linkage analysis 

and whole-exome sequencing in both Chinese families revealed missense mutations in SCN11A, 

the gene encoding Nav1.9. Electrophysiological analysis has shown these mutations cause 

hyperexcitability of dorsal root ganglia cells with increased peak current densities and 

enhanced action potential firing after current injection without changing the resting membrane 

potential. 
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Figure 1-11. VGSC function and disease association. Schematic of a typical voltage-gated 

sodium channel. VGSCs are heteromeric transmembrane proteins complexes. Nine 

homologous members, SCN1A-11A, make up the voltage-gated sodium channel gene family. 

The pore forming alpha subunit encoded by these genes is comprised of four homologous 

domains (D1-D4). Each domain can be broken down into six transmembrane alpha helix 

segments (S1-S6) with the voltage sensor located at S4. The pore is formed by S5-S6. 

Numbered red dots designate the location of currently known mutations associated with 
major pain diseases summarised in Table 1-4. (Kanellopoulos and Matsuyama, 2016) 

 

Table 1-4. VGSCs channelopathies and mutations. (Kanellopoulos and Matsuyama, 2016) 

No. in 

Figure 

1-11 

VGSCs Protein 

mutation 

Disease Functional effect Reference 

1 Nav1.7 S459X CIP Loss-of-function (Cox et al., 2006)  

2 Nav1.7 I767X CIP Loss-of-function (Cox et al., 2006) 

3 Nav1.7 W897X CIP Loss-of-function (Cox et al., 2006) 

4 Nav1.7 L1331P CIP Loss-of-function (Yuan et al., 2013)  

5 Nav1.7 I848T/ 

L858H 

IEM Gain-of-function (Yang et al., 2004)  

6 Nav1.7 M1627K PEPD Gain-of-function (Fertleman et al., 2006)  

7 Nav1.7 I1461T/ 

T1464I 

PEPD Gain-of-function (Fertleman et al., 2006)  

8 Nav1.7 A1632E IEM/ 

PEPD 

Gain-of-function (Estacion et al., 2008)  

9 Nav1.8 L544P SFN Gain-of-function (Faber et al., 2012b)  

10 Nav1.8 A1304T SFN Gain-of-function (Faber et al., 2012b)  

11 Nav1.9 L811P CIP Gain-of-function (Leipold et al., 2013)  

12 Nav1.9 R255C FEP Gain-of-function (Zhang et al., 2013b)  

13 Nav1.9 A808G FEP Gain-of-function (Zhang et al., 2013b)  

14 Nav1.9 I381T PPN Gain-of-function (Huang et al., 2014)  

15 Nav1.9 L1158P PPN Gain-of-function (Huang et al., 2014)  

16 Nav1.9 G699R SFN Gain-of-function (Huang et al., 2014) 
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1.1.6 Project aims 

This thesis is comprised of three overlapping parts, each with a common goal of better 

understanding pain pathways by studying the function of key genes that are mutated in 

inherited pain disorders. In chapter 2, I investigate the SCN9A gene and show that loss of 

function of the encoded Nav1.7 channel causes dysregulation of genes within dorsal root 

ganglia from Scn9a knockout mice, helping to explain the observed analgesic phenotype. In 

chapter 3, I focus on a new gene that is mutated in a family with a pain-insensitive phenotype 

that segregates dominantly. This gene encodes a transcriptional regulator with enriched 

expression in nociceptive neurons. In chapter 4, I carry out an exome sequencing project with 

the aim of identifying the causal mutation in a patient with a painful small fibre neuropathy with 

symptoms that predominantly affect the knees.  
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2 VOLTAGE-GATED SODIUM CHANNEL AS A TRANSCRIPTIONAL REGULATOR 

In this chapter, a novel function of an excellent analgesic drug target, one of the 

isoforms of the α-subunit of voltage-gated sodium channels (VGSCs) family, Nav1.7, is 

explored; the importance of VGSCs in pain generation and pain related diseases is now well 

recognised. VGSCs are essential for electrical signalling in excitable cells. In the peripheral 

nervous system, these channels have an intrinsic role of conveying sensory information to the 

central nervous system, being involved in transmission of action potentials. Of a particular 

interest is Nav1.7. Genetic, structural and functional studies have shown that Nav1.7 regulates 

sensory neuron excitability and is a major contributor to several sensory modalities (Dib-Hajj 

et al., 2012, Eijkelkamp et al., 2012); the contribution of this sodium channel isoform to human 

pain disorders has also been established (Dib-Hajj et al., 2010). The human patients diagnosed 

with CIP due to loss-of-function of Nav1.7 channels and Nav1.7KO mice are normal apart from 

pain insensitivity and anosmia (Cox et al., 2006, Gingras et al., 2014), suggesting that there 

would be minimum adverse side effects by targeting Nav1.7 therapeutically. However, despite 

considerable efforts, there are currently no drugs targeting Nav1.7 on market and Nav1.7 

selective blockers with potent analgesic activity have proven elusive. For example, the Nav1.7 

antagonist Protoxin-II that has profound effects on electrical signalling in the peripheral 

nervous system is not an analgesic (Schmalhofer et al., 2008), and monoclonal antibodies 

blocking Nav1.7 have short term effects on pain thresholds (Lee et al., 2014). Human IEM 

patients show pain relief following administration of some sodium channel blockers such as 

mexiletine or carbamazepine, however, the effect is restricted and these blockers cannot be 

used as a cure for all patients suffering from pain disorders (Choi et al., 2009, Fischer et al., 

2009). Recently Convergence have conducted Phase II clinical trial using raxatrigine showing 

analgesia, and now it is in Phase lll clinical trial (Lawrence, 2016, Convergence Pharmaceuticals, 

2016). This compound is Nav1.7 antagonist but less selective compared to the other selective 

antagonist such as Protoxin-II (Emery et al., 2016). This raises a question why more selective 

Nav1.7 inhibitors exert less potent analgesic.  Thus, we hypothesize that Nav1.7 may have 

another function apart from the electrical signalling; this additional role of Nav1.7 may be the 

key to developing effective pain treatments. This project will explore the novel function of 

Nav1.7: recent studies from John Wood’s group and the present data in this chapter suggest 

that Nav1.7 mediates several gene expression changes (2.1, 2.3.1, 2.3.4). Pain behavioural tests 

indicated that the genes regulated by Nav1.7 contribute to the pain sensation (2.3.2). The data 

also indicates a potential role of sodium ions acting as a second messenger to mediate gene 

expression (2.3.5). This novel function of Nav1.7 may broaden the range of possibilities for 

targeted drug development and effective pain therapies. 
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2.1 AIMS OF THE PROJECT 

The aim of this project is to explore a novel function of Nav1.7 in nociception. Prior to 

starting the project, Wood’s group examined the effects of deleting the genes encoding sodium 

channels Nav1.7, NaV1.8 and NaV1.9 on transcriptional profiles in mouse sensory neurons using 

microarrays. We used conditional Nav1.7 KO mice and global Nav1.8 and Nav1.9 KO mice. 

The conditional Nav1.7 KO mice were generated by crossing floxed (Scn9a) Nav1.7 mice with 

Advillin-Cre mice (Minett et al., 2012). In these mice, Nav1.7 is deleted in all sensory neurons. 

Surprisingly, loss of Nav1.7 expression has dramatic effects on gene expression (Figure 2-1). 

We found more marked alteration in gene expression in Nav1.7 null mutant mice (194 genes 

which were dysregulated more than 1.5 fold) than Nav1.8 (19 genes) and Nav1.9 (64 genes) null 

mice. Some remarkable alterations of genes following Nav1.7 deletion include upregulation of 

enkephalin precursors, Penk mRNA (fold change = 3.84) and Tmem173, transmembrane 

protein 173 (fold change = 2.82), and down regulation of Ceacam10, carcinoembryonic antigen-

related cell adhesion molecule 10 (fold change = 18.94), and Th, tyrosine hydroxylase (fold 

change = 4.22)  mRNA. This microarray data may support the theory of Nav1.7 regulating gene 

expression, and furthermore, suggests that Nav1.7 has an additional role apart from the known 

electrical signalling function. 

Figure 2-1. Deletion of Nav1.7 leads to altered gene expression in DRG neurons in microarray 

analysis. The pie chart shows the ratio of significantly differentially expressed (DE) genes 

(ANOVA p-value < 0.01) between Nav1.7 knockout mice (n=3) and littermates control (n=3), 

annotated with the top enriched Gene Ontology (GO) terms regarding the Biological Process 

(BP). For the enrichment analysis we used the classical Fisher test on genes counts to extract 

the GO terms in DE genes.  Kolmogorov-Smirnov type tests were used on genes ranks and 

scores to compare the genes between Nav1.7 knockout mice (n=3) and littermates control 

and simplify the number of GO terms. (Minett et al., 2015) 
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How Nav1.7 regulates these gene expressions and whether these genes are associated 

with pain sensation, are critical questions to answer. We hypothesised that the dysregulated 

genes are associated with pain sensation and contribute to the CIP phenotype. Regarding the 

mechanism, we raised a question that Nav1.7 may function as a transcriptional regulator and 

control gene expression at the transcriptional level, similar to the calcium channels; the 

association between transcription and ion channels is well documented in the case of closely 

related voltage-gated calcium channels (Gomez-Ospina et al., 2006, Barbado et al., 2009). We 

also considered if sodium ions mediate gene expression through Nav1.7, since some studies 

suggested sodium ions act as a transcriptional mediator, or affect functional properties of 

GPCRs (Katritch et al., 2014, Popov et al., 2012). To investigate these matters further, this 

chapter focused on five aspects:  

1. The mRNA expression level of four genes of interest was assessed using Real-time 

qRT-PCR in Nav1.7 null mutant mice (KO) and littermates control. These genes, namely 

Ceacam10, Penk, Th and Tmem173  (2.3.1), were dysregulated in the Nav1.7 KO microarray so 

performing this qPCR allowed confirmation of this finding.  

2. Pain behaviour assays were performed to see if the genes dysregulated in Nav1.7 KO 

mice are associated with changes in sensory function. Two genes were of particular interest: 

Ceacam10 and Penk (2.3.2).  

3. Reporter assays in the presence or absence of Nav1.7 were performed to explore if 

Nav1.7 functions as a transcriptional regulator. To perform these assays, luciferase constructs 

controlled by the promoter region of the gene of interest were created. HEK293A and 

Neuro2A cell lines, and primary cultured mouse DRG neurons were assayed using these 

constructs. We hypothesised that the expression of the luciferase genes might be different in 

the presence or absence of Nav1.7, if Nav1.7 is a transcriptional regulator (2.3.3). 

4. To evaluate further if Nav1.7 affects gene expression at the transcriptional level, Penk 

pre-mRNA in DRG neurons was analysed with RT qRT-PCR (2.3.4).  

5. Luciferase assays and pre-mRNA measurements were performed by altering 

intracellular sodium levels to investigate if sodium ions mediate gene expression (2.3.5).  

Our results suggest that the novel function of Nav1.7 can open a door for effective pain 

therapies helping patients with pain related diseases. 
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2.2 METHODS 

2.2.1 Animals 

  Both female and male mice aged 6–12 weeks were kept on a 12-h light/ dark cycle and 

provided with food and water ad libitum. The conditional Nav1.7 knockout mice were 

generated using the Cre-loxP system by crossing floxed (Scn9a) Nav1.7 mice (Nav1.7fl/fl) 

(Nassar et al., 2004) with strains where Cre expression is driven by the Advillin promoter 

expressed in all DRG neurons (Nav1.7Adv mice) (Minett et al., 2012). This method enables us to 

maintain conditional Nav1.7 KO mice where Nav1.7 is deleted in all sensory neurons. We used 

floxed Nav1.7 mice as littermate control. Ceacam10 global null mutant mice on a BALBc 

background were supplied by EMMA (EM:00196 BALB/c-Ceacam10). The mice were 

maintained by Dr. Pereira in the Molecular Nociception Group, WIBR, UCL. All experiments 

were performed with approval from the United Kingdom Home Office according to guidelines 

set by personal and project licenses, as well as guidelines of the Committee for Research and 

Ethical Issues of IASP. 

 

I. Genotyping 

Genomic DNA was isolated from the ear. Ear punching samples were taken from mice 

of at least 3 weeks of age. Samples were digested in 30µl lysis buffer (see below) for 60 

minutes at 55oC then for 5 minutes at 95oC to inactivate Proteinase K. Samples were vortexed, 

spun down and stored at -20oC.  

Lysis buffer: 10x GB Buffer 3.60ml, 25% TritonX-100 0.72ml, β-Mercaptoethanol 0.36ml, water 

31.32ml. 1µl 19.7mg/ml Proteinase K (Roche) added per 499µl Lysis Buffer. 

10X GB Buffer: 1.5M Tris pH8.8 4.47ml, 1.0M Ammonium Sulphate 1.66ml, 1.0M Magnesium 

Chloride 0.67ml, water 3.20ml. 

Nav1.7 was detected by PCR as described (Nassar et al., 2004). Advillin-Cre was also 

detected as described (Minett et al., 2012). The following primers were used: 

Advillin wild-type (480 bp) and Advillin-Cre (180 bp) fragments 

5'-CCCTGTTCACTGTGAGTAGG-3' (Advillin forward) 
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5'-AGTATCTGGTAGGTGCTTCCAG-3' (Advillin wild-type reverse) 

5'-GCGATCCCTGAACATGTCCATC-3' (Advillin-Cre reverse). 

Nav1.7 wild-type fragment (317 bp), Nav1.7 floxed fragment (461 bp) and Nav1.7 

knockout fragment (395 bp). The Nav1.7 knockout fragment can detect the deletion of Exon 

15 and 16 by using the primer pair designed to amplify segments of intron14-16 boundary. 

5'-CAGAGATTTCTGCATTAGAATTTGTTC-3' (Nav1.7 forward) 

5'-AGTCTTTGTGGCACACGTTACCTC-3' (Nav1.7 wild-type/floxed reverse) 

   5'-GTTCCTCTCTTTGAATGCTGGGCA-3' (Nav1.7 knockout reverse). 

 

2.2.2 Cell lines and primary cultured DRG neurons 

Neuro2A cells or HEK293A cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) (Gibco, 31966-021 for Neuro2A cells and SIGMA, D5671 for HEK293A 

cells) with 10% fetal bovine serum (FBS).  

6-12 week old Nav1.7 floxed Advillin-Cre mice were killed by inhalation of a rising 

concentration of CO2 followed by cervical dislocation, and whole thoracic and lumbar dorsal 

root ganglia were dissected. The DRG were kept in Ca2+- and Mg2+-free Hanks’ balanced salt 

solution (HBSS) (Gibco, 14170-070) during the dissection and were subsequently digested for 

25 min at 37°C in 1ml of Enzyme Mix (HEPES (Gibco 15630-049) at 5mM, Glucose at 10mM, 

Collagenase type XI (Sigma C7657) at 5 mg/ml and Dispase (Gibco 17105-041) at 10 mg/ml in 

Ca2+- and Mg2+-free Hanks’ balanced salt solution (HBSS) (Gibco, 14170-070)). After digestion, 

ganglia were gently triturated in DMEM (Gibco, 31966-021) containing 10% FBS using fire-

polished glass Pasteur pipettes. Cells were centrifuged for 5 min at 800RPM, following the 

transfection or harvesting. The cells were placed on poly-L-lysine laminin coated plates; the 

plates were incubated with poly-L-lysine (0.01mg/mL) for 30 min and rinsed with sterile water 

twice, Then the plates were air-dried at least for 30min and then incubated with laminin in PBS 

(0.02mg/ml) for 1-2 hour at 37°C. Regarding reagents treatment, the cells were cultured 

overnight in DMEM + 10% FBS with nerve growth factor (NGF) at 125ng/ml. The agents 

(monensin, tetrodotoxin (TTX) or ionomycin) were dissolved in ethanol to reach at 0.5 μM, 
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and 1 μl of the agents or ethanol were added into the cells with 1ml of the media. The final 

concentration of the agents was at 500nM. The cells were collected at appropriate time point. 

 

2.2.3 Real-time qRT-PCR 

To detect the gene expression at mRNA levels in DRG in Nav1.7KO or littermate 

mice, total RNA was isolated from DRG. Briefly, DRGs were dissected from either KO mice 

or littermates control and suspended in RNA later (Ambion, AM7020) solution. DRG 

complements from several mice were pooled and homogenized in TRIzol reagent (Life 

Technologies, 15596018) using a homogenization kit with ceramic beads (PEQlab, 91-PCS-

CKM). Then total RNA was purified using an RNasy Mini kit (QIAGEN, 74104). To measure 

mRNA levels of DRG treated with each agent, the cells were collected by 0.05% trypsin and 

100μl of TRIzol reagent was added into the cell pellet. The samples were incubated at 20℃ for 

30 min. To extract RNA, 80μl of chloroform was added into the each sample and the 

colourless phase was collected following centrifugation of samples for 10 minutes at 13000 

RPM at 4℃. The total RNA was purified with 200μl of isopropanol and 70% ethanol. The 

quantity and quality were checked using a NanoDrop spectrometer (Thermo Scientific).  

Reverse transcription was performed by using the iScript Reverse Transcription Supermix for 

RT-qPCR (Bio-Rad, 170-8841). SYBR qPCR reactions were performed according to the 

manufacturer’s instructions, using SsoAdvanced Universal SYBR Green Supermix (BioRad, 172-

5270) and the following primers (Table 2-1). Taqman assays were also performed to measure 

mRNA levels of Tmem173 and Penk using the following probes: Penk; Mm01212875_m1, 

Tmem173; Mm01158117_m1. BioRad CFX was used to amplify the selected genes from each 

sample in three parallel runs on a 96-well reaction plate using the following protocol: SYBR 

Green; 3min polymerase activation at 95°C, and 40 cycles of 15 sec denaturation at 95°C, 

20sec annealing at 60°C and 20sec extension at 72°C. Taqman; 2min at 50°C, 10min 

polymerase activation at 95°C and 40 cycles of 15 sec denaturation at 95°C, 1min annealing 

and extension at 60°C. Melt-Curve analysis was performed following to the amplification for 

the SYBR Green assay under the following conditions: 1 min annealing at 65°C, 0.5°C 

increments (5 sec each) beginning at 65°C (data collection step) to 95°C. Relative expression 

of the target gene was calculated using the comparative 2ΔΔCT method (Livak and Schmittgen, 

2001). Expression of the test gene was compared with that of Gapdh or β-Actin measured on 

the same sample, giving a CT difference (ΔCT) for Gapdh or β-Actin minus the test gene. The 

CT difference, ΔCT values of individual samples were compared to ΔCT of the control or WT 
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clones, giving ΔΔCT values of each clone. The relative expression was calculated as 2-ΔΔCT. 

Mean, S.E.M. and statistics were calculated from the 2-ΔΔCT. Data were analyzed using Microsoft 

Excel, and Student’s t-test was performed with *p < 0.05, **p < 0.01, ***p < 0.001 as 

statistically significant.  

 

Table 2-1. Primers for real-time qPCR 

Primer Sequence (5’-3) 

mGapdh_qPCR_Fw TGCGACTTCAACAGCAACTC 

mGapdh_qPCR_Rev CTTGCTCAGTGTCCTTGCTG 

mPenk_qPCR_Fw TTCAGCAGATCGGAGGAGTTG 

mPenk_qPCR_Rev AGAAGCGAACGGAGGAGAGAT 

mTh_qPCR_Fw GTCAGAGGAGCCCGAGGTC 

mTh_qPCR_Rev CGCTGGATACGAGAGGCATAG 

mCeacam10_qPCR_Fw AGAATTAAATGCAAGGGGGC 

mCeacam10_qPCR_Rev ATGAGGGAGCCTACGCACTA 

mPenk pre-mRNA Ex2 Fwd  CCCAGATTTTGAAAGAAGGCAGC 

mPenk pre-mRNA Int1 Rev TCTCTTAACCACTCATCCCCTTGA 

mβActin Fwd GACGTTGACATCCGTAAAGA 

mβActin Rev AATCTCCTTCTGCATCCTGT 

 

2.2.4 Luciferase assay 

I. Introduction to the luciferase assay 

Reporter gene assays are widely used for studying gene expression and regulation. 

They are frequently performed to explore transcriptional activity in cells. To investigate the 

transcriptional activity of the target element, the reporter genes are placed downstream of the 

promoter sequence of the target element. The expression of the reporter gene is associated 

with the transcriptional activity which depends on the promoter of interest. The most widely 

used genes for reporter gene assays are luciferase genes, which can give a sensitive and quick 

response by detecting enzymatic activity. The expression of luciferase genes is obtained after 

the cells of interest are transfected with the vector controlling the luciferase genes. The 

expression is simply detected by adding the corresponding substrate of the reporter protein to 

yield luminescence (Figure 2-2).  
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Figure 2-2. Schematic of the luciferase reporter assay (LifeTechnologies, 2015) 

 

Ideally the reporter genes which yield luminescence should not be endogenously 

expressed in the cells of interest. In this project, we used four types of luciferase gene, none of 

which are endogenously expressed. There are many classes of luciferase genes derived though 

separate evolutionary histories. In this project, we chose four distinct types of luciferase; 

Gaussia, Cypridina, Firefly and Renilla. Gaussia luciferase is a recently discovered, naturally 

secreted protein by the copepod, Gaussia princeps requiring Coelenterazine in a reaction that 

produces luminescence (Figure 2-3). Cypridina luciferase is also a secreted protein from the 

marine ostracod, Cyridina noctiluca, requiring a specific luciferin, Vargulin, to yield light (Figure 

2-4). On the other hand, Firefly and Renilla luciferase are intracellular luciferases, catalyzing a 

reaction with their substrates, Beetle Luciferin and Coelenterazine, respectively (Figure 2-5). 

These luciferases are not produced in the cells we are targeting; HEK cells to test the 

promoter activity of human genes of GAPDH, PENK and TH, Neuro2A cells for mouse genes, 

and mouse DRG cells to explore the mechanisms of pain pathways related to Nav1.7. Thus, we 

can assay the transcriptional activity without any confounding issues of endogenous expression. 

In some luciferase assays, a second reporter is used to normalize results of the experimental 

reporter. This is because the luminescence signal corresponds to the cell number and 

transfection rate. Therefore the second reporter can be used for normalizing the cell numbers 

and transfection rate. We used Cypridina luciferase for an internal control for normalization of 

Gaussia luciferase expression, and Renilla luciferase to normalise Firefly luciferase expression. 

The result is given by the RLU (Relative Light Unit) ratio, Gaussia luciferase RLU divided by 

Cypridina luciferase RLU or Firefly luciferase RLU divided by Renilla luciferase RLU.  
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Figure 2-3. The photo-oxidation catalyzed by Gaussia Luciferase (NewEnglandBiolabs) 

 

Figure 2-4. The photochemical reaction catalyzed by Cypridina Luciferase. 
(NewEnglandBiolabs) 

 

 

Figure 2-5. The photochemical reaction catalyzed by Firefly and Renilla Luciferase (Promega) 
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II. Luciferase reporter constructs 

i. Gaussia and Cypridina luciferase constructs 

 The original plasmid pCMV-GLuc2 was obtained from New England Biolabs (NEB, 

Figure 2-6). We aimed to create seven constructs;  

1. Gaussia luciferase construct without promoter as a negative control 

2. Gaussia luciferase construct bearing 5kb upstream regions of mouse Gapdh 

3. Gaussia luciferase construct bearing 5kb upstream regions of mouse Penk 

4. Gaussia luciferase construct bearing 5kb upstream regions of mouse Th 

5. Gaussia luciferase construct bearing 5kb upstream regions of human GAPDH 

6. Gaussia luciferase construct bearing 5kb upstream regions of human PENK 

7. Gaussia luciferase construct bearing 5kb upstream regions of human TH 

 

Gaussia luciferase construct without promoter (1): 

 To create the negative control plasmid and to create a vector for cloning the 

amplified promoters we amplified the original plasmid with the following primers: 

CMV_AscR- TAAGGCGCGCCGAAGCAGCGCAAAACGCCTAACCCTAAGC  

CMV_PacF - GGCTACGACTCACTATAGGGAGACCCAAGC. 

 The amplification is performed by following PCR protocol: 30sec initial denaturation at 98°C, 

20 cycles of 10 sec denaturation at 98°C, 20sec annealing at 69°C and 1min extension at 72°C, 

and 10min final extension at 72°C. 

 This deletes the CMV promoter and creates the unique AscI and PacI restriction 

sites. To create the negative control that lacks CMV promoter the amplified plasmid was 

phosphorylated by T4 polynucleotide kinase (NEB, M0201) and self-ligated. 

 

Gaussia luciferase constructs bearing 5kb upstream regions of mouse and human Gapdh, Penk 

and Th(2-7): 
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 To create the plasmids containing mouse and human Gapdh, Penk and Th promoters 

controlling the expression of the Gaussia luciferase, 5kb upstream regions of the each gene 

were amplified. These upstream regions were expected to cover the promoter sequence 

elements (putative promoter regions). The amplified plasmid and amplified genomic DNA 

fragments corresponding to these promoters were digested with AscI/PacI and ligated using T4 

DNA Ligase (NEB, M0202). Amplification of the putative promoter regions for mouse and 

human Gapdh, Penk and Th genes was performed from genomic DNA using the the following 

primer pairs and Q5 polymerase (NEB, M0491). The amplification is performed by the 

following protocol: 30sec initial denaturation at 98°C, 20 cycles of 10 sec denaturation at 98°C, 

20sec annealing at 69°C for mouse Gapdh, 65°C for mouse Penk and Th, 71°C for human 

GAPDH, 62°C for human PENK and 68°C for human TH, and 5min extension at 72°C, and 

10min final extension at 72°C. 

 

Mouse putative promoter regions: 

 Mouse Gapdh putative promoter region was amplified with the following primers 

giving 4907bp product from Chromosome 6 (positions 125165774 – 125170680; UCSC 

Genome Browser GRCm38/mm10) 

MusGapdh_AscF - TAAGGCGCGCCTTAGGATGGATGGATGGATGGATGG 

MusGapdh_PacR – TACTTAATTAATCCTCCCTCTCTTTGGACCCGCCTC 

 

 To amplify 4943 bp product from Chromosome 4 (positions 4138504-4143420; 

UCSC Genome Browser GRCm38/mm10) corresponding to putative Penk promoter region 

we used the following primers: 

MusPenk_AscF - TAAGGCGCGCCAGGGTCTTTATCTATGTATCTTCAGC 

MusPenk_PacR – TACTTAATTAAGAACACTGAAGTTCGCGGCTCGGGAGC 
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 Mouse putative Th promoter was amplified with the following primers giving 4849bp 

product form Chromosome 7 (positions 142900015 – 142904863; UCSC Genome Browser 

GRCm38/mm10) 

MusTh_AscF - TAAGGCGCGCCAGGAATAAGGCAGGCAGAG 

MusTh_PacR – TACTTAATTAAGCCTCTTAAAGGCCAGGCTGACGTC 

 

Human putative promoter regions: 

 Human GAPDH putative promoter region was amplified with the following primers. 

The product size is 4998bp from Chromosome 12 (positions 6528929 – 6533926; UCSC 

Genome Browser GRCh38/hg38). 

HumGAPDH_AscF - TAAGGCGCGCCTCTCTCTGTCTTACAGGGCAACGCAATC 

HumGAPDH_PacR - TACTTAATTAATCCCCATCTCCTGGCTCCTGGCATC 

 

 Human putative PENK promoter region was amplified with the following primers. 

The product size is 5040bp from Chromosome 8 (positions 56446735 – 56451774; UCSC 

Genome Browser GRCh38/hg38) 

HumPENK_AscF - TAAGGCGCGCCGCTGTGAACTTTACATATGTTCTTAG 

HumPENK_PacR - TACTTAATTAAGCCCTACGCCAGCCCCGCGCCGACGCCTTC 

 

 Human putative TH promoter region was amplified with the following primers. 

Product size is 5016bp from Chromosome 11 (positions 2171878 – 2176893; UCSC Genome 

Browser GRCh38/hg38). 

HumTH_AscF - TAAGGCGCGCCGGTGTCCCTGGGAGCCAGGCTCTAG 

HumTH_PacR – TACTTAATTAACCCACCTTCCCCTCCTTACATC 
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 All restriction enzymes were purchased from NEB. 

The resulting plasmids were verified by sequencing, using the following primers. 

Table 2-2. Sequencing primers 

construct Sequence (5’-3) Description 

GLuc2 (without 

promoter) 

TGTGCAGTCCACACACAGAT 

CCAGTTTGGAACAAGAGTCCA 

Rev3-CTGACAGCCGGAACACGG 

AGAAGGCGATAGAAGGCGAT 

CGCCTTTGAGTGAGCTGATA 

CTACCAGCGGTGGTTTGTTT 

CGAAGGAGCTAACCGCTTTT 

gLuc-Rev1 

gLuc-Rev2 

gLuc-Rev3 

gLuc-Rev4 

gLuc-Rev5 

gLuc-Rev6 

gLuc-Rev7 

MusPenk-GLuc2 TGGTCTGTATCACACATCTCTTCTG 

TTTCCCTGTCTGAGAGATAAAGG 

TTCTCAGAAACCTTACTGAACAGC 

ACTGTCAACTGTTCGCTTGG 

ACAAGCACTCCGCTCTCCT 

AAAAAGATGAGCGCTTGGAG 

TGCCTACTCTGTCCCTGGAT 

ACGCTCTTCCAGTAACCTGC 

GGGCAGAAGGACTAGAAGGC 

mPenk-Fwd1 

mPenk-Fwd2 

mPenk-Fwd3 

mPenk-Fwd4 

mPenk-Fwd5 

mPenk-Fwd6 

mPenk-Fwd7 

mPenk-Fwd8 

mPenk-Rev1 

MusTh-GLuc2 TCCTCAGACTTCCATCCACC 

TTGTGCGTGCATAGGTTTGT 

ATTACAGGGGTGCAAAGGG 

GTGCCCACAGATGCTTTAGA 

GGGCTGTGGAGAACACTCAG 

GCTCTGTCCTTTGGCACTTC 

CCAGTGCCAGCACATACACT 

TTATCCCTAAGTGTCTCCTATCGAC 

CACCCAGGAGACTGAGATGG 

mTh-Fwd1 

mTh-Fwd2 

mTh-Fwd3 

mTh-Fwd4 

mTh-Fwd5 

mTh-Fwd6 

mTh-Fwd7 

mTh-Fwd8 

mTh-Rev1 

MusGapdh-GLuc2 AAGAGAGAGTCCCTGGTGGC 

AGATTCCCCTGCCTCTGTCT 

GTCCCCTTGCCTTTCTTTTC 

TGGTTTTAACATGGAAATGGC 

TGCTGAGTCACTTGGAGCAG 

GGAGTGAAGAATCCCGGTCT 

CCTGGCATTTTCTTCCACTC 

ACAGCCCGGTATGCTCCAT 

CGCTCAGTTCTACAGGGAGG 

mGapdh-Fwd1 

mGapdh-Fwd2 

mGapdh-Fwd3 

mGapdh-Fwd4 

mGapdh-Fwd5 

mGapdh-Fwd6 

mGapdh-Fwd7 

mGapdh-Fwd8 

mGapdh-Rev1 

HumPENK-GLuc2 ATTCACCATCACTTGGGAGC 

AATTTTTCATAATAGGACTTGCTTT 

GGGCAGACAGAAATGGCTT 

CTGTTTCTCTCTCCCCTGACA 

TGTTTTCCTGCTCAGAGGGT 

GGGAAAGCGTGTCTTAATGG 

ATGCGGAGAAACTTGATCCT 

CACAGCACAGATGTTTGCAC 

hPenk-Fwd1 

hPenk-Fwd2 

hPenk-Fwd3 

hPenk-Fwd4 

hPenk-Fwd5 

hPenk-Fwd6 

hPenk-Fwd7 

hPenk-Rev1 
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HumTH-GLuc2 TACCTGTGTCATGGGTGCTC 

ACAGCAAGGGCTCCTCAGAC 

GGAAAGACCAGTGTCTTGGG 

ACTCACCTCCACAGGGGTC 

CTTTGGGGAACACTGTGGAG 

GGTTCTTCTCCAGGAGGGAC 

GCCCTCCTGGGACATTCT 

AATGCAGGCATCTGTGTGAG 

hTH-Fwd1 

hTH-Fwd2 

hTH-Fwd3 

hTH-Fwd4 

hTH-Fwd5 

hTH-Fwd6 

hTH-Fwd7 

hTH-Rev1 

HumGAPDH-GLuc2 GGACAAGCAGACAGAGAGCC 

CAATTCTTGTTTGTTTGTTTTTAAT 

GTAAGGCAGCCTGTGCGG 

TGTTTCCCTTGTAAAATATTTGTCTG 

CCTGCACAGTGACCAGACAG 

TTTGCGGGGAGAAGACAGTA 

CCCAAGACCTCTTTTCCCAC 

GCTCAGCACAAAGAACCCTC 

hGapdh-Fwd1 

hGapdh-Fwd2 

hGapdh-Fwd3 

hGapdh-Fwd4 

hGapdh-Fwd5 

hGapdh-Fwd6 

hGapdh-Fwd7 

hGapdh-Rev1 

 

Cypridina luciferase driven by SV40 as an internal control was purchased from NEB 

(N0318S, Figure 2-6). 
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Figure 2-6. The maps of Luciferase reporter constructs purchased from NEB. (A) Gaussia 

luciferase construct bearing CMV promoter. (B) Cypridina luciferase construct bearing SV40 
promoter. (NEB) 
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ii. Firefly and Renilla luciferase report constructs 

The empty vectors were purchased from Promega; pGL4.14 for Firefly luciferase (FLuc) and 

pGL4.79 for Renilla luciferase (RLuc)(Figure 2-7). To insert the amplified promoter, the 

vectors were double digested with the following Restriction Enzymes (NEB) for each construct 

(Table 2-3). The vector digested with EcoRV (for mTh-Fluc) was used for the ligation straight 

after the digestion. The other digested vectors were dephosphorylated by Alkaline 

Phosphatase, Calf Intestinal (NEB, M0290). 

 

Figure 2-7. Firefly luciferase construct and Renilla luciferase construct purchased from 

Promega. (A) Firefly luciferase construct (B) Renilla luciferase construct (Promega) 

 

Table 2-3. Restriction enzymes for Firefly and Renilla lucifase constructs 

Target construct Restriction Enzyme 

SV40-RLuc Kpn I / Bgl II 

CMV-FLuc Kpn I / Xho I 

mPenk-FLuc Nhe I / Xho I 

mTh-FLuc EcoRV 

mGapdh-FLuc Kpn I / Xho I 

 

To create the plasmids containing CMV and mouse Penk and Gapdh promoters 

controlling the expression of the FLuc and SV40 promoter controlling the expression of RLuc, 

amplified genomic DNA fragments corresponding to these promoters were digested with the 

same restriction enzyme stated above (Table 2-3) and ligated with the digested vectors (Table 

2-3) using T4 DNA Ligase (NEB, M0202). To create the plasmids containing mouse Th 

promoter controlling the expression of the FLuc, the genomic DNA fragments were ligated 

A B
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straight after the amplification of the promoter region using Gibson Assembly Master Mix 

(NEB, E2611). 

Amplification of the promoter regions for CMV, SV40 and mouse Penk, Th and Gapdh 

genes was performed from the plasmids which were created for Gaussia luciferase construct 

stated above or SV40-CLuc (NEB) using the primer pairs listed below and Q5 polymerase 

(NEB, M0491) for mouse Gapdh and SV40, KAPA HiFi DNA Polymerase (KAPA Biosystems, 

KK2602) for mouse Penk, and CMV, and Phusion High-Fidelity DNA Polymerase (NEB, 

M0530) for mouse Th. The amplification is performed using the following protocol: Q5 

polymerase; 30sec initial denaturation at 98°C, 30 cycles of 10 sec denaturation at 98°C, 20sec 

annealing at 69°C for mouse Gapdh, 59°C for SV40, 5min extension for mouse Gapdh and 

1min extension for SV40 at 72°C, and 10min final extension at 72°C. KAPA HiFi DNA 

Polymerase; 3min initial denaturation at 95°C, 30 cycles of 20 sec denaturation at 98°C, 15sec 

annealing at 67°C for mouse Penk, 71°C for CMV and 5min extension for mouse Penk and 

2min extension for CMV at 72°C, and 5min for mouse Penk and 2min for CMV of final 

extension at 72°C. Phusion High-Fidelity DNA Polymerase; 30sec initial denaturation at 98°C, 

30 cycles of 10 sec denaturation at 98°C, 30sec annealing at 72°C, 5min extension at 72°C, 

and 10min final extension at 72°C. 

SV40_KpnIF- TAAGGTACCCCGATCGATCGCTAGCTGCA 

SV40_BglIIR- TAAAGATCTGGTTCTACCTCCTACTAGTTTACCA 

CMV_KpnIF- TAAGGTACCGCTTAGGGTTAGGCGTTTTGCGCTGCTTCG 

CMV_XhoIR- TAACTCGAGGCTTGGGTCTCCCTATAGTGA 

MusPenk_ NheIF -  TAAGCTAGCAGGGTCTTTATCTATGTATCTTCAGC 

MusPenk_ XhoIR - TAACTCGAGGAACACTGAAGTTCGCGGCTCGGGAGC 

MusTh_GAF- 

AGCTCGCTAGCCTCGAGGATTTTGGAAGGACCAGAGCACCTGAG 

MusThpr_GAR- 

CGCCGAGGCCAGATCTTGATCCTCTTAAAGGCCAGGCTGACGTC 

MusGapdh_KpnIF- TAAGGTACCTTAGGATGGATGGATGGATGGATGG 
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mGapdh_XhoIR- TAACTCGAGTCCTCCCTCTCTTTGGACCCGCCTC 

 

The resulting plasmids were verified by sequencing, using the above primers (Table 2-2. 

Sequencing primers). 

 

2.2.5 Transient transfection 

I. Cell lines 

Regarding transient transfection in HEK293 and Neuro2A cells with Gaussia and 

Cypridina luciferase constructs, the cells were co-transfected with three constructs at about 

80-95% confluency using lipofectamine 2000 (Thermo Fisher Scientific, 11668027); Gaussia 

luciferase reporter constructs, Cypridina luciferase construct, and hNav1.7 or IRES-DsRED2 in 

pcDNA3 as an empty vector (both plasmids were kindly provided by Dr. James Cox, see (Cox 

et al., 2006)). The Cypridina luciferase construct was used as an internal control for cell number 

and transfection efficiency and hNav1.7 or IRES-DsRED2 in pcDNA3 as an empty vector were 

used to assess whether Nav1.7 affects the transcription of Gaussia luciferase driven by each 

promoter. A total of three micro grams of plasmid DNA (one micro gram per construct) was 

combined with 15 µl of lipofectamine 2000 in 500 µl of Opti-MEM (GIBCO 31985-062). The 

mixture of DNA and lipofectamine 2000 in Opti-MEM was added into the cells at 80-95% 

confluency in 35mm dish. The cells were kept 5 hours at 37°C in 5% CO2 and 10% of cells 

were split into a well in 24 well plate.  

Regarding the transient transfection with hNav1.7 in Neuro2A stable cell line, 0.5 µg of 

hNav1.7 or IRES-DsRED2 in pcDNA3 were combined with 2.5 µl of lipofectamine 2000 in 200 

µl of Opti-MEM. The mixture of DNA and lipofectamine 2000 in Opti-MEM was added into 

the cells seeded one day before the transfection (2x105 cells/well) in 24 well plate. The cells 

were kept 5 hours at 37°C in 5% CO2 and 20% of cells were split into a well in 96 well plate. 
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II. Primary cultured DRG neurons 

Primary cultured DRG neurons were re-suspended in electroporation buffer (10 µl 

per reaction, Neon kit, Invitrogen, MPK1096) together with 0.6 µg of mPenk-Gaussia luciferase 

(mPenk-gLuc) or Empty-Gaussia luciferase construct (φ-cLuc) and 0.6 µg SV40-Cypridina 

luciferase construct (SV40-cLuc) as an internal control. Regarding the Firefly and Renilla 

luciferase constructs, 0.6 µg of mPenk-Firefly luciferase (mPenk-fLuc) and SV40-Renilla 

luciferase construct (SV40-rLuc) were re-suspended with DRG neurons in electroporation 

buffer. Neurons were subsequently electroporated using a 2 x 20 ms 1100V pulses protocol 

and immediately plated onto poly-L-lysine/laminin coated wells after electroporation, in DMEM 

containing 10% FBS and 125ng/ml nerve growth factor (NGF). Neurons were kept at 37°C in 

5% CO2 and luciferase assays were performed at 72 h after transfection. 

 

2.2.6 Generation of Neuro2A stable cell line 

We aimed to generate five stable cell lines: CMV-fLuc, φ-fLuc, mGapdh-fLuc, mPenk-

fLuc and mTh-fLuc, which are all together with SV40-rLuc. The cells were co-transfected with 

each Firefly Luciferase construct and Renilla Luciferase driven by SV40 (SV40-rLuc) construct 

using Lipofectamin 2000. A total of two micro grams of plasmid DNA (one micro gram per 

construct) was combined with 20 µl of lipofectamine 2000 in 500 µl of Opti-MEM (GIBCO 

31985-062). The cells were kept overnight at 37°C in 5% CO2 and were split into a T75 flask. 

The cells were cultured with DMEM with 10% FBS for 3 days. Next, the cells were reseeded in 

DMEM FBS10% with 300 µg/ml Geneticin (GIBCO 10131-027) and 300 µg/ml Hygromycin B 

(Invivogen, ant-hg-1). This selection media was replaced twice a week for approximately 3 

weeks. To generate stable cell lines derived from single cells, the cells were re-suspended in 

medium without serum and sorted into single cells using Flow Cytometry (BD FACSArray, 

SORP) with help from Dr Ayad Eddaoudi, UCL Institute of Child Health. Single cells were 

cultured in 96 well plates without Geneticin for 10 days, followed by media replacement with 

DMEM  FBS10% with 300 µg/ml Geneticin and 300 µg/ml Hygromycin B twice a week for 3 

weeks until the cells were around 70% confluent. The single clones were then detached with a 

pipette and transferred into 24 well plates and cultured with DMEM  FBS10% with 300 µg/ml 

Geneticin and 300 µg/ml Hygromycin B with Antibiotic-Antimycotic (GIBCO 15240-062). The 

media was replaced twice a week for 1 week and the clones were validated by luciferase assay 

and immunostaining. 
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2.2.7 Immunocytochemistry 

The immunocytochemistry on the cells were performed by muself. The spinial cord 

immunocytochemistry was performed by Dr. Vanessa Pereira at Molecular Nociception Group, WIBR, 

UCL. 

The cells were cultured on glass coverslips coated with poly-L-Lysine (SIGMA P9155-

5MG). At the appropriate confluency, cells were fixed with 4% PFA (paraformaldehyde) in PBS 

(Phosphate Buffered Saline) for 15min followed by permeabilization with 0.1% Triton X-100 

for 5min at room temperature. The cells were blocked with 3% BSA (Bovine Serum Albumin, 

SIGMA A7906) in PBS for 1hr at room temperature and incubated with both anti-Firefly raised 

in goat (abcam ab181640, 1:750), anti-Renilla raised in rabbit (abcam ab185926, 1:750) in 3% 

BSA in PBS for overnight at 4°C. The cells were incubated with a corresponding secondary 

antibody for 45min at room temperature; Alexa488 Donkey anti-Goat (Invitrogen A11055, 

1:1000) or Alexa594 Donkey anti-Rabbit (Invitrogen A21207, 1:1000) in 3% BSA in PBS. The 

stained cells were imaged using a Leica microscope (LEITZ DMRB, Germany).  

Regarding the immunocytochemistry in the spinal cord section of mice, mice were 

anaesthetized with intraperitoneal pentobarbital and transcardially perfused with PBS (0.01% 

Heparin) and ice-cold paraformaldehyde (4% in PBS). Lumbar spinal cord fragments were 

dissected and post fixed for at least 1h in paraformaldehyde and transferred to a sucrose 

solution (0.3M) for cryoprotection. Tissues were embedded in optical coherence tomography 

mounting medium, frozen in liquid nitrogen and stored at -80°C. Free-floating sections (30mm) 

were blocked 1h in PBS with 10% goat serum (Sigma) and 0.1% Triton X-100, followed by 

overnight incubation at 4°C in Rabbit anti-met-enkephalin primary antibody (1:500 in PBS with 

3% goat serum and 0.1% Triton X-100, AB5026, Millipore). Co-staining with Isolectin B4 biotin 

conjugate (IB4, Sigma) was used to label spinal cord lamina II. Corresponding monoclonal goat 

anti-rabbit met- enkephalin (1:1,000 Alexa Fluor 488, A11017, Life Technology, UK) or anti-

biotin (1:1,000 Streptavidin Alexa Fluor 568 conjugate, S-11226, Life Technology) secondary 

antibodies were used. Spinal cord slices were imaged using a Leica TCS SP8 spectral confocal 

microscope (Leica Microsystems, Germany) using laser lines 488nm (Met-enk) and 552nm 

(IB4) at an acquisition frequency of 200Hz (1,024 x 1,024 format). The laser power and 

acquisition frequency was kept constant between all respective samples. The relative 

fluorescence for met-enkephalin was calculated by taking the mean fluorescence of the entire 

dorsal horn (indicated by IB4 staining) and subtracting background fluorescence (LAS AF 3 



 

 

74 

 

analysis software). The relative fluorescence for each animal was taken as an average of at least 

three spinal sections. Three animals were used per group. 

 

2.2.8 Luminescence measurement 

I. Gaussia and Cypridina Luciferase assay 

Transfection of Gaussia luciferase, under the control of the mouse or human Gapdh, 

Penk and Th promoter or without promoter, and Cypridina luciferase, driven by SV40, was 

performed following the protocol described in the previous section (2.2.5). Luminescence 

obtained by Gaussia and Cypridina luciferase was performed with Gaussia and Cypridina 

Luciferase kits (NEB, E3300, E3309) according to manufacturer's instructions. Briefly, Gaussia 

and Cypridina assay solution was prepared immediately or 30min before performing the assay, 

respectively. The supernatant containing the secreted Gaussia and Cypridina luciferase was 

collected 72 h after the transfection and 20ul of the supernatant was transferred into 2 wells 

per sample in 96well white-bottom plate (Thermo Scientific, 136101). Bioluminescence was 

measured upon addition of 50ul of Gaussia or Cypridina assay solution. The activity was 

monitored immediately after the addition of the solution in a FLUOstar Omega microplate 

reader (BMG LABTECH GMBH, Germany). The relative light units of two different reporter 

cell clones in at least three independent experiments were measured for Gaussia luciferase and 

Cypridina activity. Gaussia relative light units were normalized to Cypridina and are presented 

as x-fold over mock and are presented as mean ± SEM. Student’s t-test was performed with *p 

< 0.05, **p < 0.01, ***p < 0.001 as statistically significant. 

 

II. Firefly and Renilla Luciferase assay 

The Dual-Luciferase® Reporter Assay System (Promega E1910) was used for DRG 

neurons and selecting Neuro2A clones stably expressing Firefly and Renilla driven by each 

promoter according to manufacturer's instructions. Briefly, the cells were harvested in a 48 

well plate and the growth media was removed prior to the measurement. The cells were 

washed with 1x PBS and lysis buffer (provided by the Dual-Luciferase® Reporter Assay System 

kit) was added. The cell lysate were gently shaken for 15min at room temperature and 

transferred into 96well white-bottom plate. To measure Firefly luciferase activity, the 



 

 

75 

 

luminescence was measured immediately after adding 100 µl of luciferase substrate in 

luciferase assay solution. Renilla luciferase activity was measured by adding 100 µl of Stop&Glo 

Reagents followed by the firefly measurement. Since the luminescence in this assay drops 

rapidly, automatic injector was used to measure both Firefly and Renilla luciferase activity; 

pump speed 300 µl/s, shaking for 1 sec at 100rpm, and measurement start time was 0.5 sec 

after shaking.  

Dual-Glo® Luciferase Assay System (Promega E2920) was used for overexpressing 

hNav1.7 and monensin or TTX treatment in Neuro2A clones stably expressing Firefly and 

Renilla driven by each promoter, according to manufacturer's instructions. Briefly, for 

measuring the effect of monensin/TTX, Neuro2A stable clones were seeded at 2x104 cells/well 

in 96 well plate one day before adding the agents. The agents were then added and the cells 

were cultured for appropriate time. For overexpressing hNav1.7 in Neuro2A stable cells, the 

cells were cultured in 96 well plate after the transfection for appropriate time. Some of the 

growing media was removed to have remaining media 75 µl/well. Then 75 µl of Dual-Glo 

Reagent that is equal volume to that of culture media was added. The cells were gently shaken 

for 10min at room temperature in foil to allow for cell lysis to occur, then the firefly 

luminescence was measured. Dual-Glo Stop & Glo Reagent equal to the original culture 

medium volume (75 µl) was added to each well and gently mixed by shaking in a rocker for 

10min at room temperature in foil. Then Renilla luminescence were measured. All luciferase 

activities was monitored by FLUOstar Omega microplate reader. Student’s t-test was 

performed with *p < 0.05, **p < 0.01, ***p < 0.001 as statistically significant.  

 

2.2.9  Behaviour tests 

All behavioural experiments were performed by an experimenter blind to both 

genotype and treatment. Naloxone hydrochloride dihydrate (2mgkg-1 intraperitoneally, Sigma) 

was administered 30 min before behavioural assessment. 
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I. Randall-Selitto test 

This test was performed by Dr. Vanessa Pereira, Ms. Sonia Santana, Miss Queensta Millet at 

Molecular Nociception Group, WIBR, UCL and Dr. Michael Minett formerly at Molecular Nociception 

Group, WIBR, UCL. 

The Randall Selitto test is used to assess noxious mechanical pain thresholds and the 

pressure can be applied on the tail and paw of animals. In this project, we used tail to assess 

the mechanical pain thresholds. The test was originally described by Randall and Selitto to 

measure inflammatory pain thresholds by application of increasing pressure on a rat paw 

(Randall and Selitto, 1957). Later this method was modified by Takesue et al. (Takesue et al., 

1969). Prior to testing, animals were restrained in a clear plastic tube with an acclimatisation 

period of approximately 1-2 minutes. A 3 mm2 blunt conical probe is applied to the tail with 

increasing pressure until the animal exhibits a painful response using a 500 g cutoff. The 

responses include struggling, withdrawal of tail or paw or vocalisation. The test was repeated 3 

times for each animal.  

 

II. Hargreaves’ test 

Performed by Dr. Vanessa Pereira, Ms. Sonia Santana, Miss Queensta Millet at Molecular Nociception 

Group, WIBR, UCL and Dr. Michael Minett formerly at Molecular Nociception Group, WIBR, UCL. 

The Hargreaves’ test was performed to assess spinal reflex responses to noxious 

thermal stimulation. This method was originally designed to assess thermal nociception in 

inflammatory pain states (Hargreaves et al., 1988). Animals were acclimatised in an enclosure 

with a glass base for a minimum of 60 minutes. A radiant heat light source at a ramp of 2.25 ℃

s-1 was applied to the plantar surface of the hind paw with a cut off time of 20 seconds. Urine 

and faeces were removed as much as possible from the glass floor of each test compartment. 

The stimulus was stopped when a painful response was observed (licking, lifting or shaking the 

paw) and the latency to paw withdrawal (in seconds) was recorded. Three recordings were 

made from each animal and an average taken. 
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III. Human behaviour 

Performed by Dr. Flavia Mancini, Professor Giandomenico Iannetti, and Professor Raymond MacAllister 

at UCL 

All participants gave written informed consent. The study was approved by the UCL 

Research Ethics Committee. The CIP patient was a 39-year-old woman. Healthy controls were 

age matched (N¼3, mean age±s.d.: 38.7±3.2). Perception of phasic and tonic radiant heat was 

assessed at baseline and during intravenous administration of saline or naloxone (12 mg), in a 

randomized order. Psychophysical assessment was carried out by an experimenter blind to the 

pharmacological condition. Radiant heat was generated by an infrared neodymium:yttrium-

aluminum-perovskite laser with a wavelength of 1.34 mm (Electro- nical Engineering, Italy). 

This method was used to selectively activate free nerve endings in the superficial layers of the 

hairy skin. The laser fluency was 0.6 Jmm2 and the duration of each laser pulse was 9 ms. After 

each of the ten pulses delivered at random intervals (15–40 s) to the forearm, participants 

were asked to verbally report whether they detected any stimulus. Tonic radiant heat was 

generated by a CO2 laser, whose power is regulated using a feedback control based on an 

online measurement of skin temperature at the site of stimulation (Laser Stimulation Device, 

SIFEC, Belgium). On each trial, tonic radiant heat was delivered to the forearm for 25 s, at one 

of three possible temperatures: 42, 45 and 48 ℃. Participants were asked to rate the intensity 

of the thermal sensation on a visual analogue scale throughout the trial (0=no sensation, 

100=worst pain imaginable). Three trials per stimulus temperature were given on each session 

(baseline, saline and naloxone) in a randomized order. 

 

2.2.10   Data analysis 

Data were analyzed using Microsoft Excel, and Student’s t-test was performed with *p 

< 0.05, **p < 0.01, ***p < 0.001 as statistically significant for real-time qRT-PCR and luciferase 

assay. 

Statistical differences between KOs and littermates, as well as the effects of naloxone in each 

genotype group, were determined using a two-way analysis of variance using GraphPad Prism 

(GraphPad Software, Inc). Data are expressed as mean±s.e.m. *P<0.05, **P<0.01 and 

***P<0.001 significance levels indicate differences between KOs and littermates using a 
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Student’s t-test and $P<0.05, $$P<0.01 and $$$ P<0.001 indicate differences following 

naloxone administration using a paired t-test by GraphPad Prism (GraphPad Software, Inc). 

 

2.3 RESULTS 

2.3.1 Expression of Penk, Ceacam10, Th and Tmem173 in Nav1.7 knockout 

mice 

Performed by Dr. Vanessa Peraira at Molecular Nociception Group, WIBR, UCL. and myself 

As stated in the introduction, loss-of-function mutations in SCN9A encoding Nav1.7 is 

linked to complete insensitivity to pain, indicating the essential role of Nav1.7 in pain and an 

excellent drug target. However, there are not currently available drugs targeting this channel 

on markets and some studies have demonstrated that some selective Nav1.7 blockers are not 

analgesic (Schmalhofer et al., 2008, Lee et al., 2014). Although a Nav1.7 antagonist, raxatrigine, 

from Convergence are now in Phase lll clinical trial, the impression of some clinical trials’ 

results is that selective Nav1.7 inhibitors exert less potent analgesic (Emery et al., 2016, 

Lawrence, 2016, Convergence Pharmaceuticals, 2016). One of the possible reasons for this 

elusive effect may be that Nav1.7 is correlated with other roles in nociceptive processing. 

Interestingly, calcium channels have been reported to function as a transcription factors, 

distinct from their role in neuronal excitability (Gomez-Ospina et al., 2006, Du et al., 2013, 

Tadmouri et al., 2012). Thus, we asked if Nav1.7 has an additional role to that of propagating 

action potentials. Previously we analysed the pattern of gene expression in the sensory 

neurons of dorsal root ganglia (DRG) from Nav1.7, Nav1.8 and Nav1.9 KO mice using 

microarrays. We used conditional Nav1.7 KO mice and global Nav1.8 and Nav1.9 KO mice. 

The conditional Nav1.7 KO mice where Nav1.7 is deleted in all sensory neurons were 

generated by crossing floxed (Scn9a) Nav1.7 mice with Advillin-Cre mice (Minett et al., 2012). 

Surprisingly, we found more marked alteration in gene expression in Nav1.7 null mice than in 

Nav1.8 or Nav1.9 null mice. The most dramatically down-regulated gene in Nav1.7 null mice 

was Ceacam10, carcinoembryonic antigen-related cell adhesion molecule 10 (fold change 

18.94). The second down-regulated gene in Nav1.7 null mice was Hal, histidine ammonia lyase 

(fold change 5.01). The mRNA levels of Tyrosine hydroxylase (Th), which catalyses the 

conversion of the amino acid L-tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA), were also 

significantly down-regulated (fold change 4.22). Interestingly, mRNA level of Penk, the 

precursor of Leu and Met-enkephalin was upregulated in Nav1.7 null mice (fold change 3.84), 
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but not in Nav1.8 and Nav1.9 null mice. Also, mRNA level of Tmem173, Transmembrane protein 

173, was also significantly up-regulated in Nav1.7 null mice (fold change 2.82). 

Among these top 5 dysregulated genes, we were interested in investigating the 4 genes 

further; two of each down- or up-regulated genes. Ceacam10 is a little characterised gene; 

despite exclusive expression in the maternal placenta surrounding the implantation site, 

Ceacam10 null mice are viable, fertile, and exhibit no obvious phenotype (Finkenzeller et al., 

2003). We wondered if Ceacam10 may play a role in pain sensation. Down-regulation of Th in 

Nav1.7 null mice could be also interesting; several studies have supported that TH and L-DOPA 

may be linked to pain sensation (Skinner et al., 2011, Galbavy et al., 2013). Although Hal 

showed larger fold change than Th, we excluded this gene for the first selection. This selection 

came from two reasons. Firstly, this gene has not been studied in pain therefore Th would be 

more interesting target on analgesic effects due to loss of Nav1.7 function. Secondly, targeting 

this gene for pain relief might cause some side effects. This gene is a cytosolic enzyme which 

play a role in histidine catabolism, catalyzing the nonoxidative deamination of L-histidine to 

trans-urocanic acid (Suchi et al., 1995). The mutations within this gene have been linked to 

histidinemia (Kawai et al., 2005); this disease is an autosomal recessive metabolic disorder 

characterized by increased levels of histidine in blood, urine, and cerebrospinal fluid, and 

decreased levels of the metabolite urocanic acid in blood, urine, and skin cells. Patients 

suffering from histidinemia often showed mental retardation and speech defects (Levy et al., 

2001) and some clinical features demonstrated developmental disorders such as perinatal 

events (Ishikawa, 1987). We therefore chose Th instead of Hal for the first selection. Regarding 

the up-regulated genes, we selected Tmem173, also known as STING (STimulator of 

INterferon Genes) for the further analysis because it is the second up-regulated genes in DRG 

in conditional Nav1.7 KO mice  and has been well-documented in immunology; Tmem173 

activated both the NF-kappa-B and IRF3 (Interferon Regulatory Factor 3) transcription 

pathways to induce expression of IFN-alpha (Interferon, alpha-1) and IFN-beta 

(Interferon, beta-1) (Ishikawa and Barber, 2008). Also, Tmem173 is required to initiate 

effective type I interferon (IFN) production in antigen presenting cells such as macrophages 

and dendritic cells after infection (Ishikawa et al., 2009). Although the role of Tmem173 in 

neuronal cells have not examined, we wondered if Tmem173 could also have an essential role 

in inflammatory pain. Of particular interest of this result is up-regulation of Penk, the precursor 

of Met-enkephalin and Leu-enkephalin. Enkephalins are well-characterised opioid peptides. The 

importance of enkephalin in pain has been well documented (Chu Sin Chung and Kieffer, 2013). 

Up-regulation of endogenous opioids in loss of Nav1.7 function could be an important factor to 

cause analgesia.  



 

 

80 

 

To confirm this microarray result in Nav1.7 null mice, real-time qRT-PCR was 

performed to detect the expressions of Ceacam10, Penk, Th and Tmem173 (Figure 2-8) in DRG 

of Nav1.7Adv knockout mice. These Nav1.7 floxed Advillin Cre mice enable us to knockout 

Nav1.7 in all sensory neurons in DRG (Minett et al., 2012). Two points must be taken into 

consideration when measuring mRNA expression; age and sex. The mice we used were 6 to 

12 weeks as we wanted to examine the expression level in adult mice since postnatal 

development may affect pain pathways (Tadros et al., 2015).  In addition to developmental 

effects, several studies have suggested sex differences in pain (Mogil, 2012, Bastos et al., 2013). 

Therefore, female and male mice were separately analysed (Figure 2-8). The expression level 

of Ceacam10 was dramatically down-regulated in Nav1.7 KO mice compared to WT mice in 

both female and male mice (Figure 2-8A, fold change 16.7 for both female and male). This 

result is consistent with the microarray data. Up-regulation of Penk (fold change 3.47 for 

female and 3.04 for male) also corresponds to the microarray data (Figure 2-8B). However, 

the data showed no significant difference between male and female (Figure 2-8b). The mRNA 

levels of Th was down-regulated in qPCR results (fold change 5.26 for female and 4.17 for 

male), which was consistent to the microarray data (Figure 2-8C). Up-regulation of Tmem173 

was also observed; the fold change for female was 2.07, and for male was 2.82 (Figure 2-8D). 

These present real-time qPCR results supported the microarray data (Table 2-4).  
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Figure 2-8. Real-time qRT-PCR analysis of mRNA expression in DRG in floxed Nav1.7 

littermates control relative to Gapdh or β-Actin. (a)Comparison between Nav1.7KO and 

littermates. (b) Comparison between female and male mice.（A）The mRNA level of Ceacam10 

was markedly down-regulated in both gender (n=3 for each gender). (B) mRNA level of Penk 

was significantly up-regulated in both gender (n=6 for each gender). (C)(D)The mRNA levels 

of Th (C) and Tmem173 (D) were down- or up- regulated, respectively (n=3 for each gender). 

Relative expression levels of mRNA were calculated using the comparative ΔΔCt (Ct) method. 

All results are shown as mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001 significance levels 

indicate differences between KOs and littermates control using a Student’s t-test. The data is 
collected by myself. 
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Table 2-4. Summary of microarray and real-time qPCR results in DRG of Nav1.7 KO mice. 

 

As stated above, Penk, the precursor of Met-enkephalin and Leu-enkephalin could be 

one of the most interesting genes to explore further since the importance of enkephalin in 

pain has been well documented (Chu Sin Chung and Kieffer, 2013). The link between Nav1.7 

and endogenous opioids could provide a new insight into pain therapies. Therefore, we 

investigated if the protein levels of enkephalin were also up-regulated. In L5-L6 spinal cord, 

where the central terminals of primary afferents were located, Met-enkephalin 

immunoreactivity was strongly enhanced in Nav1.7KO mice (Nav1.7Adv) compared with 

littermate control mice (Figure 2-9). The increase in immunoreactive Met-enkephalin was 

more than two fold (Figure 2-9B). This result suggested that Met-enkephalin levels were up-

regulated as a result of the loss of Nav1.7 function.  

These real-time qPCR and immunohistochemistry data suggested that dramatic down-

regulation of a little characterised gene, Ceacam10, and up-regulation of Penk due to the loss of 

Scn9a in DRG. The expression level of Th was markedly down-regulated and Tmem173 was 

also up-regulated in DRG in Nav1.7 null mice. The expression level of Met-enkephalin in the 

spinal cord was up-regulated in Nav1.7 KO mice. The next question is if these genes are 

associated with pain behaviour. The first attempt was to narrow down the genes of interest to 

explore if they are associated with pain behaviour.  Although dysregulation of Th and Tmem173 

might be important for pain therapies, Penk and Ceacam10 were settled on for the further 

investigation in pain behaviour; Penk was selected since endogenous opioids have been 

reported to play a role in pain behaviour, and the link between Nav1.7 and endogenous opioids 

could have an essential factor of analgesia in loss of Nav1.7 function. Ceacam10 was the most 

significantly dysregulated in Nav1.7KO mice; however, little is known about this gene. This gave 

an idea that Ceacam10 could be associated with pain sensation. Therefore the pain behaviour 

tests for these genes were examined, addressed in the next section (2.3.2). 

 

 Ceacam10 Penk Th Tmem173 

Fold change in 

microarray 
-18.94 +3.84 -4.22 +2.82 

Fold change in Real-

time qPCR 

(Female/Male) 

-16.7/-16.7 +3.47/+3.04 -5.26/-4.17 +2.07/+2.82 
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Figure 2-9. Met-enkephalin levels in L5–L6 spinal cord sections in floxed Nav1.7 littermates 

control and Nav1.7 KO (Nav1.7Adv) mice. (A) The sections were double-labelled with met-

enkephalin (Green) and IB-4 (Red). Right panel insert shows higher magnification of lamina I 

and II within the dorsal horn. (B) Quantification of immunostaining signal shows less Met-

enkephalin immunoreactivity in littermate dorsal horns (n=3) compared with the Nav1.7 KO 

dorsal horn (n=3). Data are shown as mean±s.e.m. *P<0.05 significance levels indicate 

differences between KOs and littermates using a Student’s t-test. This data is collected by 

Dr.Vanessa Pereira at Molecular Nocuception Group, WIBR, UCL. Cited from (Minett et al., 

2015). 

 

2.3.2 Pain behaviour 

I. Pain behaviour test in mice 

Performed by Dr. Vanessa Peraira, Ms. Sonia Santana, Miss Queensta Millet at Molecular Nociception 

Group, WIBR, UCL and Dr. Michael Minett formerly at Molecular Nociception Group, WIBR, UCL. 

The data shown in the previous section (2.3.1) demonstrates that enkephalins are 

upregulated in Nav1.7KO mice and Ceacam10 was significantly down-regulated. We therefore 

explored the role of endogenous opioids in the loss of function of Nav1.7 and Ceacam10 in 

pain behaviour in mice. Firstly, we used the opioid antagonist naloxone to examine the role of 

endogenous opioids in pain behaviour in Nav1.7-null mutant mice using Nav1.7Adv mice. Recent 
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RNA sequencing data highlights the significance of the μ-opioid receptor in nociceptive Nav1.8-

expressing neurons that do not contain mRNA for κ- or δ-opioid receptors (Usoskin et al., 

2015). Thus the target of naloxone on sensory neurons is likely to be the μ-opioid receptor. 

Notably, Penk is a precursor of Met-enkephalin and Leu-enkephalin. Met-enkephalin is a potent 

agonist of the δ-opioid receptor, and to a lesser extent the μ-opioid receptor. Leu-enkephalin 

has agonistic actions at both the μ- and δ-opioid receptors (Janecka et al., 2004).  Met- and 

Leu-enkephalin could thus act as agonists for the μ-opioid receptor in nociceptive Nav1.8-

expressing neurons and naloxone could block this activity. Since thermal and mechanical 

analgesia in Nav1.7KO mice were documented (Minett et al., 2012), we measured thresholds 

for acute pain using Hargreave’s (thermal pain) and Randall-Selitto tests (mechanical pain). 

When naloxone was administered to Nav1.7 KO mice, there was a dramatic reversal of 

analgesia and restoration of both thermal and mechanical pain thresholds (Figure 2-10). The 

reversal levels were close to that found in littermate controls. On the other hand, the dose of 

naloxone used had no effect on pain thresholds of littermate controls (Figure 2-10). 

 

Figure 2-10. Pain behaviour tests on Nav1.7 KO mice and littermate control injected with 

naloxone. (A) Hargreaves (n=6 female and n=6 male per genotype) and (B) Randall-Selitto 

(n=3 female and n=3 male per genotype) pain behavioural tests show higher pain thresholds of 

Nav1.7 KO (Nav1.7Adv) mice compared with littermates. Systemic naloxone reduces thermal 

and pressure pain thresholds of male and female Nav1.7 KO (Nav1.7Adv) mice but has no effect 

on littermates. White bar=Nav1.7 littermate (WT) baseline, light grey bar= Nav1.7 littermate  

naloxone infusion, Black bar=Nav1.7 KO baseline, dark grey bar=Nav1.7 KO naloxone infusion. 

Data are expressed as mean±s.e.m. * ***P<0.001 significance levels indicate differences 

between KOs and littermates using a Student’s t-test and $$$ P<0.001 indicate differences 
following naloxone administration using a paired t-test. Cited from (Minett et al., 2015). 
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Secondly, the effects of gene deletion on pain behaviour using Ceacam10-null mice 

were examined. As mentioned, Ceacam10 was the most downregulated transcript in the 

Nav1.7 microarray analysis and thus we wondered if it contributes to pain behaviour. 

Ceacam10-null mutant mice have a limited analgesic phenotype to thermal stimuli in the 

Hargreaves test’ and the heterozygous null mutant mice also show partial analgesia (Figure 

2-11). We also administrated naloxone to these mice to see if the analgesia is opioid-

dependent. However, naloxone does not reverse the analgesic phenotype of Ceacam10-null 

mice (Figure 2-11). This result can suggest that Ceacam10 plays a role in pain sensation 

through a non-opioid-dependent mechanism.  

These pain behaviour tests on mice indicate that up-regulation of Penk contributes to 

the CIP analgesic phenotype associated with loss of Nav1.7 expression, and down-regulation of 

Ceacam10 may also make a small contribution. 

 

Figure 2-11. Hargreaves’ pain behavioural test in global Ceacam10 KO mice. Ceacam10 KO and 

heterozygous KO mice show clear thermal analgesia in the Hargreaves’ test and this is 

unaffected by naloxone administration (n=6 per genotype). White bar=wild type, grey 

bar=heterozygous KO mice, black bar=Ceacam10 KO mice. Data are expressed as 

mean±s.e.m. **P<0.01 and ***P<0.001 significance levels indicate differences between KOs and 
littermates (wrote as Wildtype) using a Student’s t-test. Cited from (Minett et al., 2015). 
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II. Pain threshold change in Nav1.7-null CIP patient by administration of 

naloxone 

Performed by Dr. Flavia Mancini, Professor Gian Iannetti, and Professor Raymond MacAllister at UCL 

The present results of pain behaviour tests have demonstrated the endogenous opioid-

contribution to the CIP analgesic phenotype associated with loss of Nav1.7 expression in mice. 

We then examined the effect of naloxone on pain thresholds in a rare human Nav1.7-null CIP 

individual (genotyped was described in detail in (Nilsen et al., 2009). In normal conditions, the 

Nav1.7- null subject was completely unaware of the phasic pain stimulus (Figure 2-12A). 

However, infusion of naloxone reversed analgesia dramatically in the Nav1.7-null CIP patient. 

The ability of the Nav1.7-null CIP individual to detect a single noxious heat stimulus in the 

presence of naloxone rose from 0 to 80% (Figure 2-12A). Ongoing thermal pain (tonic pain 

stimulus) could also be detected by the Nav1.7-null individual only in the presence of naloxone 

(Figure 2-12C). These results in the CIP patient were consistent with the Nav1.7 KO mouse 

data. On the contrary, there was no change in healthy control participants following infusion of 

naloxone in both phasic and tonic pain (Figure 2-12B, D). It should be noted that this pain test 

indicated opioid-dependent analgesia in only one Nav1.7-null patient; however, the mechanistic 

studies in mice seem to also explain aspects of the human Nav1.7-null CIP phenotype. It would 

be useful to examine larger numbers of the extremely rare CIP individuals to extend these 

studies. 

 These mice and human pain behaviour studies suggested that the loss of Nav1.7 

expression in SCN9A-null mice and humans leads to the upregulation of an endogenous opioid 

system that contributes substantially to the CIP pain-free state through inhibition of 

nociceptive sensory neuron input into the spinal cord. In addition, Ceacam10 could contribute 

to the CIP analgesic phenotype associated with loss of Nav1.7 expression. The next question is 

how the loss of a voltage-gated sodium channel alters mRNA levels. We attempted to examine 

the mechanisms of mRNA regulation of these 4 genes; Penk, Th, Ceacam10 and Tmem173, 

addressed in the next section. 
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Figure 2-12. Perception of phasic and tonic pain in humans. (A)(B) Phasic pain test. The 

probability of detecting 9-ms radiant heat pulses was assessed in a Nav1.7-null patient (A) and 

in three age-matched healthy controls (B). Neodymium:yttrium-aluminum-perovskite (Nd:YAP) 

laser pulses (El.En, Italy) selectively stimulate intra-epidermal free-nerve endings, thus providing 

a pure nociceptive input without touch. The human Nav1.7 null did not detect any stimuli in 

baseline and saline conditions. The probability of detecting the stimulus dramatically increased 

to 80% of stimuli detected during the infusion of 12 mg naloxone, almost reaching the 

detection levels of matched healthy controls. (C)(D)Tonic pain was elicited by 25 s laser stimuli, 

whereas the participants rated online the intensity of the heat sensation on a visual analogue 

scale (0=no sensation, 100=worst pain imaginable) throughout the laser application. Again, 

naloxone strongly enhanced tonic pain sensations in the Nav1.7-null patient (C) throughout the 

time course of the stimulation without effect in the control subjects (D). Cited from (Minett et 
al., 2015). 

 

2.3.3 Luciferase reporter assay 

Creating Gaussia and Cypridina luciferase constructs were performed by Dr. Yury Bogdanov formerly 

at Molecular Nociception Group, WIBR, UCL.and myself. All the other procedures were performed by 

myself. 

As stated in the introduction section, the hypothesis of this project is that Nav1.7 can 

function as a mediator of transcriptional activity. To address this question, we performed 

luciferase assays in the presence or absence of Nav1.7. We assumed that the luciferase 

expression could be different if Nav1.7 plays a role in transcriptional activity. We chose Penk 
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and Th to examine transcriptional activities of the genes mediated by Nav1.7 using luciferase 

assays. Penk is of particular interest as our data strongly suggested up-regulation of 

endogenous opioids contributes to the CIP analgesic phenotype associated with loss of Nav1.7. 

TH is also interesting to investigate further as; several studies have supported that TH and L-

DOPA may be linked to pain sensation. Also transcriptional activity of TH using luciferase assay 

has been well documented (Jeong et al., 2006). We therefore explored the mechanisms of 

mRNA regulation for these 2 genes using luciferase assays. In this section, cell line results, 

using transiently transfected HEK cells (I) and Neuro2A cells (II) will be shown first, and then a 

luciferase assay in stable Neuro2A cell line will be addressed (III). 

 

I. Luciferase assay in transiently transfected HEK cells 

HEK293A cells are derived from human embryonic kidney cells, which have seen wide 

use in stably transfected forms to study a variety of cell-biological questions in neurobiology. 

Their features including quick and easy reproduction and maintenance, high efficiency of 

transfection and protein production, and the ability to carry out most of the post-translational 

folding and processing enabling us to study the function of channels, receptors and cell signaling 

pathways. Using this cell line, we aimed to explore the transcriptional activity for each protein, 

Penk and Th. First, we created a Gaussia luciferase construct driven by hPENK, hTH or hGAPDH 

putative promoter (Figure 2-13). The promotor region of these genes have not known, apart 

from TH promoter. Some studies indicated around 500kb upstream of human TH gene is 

sufficient to drive reporter expression (Gardaneh et al., 2000, Coker et al., 1988). Also 

another study used 3.3kb upstream of TH for a promoter construct which was active in 

neuroblastoma cell line (Kim et al., 2003). Therefore the regions which are 5kb upstream of 

the each gene were placed into upstream of the luciferase genes, assuming the regions are 

sufficient to drive reporter expression functioning as promoter. The vector of Gaussia 

luciferase gene under the control of Gapdh putative promoter was attempted to create in 

order to confirm the target genes are not regulated randomly. Firstly, I transfected these 

plasmids into HEK293A cells to test if the constructs worked (Figure 2-14). 
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Figure 2-13. Construct of luciferase. Gaussia lucifearse driven by CMV and Gaussia luciferase 
without promoter are used for positive control or negative control, respectively. 

 

 

Figure 2-14. Luciferase assay in HEK293A cells. (A) (B) Cells were transfected with each 

construct of Gaussia luciferase together with Cypridina luciferase controlled by SV40. RLU of 

Gaussia luciferase indicating the activity of each promoter were divided by Cypridina luciferase 

RLU as an internal control to normalise cell numbers and transfection rate. Positive control 

(cells transfected with CMV-gLuc) showed high expression levels of Gaussia luciferase (A) 

while Gaussia RLU for hGAPDH, hPENK and hTH promoter represented lower signals than 

negative control (B). n=1, the results are shown as mean ± SEM for technical triplicates. 

 

Unfortunately, the results indicated that Gaussia luciferase was not expressed under 

the control of each promoter, hPENK, hTH or hGAPDH in HEK293A cells because the ratio for 

each construct divided by internal control (SV40-cLuc) was lower than the negative control, 

which does not have promoter region. This result could be because HEK293A cells do not 

express PENK or TH; according to Human Protein Atlas (http://www.proteinatlas.org/)(Uhlen 

et al., 2015, Thul et al., 2017), the expression of these genes are not found in HEK293 cells. 
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Thus, another cell line which has closer environment to neuronal cells might be useful for this 

assay. We therefore performed this assay using neuronal cells as the second attempt, shown in 

the next section. 

 

II. Luciferase assay in transiently transfected Neuro2A cells 

Neuro2A cells are a mouse neural crest-derived cell line that has been extensively 

used to study neuronal differentiation, axonal growth and signaling pathways. Some studies 

described that Penk and Th are expressed in Neuro2A cells (Tremblay et al., 2010, Bamberger 

et al., 1995). Thus they could be a suitable model to explore the transcriptional activity of Penk 

or Th in the presence or absence of Nav1.7.  

Firstly, we created a Gaussia luciferase construct driven by mPenk, mTh or mGapdh 

putative promoter. Similary to human gene promoter, promoter regions of mGapdh and mPenk 

have not been well studied.  On the other hand, there are several studies mentioning Th 

promoter in mouse. In a study, 68bp upstream of Th was placed into a reporter construct 

(Tanida et al., 2014), while some studies used 800bp to 4kb upstream of Th to identify the 

other elements in Th transcription (Hagerty et al., 2001, Lebel et al., 2001). Like the constructs 

bearing human putative promoter regions of each gene, we therefore placed 5kb upstream of 

each gene into the Gaussia luciferase construct. 

In order to compare the effect of Nav1.7, the cells are co-transfected with Gaussia 

luciferase driven by each promoter and Nav1.7 or empty vector, together with the internal 

control, Cypridina luciferase controlled by SV40 (See Figure 2-13 for the construct; instead of 

the human gene promoter, we used the mouse promoter). 
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Figure 2-15. Luciferase assay in Neuro2A cells. Cells were transfected with each construct of 

Gaussia luciferase together with Cypridina luciferase controlled by SV40 (Figure 2-13, mouse 

promoter instead of human promoter) and human Nav1.7 gene for presence of Nav1.7 

(+hNav1.7, dark colour bar) or empty plasmid for absence of Nav1.7 (-hNav1.7, light colour 

bar). RLU of Gaussia luciferase indicating the activity of each promoter were divided by 

Cypridina luciferase RLU as an internal control to normalise cell numbers and transfection rate. 

(A) the results including positive control (CMV). The positive control represented the strong 

signal suggesting that the assay itself was performed properly. (B) the results without the 

positive control. RLU of Gaussia luciferase controlled by mPenk promoter has moderate 

signals while mGapdh and mTh has the same RLU level as negative control. The transcription 

activity of mPenk was up-regulated in the absence of Nav1.7. However, it was not statistically 

significant (p=0.09). n=3 for positive (CMV) and negative control, mGapdh and mTh, and n=5 
for mPenk. All results are shown as mean ± SEM.  

 

Figure 2-15 shows the ratio of Gaussia luciferase expression measured by RLU divided 

by Cypridina luciferase expression as an internal control. The result indicates low luciferase 

expression controlled by Th and Gapdh promoters. Also, it may suggest that the expression 

controlled by the Th promoter did not give a marked difference between cells co-transfected 

with Nav1.7 or without. However, the most interestingly, Gaussia luciferase expression 

controlled by the Penk promoter is higher in the cells without transfection of Nav1.7 than in 

the cells where Nav1.7 is overexpressed. However, there was no statistic significant difference 

between the transfection and non-transfection of Nav1.7 (p=0.09). This result could be 

because endogenous Nav1.7 might affect the transcriptional activity. In addition, the 

overexpression of Nav1.7 might not be sufficient to produce significantly different levels of Penk 

in the cells transfected with or without Nav1.7. A technical problem might be also the cause of 

the non-significant result. For example, we wondered if both Gaussia and Cypridina luciferase 

constructs are transfected into a positively transfected cell. If the transfected rate was different 

between Gaussia (test) and Cyprinida (internal control) luciferase, this difference may affect 

the RLU ratio. To solve this problem, stably expressing both test and internal control 

luciferase cells were generated, addressed in the next section (2.3.3III). 
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III. Luciferase assay in Neuro2A stable cell line 

To generate a stable cell line, a luciferase construct carrying an antibiotic resistance 

gene was required. Since two different types of luciferase were needed, each gene should have 

distinct mechanism to be resistant to antibiotic. Two luciferase constructs were chosen; Firefly 

luciferase which bears the Hygromycin resistance gene (Hyg) and Renilla luciferase carrying 

Neomycin resistance gene (neo). These two luciferases are widely performed to examine 

promoter activities. One of commonly used antibiotic, Geneticin, also known as G418, blocks 

polypeptide synthesis by inhibiting the elongation step in both prokaryotic and eukaryotic cells. 

Resistance to Geneticin is conferred by the Neomycin resistance gene. On the other hand, 

Hygromycin affords resistance to Hygromycin B. Hygromycin B is an aminoglycosidic antibiotic 

that inhibits protein synthesis by disrupting translocation and promoting mistranslation at the 

80S ribosome. Since it uses a different mode of action from Geneticin, it is suitable for dual-

selection experiments when used in conjunction with Geneticin (Invitrogen, 2002). Therefore, 

Hygromycin B and Geneticin were attempted to use by adding it into the media to select the 

cells stably expressing both Firefly and Renilla luciferase.  

Firstly, we created Firefly and Renilla luciferase constructs. Firefly was chosen as a test 

luciferase construct; each DNA fragment covering the promoter region was inserted upstream 

of Firefly luciferase gene. For an internal control, SV40 promoter was placed infront of Renilla 

luciferase gene in the plasmid. To create the construct, two methods were tested; firstly, the 

traditional method where both insert and vector are digested with the same restriction 

enzymes following ligation. The other method was Gibson Assembly, which has been recently 

developed by Gibson and colleagues (Gibson et al., 2009). It allows for successful assembly of 

multiple DNA fragments (Figure 2-17). In this assembly, the insert needs to have overlapping 

fragments at its ends. Three different enzymatic activities in a single buffer enable us to create 

a new vector: first, the exonuclease create single-stranded 3´ overhangs that facilitate the 

annealing of fragments that share complementarity at one end (overlap region). Secondly, the 

polymerase fills in gaps within each annealed fragment. The final step is ligation. The DNA 

ligase seals nicks in the assembled DNA. Surprisingly, Gibson Assembly resulted in 100% 

positive clones by checking the plasmid size (Table 2-5). Compared to the traditional method, 

this assembly is easier to conduct because of one-step ligation in a short time (20min). Most 

importantly, it allows for creating a new construct efficiently. 
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Figure 2-16. Overview of Gibson assembly. (Gibson et al., 2009) 

 

Table 2-5. Comparison of Gibson assembly and conventional method. 

 mPENK-fLuc mTh-fLuc mGapdh-fLuc 

Number of clones in Gibson 

Assembly 

(positive clone/pick up clone) 

12/12 6/6 6/6 

Number of clones in conventional 

method 

(positive clone/pick up clone) 

2/20 4/6 2/6 

 

Secondly, stable single clones expressing Firefly under the control of each promoter 

and Renilla luciferase were generated. The generated Firefly and Renilla luciferase constructs 

were transfected into Neuro2A cells. After a few weeks harvest with Geneticin and 

Hygromycin B, the cells were sorted into single clones using Flow Cytometry. The single cells 

were kept harvesting with Geneticin and Hygromycin B for another several weeks. Then, the 

single clones were verified if they express both Firefly and Renilla by measuring luminescence 

(Table 2-6). Only 1 clone from 190 single cells transfected with CMV-fLuc, mGapdh-fLuc, or 

mPenk-fLuc together with SV40-rLuc demonstrated both luminescence given by Firefly and 

Renilla luciferase. Also 1 clone from 190 single cells transfected with Φ-fLuc expressed Renilla 

luminescence. On the contrary, 6 clones from 190 single cells transfected with mTh-Fluc and 

SV40-Rluc showed signals conferred by both Firefly and Renilla luciferase. 
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Table 2-6. RLU in positive clones expressing Firefly and Renilla luciferase. The cells reached at 

70-80% confluency in a well in a 48 well plate were used for luminescence measurement. 

  Firefly RLU 

non-transfection 32 55 36       

CMV 4000000           

φ 11357           

mGapdh 1563000           

mPenk 96970           

mTh 3466000 2030000 2714000 1371000 3276000 1279000 

  Renilla RLU 

non-transfection 7327 3978 5763       

CMV 2287000           

φ 3983000           

mGapdh 497086           

mPenk 443726           

mTh 3047000 1872000 1901000 1508000 3456000 1248000 

 

Thirdly, the selected clones were also validated by immunofluorescence (Figure 2-17, 

Figure 2-18). Co-staining with anti-Firefly (green) and anti-Renilla (red) antibodies was 

performed. Anti-Firefly luciferase antibody showed green staining in the stable clones obtained 

from the cells transfected with CMV, mGapdh, mPenk, or mTh -Fluc (Figure 2-17). However, 

the clone expressing Firefly luciferase under the control of mGapdh putative promoter 

appeared to demonstrate weaker signals than the others (Figure 2-17). Among these clones, 

the ones expressing Firefly luciferase driven by mPenk and mTh promoter showed strong 

signals (Figure 2-17), although these clones also demonstrated weak green staining in negative 

control, no-primary-antibody treated cells (Figure 2-18). This staining in the negative control 

might be because of non-specific binding of the secondary antibody due to high expression of 

Firefly luciferase. Of note, the stable clone obtained from the cells transfected with CMV-Fluc 

did not show signals as strong as the ones from mTh- or mPenk -Fluc (Figure 2-17), although 

the RLU signals were high (Table 2-6). This could be alo because of the non-specific binding of 

the secondary antibody for the clones cobtained from mTh- or mPenk –Fluc. No obvious anti-

Firefly luciferase staining was seen in a clone obtained from the cells transfected by Firefly 

luciferase without promoter construct. Staining in the cells without transfection was also not 

seen (Figure 2-17), suggesting that the green immunofluorescence in the clones apart from the 

ф–Fluc clone demonstrated expression of Firefly luciferase. Each stable clone showed red 

fluorescence stained by anti-Renilla luciferase antibody (Figure 2-17). However, weak red 

staining was observed in the clone expressing Renilla and Firefly luciferase driven by mGapdh 
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promoter (Figure 2-17). Anti-Renilla luciferase antibody did not show marked fluorescence in 

non-transfected cells (Figure 2-17). These staining results suggest that all clones expressed 

Renilla luciferase although it seemed to be different levels of Renilla luciferase expression. All 

no-primary-antibody treated cells which were used as a negative control did not show red 

staining (Figure 2-18).  

Figure 2-17. Immunofluorescence of Neuro2A stable cell line. Goat anti-Firefly (ab181640) 

and Rabbit anti-Renilla (ab185926) antibodies were used to stain the cells. Alexa 488 Donkey 

anti-Goat and Alexa 594 Donkey anti-Rabbitantibodies were used as secondary antibody. Each 

clone were from the transfected cells with SV40-rLuc and CMV; CMV-fLuc, ф; Fluc (no 

promoter), mGapdh; mGapdh-fLuc, mPenk; mPenk-fLuc, mTh; mTh-fLuc. Scale bar=60 µm. 
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Figure 2-18. Immunofluorescence of Neuro2A stable cell line stained with secondary antibody 

only. Alexa 488 Donkey anti-Goat (used for Firefly luciferase) in green and Alexa594 Donkey 

anti-Rabbit (used for Renilla luciferase) in red. Each clone were from the transfected cells with 

SV40-rLuc and CMV; CMV-fLuc, ф; Fluc (no promoter), mGapdh; mGapdh-fLuc, mPenk; mPenk-

fLuc, mTh; mTh-fLuc. Scale bar= 60 µm. 

 

Generating Firefly and Renilla luciferase stable cell lines allowed us to resolve the issue 

that transient transfection might cause a different transfection rate between the test luciferase 

construct and the internal control. Finally, these stably expressing Firefly controlled by the 

each promoter and Renilla luciferase clones were tested to explore the effect of Nav1.7 in 

transcriptional activity. Like in the previous experiments (II), each clone was transfected with 

hNav1.7 to overexpress or empty vector as a control. The RLU of Firefly luciferase given by 

the activity of each promoter was divided by that of Renilla luciferase to normalise cell 
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numbers. In the transient transfection (II), both cells transfected with mGapdh-gLuc and mTh-

gLuc demonstrated low signals similarly to the negative control (gLuc without promoter). 

Using the stable cell line enabled us to obtain higher signals than the negative control (φ-fLuc), 

however, significant difference between overexpression of Nav1.7 and control (transfected 

with empty vector) was not observed in all clones (Figure 2-19). 

These insignificant differences might be because of a technical limitation; 

overexpression of Nav1.7 using lipofectamine might not be sufficient to see distinct 

transcriptional activity between the cells transfected with the vector bearing Nav1.7 and the 

empty vector. Notably, moderate levels of mRNA expression of Scn9a as well as Scn2a and 

Scn4a are observed, while low expression of the other VGSCs are found in Neuro2A cell line 

according to BioGPS (http://biogps.org)(Wu et al., 2013, Wu et al., 2016). This endogenous 

expression of Nav1.7 in Neuro2A might compensate the effect of Nav1.7 overexpression. This 

limitation could bring an idea that the complete loss of Nav1.7 functions might be able to 

display the difference in luciferase expression. Therefore, although the transcriptional activity 

of Penk and Th in Neuro2A cells did not show statistically significant differences, it could be 

interesting to test this assay in Nav1.7 KO mice DRG neurons. In addition, transcriptional up- 

or down-regulation could be an important factor in dysregulation of those genes in mRNA 

levels in Nav1.7 KO mice DRG neurons since mRNA levels were altered in DRG in Nav1.7 KO 

mouse compared to littermate control mice (Figure 2-8). We further investigated this 

transcription activity of Penk and Th in mouse DRG neurons, addressed in the next section (IV). 

http://biogps.org/
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Figure 2-19. Luciferase assay in Neuro2A stable cell line with overexpression of hNav1.7. (A) 

The clone derived from cells transfected with mGapdh-fLuc and SV40-rLuc. (B) The clone 

derived from cells transfected with mPenk-fLuc and SV40-rLuc. (C) The clone derived from 

cells transfected with mTh-fLuc and SV40-rLuc. RLU of Firefly luciferase indicating the activity 

of each promoter were divided by Renilla luciferase RLU as an internal control to normalise 

cell numbers. The measurement was performed 24, 48, and 72hr post-transfection with 

hNav1.7. No significant differences were observed in all clones. n=3 for mGapdh, n=4 for mTh, 

and n=5 for mPenk. All results are shown as mean ± SEM. 
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IV. Luciferase assay with cultured DRG neurons 

In order to measure transcriptional activity of each gene, we attempted to perform a 

luciferase assay in DRG from the conditional Nav1.7KO mice (Nav1.7Adv). First, we tested 

Gaussia and Cypridina luciferase constructs using WT mice DRG neurons. Gaussia luciferase 

driven by Gapdh and Th were not expressed since RLU ratio of Gaussia and Cypridina 

luciferase was the same level as the one in negative control (Figure 2-20). Gaussia luciferase 

driven by Penk seemed to be expressed in DRG cells. However, it gave low signals since it is 

difficult to obtain many cells from mouse DRG comparing to cell lines such as Neuro2A. 

 

 

Figure 2-20. Luciferase assay in DRG taken from WT mouse. Cells were transfected with each 

construct of Gaussia luciferase together with Cypridina luciferase controlled by SV40 (Figure 

2-13, mouse promoter instead of human promoter). RLU of Gaussia luciferase indicating the 

activity of each promoter were divided by Cypridina luciferase RLU as an internal control to 

normalise cell numbers and transfection rate. RLU of Gaussia luciferase controlled by mPenk 

promoter has moderate signals while mGapdh and mTh has the same RLU level as negative 

control. (n=1) 

 

These low signals might lead to sizeable technical errors since slight changes of 

luminescence reading can cause large differences when shown as an RLU ratio. The luciferase 

kinetics should be also noted when considering the technical errors; the luminescence can 

drop down dramatically in a short period. Thus, we wondered if a different type of luciferase 

might allow us to obtain higher signals in order to reduce technical errors. Therefore, the new 

constructs carrying Firefly or Renilla luciferase genes were tested in mouse DRG. Since 

Gaussia luciferase controlled by mGapdh and mTh promoter did not seem to express in DRG 
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neurons, we attempted to transfect with only mPenk-fLuc and negative control (φ-fLuc). In 

spite of our expectation, the luminescence given by Firefly luciferase was not high (Figure 2-21). 

 

Figure 2-21. Gaussia or Firefly luciferase RLU in DRG taken from WT mouse. Cells were 

transfected with Gaussia luciferase or Firefly luciferase driven by mPenk promoter. (n=7 for 

Gaussia luciferase construct, n=1 for Firefly luciferase construct.) 

 

We therefore tested Nav1.7KO and littermate control mice measuring luminescence 

of Gaussia luciferase and Cypridina luciferase. Despite our hypothesis that Nav1.7 can be a 

transcriptional regulator, RLU ratio of Gaussia luciferase driven by Penk and Cypridina 

luciferase under the control of SV40 did not show marked difference between Nav1.7KO  and 

littermate control mice (Figure 2-22). Since we could not obtain high signals due to small 

numbers of cells, there were sizeable differences of RLU between each trial, leading to notable 

technical errors. In addition, DRG neurons are considered to be difficult to transfect even 

using electroporation. Our primary data suggested approximately 5-10% of DRG neurons can 

be transfected in this method. We therefore attempted another method to measure 

transcriptional activity of Penk, addressed in the next section (2.3.4).  
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Figure 2-22. Luciferase assay in DRG in Nav1.7KO mice or littermate control. Cells were 

transfected with each construct of Gaussia luciferase together with Cypridina luciferase 

controlled by SV40 (Figure 2-13, mouse promoter instead of human promoter). RLU of 

Gaussia luciferase indicating the activity of each promoter was divided by Cypridina luciferase 

RLU as an internal control to normalise cell numbers and transfection rate. There seems to be 

no obvious up-regulation of the transcriptional activity of Penk. (n=4 for Penk, n=5 for negative 
control) 

 

2.3.4 Pre-mRNA levels of Penk in DRG neurons 

Performed by myself 

Since we could not conclude if Nav1.7 regulates transcriptional activity of Penk in DRG 

using the luciferase assay (2.3.3IV), I tried to measure pre-messenger RNA levels of Penk in 

DRG neurons. In eukaryotic cells, initially transcription results in a pre-messenger RNA (pre-

mRNA) molecule that is processed before it emerges as a mature mRNA ready for translation. 

Thereby measuring pre-mRNA could give an idea that Nav1.7 mediates transcriptional 

activities of Penk and/or contributes to pre-mRNA stability leading to increased endogenous 

opioids due to loss of Nav1.7 expression. The mechanisms of this gene expression mediated by 

Nav1.7 might be beneficial to broaden potential analgesic targets for more effective pain 

therapies together with Nav1.7. We designed a primer pair that amplified segments of intron-

exon boundary. By performing RT-qPCR using the primer pair, we could measure pre-mRNA 

levels of Penk gene. First, we confirmed non-contamination of gDNA by performing non-RT 

samples. Amplification of non-RT samples was not observed, suggesting that there was no 

contamination by gDNA into total RNA samples. Secondly, we confirmed if mRNA levels of 
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Penk were up-regulated in Nav1.7KO mice by performing RT-qPCR with another primer pairs. 

Again, we used Nav1.7Adv knockout mice where Nav1.7 is deleted in all sesory neurons and 

littermate control. Although we measured mRNA levels of Penk in DRG in both littermate 

control and Nav1.7KO mice  to confirm our microarray data (Figure 2-8), the primer pair we 

used overlaps the same exon. This primer pair overlapping the same exon can detect not only 

mRNA but also pre-mRNA, Therefore, we also tested amplification at a different exon 

boundary to confirm we measured mRNA, not with pre-mRNA. We used a Taqman assay as it 

provided a primer pair that amplified segments at a different exon boundary. The result 

demonstrated the same tendency as when performed using SYBR green with primers we 

designed; namely, up-regulation of mRNA levels of Penk in Nav1.7KO mice  (Figure 2-23A). 

Thirdly, we measured pre-mRNA of Penk in DRG to compare Nav1.7KO and littermate 

control mice. Significant up-regulation of pre-mRNA levels of Penk in Nav1.7KO mice  was 

identified (Figure 2-23B). These results support our hypothesis that Nav1.7 mediates 

transcriptional activity of Penk, leading to the up-regulation of mRNA and protein levels. 



 

 

103 

 

 

Figure 2-23. Real-time qRT-PCR results of mRNA and pre-mRNA levels of Penk. (A) mRNA 

levels of Penk was up-regulated in DRG in both female and male Nav1.7KO mice . Taqman 

assay was used to amplify the segments of different exon boundary. (B) pre-mRNA levels of 
Penk was also up-regulated in DRG in both female and male Nav1.7KO mice . 

 

2.3.5 Penk expression mediated by intracellular sodium ions 

Performed by Dr. Vanessa Peraira at Molecular Nociception Group, WIBR, UCL and myself 

The next question is how the loss of Nav1.7 can alter the mRNA expression of Penk. 

Several mechanisms can answer for this enigma; Nav1.7 itself might serve as a transcription 

factor. This idea came from some studies in VGCCs that C-terminus of a subtype of VGCCs 

acts as a transcription factor (Gomez-Ospina et al., 2006, Barbado et al., 2009). Another idea is 
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that other elements may play a role in Penk transcription together with Nav1.7 or downstream 

elements can be associated with transcriptional activities. A possibility of particular interest is 

that sodium ions may be involved in mediating gene expression. Increases in intracellular 

sodium ion concentration led to activation of salt-inducible kinase 1 that can activate myocyte 

enhancer factor 2 (MEF2)/transcription of nuclear factor of activated T cell (NFAT) 

transcriptional activity in a cardiac cell line (Popov et al., 2012). A related member of the 

NFAT family, TonEBP (Tonicity-responsive enhancers binding protein), appears to stimulate 

transcription by binding to TonE sequences (Miyakawa et al., 1999). TonE has been reported 

to serve a key role in transcriptional activation of sodium/myo-inositol cotransporter 

(Yamauchi et al., 1993) and sodium/chloride/betaine cotransporter (Uchida et al., 1993). 

NFAT5 is expressed in sensory neurons (Usoskin et al., 2015) and several copies of the 

NFAT5 consensus sequence 5’-TGGAAANYNY-3’ (Esensten et al., 2005, Lopez-Rodriguez et 

al., 1999, Stroud et al., 2002) are also found upstream of the human PENK gene, indicating that 

NFAT5 could regulate PENK expression by binding to the promoter region. Taking these 

studies into account, sodium ions may play a role as a second messenger in sensory neurons to 

regulate gene expression, possibly via NFAT5 activities. Prior to investigating the link between 

NFAT5 and Nav1.7, this thesis aimed to explore if increased levels of intracellular sodium ions 

impact on the transcriptional activity of Penk in DRG. Furthermore, if sodium ions play a role 

as a second messenger, other genes such as Ceacam10 expression might be also altered 

through the increase of intracellular sodium ion levels. In this thesis, a possible role of sodium 

ions in transcriptional activities was explored. To address the effect of intracellular sodium 

ions on gene expression, we used three agents: firstly, monensin, a sodium ionophore that can 

elevate intracellular sodium levels. Secondly, the sodium channel-specific pore blocker 

tetrodotoxin (TTX). Thirdly, the calcium ionophore, ionomycin to explore the potential link 

between altered calcium levels and gene expression. We selected three genes to test this 

effect; Ceacam10 which is the most down-regulated gene and Penk which appears to be the 

most interesting up-regulated gene. In addition to those genes, we tested another gene called 

Tmem173, which was also up-regulated in Nav1.7KO mice. By measuring the effect of sodium 

ions on this gene, we expected to know sodium ion- mediated up-regulation could be Penk-

specific or sodium ions could also affect the expression of Tmem173. The results will be 

addressed in the following sections. 
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I. Sodium-mediated mRNA upregulation of Penk in DRG 

Firstly, we tested the effect of monensin that can increase intracellular sodium ion 

levels. We found that monensin (500nM) could downregulate the expression of Penk mRNA in 

DRG neurons derived from wild-type mice, whereas Ceacam10 expression was enhanced a 

few-fold by monensin treatment (Figure 2-24AB). On the contrary, no significant down-

regulation of Tmem173 mRNA levels in monensin treated DRG neurons was observed 

although it appeared to be slightly down-regulated (Figure 2-24C). Secondly, to explore the 

mechanisms of the gene expression regulation by sodium ions further, we tested the effect of 

the sodium channel-specific pore blocker tetrodotoxin (TTX) on gene expression. The half-

maximal inhibitory concentration (IC50) for TTX is 30nM for Nav1.7; however, Nav1.8 is 

defined as TTX insensitive with an IC50 of 60 mM (Nassar et al., 2004, Akopian et al., 1999). 

By using TTX at concentrations up to 500 nM, we could completely block the activity of 

Nav1.7 and other TTX- sensitive sodium channels all known to be present in DRG, whereas 

Nav1.8 would retain activity. Interestingly, Penk mRNA levels were up-regulated in TTX 

treated DRG neurons obtained from WT mice (Figure 2-25A), while mRNA levels of 

Ceacam10 were not altered by TTX (Figure 2-25B). Also, Tmem173 expression was not 

significantly up-regulated (Figure 2-25C). These results could indicate that Penk expression is 

altered by sodium ion mediated by main contributor of TTX-sensitive sodium channel, Nav1.7. 

On the contrary, Tmem173 expression does not seem to be mediated by sodium ions, and 

Ceacam10 expression could be mediated by other factors through the elevation of intracellular 

sodium ion levels. Thirdly, we explored if sodium ions play a role directly on Ceacam10 and 

Penk expression or other factors involved in gene expression. Calcium ions are likely 

candidates for mediating gene expression; calcium is the cation more usually linked to second 

messenger activity through interaction with a range of enzymes. Altered levels of intracellular 

sodium ions may result in changes in intracellular calcium through effects on pumps and 

exchangers (Kuroda et al., 2013). Moreover, at high concentrations, monensin is able to 

increase intracellular calcium levels in some cells (Gorczynska and Handelsman, 1993). We 

used the calcium ionophore ionomycin to explore the potential link between altered calcium 

levels and gene expression. Ionomycin (200 nM), unlike monensin, had no effect on Penk 

mRNA levels measured using qPCR in DRG neurons (Figure 2-26A). Interestingly, the increase 

in intracellular calcium caused by ionomycin led, as with monensin treatment, to enhanced 

expression of Ceacam10 mRNA (Figure 2-26B). This result could indicate that calcium-

mediated second messenger regulatory events are at play in Ceacam10 expression in sensory 

neurons. However, as the increase in levels of intracellular calcium had no effect on Penk 
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mRNA levels, sodium rather than calcium seems to be a key second messenger in the 

regulation of opioid peptide expression. 

 

Figure 2-24. The mRNA levels of Penk, Ceacam10 and Tmem173 levels in DRG treated with 

monensin 500nM for 6 hours. mRNA levels of Penk was down-regulated (A) while Ceacam10 

mRNA level was up-regulated (B) by monensin administration. On the contrary, no significant 

dysregulation was observed in Tmem173 mRNA level (C) although it seemed to be slightly 

down-regulated. n=3. The measurement for Ceacam10 mRNA level was performed by 

Dr.Vanessa Pereira at Molecular Nocuception Group, WIBR, UCL and the others were 
performed by myself 

 

Figure 2-25. The mRNA levels of Penk, Ceacam10 and Tmem173 levels in DRG treated with 

TTX 500nM for 6 hours. The mRNA levels of Penk was strongly up-regulated (A) while both 

Ceacam10 and Tmem173 mRNA level was not altered by TTX administration (B) (C). n=3. The 

measurement for Ceacam10 mRNA level was performed by Dr.Vanessa Pereira at Molecular 

Nocuception Group, WIBR, UCL and the others were performed  by myself. 
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Figure 2-26. The mRNA levels of Penk and Ceacam10 levels in DRG treated with ionomycin 

200nM. The mRNA levels of Penk was not altered (A) while Ceacam10 mRNA level was up-

regulated in ionomycin treated DRG (B). These data was collected by Dr.Vanessa Pereira at 
Molecular Nocuception Group, WIBR, UCL. 

 

II. Intracellular sodium levels did not alter transcriptional activity in 

Luciferase assay in Neuro2A stable cells  

The present data suggest sodium seems to play a role in the regulation of Penk 

expression. We questioned if sodium mediates the transcriptional activity of Penk. To explore 

this question, we first attempted to test it on the Neuro2A cells stably expressing Firefly and 

Renilla luciferase. The same numbers of cells stably expressing Firefly and Renilla derived from 

the ones transfected with SV40-rLuc and mGapdh-fLuc, mPenk-fLuc or φ-fLuc were treated 

with monensin, TTX or vehicle (ethanol) as a control. The RLU ratio of Firefly and Renilla did 

not show any marked difference between control and monensin or TTX treatment (Figure 

2-27). We also analysed the data with RLU of Firefly luciferase since the cells were plated in 

the same numbers before treatment of the agents. Technically, the normalization of Renilla 

luciferase luminescence was not necessary if the cells were growing in the same manner. In 

addition, this experimental design could remove an effect on SV40 promoter activities due to 

agents’ treatment. The luminescence of Firefly luciferase controlled by the mPenk promoter 

was significant down-regulated in monensin treated cells at 6hr and 24hr post-treatment while 

no dramatic difference was observed in TTX treated cells (Figure 2-28B). There were no 

significant differences in RLU of Firefly luciferase driven by the mGapdh promoter between 
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monensin or TTX treatment and control cells (Figure 2-28A). However, monensin treated 

cells tended to show reduced levels of RLU of Firefly luciferase controlled by mGapdh 

promoter (Figure 2-28A). We therefore analysed the RLU of Firefly luciferase controlled by 

the mPenk promoter by normalising the RLU of Firefly luciferase driven by the mGapdh 

promoter. Although Firefly signals given by Penk promoter activity were decreased in 

monensin treated cells, normalization by the signals controlled by mGapdh promoter did not 

result in a marked decrease (Figure 2-29). This could be because sodium ions do not play a 

role in transcriptional activities of Penk or no role in transcriptional activities occurs in 

Neuro2A cells and the mechanisms are different from DRG neurons. We therefore aimed to 

measure pre-mRNA levels of Penk in DRG neurons to reveal if sodium ions mediate 

transcriptional activity of Penk, described in the next section (III). 
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Figure 2-27. Luciferase assay in Neuro2A cells stably expressing Renilla luciferase driven by 

SV40 and Firefly luciferase driven by the promoter of mGapdh (A) and mPenk (B), treated with 

monensin or TTX. RLU of Firefly luciferase indicating the activity of each promoter were 

divided by Renilla luciferase RLU as an internal control to normalise cell numbers. The 

measurement was performed at 3hr, 6hr and 24hr after the application of the agents. No 

significant difference was observed in both cell line stably expressing Firefly luciferase driven by 

mGapdh and mPenk.  (A) n=3 for 3hr and 24hr and n=8 for 6hr, (B) n=4 for 3hr and 24hr and 
n=5 for 6hr. The results are shown as mean ± SEM. 
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Figure 2-28. Luciferase assay in Neuro2A cells stably expressing Renilla luciferase driven by 

SV40 and Firefly luciferase driven by the promoter of mGapdh (A) and mPenk (B), treated with 

monensin or TTX. RLU of Firefly luciferase indicating the activity of each promoter were 

shown. The measurement was performed at 3hr, 6hr and 24hr after the application of the 

agents. The significant difference was observed in only the cell line stably expressing Firefly 

luciferase driven by mPenk at 6hr and 24hr.  (A) n=3 for 3hr and 24hr and n=8 for 6hr, (B) 
n=4 for 3hr and 24hr and n=5 for 6hr. The results are shown as mean ± SEM. 
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Figure 2-29. Luciferase assay in Neuro2A cells stably expressing Renilla luciferase driven by 

SV40 and Firefly luciferase driven by the promoter of mGapdh and mPenk, treated with 

monensin or TTX. RLU of Firefly luciferase controlled by mPenk promoter was divided by that 

of mGapdh promoter. The measurement was performed at 3hr, 6hr and 24hr after the 

application of the agents. No significant difference was observed. n=4 for 3hr and 24hr and n=5 

for 6hr. The results are shown as mean ± SEM. 

 

III. Intracellular sodium levels regulate Penk transcriptional activity in DRG 

neurons 

To test whether sodium ions play a key role in the transcriptional activity of Penk in 

sensory neurons, cultured DRG neurons derived from WT mice were used. The same strategy 

was conducted; the effect of monensin, which acts to increase intracellular sodium ion levels, 

and TTX to block the activity of Nav1.7 and other TTX- sensitive sodium channels. Down-

regulation (Figure 2-30A) and up-regulation (Figure 2-30B) of pre-mRNA levels of Penk was 

observed in monensin and TTX application, respectively. These dysregulation of pre-mRNA 

levels of Penk was consistent with that of mRNA levels (Figure 2-24, Figure 2-25), suggesting 

that sodium ions mediate the transcriptional activities of Penk resulting in the regulation of 

endogenous opioid expression in DRG neurons. 
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Figure 2-30. Pre-mRNA levels of Penk in monensin (A) and TTX (B) treated DRG neurons. 

Significant down-regulation and up-regulation of pre-mRNA levels in monensin (A) and TTX 
treated cells (B), respectively. n=3. 

 

2.4 DISCUSSION 

2.4.1 Summary of the results 

In this study, we aimed to examine a novel role of Nav1.7 in pain pathways. Our 

hypothesis came from previous microarray data showing that loss of Nav1.7 function has 

dramatic effects on gene expression in DRG. Firstly, the data presented in this chapter 

confirmed the microarray analysis in DRG from Nav1.7 null mice compared to littermate mice; 

significant down-regulation of Ceacam10 and Th, and up-regulation of Penk and Tmem173 in 

DRG of Nav1.7 knockout mice (2.3.1). Secondly, the animal and human pain behaviour tests 

strongly support the hypothesis that the genes regulated by Nav1.7 could contribute to the 

pain behaviour phenotype in NaV1.7 knockout mice. The Hargreaves’ test showed thermal 

deficits in Ceacam10 KO mice (Figure 2-11), suggesting that Ceacam10 plays a role in 

nociception. Application of the opioid antagonist, naloxone, to Nav1.7 null mice restores their 

thermal and mechanical pain thresholds thus reversing the analgesia produced by loss of Nav1.7 

function without affecting pain thresholds in WT controls (Figure 2-10). Moreover, infusion of 

naloxone was able to reverse analgesia to a noxious heat stimulus in the Nav1.7-null CIP 
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patient while there was no change in healthy control participants (Figure 2-12)(2.3.2). Thirdly, 

the results in this chapter demonstrated a possible role of sodium ions in Penk transcription 

though Nav1.7 by measuring mRNA and pre-mRNA levels, but not the expression of 

Ceacam10 or Tmem173 (2.3.4, 2.3.5I, 2.3.5III). Of note, this mechanism was not clearly 

displayed by using luciferase assay (2.3.3, 2.3.5II).  

The present data strongly suggests that dysregulated genes can be associated with pain 

and Nav1.7 plays a key role in gene expression along with its well-known function of 

propagating action potentials. This novel activity of Nav1.7 potentially broadens the possibilities 

for targeted drugs and moreover, effective treatments in pain therapy. The studies in this 

chapter would open more questions regarding this novel function of Nav1.7 and its 

mechanisms. This section will discuss a role of the dysregulated genes in pain which this 

chapter focused on, several technical limitations and future work. 

 

2.4.2 TH in pain pathways 

TH is an enzyme which catalyses conversion of L-tyrosine to L-DOPA. L-DOPA is a 

precursor of dopamine, noradrenaline, and adrenaline which are known as catecholamines. Th 

may be deemed interesting to explore further in pain sensation. TH is expressed in a 

subpopulation of unmyelinated small DRG neurons (Brumovsky et al., 2006, Usoskin et al., 

2015). We found dramatic down-regulation of Th in DRG of NaV1.7 KO mice. Interestingly, 

correlation between dopamine receptors and sodium currents has been documented. An 

agonist of D1 dopamine receptor attenuated stimulated excitatory postsynaptic potential 

amplification in prefrontal cortex pyramidal neurons and TTX abolished this effect (Rotaru et 

al., 2007). In addition, dopamine itself appears to induce an increase in inward sodium current 

in prefrontal cortex pyramidal neurons in rat brain slices (Gorelova and Yang, 2000). 

Furthermore, in small DRG neurons, a study suggested that dopamine receptor activation 

inhibited the tetrodotoxin-resistant (TTX-R) sodium current (Galbavy et al., 2013). It is not 

solely sodium channels/ currents that are affected by dopamine or its receptors. The 

probability of calcium channel opening is strongly reduced by application of  dopamine and 

noradrenaline and these catecholamines reduced single calcium channel activity at low 

membrane potentials in sensory and sympathetic neurons from chick embryo (Marchetti et al., 

1986). A recent study suggested that dopamine or an agonist of D1/D5 dopamine receptors 

inhibited both inward and outward capsaicin-activated currents which are linked to TRPV1 

channel activity in DRG neurons. This inhibition was calcium-calmodulin-dependent protein 
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kinase II (CaMKII) dependent (Chakraborty et al., 2016). Since TH is involved in synthesis of 

the dopamine, noradrenaline, and adrenaline precursor, L-DOPA, down-regulation of TH 

caused by loss of Nav1.7 expression might alter the other channel functions leading to mediate 

pain phenotype. It would be interesting to investigate further the interaction between Nav1.7 

and TH, and this interaction may open other possibilities for developing drug targets to treat 

pain. 

 

2.4.3 A role of Ceacam10 in pain 

Ceacam10 is a little characterised gene; despite exclusive expression in the maternal 

placenta surrounding the implantation site, Ceacam10 null mice are viable, fertile, and exhibit 

no obvious phenotype (Finkenzeller et al., 2003). In addition, Ceacam10 deficient mice showed 

no alterations in bone remodeling although Ceacam10 is expressed in bone marrow together 

with Ceacam1 (Heckt et al., 2014). However, the carcinoembryonic antigen (CEA) family, that 

Ceacam10 belongs to, has recently raised a great deal of interest; they play a number of roles 

in cell-to-cell recognition, tumour proliferation, and pathological processes (Kuespert et al., 

2006). For example, Ceacam1 may induce proliferation of spleen T cells and cause inhibition of 

hypersensitivity (Nakajima et al., 2002). In this project, we found Ceacam10 is expressed in 

DRG and the expression of Ceacam10 was dramatically down-regulated in Nav1.7KO mice. 

Interestingly, thermal deficits were found in Ceacam10 KO mice in this study, suggesting that 

Ceacam10 could play a role in thermal sensitivity. Notably, the RNA transcriptome analyses in 

the sensory neurons show Ceacam10 is strongly expressed only in the TH cluster (Usoskin et 

al., 2015), which was previously described as subclass of unmyelinated neurons. Of note this 

TH cluster is considered to be low threshold mechanoreceptors which are involved in 

innocuous touch sensation (Li et al., 2011). However, these unmyelinated neurons are also 

categorised as nociceptors (see 1.1.1II). This high expression of Ceacam10 in the unmyelinated 

sensory neurons supports the results of pain behaviour tests that the significant down-

regulation of Ceacam10 caused by loss of Nav1.7 expression in the sensory neurons 

contributes to analgesic effects. Our present data shows an interesting link between Ceacam10 

in pain sensation and sodium channels. 

The present results suggested the down-regulation of Ceacam10 mediated by loss of 

Nav1.7 expression could be linked to calcium regulatory events (2.3.5I). VGCCs constitute the 

predominant pathway for depolarization-mediated calcium entry into neurons (Bourinet et al., 

2014). In sensory neurons, voltage-gated calcium channels (VGCCs) are activated once the 
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depolarizing signals reach, mediating Ca2+ influx in response to action potentials and 

depolarizing signals. Thereby, VGCCs might be involved in expression of Ceacam10 along with 

Nav1.7. The sodium-calcium exchanger (NCX) could be also one of the most likely elements 

involved in this. Sodium influx and NCX have been documented to play a role in neuronal 

injury and axonal degeneration related to pain: Sodium influx through voltage gated sodium 

channels affects recovery and the degree of anoxic injury in the optic nerve in rats, and NCX 

blockers significantly protected the optic nerve from anoxic injury (Stys et al., 1992). Several 

studies have also shown a link among Nav1.7, NCX and intracellular calcium levels that leads to 

axonal degenerative disorders. SFN-associated variant Nav1.7 channels, I228M, induced 

reduction in neurite length (Persson et al., 2013) and the application of sodium channel blocker 

carbamazepine and a blocker of reverse sodium-calcium exchange improved this reduction 

(Persson et al., 2013). The G856D mutation in Nav1.7 identified in a multigenerational family 

with severe pain due to SFN displayed increased levels of both intracellular sodium and calcium 

levels following stimulation with high potassium levels compared with WT Nav1.7-expressing 

neurons (Estacion et al., 2015). This G856D mutant Nav1.7 channels demonstrate a time-

dependent increase in intracellular calcium levels in DRG neurons (Rolyan et al., 2016). 

Blockade of reverse mode of the NCX or of sodium channels attenuates calcium ion transients 

evoked by high potassium levels in G856D-expressing DRG neurons (Estacion et al., 2015). 

NCX2, a subtype of NCX, is reported to be distributed in free nerve endings (Persson et al., 

2010). These studies suggest that sodium influx though Nav1.7 can be involved in NCX 

activities, altering intracellular calcium levels in the sensory neurons. Signalling pathways can be 

greatly affected by calcium ion induced by sodium influx; Veratridine, a sodium channel specific 

ionophore, induced increased calcium influx in adrenal chromaffin cells, and this sodium-

calcium influx activated PKC- pathway elevating phosphorylation of extracellular signal-

regulated kinase (ERK) and p38 (Nemoto et al., 2010). It has been well reported that calcium 

plays an important role in neuronal processes including gene expression (Bading, 2013). 

Alteration of calcium levels via loss of Nav1.7 function therefore might affect expression of 

Ceacam10, contributing analgesic phenotype in the Nav1.7 null mice and individual. 

 

2.4.4 A possible role of Tmem173 in pain 

Tmem173, also known as STING (STimulator of Interferon Gene), plays an important 

role in innate immunity. It induces expression of IFN-α1 (Interferon alpha 1) and IFN-β 

(Interferon beta) by activating both the NFκB (Nuclear factor kappa B) and IRF3 (Interferon 
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regulatory factor 3) transcription pathways. This induction is considered to exert a potent 

antiviral effect (Ishikawa and Barber, 2008, Burdette and Vance, 2013). Several mutations in 

TMEM173 have been liked to autoinflammatory vasculopathy causing severe skin lesions, 

particularly affecting the face, ears, nose, and digits (Liu et al., 2014). The clinical features also 

include ulceration, eschar formation, necrosis, and, in some cases, amputation and most of 

patients have interstitial lung disease (Liu et al., 2014). Tissue biopsy and in vitro assays showed 

a hyperinflammatory state, with evidence of increased IFN-β signalling (Liu et al., 2014). The 

TMEM173 signalling in innate immune responses has been well documented; an overview of 

these signalling pathways are shown in Figure 2-31 (Burdette and Vance, 2013); In response to 

dsDNA and cyclic dinucleotides, dimeric STING interacts with TBK1 (Tank-binding kinase 1) 

and relocalizes shown in myeloid cells or some cell lines such as HEK293 and HeLa. This 

STING-TBK1 complex is considered to serve a key role in three important signalling pathways. 

First, following the relocalization, TBK1 phosphorylates IRF3, which induces its dimerization 

and translocation to the nucleus. IRF3 along with other transcription factors bind to promoter 

elements to induce transcription of Ifnb. Secondly, STING can also interact with STAT6 (signal 

transducer and activator of transcription 6) after the relocalization. This interaction leads to 

TBK1- dependent phosphorylation of STAT6, leading to its dimerization and translocation to 

the nucleus, where it induces transcription of Ccl2 and Ccl20 (C-C motif chemokine ligand 2 

and 20, respectively). This transcription appears to be independent from IRF3 and interferon. 

Thirdly, the STING-TBK1 complex can also recruit autophagy factors, which results in 

autophagy-like responses independently of Ifnb transcription (Burdette and Vance, 2013). 
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Figure 2-31. Overview of STING (TMEM173) signaling. ER, endoplasmic reticulum; MAM, 
mitochondria-associated membrane. (Burdette and Vance, 2013) 

 

In this chapter, we found up-regulation of Tmem173 in Nav1.7 KO mice in microarray 

analysis which was confirmed by real-time qRT-PCR (Figure 2-8). Notably, the recent RNA 

sequencing data shows weak expression of Tmem173 in the sensory neurons (Usoskin et al., 

2015). This indicates that this gene may only have a small contribution to nociceptive 

processing. However, both the microarray and real-time qPCR analysis include the other cell 

types such as glial cells or fibroblast as well as sensory neurons. Therefore there is a possibility 

that loss of Nav1.7 functions might alter the expression of Tmem173 in both neuronal and non-

neuronal cells, which may contribute to pain phenotype. Also, it should be noted that this gene 

may play a critical role in inflammatory pain rather than acute pain since Tmem173 is 

considered to be involved in innate immune responses. Interestingly, several studies have 

shown the low expression of TMEM173 in the patients suffering from chronic inflammation 

due to virus infection or cancer (Karimi-Googheri et al., 2015, Barber, 2015, Song et al., 2017). 

These studies indicate that the insufficient expression of TMEM173 might affect innate innmune 

responses from recovery. The up-regulation of Tmem173 due to loss of functions of Nav1.7 

therefore may contribute to inflammatory pain. The downstream pathway of Tmem173 

signalling might play a role in pain sensation, and non-neuronal cells might be involved in this 

event together with neurons. Some interesting studies indicate a link between interferons and 
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inflammatory pain (Tan et al., 2012, Liu et al., 2016). Intrathecal injection of IFN-α reduced 

CFA-induced mechanical allodynia (Tan et al., 2012, Liu et al., 2016) as well as heat 

hyperalgesia (Liu et al., 2016). This treatment also increased mechanical  and noxious heat pain 

thresholds in naïve animals, and blocking endogenous IFN-α by a neutralizing antibody induced 

hyperalgesia (Liu et al., 2016). These results indicate an analgesic action of IFN-α. Interestingly, 

the study also demonstrated IFN-α was predominantly expressed in spinal cord astrocytes and 

to a lesser extent in microglial cells, but not in neurons in the dorsal horn (Liu et al., 2016). 

Application of IFN-α to spinal cord slices inhibited the frequency of sEPSCs (spontaneous 

excitatory postsynaptic current) without changing the amplitude of sEPSCs (Liu et al., 2016). 

This frequency change of sEPSC is considered to be caused by presynaptic mechanisms (Kohno 

et al., 2008, Yang et al., 1998, Kawasaki et al., 2008). Type I interferon receptors (IFN-α/β 

receptor) are expressed by primary afferent terminals in the superficial dorsal horn (Liu et al., 

2016). Thus the results could indicate that the production of IFN-α by astrocytes in the dorsal 

horn inhibits excitatory synaptic transmission from presynaptic terminals. It would be 

interesting to explore the distribution of Tmem173 and downstream elements in sensory 

neurons as well as glial cells and the dorsal horn. Nav1.7 KO mice have been documented to 

show reduced responses to inflammatory pain (Nassar et al., 2004). The up-regulation of 

Tmem173 due to loss of Nav1.7 functions therefore could contribute to this pain phenotype 

through stimulation of Tmem173 downstream elements such as interferons. The studies of 

Tmem173 in sensory neurons do not appear to have been reported and this gene has not been 

linked with pain yet. Even so, the studies mentioned above would indicate a potential role of 

this gene in pain. Pain behaviour test on transgenic mice such as Tmem173 KO might be useful 

to address the correlation of this gene with pain. If this gene is proven to be associated with 

pain, this finding would be the first report in pain studies. 

Whilst the mechanisms of induction of interferons stimulated by Tmem173 have been 

well studied, research dedicated to factors upstream of this gene and regulation of gene 

expression are slim. Considering alteration of intracellular sodium levels by monensin or TTX 

did not affect the expression of Tmem173 in primary cultured DRG neurons, other elements 

could be involved in the expression of this gene mediated by Nav1.7. It would be also 

interesting to explore the link between Nav1.7 and TMEM173, as this might contribute to 

development of therapeutic target to treat pain. 
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2.4.5 Endogenous opioids and Nav1.7 in pain 

Penk seems to be the most interesting gene which could be regulated by Nav1.7. As 

stated before, Penk is a precursor of enkephalin, which is one of the well-characterised families 

of opioids. Opioid peptides are derived from four prepropeptide genes: the pro-

opiomelanocortin (POMC), proenkephalin (PENK), prodynorphin (PDYN), and 

prepronociceptin (PNOC), encoding the precursors of endorphins, enkephalins, dynorphins, 

and nociceptin/orphanin, respectively (Vukojević et al., 2012). Also endomorphins have been 

discovered as opioid peptides although their precursors are yet to be found (Janecka et al., 

2004). These opioids are the ligands for opioid receptors which are classified as μ, δ, and κ, 

and the non-classical nociceptin opioid receptor, denoted as MOP, DOP, KOP, and NOP, 

respectively (Vukojević et al., 2012). MOR is well-known for its high affinity to morphine, and 

endogenous ligands for this receptor is endomorphins. Other opioids such as endorphins, 

enkephalins and dynorphins bind to MOR at lower affinity (Koneru et al., 2009). DOR has high 

affinity for Leu- and Met-enkephalins which are its endogenous ligands. Notably, Met-

enkephalin is a potent agonist of the δ-opioid receptor, and to a lesser extent the μ-opioid 

receptor. Leu-enkephalin has agonistic actions at both the μ- and δ-opioid receptors (Janecka 

et al., 2004). DOR is present in the dorsal horn of the spinal cord and analgesia mediated by 

DOR has been mainly documented in the spinal cord (Koneru et al., 2009). Naltrindole is 

considered to be a selective DOR antagonist (Koneru et al., 2009). KOR is defined by its high 

affinity for ketocyclazocine and Dynorphin A (Koneru et al., 2009). Norbinaltorphimine is a 

selective antagonist of KOR (Koneru et al., 2009). Table 2-7 shows these three receptors’ 

endogenous ligands, agonists and antagonists, and Table 2-8 displays their selectivity. These 

three opioid receptors are classified as G-protein coupled receptors (GPCR).
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Table 2-7. Opioid receptors-their agonists and antagonists and endogenous ligands. (Koneru et al., 2009, Janecka et al., 2004) 

BNTX-7 benzylidenenaltroxone; EKC-ethylketocyclazosine; NTB-benzofuran analog of Naltrindole; nor-BNI-nor-binaltorphimine; DAMGO-[D-Ala 2, MePhe 4, 
Gly(ol) 5]enkephalin; DPDPE-[D-Pen 2, D-Pen 5]enkephalin; DSLET 0 [D-Ser 2, Leu 5]enkephalin-Thr 6; CTOP-D-Phe-Cys-Tyr-D-Trp Orn- Thr-Pen-Thr-NH2 

Receptor 
Subtype  

Endogenous Ligand Selective Ligand Nonselective Ligand 

 

affinity for 
opioid receptors Agonist Antagonist Agonist Antagonist 

µ 
β-endorphins  
Endomorphins 

µ, δ (µ=δ) 
µ 

DAMGO 
Morphine 
Methadone  
Fentanyl  
Dermarphin 

CTOP 
Levorphanol 
Etorphine 

Nalaxone 
Naltrexone 
β-funaltrexamine 

κ Dynorphin A, B 
κ, µ, δ 
(κ>>µ and δ) 

Spiradoline 
U50, 488 

Nor-BNI 
Levorphanol 
Etorphine 
EKC 

Nalaxone 
Naltrexone 

δ 
Met- enkephalins 
Leu-enkephalins 
β-endorphins  

δ, µ (δ>µ) 
µ, δ (µ=δ) 

DPDPE 
Deltorphin  
DSLET 

Naltrindole 
NTB 
BNTX  

Levorphanol 
Etorphine 

Nalaxone 
Naltrexone 
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Table 2-8. Ligands of opioid receptors and their selectivity. (Mannelli et al., 2011, Jordan et al., 

2000, Chahl, 1996) 

Ligand Selectivity Notes 

Leu-enkephalins δ, μ Endogenous 

Met-enkephalins δ, μ Endogenous 

Dynorphin A κ > μ > δ Endogenous 

β-endorphin μ, δ > κ Endogenous 

Naloxone μ, δ, κ (μ > δ, κ) Universal antagonist 

Naltrexone μ >> κ > δ Antagonist 

β-funaltrexamine μ > δ, μ1? Irreversible antagonist 

Morphine μ > δ > κ Opiate 

DPDPE δ1, δcx, δncx Selective agonist 

DSLET δ2, δcx Agonist 

Deltorphin I δ1 Agonist 

Deltorphin II δ2, δcx Agonist 

DAMGO μ Agonist 

 

The role of these opioid receptors in pain has been well documented for decades 

(Koneru et al., 2009); Morphine analgesia via MOR has been well recognised (Matthes et al., 

1996). Down-regulation of DOR in DRG contributes to surgery-induced nociception and 

increased enkephalin levels in the spinal cord and periphery reverse the postoperative pain 

(Cabanero et al., 2009). Importance of opioid receptors in pain has been also reported in 

genetic studies. For example, 118A>G polymorphism in µ-opioid receptor gene, OPRM1, 

showed reduced effects to µ-opioid analgesics (Lötsch et al., 2002), and decreased sensitivities 

to mechanical stimuli (Fillingim et al., 2005). As discussed above, in this chapter, both 

microarray analysis and qRT-PCR showed up-regulation of Penk levels in Nav1.7 null mice as 

well as increased Met-enkephalin levels in the spinal cord. We also found the up-regulation of 

pre-mRNA of Penk in DRG from Nav1.7 null mice. This indicates that Nav1.7 is involved in 

transcription of Penk, therefore mRNA levels of Penk and Met-enkephalin level could be up-

regulated in Nav1.7 null mice. The correlation between opioids and Nav1.7 in pain is supported 

by behaviour tests we have performed; systemic administration of the opioid antagonist, 

naloxone, to the conditional Nav1.7 null mice where Nav1.7 is deleted in all sensory neurons 

restores thermal and mechanical pain thresholds to reverse the analgesia of Nav1.7 null mice, 

as well as detection of thermal pain by the CIP individual following naloxone infusion (Figure 

2-10, Figure 2-12). The importance of opioids and pain in the CNS is well studied (Koneru et 

al., 2009). There could be another possibility that loss of Nav1.7 function in sensory neurons 

might lead to alteration of opioids pathways in the CNS; if the upregulation of endogenous 

opioids is observed in the distant region of the CNS from sensory neurons such as in the brain, 



 

 

122 

 

the transcription activity of Penk is not likely to be mediated by Nav1.7 but another mechanism 

could be involved in this upregulation. Therefore it would be important to investigate the 

correlation between this upregulation in the CNS and loss of Nav1.7 function in sensory 

neurons. Even so, our behaviour tests on mice could support the idea that upregulation of 

endogenous opioids in sensory neurons, not in the CNS, could contribute to pain insensitive 

phenotype since systemic injection of littermate control did not alter the pain threshold.  

The recent RNA sequencing data highlights the significance of the MOR in nociceptive 

Nav1.8-expressing DRG neurons that do not contain mRNA of the KOR or DOR (Usoskin et 

al., 2015). Therefore, the target of naloxone on sensory neurons in this behaviour tests is thus 

likely to be the MOR. Of note naloxone did not reverse analgesic effects on Ceacam10 KO 

mice (Figure 2-11), indicating that this mechanism is opioid-independent. On the contrary, a 

study showed IFN-α-induced anti-allodynia effect was reversed by naloxone (Tan et al., 2012), 

indicating that Tmem173 mediated analgesia would be opioid-dependent. The present 

behaviour results suggest that opioids may be responsible for the analgesia in mice and humans 

with loss of Nav1.7 function, and support a strong correlation between opioids and Nav1.7. 

The further study of link between opioids signalling and Nav1.7 could be supported by pain 

behaviour tests using MOR / Nav1.7 double KO mice. MOR / Nav1.7 double KO mice by 

crossing MOR and Nav1.7 KO mice might exhibit normal pain behaviour if loss of Nav1.7 

functions contributes to analgesic effects by altered opioids signalling through MOR. This 

opioids- Nav1.7 correlation also indicates that use of selective Nav1.7 channel blockers in 

combination with presently available opioid drugs could produce a synergetic effect for pain 

treatments and broaden the possibility of effective therapies. 

 

2.4.6 A potential role of Nav1.7 as a transcriptional factor  

The hypothesis that Nav1.7 could play a role in transcriptional regulator came from 

two aspects; the microarray results demonstrating Nav1.7 has dramatic effects on gene 

expressions (described in 2.1) and VGCCs serving as a transcription factor (Gomez-Ospina et 

al., 2006, Barbado et al., 2009). For example, C-terminal fragment of a subunit of L-type 

VGCCs (Cav1.2) translocated to the nucleus in neurons in the brain regulating Connexin 31.1 

gene and the other neuronal genes expression (Gomez-Ospina et al., 2006). Considering these 

studies dedicating a role of VGCCs in transcription factor, a fragment of Nav1.7 can also play 

an important role serving as a transcription factor. This thesis did not explore a possibility of 

Nav1.7 as a transcription factor, although aiming to explore the role of Nav1.7 in 



 

 

123 

 

transcriptional regulator together with another element, sodium ions (addressed in the next 

section, 2.4.7). However, a role of Nav1.7 serving as a transcription factor is still open question. 

Since we found a possible role of sodium ions mediating Penk transcription, expression of 

Ceacam10 and Tmem173 did not seem to be directly mediated by sodium ions (2.3.5I). 

Furthermore, there are large numbers of other dysregulated genes due to loss of Nav1.7 

functions in mouse sensory neurons. These genes might be directly regulated by Nav1.7 as a 

transcription factor. To address this possible role, nucleus localization of Nav1.7 should be 

tested. Since Nav1.7 is a large protein, it is likely that a fragment of Nav1.7 might play a role in 

transcription factor similarly to C-terminus of VGCCs. To determine which fragments and 

where they are located in the cells, first it would be required to develop antibodies to a 

peptide in the target fragments.  Immunofluorescence on the cells and western blotting by 

purifying nuclear, cytoplasmic, and membrane fractions would be useful. 

Once a fragment of Nav1.7 is found in the nucleus, it would be interesting to identify 

what proteins it could bind to. Immunopreticipation and analysing binding proteins by mass 

spectrometry would help to answer this question. ChIP-seq could be also beneficial to identify 

which gene expression could be controlled by Nav1.7. Together with the microarray data, 

these binding proteins could strengthen mechanisms of downstream gene expression regulated 

by Nav1.7.  Moreover, they might also give insight into why loss of Nav1.7 expression has 

dramatic effects on gene expression compared to that of Nav1.8 or Nav1.9. 

A number of potential mechanisms could be involved in gene expression regulated by 

Nav1.7. Interestingly, several studies support transcriptional activities mediated by neuronal 

depolarization by VGCCs. For example, activation of NFATc4 (nuclear factor of activated T-

cells 4) was inhibited by blockers of L-type channels. Of note, those of N- and P/Q-type 

channels have no effect on this activation (Graef et al., 1999). A further study suggested that 

activation of calcineurin, a Ca2+- calmodulin-dependent phosphatase, led to phosphorylation of 

NFATc4, allowing its translocation from cytoplasmic to nucleus (Beals et al., 1997). In addition,  

calcineurin anchoring to Cav1.2 via A-kinase anchoring proteins AKAP79/150 is required to 

activate the NFATc4- dependent gene regulation pathway; AKAP150 specific RNAi inhibits 

depolarization-induced NFATc4 nuclear translocation (Oliveria et al., 2007). Effect on gene 

expression by neuronal depolarization led by VGSCs would be also interesting to explore, 

Selective blockers of Nav1.7 and Nav1.8 or Nav1.9 when available, might be useful to uncover 

distinct mechanisms and downstream gene expression.  
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2.4.7 A possible role for sodium ions in opioid-mediated analgesia 

It is still uncertain if Nav1.7 plays a role as a transcription factor as discussed. How the 

loss of Nav1.7 function can alter the expression of Penk, and moreover, what elements can be 

involved in together with Nav1.7 to contribute to pain phenotypes, are interesting questions to 

explore. We raised a hypothesis that sodium ions may be involved in mediating gene 

expression. This idea came from several studies regarding sodium ions playing a role in gene 

expression. Increases in intracellular sodium ion concentration led to activation of salt-

inducible kinase 1 that can activate myocyte enhancer factor 2 (MEF2)/transcription of nuclear 

factor of activated T cell (NFAT) transcriptional activity in a cardiac cell line (Popov et al., 

2012). In addition, several copies of the NFAT5 consensus sequence 5’-TGGAAANYNY-3’ 

(Esensten et al., 2005, Lopez-Rodriguez et al., 1999, Stroud et al., 2002) are also found 

upstream of the human PENK gene, indicating that NFAT5 could regulate PENK expression by 

binding to the promoter region. Taking these reports into account, sodium ions may play a 

role as a second messenger in sensory neurons to regulate gene expression mediated by 

NFAT5. In this chapter, we aimed to address if sodium ions influence gene expression. We 

found pre-mRNA of Penk were up-regulated in DRG collected from Nav1.7 KO mice (Figure 

2-23) and in TTX treated mice DRG neurons where TTX sensitive sodium channels were 

blocked (Figure 2-25). On the other hand, monensin treated DRG neurons in which 

intracellular sodium levels are increased showed reduced pre-mRNA levels of Penk (Figure 

2-24). These results indicate that intracellular sodium ion levels through Nav1.7 can mediate 

transcriptional activity of Penk. The link between gene regulation of Penk by Nav1.7 and NFAT5 

would be a key element to understanding a role of Nav1.7 in gene regulation and their 

molecular mechanisms. If Nav1.7 but not Nav1.8 nor Nav1.9 is associated with NFAT5 activities, 

this would explain why loss of Nav1.7 functions can alter Penk expression. Knockdown or 

overexpression of NFAT5 in sensory neurons from Nav1.7 might alter Penk expression. 

Measuring Penk expression levels in DRG neurons and performing behaviour test using 

Nav1.7/NFAT5 double KO mice by crossing them might be also useful to answer this question. 

It should also be noted that sodium ions could also interact to opioid receptors. 

GPCRs including DOR have altered functional properties due to allosteric changes caused by 

occupation of a sodium binding site (Katritch et al., 2014) (Figure 2-32). Sodium ions tend to 

negatively modulate agonist binding to the opioid receptors, without significantly affecting the 

binding affinity of antagonists, while the other cations such as magnesium and manganese and 

enhanced opioid agonist binding (Pasternak et al., 1975, Snyder and Pasternak, 2003). In 

addition, increased intracellular sodium uncouples opioid receptors from Gαi and increases the 
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constitutive signaling activity (Fenalti et al., 2014, Katritch et al., 2014). Taking these into 

accout, sodium influx via Nav1.7 might lead to allosteric change that negatively affects opioid 

receptors functions. This also might indicate that blocked sodium influx due to loss of function 

of Nav1.7 could result in increased opioid agonist binding ability, contributing to pain insensitive 

phenotype. Notably, a recent study from Hucho and Wood group suggested that nociceptive 

neurons of Nav1.7 KO mice demonstrated decreased pronociceptive serotonergic signalling 

through the 5-HT4 receptors, which are Gαs-coupled GPCRs (Isensee et al., 2017). On the 

other hand, the efficacy of antinociceptive opioid signaling mediated by the Gαi-coupled mu 

opioid receptors was enhanced in Nav1.7 (Isensee et al., 2017). These effects were absent in 

the neurons of Nav1.8 KO mice (Isensee et al., 2017). Moreover, opioids inhibited more 

efficiently TTX-resistant sodium currents (Isensee et al., 2017), Taking the modulation of 

functional properties of GPCRs by sodium ions into account, lacking Nav1.7 might lead to 

altered sodium levels to result in altered pro- and antinociceptive GPCR signalling. 

 

Figure 2-32. Na+ and water cluster detected in GPCR structures and close-up of the δ-opioid 
receptor allosteric pocket. Modified from Katritch et al., 2014. 

 

This possible role of sodium ions as a second messenger raises another question; 

Nav1.7 rather than other subtypes of sodium channels might play a significant role in 

controlling the intracellular sodium level, contributing to gene expression. Preliminary studies 

in Wood’s lab have recently been undertaken to investigate this question using HEK293 cells 

which are stably expressing Nav1.7. The studies demonstrated that intracellular sodium levels 

were two-times higher compared with parentalHEK293 cells in their resting state (preliminary 

data from Wood’s lab). The results indicated that Nav1.7 may contribute substantially to the 
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intracellular concentration of sodium ions. Furthermore, this can suggest that the ablation of 

Nav1.7 significantly decreases intracellular sodium ion levels in the cytoplasm, which could 

influence opioid signalling. Further investigation would be needed to uncover the correlation 

between sodium ions and Nav1.7 or the other types of VGSCs. The understanding of this 

correlation may unravel the question why DRGs of Nav1.7 KO mice showed greater numbers 

of dysregulated genes than Nav1.8 KO or Nav1.9 KO.  

The loss of function of Nav1.7 causes congenital insensitivity to pain; the patients never 

felt what pain like. This thesis showed up-regulation of endogenous opioids possibly though 

intracellular sodium levels in DRG neurons from Nav1.7KO mice. In these experiments, this 

up-regulation demonstrated short-time effects since the measurements were conducted at 

6hours after treatments. This could raise another issue regarding the time frame between 

human patients and this cell based analysis. The mice and human pain behaviour test 

demonstrated up-regulation of endogenous opioids due to loss of Nav1.7 function could 

contribute pain insensitive phenotype (2.3.2). In these mice and the human CIP individual, 

intracellular sodium levels in sensory neurons could be less than WT control or individuals not 

carrying the mutation in Nav1.7. If so, this could be consistent to high levels of intracellular 

sodium levels in HEK293 cells stably expressing Nav1.7 as mentioned. Measuring intracellular 

sodium levels using DRG neurons of Nav1.7KO mice would be useful to address this question. 

Even if no significant difference between Nav1.7KO and control mice is observed, alteration of 

intracellular sodium levels might be local effects. The local and short-time effects might lead to 

trigger increased levels of endogenous opioids, and these effects might occur intermittently in 

Nav1.7KO or CIP individual. Another question is correlation between sodium ions in gene 

expression and selective Nav1.7 blockers. Why some selective Nav1.7 blockers have not been 

proven as analgesic if sodium ions play a role in gene expression although less selective 

antagonist is effective? The clues may come from several elements; less selective antagonist 

might block sodium influx through the other subtypes of sodium channels more efficiently. Or 

the Nav1.7 antagonist exhibiting potent analgesic might affect activity of downstream elements 

such as NFAT5 resulting in altered expression of endogenous opioids along with intracellular 

sodium levels. It has been already addressed that there could be several factors associated with 

Nav1.7 and opioids. For example, vector-mediated enkephalin production resulted in reduction 

of Nav1.7 levels in DRG, which may correlate with inhibition of phosphorylation of p38 MAPK 

(mitogen-activated protein kinase) and protein kinase C (PKC) (Chattopadhyay et al., 2008). 

Together with NFAT5, these elements might be essential to understanding the molecular 

mechanisms of gene regulation mediated by Nav1.7. It would be also interesting to compare 

endogenous opioids levels in application of several Nav1.7 blockers and their association with 
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the downstream elements together with intracellular sodium levels. These might uncover the 

conundrum why some blockers are less potent analgesic. Furthermore, this would broaden a 

possibility that these blockers may display analgesia if they are applied with opioids drugs. A 

deeper understanding of these mechanisms may give a new insight into nociceptive processing. 

 

2.4.8 Limitations of the luciferase assay 

Although pre-mRNA levels of Penk were up-regulated in DRG, we could not find clear 

evidence of transcriptional activity of Nav1.7 using luciferase assays in either cell lines (HEK293 

and Neuro2A cells) or DRG primary culture (2.3.3). The use of luciferase assays in this study 

demonstrated several technical limitations; 1) Difficulty of measuring luciferase signals. 2) Low 

transfection rate and limitation of overexpression of Nav1.7. 3) Problem of stable cell line. 4) 

Selection of promoter regions. 5) Natures of cell types. 

Fistly, since luminescence signals drop rapidly during the measurement in the assay 

using Gaussia and Cypridina luciferase, it could be difficult to see a significant difference 

between the effect of presence or absence of Nav1.7, unless it strongly regulates the 

transcriptional activity of Penk. In the assay in DRG neurons, the DRG primary cell culture 

includes non-neuronal cells such as glial cells and fibroblasts that might have led to no 

significant difference in the culture between Nav1.7 KO and littermate control mice. Dual-

Luciferase Reporter Assay System using Firefly and Renilla luciferase can solve this problem. 

However, the signals were weaker than the assay using Gaussia and Cypridina luciferase in 

DRG neurons (Figure 2-21). Besides, the cell numbers in the DRG culture might not have been 

sufficient to obtain strong signals, having led to sizeable technical errors in each trial.  

Secondly, the low transfection rate for DRG neurons might also lead to this sizeable 

technical errors; our primary data displayed that the transfection rate using electroporation on 

DRG is less than 10%. Transient transfection rate on cell lines are considered to be typically 

higher than DRG neurons. However, we observed approximately 20% positive cells. This 

transfection rate could bring another issue in this assay; technical limitation of overexpression 

of Nav1.7. Although stable cell lines were expected to solve the problem of the different 

transfection rates between two types of luciferase constructs may cause. However, 

considering the transfection rate, overexpression of Nav1.7 using lipofectamine might not be 

sufficient to see significant differences of transcriptional activities between the cells transfected 

with the vector bearing Nav1.7 and the empty vector. In addition, functional expression of 
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Nav1.7 should be also necessary to address if Nav1.7 mediate the transcriptional activities. 

Since Nav1.7 is a large protein, transient expression of Nav1.7 might not be sufficient for its 

translation or transportation to sublocalise properly leading to the functional expression, 

Testing electrophysiological property and immunostaining would help to confirm this functional 

expression of Nav1.7. The endogenous expression of Nav1.7 in Neuro2A cells (BioGPS; 

http://biogps.org, (Wu et al., 2013, Wu et al., 2016)) might also compensate the difference 

between these two groups in the luciferase assay. In contrast to these elusive results of 

luciferase assay, pre-mRNA levels of Penk in DRG in Nav1.7 null mice displayed significant up-

regulation compared to littermate control. Taking these into account, complete loss of Nav1.7 

expression could be required to see the effect of transcriptional activities of Penk mediated by 

Nav1.7. Knockdown of Nav1.7 expression might be useful for this assay to solve this technical 

limitation of overexpression.  

Thirdly, there is a limitation in the assay using the stable cell lines. Stable cell lines were 

created to solve the problem that low signals in DRG neurons and the different transfection 

rates between two types of luciferase constructs may cause. However, each clone has a 

different expression level of luciferase, which might lead to insignificant results between 

presence and absence of Nav1.7. 

Another technical problem in this experiment is that limited studies of promoter 

sequences in the genes we selected. As described in the result section, the studies of the 

promotor sequences of Gapdh and Penk are slim. Some studies indicated used 500kb to 3.3kb 

upstream of human TH gene is sufficient to drive reporter expression (Gardaneh et al., 2000, 

Coker et al., 1988, Kim et al., 2003). Of note, the construct bearing 3.3kb upstream of TH was 

active in neuroblastoma cell line although this construct did not drive reporter expression in 

immnature neural stem cells (Kim et al., 2003). One of the reasons why the Gaussia luciferase 

construct bearing putative TH promoter was not active in HEK cells might be each cell type 

might require different elements functioning as promoter. In addition, the 5kb upstream of TH 

might not be sufficient or repressor elements might be included leading to inhibition of the 

reporter expression. Since HEK293 cell line is a kidney derived cell line, it would be interesting 

to test on human neuronal cell line such as SH-SY5Y. 

Finally, nature of the cell types could give these questionable results of luciferase assay 

in Neuro2A cells and pre-mRNA levels of DRG neurons. Similarly to the result using 

overexpression of Nav1.7, luciferase assays in the stable Neuro2A cell line also did not show 

strong evidence that sodium ions can be involved in Penk transcription. The luciferase assay 

results shown in this chapter demonstrated that cells treated with monensin decreased Firefly 

http://biogps.org/
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luciferase signals controlled by the Penk promoter but no change in TTX treated cells (Figure 

2-28). Also the Firefly signals normalised by internal control (Cypridina luciferase driven by 

SV40) or Gapdh promoter did not display statistical significance (Figure 2-27, Figure 2-29). This 

elusive result could be because of some of the technical liminations of the luciferase assay as 

discussed above. Also, this may be due to different cell types; natures of DRG neurons and 

Neuro2A cell line, which was derived from neuroblastoma cells, can exhibit distinct properties. 

It is noteworthy that sensory neurons derived cell line could be useful to test this assay. 

Neuro2A is a neuroblastoma cell line, thereby the transcriptional activities of the target genes 

could be different from sensory neurons. There is a cell line called ND7/23 which is a hybrid 

cell line derived from neonatal rat DRG neurons fused with mouse neuroblastoma (Wood et 

al., 1990). This cell line exhibits properties of sensory neurons which are not displayed by 

neuroblastoma (Wood et al., 1990). We created the luciferase constructs driven by mouse 

putative promoter in order to be able to perform on both mouse DRG neurons and neuronal 

cell line. Since ND7/23 cells displayed sensory neuron-like properties derived from rat DRG 

neurons, the luciferase constructs were not tested in this thesis. However, the luciferase assay 

on ND7/23 might support the idea that transcriptional activity of Penk is mediated by Nav1.7. 

As stated the limitation of overexpression, not only testing overexpression but also knock-

down of Nav1.7 expression might give a clear indication of this transcriptional activity. A 

possibility leading to the elusive results due to different natures of the cell types could be 

distinct expression of proteins between DRG and Neuro2A cells. These distinct proteins 

might be needed for activation of transcription of Penk, which might lead to the controversial 

results. Therefore, understanding of binding proteins with Nav1.7 in DRG would be necessary 

to explore these mechanisms more effectively. Like the above discussion (2.4.6), these binding 

proteins might also give an idea of why Nav1.7 KO has dramatic numbers of dysregulated 

genes compared to Nav1.8 KO and Nav1.9 KO.  

 

2.4.9 Future work 

The aim of this project was to explore a novel function of Nav1.7. The data presented 

in this chapter showed significant down-regulation of Ceacam10 and Th, and up-regulation of 

Penk and Tmem173 in DRG of NaV1.7 KO mice. The behavioural tests on Nav1.7 null mice 

with administration of naloxone and Ceacam10 KO mice suggest that Ceacam10 and 

endogenous opioids could contribute to the pain insensitive phenotype in Nav1.7 null mice; 

increased expression of endogenous opioids in DRG caused by the loss of Nav1.7 function 
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could be also associated with the CIP phenotype in a human patient. We also found that the 

expression of Met-enkephalin is increased in the dorsal horn of the spinal cord in Nav1.7 null 

mice compared to WT. However, in order to uncover whether the other genes of interest are 

important in pain sensation along with Nav1.7, studying the alteration of protein levels is also 

essential. Immunohistochemistry and western blot can be used to confirm the altered 

expression levels of Th, enkephalin, Ceacam10 and Tmem173 in Nav1.7 KO mice compared to 

Nav1.7 WT mice. Investigating the distribution of these proteins not only in PNS, but also in 

CNS may also be essential to understand the mechanisms underlying NaV1.7 mediated 

analgesia. Opioid receptors are abundantly expressed in the spinal cord and downstream 

elements of Th and Tmem173 are also found in the CNS including the spinal cord. This 

indicates that dysregulation of these genes in sensory neurons could modulate pain pathways in 

the CNS along with the PNS. Investigating alteration of nociceptive transmission in the spinal 

cord mediated by activities of these dysregulated genes would be also interesting to explore. 

 Targeting Tmem173 could contribute to the development of a new drug since 

historically the research in this gene has been limited to immunological studies. The 

downstream elements of this gene such as interferons seem to be closely related to 

inflammatory pain. Pain behaviour tests in animals such as mice lacking Tmem173 expression 

would be useful to investigate whether Tmem173 is linked to pain. Also, it would be 

interesting to test knock-down effects of Tmem173 in Nav1.7 KO mice in inflammatory pain 

models; it may shed some light on the gene’s association with analgesia caused by loss of 

Nav1.7 function. Exploring activities of downstream elements such as interferons, NFκB and 

IRF3 in these animal models may provide an insight into mechanisms of the NaV1.7 null 

phenotype. As mentioned above, since analgesic effects of IFN-α appear to be opioid-

dependent, the link between opioids and Tmem173 could also open a door to better 

understand the complicated mechanisms of gene regulation mediated by Nav1.7. 

 Further understanding of Penk transcription mechanisms mediated by Nav1.7 can be 

intrinsic for pain treating drug development. The present results suggest a possible role for 

sodium ions as a second messenger. As discussed above, NFAT5 activities via alteration of 

intracellular sodium levels might be involved in Penk transcription. It is critical to investigate 

the expression levels of NFAT5 in Nav1.7 KO mice compared to WT mice and to test 

whether sodium influx alters the expression of NFAT5 in order to understand the NFAT5-

mediated Penk transcription. Measuring Penk expression levels in DRG neurons and performing 

behaviour test using Nav1.7/NFAT5 double KO mice might be also useful to unravel the link 

between Nav1.7, NFAT5 and endogenous opioids expression. 
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 It would be also interesting to explore if Nav1.7 itself could be a transcription factor. 

Like C-terminus of VGCCs, a fragment of Nav1.7 might be localised in nucleus in the sensory 

neurons regulating several of downstream genes. Developing antibodies and performing 

immunofluorescence or western blotting could address if a fragment of Nav1.7 is located in 

nucleus. Immunopreticipation and ChIP-seq could be also interesting to perform to address 

binding proteins and mechanisms of gene expressions controlled by Nav1.7. 

 The reasons for a drastic difference between the numbers of genes regulated by 

Nav1.7 and its counterparts, Nav1.8 and Nav1.9, remain unclear. A clue may come from 

investigating Nav1.7 specific binding proteins and associated elements. It would be also noted 

that we used TTX to block TTX-sensitive sodium channel including Nav1.7 to explore effects 

of the gene expression. Nav1.7 or Nav1.8 selective blockers would give clearer answer for 

these effects. There may be a number of factors mediating the relationship between the gene 

expression and Nav1.7; as addressed above, enkephalin production resulted in reduction of 

Nav1.7 levels in DRG and this reduction appears to be linked to the inhibition of 

phosphorylation of p38 MAPK and PKC. Exploring these factors further is necessary to 

evaluate the novel function of Nav1.7, and furthermore, may lead to the development of a new, 

effective pain therapy. 

 

2.5 CONCLUSION 

In this project, we aimed to explore a novel function of Nav1.7 in pain pathways. Prior 

to the study, using microarray analysis Wood’s group found large numbers of genes have been 

dysregulated in DRG from Nav1.7 null mice compared to littermate control mice. The data 

presented in this chapter confirmed significant down-regulation of Ceacam10 and Th, and up-

regulation of Penk and Tmem173 in DRG of Nav1.7 knockout mice. The pain behaviour tests 

suggest that Ceacam10 and endogenous opioids could contribute to the pain insensitive 

phenotype in Nav1.7 null mice. In addition, applying naloxone reversed analgesia in a CIP 

human individual, which indicates that up-regulation of endogenous opioids caused by loss of 

Nav1.7 function can contribute to pain insensitive phenotype in humans too. These results 

strongly suggest that these dysregulated genes may be associated with the analgesia produced 

by loss of NaV1.7 function, and that Nav1.7 plays a key role in regulating gene expression along 

with its well-known function of propagating action potentials. The molecular biochemistry 

studies suggest that Nav1.7, through alteration of intracellular sodium ion levels in DRG 

neurons, can influence the transcriptional activity of Penk, but not the expression of Ceacam10 
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or Tmem173. Further understanding the molecular mechanisms of gene expression mediated 

by Nav1.7 and functions of dysregulated genes in pain may broaden the range of possibilities for 

targeted drug development and effective pain therapies. Moreover, they may provide some 

insight into why some more selective NaV1.7 blocking molecules have failed to produce 

effective analgesia in the clinic.  
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3 MUTATION OF THE TRANSCRIPTIONAL REGULATOR ZFHX2 CAUSES PAIN INSENSITIVITY 

3.1 INTRODUCTION 

Over the last couple of decades numerous genes have been shown to be mutated in 

inherited pain disorders or have been linked to pain conditions through association studies 

(Table 2-1) (Diatchenko et al., 2007, Bennett and Woods, 2014). Although the functions of 

these genes are still under investigation, their identification are already contributing to the 

development of novel drugs for pain therapies (Eijkelkamp et al., 2012). A novel gene 

associated with a human pain insensitivity disorder could broaden the possibilities of further 

analgesic drug development. In this chapter, the function and pathological mechanism of a 

novel gene in pain studies is explored. The gene, called ZFHX2 (zinc finger homeobox 2), has 

not yet been documented as being involved in regulating pain sensitivity. A potential causative 

mutation in ZFHX2, resulting in an amino acid change R1913K, was found from an analysis of 

genomic DNA from patients in a family who were diagnosed as being pain insensitive. In this 

chapter, the following topics will be explored; 1. Pathological mechanism of the ZFHX2 

missense mutation, including subcellular localization (3.4.1) and arginine methylation (3.4.1) 

studies. 2. Association of Zfhx2 with pain behaviour in global Zfhx2 KO mice (V) and mutant 

BAC transgenic mice bearing the orthologous mutation identified in the human patients (3.4.3). 

3. Functional studies of ZFHX2, exploring genes that are regulated by ZFHX2 and which 

potentially cause pain insensitivity via their altered expression. Microarray studies (3.4.4) and 

ChIP analyses (3.4.5) are also described. These experiments confirm the importance of ZFHX2 

in pain perception.  

  

3.1.1 Human monogenic pain disorders 

The study of human inherited pain disorders can identify new genes that are important 

in pain pathways. As described in chapter 1 (1.1.5II), the genes encoding VGSCs are excellent 

examples that demonstrate how missense mutations can result in pain related disorders. For 

example, SCN9A encoding Nav1.7 is known to underlie a number of heritable disorders such as 

congenital insensitivity to pain (CIP) (Cox et al., 2006), inherited primary erythromelalgia (IEM) 

(Yang et al., 2004), paroxysmal extreme pain disorder (PEPD) (Fertleman et al., 2006), and 

small fibre neuropathy (SFN) (Faber et al., 2012a).  Also, mutations in SCN10A causing a gain-

of-function in Nav1.8 are considered to be associated with SFN (Faber et al., 2012b). Missense 
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mutations in SCN11A encoding Nav1.9 are linked to painful peripheral neuropathies (Huang et 

al., 2014), familial episodic pain syndrome (FEP) (Zhang et al., 2013b), and have been recently 

associated with pain insensitivity (Leipold et al., 2013). Aside from the mutations in VGSCs, a 

heterozygous mutation in TRPA1 encoding a transient receptor potential cation channel, has 

been reported to be a cause of FEP (Kremeyer et al., 2010).  Several mutations in CACNA1A, 

that encodes the voltage-gated calcium channel α1A, are linked to familial hemiplegic migraine 

(Riant et al., 2010). 

Mutations associated with pain related disorders are not only restricted to the genes 

encoding ion channels. For example, several mutations in a transcription factor, PR homology 

domain-containing member 12 (PRDM12), were found in patients with autosomal recessive 

congenital insensitivity to pain and hereditary sensory and autonomic neuropathy (HSAN) 

(Chen et al., 2015b). Indeed, the functions of HSAN genes are diverse, ranging from 

neurotrophic functions (TRK-A and NGF), sphingolipid metabolism (SPTLC1 and SPTLC2), 

structural integrity of the endoplasmic reticulum (ATL1) and Golgi apparatus (FAM134B) and 

vesicular trafficking (RAB7A and KIF1A) (Rotthier et al., 2012). 

 

Table 3-1. Genetic variants implicated in human pain conditions. Modified from (Diatchenko et 
al., 2007)  

Abbreviations: BM, basilar migraine; BMS, burning mouth syndrome; CIP, congenital insensitivity to pain; 

CFS, chronic fatigue syndrome; FEM, Familial episodic pain syndrome; FHM, familial hemiplegic migraine; 

FMS, fibromyalgia syndrome; HSAN, hereditary sensory and autonomic neuropathy; IBS, irritable bowel 

syndrome; LBP, low back pain; M6G, morphine-6-glucuronide; MA, migraine with aura; MO, migraine 

without aura; NGF, nerve growth factor; OA, osteoarthritis; PE, primary erythromelalgia; PEPD, 

paroxysmal extreme pain disorder; PTSD, posttraumatic stress disorder; SFN, small fibre neuropathy; 

TMJD, temporomandibular joint disorder; VA, vasospastic angina; VNTR, variable number tandem 

repeat; VVS, vulvar vestibulitis syndrome; 5-HTTLPR, 5-HTT gene-linked polymorphic region. 

Functional 

class 
Gene Condition Genetic polymorphism 

Transporters 

SLC6A3, or DAT1 PTSD 3′ Untranslated region VNTR 

SLC6A4, or 5-HTT, 

or SERT 

FMS, CFS, D-IBS 5-HTTLPR 

Migraine VNTR and 5-HTTLRP 

TMJD VNTR in intron 2 

ABCB1, or MDR1 
Efficacy of mu-

opioid analgesia 
C3435T silent polymorphism in exon 26 changes substrate 

specificity. 

Metabolic 

genes and 

transcription 

regulators 

COMT 
TMJD, analgesia, 

migraine, FMS 

Val158Met 

Three major haplotypes determine COMT activity. 

CYP2D6 Opioid analgesia More than 75 alleles code for distinct metabolizer phenotypes. 

GCH1 LBP 
A haplotype of the GCH1 gene was associated with less pain 

following diskectomy for persistent radicular LBP. 
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MTHFR MA C677T 
ACE MA 287-bp deletion in intron 16. 

SPTLC1, or SPT1 HSAN I 
Autosomal dominant mutations Cys133Tyr, Cys133Trp, 

Val144Asp and Gly387Ala resulted in reduced SPT activity and 

impaired sphingolipid synthesis. 

HSN2 HSAN II 
Autosomal recessive mutations led to truncated forms of 

deduced HSN2 protein with unknown function. 

IKBKAP, or IKAP HSAN III 
Mutation in intron 20 produced truncated protein. Arg696Pro in 

exon 19 disrupted phosphorylation. 

NGFB HSAN V 

Autosomal recessive mutation Trp211Arg 

A homozygous mutation resulting in frame-shift (V232fs) 

Receptors 

NTRK1, or TRKA HSAN IV 
43 known autosomal recessive mutations led to inability to 

transduce NGF into growing neurons and their death. 

ADRA2A, ADRA2C C-IBS 
α2CDel322–325 and α2AC-1291G polymorphisms were associated 
with constipation-predominant IBS. 

ADRB2 TMJD 3 major haplotypes were identified. 

DRD2 
MA His313His (NcoI restriction site polymorphism C/T) 

PTSD 3′-UTR polymorphism 

DRD4 MO, FMS Exon III tandem repeat polymorphism 

MC1R Opioid analgesia Arg151Cys, Arg160Tyr and Asp294Asn 

OPRM1, or MOR 
Mu-opioid 

analgesia 
A118G (Asn40Asp) 

5-HTR2A MA,TMJD T102C 

Cytokines 

IL1A, IL1B, and 

IL1RN 
LBP IL-1α C889T, IL-1β C3954T, and IL-1RN G1812A 

IL1RN VVS Second intron VNTR 
IL1B VVS, BMS C3954T 
IL6 LBP T15A (Asp162Glu) 
IL10 IBS Promoter polymorphism G-1082A 
TNF IBS Promoter polymorphism G-308A 

LTA MO A higher frequency of TNFB*2 allele in MO patients. 

Ion channels 

ATP1A2 

BM Arg548His mutation was found in BM family. 

FHM type 2 
Missense mutations and deletions led to loss-of-function or 
alteration of the kinetics of Na+/K+-ATPase pump. 

CACNA1A 

MA 
Significantly increased sharing of CACNA1A marker alleles in 

siblings with MA. 

FHM type 1 
Missense mutations in a pore-forming α1A subunit of neuronal 
CaV2.1 channels. 

SCN1A FHM type 3 
Gln1489Leu mutation led to a faster NaV1.1 channel recovery 

from fast inactivation. 

SCN9A 

PE Mutations enhanced activation of NaV1.7 channels. 

PEPD Mutations impaired inactivation of NaV1.7 channels. 

CIP 
Homozygous nonsense mutations caused loss-of-function of 

NaV1.7 channels. 

SFN 
Patients with small fiber neuropathies carried gain-of-function 

mutations in Nav1.7 channels. 

SCN10A SFN 
Painful SFNs were caused by gain-of-function mutations in Nav1.8 

channels encoded by SCN10A. 
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SCN11A 

CIP 
de novo missense mutations in SCN11A caused gain-of-function of 

Nav1.9 channels. 

FEP type 3 
Missense mutations in SCN11A  led to gain-of-function of Nav1.9 

channels. 

TRPA1 FEP type 1 A mutation in TRPA1 caused gain-of-function of TRPA1 channels. 

 

3.1.2 Pain insensitivity 

As described in the introduction in Chapter 1 (1.1.5V) and the section above (3.1.1), 

several genes causing human pain disorders have been identified. This chapter is dedicated to 

the pain insensitivity disorders (Table 3-2). Such disorders can be caused by degeneration of 

sensory neurons, or a congenital failure of nociceptor development or by dysfunction of 

VGSCs in intact neurons. For example, nerve growth factor (NGF) is essential for growth and 

differentiation of sympathetic and sensory neurons, and particularly critical for the survival of 

nociceptors (Crowley et al., 1994). In 2004, a large family from Sweden was reported with a 

mutation in NGF and an associated pain insensitive phenotype associated with an absence of 

nociceptive neurons (Einarsdottir et al., 2004). Another recent example is mutation of the 

PRDM12 gene which is associated with a severe peripheral neuropathy and pain insensitivity 

(Chen et al., 2015b). In 2006, the first cause of pain insensitivity was reported that was not 

associated with a peripheral neuropathy when loss of function mutations in SCN9A were 

identified (Cox et al., 2006). More recently, gain-of-function of SCN11A, encoding Nav1.9, has 

been also reported as a cause of inability to experience pain with a normal nerve biopsy result 

(Leipold et al., 2013).  

In this project we report a potential causative point mutation in ZFHX2, zinc finger 

homeobox 2, in a family diagnosed with pain insensitivity (see 3.1.3). Neither a mutation of 

ZFHX2 or ZFHX2 itself have been previously reported as a cause of pain insensitivity or 

associated with pain sensation. This could mean that exploring this gene further has a huge 

potential for novel pain therapies.  
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Table 3-2. Genes responsible for developmental and non-functional nociceptor-related 

painlessness. Modified from (Nahorski et al., 2015). 

Name of Disorder Gene Protein Inheritance Phenotype 

Pathogenic 

Mechanism Notes 

Hereditary 

autonomic and 

sensory 

neuropathy 4 

(HSAN4) 

NTRK1 TRKA Recessive No pain and 

temperature 

sensing 

No sweating 

Learning 

difficulties 

Null Susceptibility to 

Staphylococcal 

infection 

Hereditary 

autonomic and 

sensory 

neuropathy 5 

(HSAN5) 

NGF NGFβ Recessive No pain and 

temperature 

sensing 

No sweating 

Learning 

difficulties 

Null Susceptibility to 

Staphylococcal 

infection 

Navajo 

neurohepatop-

athy 

MPV17 MPV17 Recessive Progressive, 

often fatal, 

encephalopathy

, hepatitis and 

neuropathy 

Null Other 

mitochondrial 

phenotypes cause 

by hypomorphic 

mutations 

Channelopathy 

insensitivity to 

pain 

SCN9A Nav1.7 Recessive Congenital 

anosmia 

Null  

Hereditary 

autonomic and 

sensory 

neuropathy 7 

(HSAN7) 

SCN11A Nav1.9 De novo 

dominant 

Intestinal 

hypoperistalsis, 

hypotonia and 

mild weakness, 

hyperhidrosis, 

itching, altered 

temperature 

sensing 

Hyperactivati

ng 

Phenotype may be 

restricted to one 

mutation, p.L811P 

HSAN7 may be a 

misnomer because 

there is no 

neuropathy on 

nerve biopsy 

Hereditary 

autonomic and 

sensory 

neuropathy 8 

(HSAN8) 

PRDM12 PRDM12 Recessive No pain- and 

temperature-

sensing 

neurons 

Reduced 

sweating and 

tearing 

Null The most recently 

found gene causing 

CIP. The patients 

are unable to feel 

acute, inflammatory, 

or chronic pain 

from birth. 

 

3.1.3 Patients with pain insensitivity carrying a point mutation in ZFHX2 

In this project, we are focusing on patients in a family who have pain insensitivity. The 

phenotype of the patients in this family was first described in 2008 (Spinsanti et al., 2008). The 

five patients from this family were diagnosed as suffering from hyposensitivity to painful 

thermal and capsaicin stimulation. According to the publication (Spinsanti et al., 2008), the 

clinical features were described as follows: ‘The subjects, belonging to the same family (3 

women and 2 boys from 3 generations), were a 75-year-old woman, her two daughters (40-
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year- old and 34-year-old sisters) and two nephews (two brothers, 14 and 11 years old). All 

these subjects were apparently healthy, with normal mental performance and high 

performance in physical activities, with an apparently normal quality of life. The main clinical 

data were: absence of pain in response to usual painful stimuli (all subjects), low sensitivity to 

capsaicin (all subjects), history of clinical autonomic disability plus several episodes of 

hyperthermia, increased warm and cold thresholds, recurrent infections (3 subjects), absence 

of corneal reflex (all subjects), rare episodes of orthostatic hypotension (3 subjects).’ 

Subsequent to this paper being published, an additional 6th member of the family was identified 

as having the same phenotype. 

Although the individuals suffer from pain insensitivity, the clinical features showing they 

are generally healthy subjects indicated that identification of the mutant gene could highlight a 

useful new analgesic drug target. Prior to my involvement in this project, a distal skin biopsy 

was taken from the proband and also genomic DNA was isolated from all 6 affected members 

from blood samples. The biopsy stained by anti-Pgp9.5 demonstrated a normal nerve fibre 

density for age and gender (Figure 3-1) (Data from Prof Bennett, University of Oxford). The 

gDNA of 6 individuals (shown in red arrow in Figure 3-2) were analysed by exome sequencing. 

A potential causative mutation was found in ZFHX2, zinc finger homeobox 2, at position 1913, 

resulting in an amino acid change from arginine to lysine (NM_033400:c.G5738A:p.R1913K ). 

Sanger sequencing confirmed the point mutation and that all affected individuals were 

heterozygotes (Figure 3-3). This mutation was absent from 394 healthy controls and also from 

public polymorphism and exome databases. ZFHX2 consists of 2572 amino acids, and the 

mutation was found in one of the homeobox domains (Figure 3-4). The mouse homolog, Zfhx2, 

has previously been described as being highly expressed in mouse brain tissue such as thalamus, 

hypothalamus, midbrain and pontine area (Komine et al., 2006), and recent RNA-seq data has 

highlighted a relatively high expression of ZFHX2 in small diameter DRG neurons (Usoskin et 

al., 2015). We considered if the point mutation resulting in the R1913K amino acid change in 

ZFHX2 could be the pathogenic mutation causing the human pain insensitivity.  
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Figure 3-1. A patient (the individual II-4 in Figure 3-2) skin biopsy from lower leg. The sample 

was stained with anti-Pgp9.5. The white dots indicate dermal-epidermal junction. The white 
arrows show nerve fibres. Data from Prof Bennett, University of Oxford. 

 

 

Figure 3-2. The individuals affected by pain insensitivity in the family (shown in black). The red 

arrows indicate that the samples from them were used for exome sequencing to identify 
potential causative mutations.   
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Figure 3-3. DNA sequence chromatograms of the patients showed a heterozygous mutation 

(c.G5738A: all patients showed the same mutation). The red arrows show the position of the 
mutation. 

 

 

Figure 3-4. The structure of ZFHX2. The point mutation resulting in the amino acid change 

R1913K is in a Hox domain.  

 

I. A potential causative mutation in a HOX domain in ZFHX2 that is 

evolutionally conserved across species 

Exome sequencing showed that all 6 affected patients carry a potential causative point 

mutation in a homeobox (Hox) domain in ZFHX2, resulting in the amino acid change R1913K. 

Hox domains are 60 amino acid protein domains demonstrating a conserved structure which 

consists of three helical regions folded into a tight globular structure (Qian et al., 1989). Hox 

domains bind to DNA in a sequence-specific manner, regulating downstream gene expression 

and function (D'Elia et al., 2001). For example, homeodomain-containing transcriptional 

regulators can operate differential genetic programs along the anterior-posterior axis of animal 

bodies (Alonso, 2002). Since the Hox domain has a rigid structure and binds DNA in a 

sequence-specific manner, a missense mutation can easily change the structure and/or alter its 

function and downstream gene expression (D'Elia et al., 2001). In fact, missense mutations in 
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human HOX domains have been reported as a cause of various diseases (D'Elia et al., 2001): 

Septooptic dysplasia, which is defined by any combination of optic nerve hypoplasia, pituitary 

gland hypoplasia, and midline abnormalities of the brain, have been known to be associated 

with mutations in a homeobox gene, HESX1 (Dattani et al., 1998). Also, several mutations in 

the HOX domain of POU3F4 (POU class 3 homeobox 4), have been linked to deafness (Bitner-

Glindzicz et al., 1995, de Kok et al., 1995, Schild et al., 2011, Choi et al., 2013). Some of these 

mutations alter the localization of POU3F4 from the nucleus to the cytoplasm and cause 

subsequent proteosomal degradation due to structural aberrations, leading to transcriptional 

inactivity (Choi et al., 2013). Taking these into account, a missense mutation in Hox domain 

has the potential to be pathogenic. Thus we hypothesised that the point mutation within the 

HOX domain in ZFHX2 might alter the functions of ZFHX2, leading to pain insensitivity. 

To assess the likely pathogenicity of the ZFHX2 mutation, it is important to know how 

conserved the mutated residue is across species. Hox domains are known to be evolutionarily 

conserved (Gehring, 1992), indicating that the R1913K is likely to be a missense mutation that 

could lead to pain insensitivity. However, it was been reported that the position 57 (p57) in 

Hox domains where R1913K is located is often interchangeable between arginine and lysine 

(Figure 3-5).  
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Figure 3-5. Protein sequence of Hox domain in different genes. Position 57 (highlighted in red) 

is interchangeable between Arginine (R) and Lysine (K). The black dots demonstrate positions 

and number of amino acid changed by missense mutations in human Hox domains. This figure 
is modified from (D'Elia et al., 2001).  

 

Although position 57 in Hox domains is often interchangeable between arginine and 

lysine, it is still essential to understand how conserved the specific arginine 1913 residue is in 

ZFHX2. By analysing the genomes of all species that are accessible in the UCSC Genome 

Browser (UC Santa Cruz, University of California) we discovered that every ZFHX2 homolog 

had arginine 1913 conserved at the corresponding residue (Figure 3-6). This highly conserved 

R1913 and the several studies suggesting missense mutations in HOX domains lead to 

Mendelian disorders could indicate that R1913K is a potential causal mutation, warranting 

further studies. 
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Figure 3-6. Protein sequence of ZFHX2 homolog across species. Arginine 1913 (R1913) is 

highly conserved at the corresponding residue. 

 

II. Transcription factor activation: involvement of arginine methylation in 

pathological mechanisms 

We hypothesised that the point mutation in the Hox domain in ZFHX2 resulting in 

the amino acid change R1913K leads to pain insensitivity and we considered what could be the 

pathological mechanism. As mentioned, ZFHX2 is a transcription factor and activation of 

transcription factors is an important step for downstream gene expression. The activity of 

transcription factors has previously been shown to be affected by post-translational 

modifications. Several types of modification in transcription factors have been documented 

such as phosphorylation, acetylation, methylation, ubiquitylation, sumoylation and neddylation 

(Kruse and Gu, 2009). One of the well-characterised transcription factors, tumour protein 53 

(p53), is well known for its highly regulated transcriptional activities by post-translational 

modification. This gene is a key factor involved in an appropriate cellular response to a variety 

of cellular stresses such as DNA damage. There are more than 100 genes controlled by p53 

(Wei et al., 2006). Post-translational modifications of p53 including phosphorylation, 

acetylation and methylation contribute to its highly regulated activities (Kruse and Gu, 2009). 

For instance, phosphorylation of serine and tyrosine residues are considered to be essential to 
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stabilise p53 transcriptional activities (Donehower and Lozano, 2009, Kruse and Gu, 2009).  

Acetylation of lysine residues in p53 plays an important role in p53-dependant gene expression 

in embryonic cells and also the expression of proapoptotic genes in thymocytes (Kruse and Gu, 

2009). It is not only phosphorylation and acetylation that contribute to transcriptional activities 

of p53; methylation of lysine and arginine residues also regulate transcriptional activation of 

p53. For example, monomethylation at K370 by SMYD2 (SET and MYND domain containing 2) 

was shown to repress p53-mediated transcription. This repression correlated with decreased 

p53 binding to the promoter of its target genes, including p21, CDK-inhibitor 1A, which is a well-

known gene to play a role in the cell cycle (Huang et al., 2006, Terzi et al., 2016). More 

recently, arginine methylation in p53 has highlighted its essential role in the p53 response. 

Arginine methylation of p53, catalysed by PRMT5 (protein arginine methyltransferase 5), 

altered binding properties to promoters of several genes including p21 (Jansson et al., 2008). In 

addition, depletion of PRMT5 caused a decreased progression of the cell-cycle, suggesting that 

arginine methylation mediated by PRMT5 underlies regulation of the p53 response (Jansson et 

al., 2008). 

Methylation of lysine and arginine residues in transcription factors has raised much 

attention in the past decade. For a brief introduction to lysine and arginine methylation, their 

chemical structures are shown in Figure 3-7: Lysine specific methyltransferases (KMTs) can 

mono-, di- or trimethylate the amino group of lysine in an S-Adenosylmethionine (SAM)-

dependent manner (Figure 3-7a). On the other hand, arginine can be mono- or dimethylated 

on its side chain by protein arginine methyltransferases (PRMTs) using SAM as the methyl 

donor (Figure 3-7b). Dimethylation of arginine is distinct from the one of lysine; two methyl 

groups can be added to a single guanidino nitrogen atom in asymmetrical dimethylation, or two 

nitrogen atoms in symmetrical dimethylation (Biggar and Li, 2014).  

Alteration of transcriptional activities mediated by methylation are not limited to p53; 

methylation of lysine and arginine residues in transcription factors such as NFκB and HOXA9 

have been reported to play an essential role in their functions of the promoter of E-selectin in 

tumor necrosis factor alpha (TNF-α) treated cells (Bandyopadhyay et al., 2012)(Table 3-3, 

Table 3-4). Of particular interest in this project is arginine methylation as we noticed that the 

region surrounding R1913 is an arginine and glycine -rich sequence motif (Figure 3-8). This 

sequence motif is similar to the ones in other transcription factors, such as p53, p65 subunit of 

NFκB and HOXA9, where arginine residues are methylated by PRMT5 (Jansson et al., 2008, 

Wei et al., 2013, Bandyopadhyay et al., 2012) (Figure 3-8).  
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In addition to the arginine methylation study in p53 mentioned above (Jansson et al., 

2008), the arginine residue at position 30 in the p65 subunit of NFκB is dimethylated by 

PRMT5 and the mutants such as R30A and R30K showed reduced binding ability of NFκB to 

downstream genes (Wei et al., 2013). Furthermore, HOXA9 has been considered to be crucial 

in the cytokine induction of E-selectin, which is a mediator of initial adhesion of leukocytes to 

the endothelium in inflammatory responses (Bandyopadhyay et al., 2012). A role of arginine 

methylation was revealed to require this induction; the arginine methylation at position 140 

(R140) in HOXA9 by PRMT5 influenced binding abilities to the promoter of E-selectin in 

tumor necrosis factor alpha (TNF-α) treated cells (Bandyopadhyay et al., 2012). 

 

Table 3-3. Transcription factors which undergo lysine methylation. PKMT; protein lysine 

methyltransferase. (Carr et al., 2015) 
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Table 3-4. Transcription factors which undergo arginine methylation. SDMA; symmetric 

dimethylarginine, ADMA; asymmetric dimethylarginine, PRMT; protein arginine 
methyltransferase. (Carr et al., 2015) 

 

 

 

Figure 3-7. Lysine and Arginine methylation (Biggar and Li, 2014) 
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Figure 3-8. Sequence of ZFHX2 over R1913 and other transcription factors where arginine 
residues are methylated (Jansson et al., 2008, Wei et al., 2013, Bandyopadhyay et al., 2012)  

 

Taking these important roles of arginine methylation in transcription factors into 

account, we raised the hypothesis that arginine methylation(s) in the motif over R1913 could 

be important in regulating the transcriptional activity of ZFHX2. The mutation resulting in the 

amino acid change R1913K could affect the arginine methylation status leading to an alteration 

in ZFHX2 function, and furthermore, this pathological mechanism could help explain the pain 

insensitive phenotype. 

 

3.2 AIMS OF THIS PROJECT 

The principal aim of this project was to prove whether the R1913K mutation in ZFHX2 

was the cause of the human pain insensitivity. We planned to study (1) How the mutation 

might alter the function of ZFHX2; (2) the role of the Zfhx2 gene in pain processing using 

mouse models; (3) the genes regulated by Zfhx2 and understand whether the R1913K 

mutation causes changes in gene expression. To address the first question, we expressed 

ZFHX2 in cell lines and studied the subcellular localization and methylation status around 

residue 1913 using mass spectrometry. To investigate the second question, we performed pain 

behavioural tests on both global Zfhx2 KO mice and also BAC transgenic mice bearing the 

orthologous mutation. To explore the third question, we performed microarray and ChIP-seq 

(chromatin immunoprecipitation sequencing) assays.   

 



 

 

148 

 

3.3 METHODS 

3.3.1 Mammalian expression constructs 

The original R1913 wild-type (WT) and K1913 missense mutation (Mut) constructs (i.e. 

FLAG-ZFHX2 in pcDNA3 (Invitrogen) and FLAG-ZFHX2-IRES-eGFP in pcDNA3) were 

generated by Dr. James Cox at WIBR, UCL.  

I generated several constructs based on these backbones to analyse the function of the 

ZFHX2 gene: 

1. WT FLAG-ZFHX2-IRES-td Tomato 

2. Mut FLAG-ZFHX2-IRES-td Tomato 

3. WT FLAG-ZFHX2-V5-IRES-eGFP 

4. Mut FLAG-ZFHX2-V5-IRES-eGFP 

 

FLAG-ZFHX2-IRES-td Tomato (1, 2): 

 The Gibson Assembly method (Gibson et al., 2009) was used to generate these 

constructs. Firstly, the IRES-td Tomato fragment was amplified from an IRES2-tdTomato 

plasmid derived from a pIRES2-AcGFP1 backbone (previously generated by Dr Yury Bogdanov, 

Molecular Nociception Group) using the following primer pairs and KAPA HiFi DNA 

Polymerase (KAPA Biosystems, KK2602). The amplified fragment size was 2082 bp: 

GIB IRES2-td FWD;  

TACACTTCTAGCTTTATAACTACCGCGGGCCCGGGATC 

GIB IRES2-td REV;  

CCCTCTAGATGCATGCTCGAGGCCGCTCATTACTTGTACAGCTC 

The thermal cycling conditions were: 1min initial denaturation at 95°C, 30 cycles of 20 sec 

denaturation at 98°C, 15sec annealing at 61°C and 2min10sec extension at 72°C, and 

2min10sec final extension at 72°C. 

Next, the WT and Mut FLAG-ZFHX2 in pcDNA3 vectors were digested with XhoI 

(New England Biolabs). These linearised vectors (13176 bp) were gel-purified using a gel 
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purification kit (Qiagen, 28606) according to the manufacturer’s instructions. Phusion High-

Fidelity DNA Polymerase (NEB, M0530) was used to create blunt ends: HF Phusion Buffer 5µl, 

10mM dNTPs 0.5µl, plasmid 19.25µl, and Phusion Polymerase 0.2 µl were incubated at 72°C 

for 10min. The linearised vectors were ligated with the gel purified IRES-tdTomato PCR 

products (3:1 insert:vector molar ratios) using Gibson Assembly Master Mix (NEB, E2611) at 

50°C for 20min. Then, 2µl of assembled products were transformed into XL10-Gold 

Ultracompetent Cells (Agilent, 200315), clones picked and amplified in LB containing 100 µg/ml 

ampicillin and DNA isolated using a miniprep kit (Qiagen, 27104). The resulting plasmids were 

verified by Sanger sequencing using the following primers (Table 3-5). To obtain large 

quantities of DNA, the plasmids were amplified in SURE2 supercompetent cells (Agilent, 

200152) and a maxiprep protocol was followed according to the manufacturer’s conditions 

(Qiagen). All plasmids were then verified by Sanger sequencing (Source Bioscience).  

 

Table 3-5. Sequence primers for FLAG-ZFHX2-IRES-tdTomato or FLAG-ZFHX2-V5-IRES-
eGFP 

Description Sequence (5’-3) Coverage region 

FLFWD GGTGGGAGGTCTATATAAGCAGA ZFHX2 

SEQ1FWD  GGCATCAAGGAAGAGCCCAGTCTG ZFHX2 

SEQ2FWD CCCTTGACAACAGCAGCACAG ZFHX2 

SEQ3FWD ACATGCGAGAGAAGCACCCTGAG ZFHX2 

SEQ4FWD CCTGAACTCTTCCAGTACTTTG ZFHX2 

SEQ5FWD TGCTCAGAAGTACCAGCTGGCAG ZFHX2 

SEQ6FWD TGAGAAAGATGCCCAGAACAAGAC ZFHX2 

SEQ7FWD TCCCAGACAAACCCTCAGGAAGC ZFHX2 

SEQ8FWD CCACATGCGGTCAGTTCTGCATC ZFHX2 

SEQ9FWD AGCCCTTCTAGAAAACTTTGGC ZFHX2 

SEQ10FWD AGTTCCAGACCCAAGCCCTGCAG ZFHX2 

SEQ11FWD CCATACCTGTGACCAGTGTGC ZFHX2 

SEQ12FWD AGTTCAACCTCTTATTAGGCAAG ZFHX2 

SEQ13FWD TCTGGTTCCAGAATGCTCGTG ZFHX2 

SEQ14FWD ACCACAGTGGTCCAGACTGCTG ZFHX2 

SEQ15FWD GAGGTTGATGAGCTGCTGACAG ZFHX2 

IRES2 td SEQ A FWD CGTTACTGGCCGAAGCCGCTTG IRES-tdTomato 

IRES2 td SEQ B FWD CGTGGTTTTCCTTTGAAAAACACG IRES-tdTomato 

IRES2 td SEQ C FWD CCTCGGTACACATGCTTTACAT IRES-tdTomato 

pcDNA3 SEQ REV GTG GCACCTTCCAGGGTCAAGGA IRES-tdTomato 
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FLAG-ZFHX2-V5-IRES-eGFP (3, 4): 

The Gibson Assembly method (Gibson et al., 2009) was used to generate these 

constructs. Firstly, the PCR product containing the V5 tag was PCR amplified with KAPA HiFi 

DNA Polymerase (KAPA Biosytems, KK2602) using FLAG-ZFHX2-IRES-EGFP as template and 

the following primer pairs (315 bp):  

ZFHX2 V5 FWD; 

GTGCCCATCTGCACCTACCACTGC 

ZFHX2 V5 REV; 

TTTAAGATCTTCCCGCTCGAGTTACGTAGAATCGAGACCGAGGAGAGGGTTA

GGGATAGGCTTACCTAAAGCTAGAAGTGTAGAGGTAG 

 

Next, the WT and Mut FLAG-ZFHX2-IRES-eGFP constructs in pcDNA3 were double-

digested with XhoI and PflMI. The fragments with the size of 14426 bp were isolated using the 

Qiagen gel purification kit (28606). Phusion High-Fidelity DNA Polymerase (NEB, M0530) was 

used to create blunt ends for the vectors. The linearised vectors were ligated with the gel-

purified PCR products using Gibson Assembly Master Mix (NEB, E2611) at 50°C for 20min. 

Then, 2µl of assembled products were transformed into XL10-Gold Ultracompetent Cells 

(Agilent, 200315), clones picked and amplified in LB containing 100 µg/ml ampicillin and DNA 

isolated using a miniprep kit (Qiagen). The resulting plasmids were verified by Sanger 

sequencing using the following primers (Table 3-5). To obtain large quantities of DNA, the 

plasmids were amplified in SURE2 supercompetent cells (Agilent, 200152) and a maxiprep 

protocol was followed according to the manufacturer’s conditions (Qiagen). All plasmids were 

then verified by Sanger sequencing (Source Bioscience).  

 

3.3.2 Cell culture 

AD293 and HEK293 cells were cultured in DMEM (GIBCO 31966-021) with 10% fetal 

bovine serum (GIBCO 10270-106). SH-SY5Y cells were cultured in DMEM / F12 (GE 
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Healthcare Cell Culture, SH30026) 1:1 with 10% FBS. All cells were kept at 37°C in 5% CO2 

and passaged at 70-80% confluency. 

3.3.3 Transfection 

I. Transient transfection using Lipofectamine 

FLAG-ZFHX2-IRES-tdTomato (WT or Mut) constructs were transfected into HEK293 

cells at about 80-95% confluency on the day of transfection in 35mm dishes using 

Lipofectamine 2000 (Thermo Fisher Scientific, 11668027) according to the manufacturer’s 

conditions. Two µg of DNA was combined with 10 µl of lipofectamine 2000 in 500 µl of Opti-

MEM (GIBCO 31985-062). The cells were kept overnight at 37°C in 5% CO2 and then split 

into 65mm dishes.  The cells were collected 48 h after transfection.  

 

II. Nucleofection 

The SF Cell Line 4D-Nucleofector® X Kit L (LONZA, V4XC-2024) and 4D-

Nucleofector® System (LONZA) were used for nucleofection, following the manufacturer’s 

instructions. Briefly, 2-3 x 106 cells were re-suspended in Nucleofector Solution with the 

provided supplement and 2 µg of plasmid. The cell suspension was transferred into a 

Nucleocuvette Vessel following the Nucleofection process. After nucleofection, the cells were 

immediately re-suspended with warm media and kept in flasks or dishes at 37°C in 5% CO2. 

The cells were cultured with antibiotic 72h post-transfection to generate the stable cell lines, 

as described in 3.3.4. 

   

3.3.4 Stable cell lines 

I. SH-SY5Y stable cell line 

We aimed to generate three stable cell lines: WT FLAG-ZFHX2-V5-IRES-eGFP, Mut 

FLAG-ZFHX2-V5-IRES-eGFP, and IRES-eGFP as a control. Firstly, the constructs were 

linearised overnight using the restriction enzyme PvuI, which has a single restriction site within 

the ampicillin gene. The cells were transfected with either circular DNA or gel-purified 
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linearized constructs using Nucleofection (as described in 1.3.3.2), and cultured with DMEM / 

F12 (1:1) with 10% FBS for 3 days. Next, the cells were reseeded in DMEM / F12 (1:1) FBS10% 

with 500 µg/ml Geneticin (GIBCO 10131-027). This selection media was replaced twice a 

week for 16 days. To generate stable cell lines derived from single cells, the cells were re-

suspended in medium without serum and sorted into single cells using Flow Cytometry (BD 

FACSArray, SORP) with help from Dr Ayad Eddaoudi, UCL Institute of Child Health. Positive 

cells were selected by green fluorescence signals excited at 488 nm. Single cells were cultured 

in 96 well plates without Geneticin for 10 days, followed by media replacement with DMEM / 

F12 (1:1) FBS10% with Geneticin at 500 µg/ml twice a week for 2 weeks until the cells were 

around 70% confluent. The single clones were then detached with a pipette and transferred 

into 24 well plates and cultured with DMEM / F12 (1:1) FBS10% with Geneticin 500 µg/ml and 

Antibiotic-Antimycotic (GIBCO 15240-062). The media was replaced twice a week for 1 week 

and the clones were validated by immunostaining, Sanger sequencing of genomic DNA and 

cDNA, and ZFHX2 expression levels were measured by qPCR. 

 

II. AD293 stable cell line 

Generated by Dr. Abdella Habib, WIBR, UCL. 

Briefly, circular DNA was transfected into AD293 cells using Lipofectamine 2000, as 

described above. Stable cells were firstly selected in DMEM FBS 10% with Geneticin at 1500 

µg/ml for 2 weeks, followed by single cell selection by flow cytometry. Stable clones were 

maintained in DMEM FBS 10% with Geneticin at 750 µg/ml. 

 

3.3.5 Immunofluorescence 

The cells were cultured on glass coverslips coated with poly-L-Lysine (SIGMA P9155-

5MG). At the appropriate confluency, cells were fixed with 4% PFA (paraformaldehyde) in PBS 

(Phosphate Buffered Saline) for 15min followed by permeabilization with 0.1% Triton X-100 

for 5min at room temperature. The cells were blocked with 3% BSA (Bovine Serum Albumin, 

SIGMA A7906) in PBS for 1hr at room temperature and incubated with either anti-FLAG 

raised in mouse (SIGMA F1804, 1:500), anti-FLAG raised in rabbit (SIGMA F7425, 1:400), 

rabbit anti-V5 (SIGMA V8137, 1:500) or a custom rabbit anti-ZFHX2 (Eurogentec, 1:200) in 3% 
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BSA in PBS for 1hr at room temperature. The cells were incubated with a corresponding 

secondary antibody for 45min at room temperature; Alexa594 goat anti-mouse (Invitrogen 

A11032, 1:1000) or Alexa546 goat anti-rabbit (Invitrogen A11035, 1:1000) in 3% BSA in PBS. 

The stained cells were imaged using a Leica microscope (LEITZ DMRB, Germany) to validate 

stable cell lines (3.4.2I, 3.4.2II) or cells were visualized using a Leica SP8 confocal 

microscope to explore alteration of subcellular localization by Mut ZFHX2 (3.4.1).   

 

3.3.6 RNA extraction 

RNA extraction from cell lines was performed by myself, and DRG RNA extraction was 

performed by Dr. Abdella Habib at WIBR, UCL. 

The cells were cultured in a T75 flask and 5-8 million cells detached at roughly 70% 

confluency using trypsin. For DRG RNA extraction, the mice were killed by inhalation of a 

rising concentration of CO2 followed by cervical dislocation, and whole lumbar dorsal root 

ganglia were dissected. The DRG were suspended in RNA later (Ambion, AM7020) solution. 

The collected cells were dissolved in 1ml of Trizol (Ambion 15596018) and total RNA was 

isolated using PureLink RNA Micro Kit (Invitrogen 12183-016), following the manufacturer’s 

instructions.  

 

3.3.7 Sequencing for SH-SY5Y stable cell line 

Total RNA (1000 ng) was reverse transcribed to obtain cDNA using iScript™ Reverse 

Transcription Supermix (BioRad 170-8840). The cDNA was amplified using the following 

primer pair and 2x PremixJ (epicentre FSP995J) using the cycling conditions: 2 min at 95°C, 35 

cycles of 30 sec at 95°C, 1min at 56.1°C and 40 sec at 72°C and 5 min at 72°C for final 

extension.  

ZFHX2 SEG 2 FWD: CATCTTGCCTGAGCAGCTAGAG 

ZFHX2 SEG REV: TAGGGAAAAGCAGGTGCTTCCCTC 

To remove and dephosphorylate unused primers and dNTPs, 0.25 µl of exonuclease I and 0.5 

µl of Shrimp Alkaline Phosphatase were added into the PCR products and incubated for 30 
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min at 37°C and 20 min at 80°C. Following this clean-up step, the PCR products were Sanger 

sequenced to verify the mutation using SEQ11FWD primer stated above (Table 3-5). 

3.3.8 Real-time qPCR 

Total RNA (1000 ng) was reverse transcribed as in 1.3.7. To check for contamination 

of genomic DNA in RNA samples, non-reverse transcriptase reactions were also included. We 

used Taqman analysis to measure mRNA levels of the target genes. The Taqman (Thermo 

Fisher Scientific) reactions were performed according to the manufacturer’s instructions, using 

TaqMan Universal Master Mix II, with UNG (Thermo Fisher Scientific 4440038). The following 

probes were used: hActB; Hs01060665_g1, hSCN9A; Hs01081006_m1, hClusterin; 

Hs00156548_m1, hNAV2; Hs01093707_m1. 

Amplification of the selected genes from each sample was performed in three parallel 

runs on a 96-well reaction plate using BioRad CFX with the following protocol: 2min at 50°C, 

10min polymerase activation at 95°C and 40 cycles of 15 sec denaturation at 95°C, 1min 

annealing and extension at 60°C.  

Relative expression of the target gene was calculated using the comparative 2ΔΔCT 

method (Livak and Schmittgen, 2001). Expression of the test gene was compared with that of 

b-Actin measured on the same sample, giving a CT difference (ΔCT) for b-Actin minus the test 

gene. The CT difference, ΔCT values of individual samples were compared to ΔCT of the 

control or WT clones, giving ΔΔCT values of each clone. The relative expression was 

calculated as 2-ΔΔCT. Mean, S.E.M. and statistics were calculated from the 2-ΔΔCT. Data were 

analyzed using Microsoft Excel, and Student’s t-test was performed with *p < 0.05, **p < 0.01, 

***p < 0.001 as statistically significant.  

 

3.3.9  Immunoprecipitation 

AD293 or SH-SY5Y cells stably expressing FLAG-ZFHX2-V5 and eGFP (WT or Mut) 

or eGFP (control) were cultured in DMEM FBS10% with Geneticin at 750µg/ml or DMEM / 

F12 (1:1) FBS10% with Geneticin at 500µg/ml, respectively. The cells were washed with PBS 

and transferred into 1.5ml Eppendorf tube with 10 µl of 50x Protease Inhibitor EDTA free 

(Roche 04 693 132 001) per 1 million cells. The collected cells were kept in -80°C until 

performing the next procedure. The cells were lysed with RIPA buffer with 300mM salt (Table 
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3-6, 350µl per 10 million cells) on ice for 45min. After the lysis proteins were separated into a 

soluble and pellet fraction and another RIPA buffer with 150mM salt (Table 3-6, 350µl per 10 

million cells) was added into the soluble fraction to reduce salt concentration. Either anti-

FLAG M2 magnetic beads (SIGMA, M8823, 20µl slurry per 10 million cells) or anti-V5 

sepharose beads (abcam, ab1229, 30µl slurry per 10 million cells) or anti-V5 magnetic beads 

(MBL, M167-11, 50µl slurry per 10 million cells) was washed with RIPA buffer 150mM salt 

three times and then added into the soluble fraction. The cell lysates were rotated overnight 

at 15rpm at 4 °C. Protein complexes were washed three times with RIPA buffer 150mM salt, 

and then boiled at 95 °C for 3 minutes with Loading Buffer (NEB, B7709S) with Reducing 

Agent (NEB, B7709S) to elute proteins. The elution was performed for electrophoresis for 

either Western Blot, silver staining or coomassie staining. 

Table 3-6. RIPA buffer component 

RIPA buffer Component Concentration 

RIPA 300mM salt Tris-HCl 

Sodium chloride 

SDS 

Sodium deoxycholate 

IGEPAL 

EDTA 

50mM 

300mM 

0.1% 

1% 

1% 

1mM 

RIPA 150mM salt Tris-HCl 

Sodium chloride 

SDS 

Sodium deoxycholate 

IGEPAL 

EDTA 

50mM 

150mM 

0.1% 

1% 

1% 

1mM 

 

3.3.10  Protein electrophoresis 

Two to 5 µl of the cell lysis samples were loaded onto the polyacrylamide gels 

following dilution with Loading Buffer and 1µl of 30x DTT (Dithiothreitol) (NEB, B7709S 

reducing agent). One µl of 30x DTT was also added into immunopurified proteins. Each 

sample was boiled at 98°C for 3 minutes before loading onto either 4–15% precast 

polyacrylamide gels (BioRad 456-1085) or 4-12% Bis-Tris protein gels (NuPAGE NP0321 or 

NP0335). Tris- Glycine running buffer (Table 3-7) or MOPS SDS Running Buffer (NuPAGE 

NP0001) was used for the 4–15% precast polyacrylamide gels or 4-12% Bis-Tris protein gels, 

respectively. Electrophoresis for the 4–15% precast polyacrylamide gels was performed at 90V 

for 10-15min and 120V for 1.5hr-2hr at room temperature. The 4-12% Bis-Tris Protein Gels 
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were run at 120V for 10-15min and 150V for 1.5-2hr at room temperature. To separate the 

target protein for mass spectrometry analysis, 4-12% Bis-Tris protein gels were run at 120V 

for 10-15min and 150V for 3hr on ice.  

Table 3-7. Tris-Glycine running buffer for electrophoresis 

Running Buffer Component Amount per 1 litre 

Tris-Glycine Tris-Base 

Glycine 

SDS 

3.03g 

14.4g 

1.5g 

 

3.3.11  Western Blot 

After the proteins were separated on the gel by electrophoresis (3.3.10), proteins 

were transferred by either wet-transfer (for 4–15% precast polyacrylamide gel) or semi-wet 

transfer method (for 4-12% Bis-Tris protein gels) following the conditions outlined below 

(Table 3-8). The immunoblots were incubated with rabbit anti-V5 (Sigma V8137, 1:500) or 

mouse anti-FLAG (Sigma F1804, 1:500) or rabbit anti-Zfhx2 (Eurogentic, 1:200) overnight at 

4°C. Following 4 times wash with PBS, the immunoblots were incubated with the 

corresponding secondary antibodies for 1hr at room temperature: Goat Anti-Mouse 

Immunoglobulins/HRP (Dako P0447) or Goat Anti-Rabbit Immunoglobulins/HRP (Dako P0448). 

The immunoblots were washed 4 times with PBS with 0.1% Tween20 and once with PBS. The 

proteins were detected by chemilluminescence followed by incubation with ECL (Pierce 

80196). 

 

Table 3-8. Transfer conditions 

Transfer 

method 

Membrane Buffer Running time and 

voltage 

Wet transfer Polyvinylidene 

Difluoride (PVDF) 

Tris-Glycine buffer: 

Glycine 28.8g,  

Tris-Base 6g, 

Methanol 400ml, 

Water up to 2000ml 

100V 1hr at 4°C 

Semi-wet 

transfer 

nitro-cellulose Tris-CAPS buffer: 

Tris-Base 3.63g, 

CAPS 0.221g, 

SDS 20mg, 

Methanol 20ml, 

Water up to 100ml 

15V 1hr  

at room temperature 
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3.3.12  Silver Staining 

The separated proteins after the electrophoresis (3.3.10) were detected by silver 

staining (Invitrogen, Silver Quest LC6070), following the manufacturer’s instructions. Fixation 

time was 40min at room temperature, and was developed for 4min 30sec. 

 

3.3.13  Coomassie Staining 

To separate the target proteins for mass spectrometry analysis, the separated proteins 

after electrophoresis (3.3.10) were stained by Instant Blue (Expedeon, ISB1L) for 1hr at room 

temperature by gentle shaking.  

 

3.3.14 Mass spectrometry 

The protein isolation was performed by myself with help from Dr. Andrei Okorokov at UCL. All the 

other procedures were performed by Dr. Honglei Huang at University of Oxford. 

The size of the target ZFHX2 proteins were expected to be ~274kDa. The bands just above 

270kDa marker in the gel stained by Coomassie were detected from WT or Mut samples, and 

there were no visible bands of the same size in control samples. The bands were excised and 

kept in clean 1.5ml Eppendorf tubes at -80°C. The mass spectrometry analysis was performed 

by Dr. Honglei Huang at University of Oxford. The gel bands were detained in Eppendorf 

tubes filled with 50% ethanol, 5% acetic acid until the coomassie blue have completely gone by 

vortexing. The protein were then reduced in 20 mM dithiothreitol (DTT) for 30mins at 37°C, 

then alkylated in 100 mM  iodoacetamide (IAA) for 30mins at room temperature in the dark. 

Each gel band were split into two half, one half of the samples was digested with chymotrypsin 

(Promega, UK) at protein:chymotrypsin ration 50:1 overnight at room temperature. Another 

half of the sample was digested with elastase (Promega, UK) at protein:elastase ration 50:1 

overnight at 37°C. The peptides were extracted from gel using 50% acetonitrile (ACN), 0.1% 

formic acid (FA), the peptides were dried in a Speedvac and resuspended in 10µl of 2% ACN 

0.1% FA. Peptides digested by chymotrypsin and elastase were pooled and 5ul of mixed 
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peptides were injected into Orbitrap Fusion Lumos mass spectrometry (Thermo) coupled to a 

UPLC (Dionex).  

Peptide were analyzed by nano-UPLC− MS/MS using a Dionex Ultimate 3000 nano-

UPLC with EASY-Spray column (75 µm × 500 mm, 2 µm particle size, Thermo Scientific) with 

a 60 min gradient of 0.1% formic acid in 5% DMSO to 0.1% formic acid to 35% acetonitrile in 

5% DMSO. MS scans were acquired at a resolution of 120 000 between 400 and 1500 m/z and 

an AGC target of 4.0E5. MS/MS spectra were acquired in the linear ion trap (rapid scan mode) 

after collision-induced dissociation (CID) fragmentation at a collision energy of 35% and an 

AGC target of 4.0E3 for up to 250 ms, employing a maximal duty cycle of 3s. Selected 

precursor masses were excluded for 30s. 

The acquired raw LC-MS/MS data were searched against UPR homo sapiens database 

(retrived 15.10.2014). The protein identification score threshold was adjusted to achieve a 

protein FDR of ∼1% using Peaks 7.5 software using the default target decoy approach with 20 

ppm mass error tolerance for the precursor and 0.5 Da for fragment masses. Two miss 

cleavage sites and nonspecific enzyme cleavage was allowed, carboxymethylation was set as 

fixed modification, and variable modification on arginine methylation, lysine and N-termini,  

Deamidation (N,Q) and Oxidation (M) and maximal 1 variable modification per peptide in the 

de novo and database searches (three variable PTMs for PTM search nodes. 

 

3.3.15  Microarray 

Performed by AROS Applied Biotechnology. The analysis was performed by myself. 

Total RNA samples obtained from three clones per condition were sent to AROS 

Applied Biotechnology A/S for analysis using the Human Transcriptome Array. The data was 

normalised by ST-RMA method using Expression Console Software (version 1.4.1, Affymetrix), 

and analysed using the Transcriptome Analysis Console (version3.0, Affymetrix). 

 

3.3.16 Chromatin Immunoprecipitation sequencing (ChIP-seq) 

Cell culture was performed by myself. All the other procedures were performed by Dr. Andrei 

Okorokov at University College London and Dr. Konstantin Panov at Queen’s University Belfast 
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WT and Mut stable SH-SY5Y cell lines were used for ChIP-seq (SBC3 and SBL3 for 

WT, and SDC2 and SDL1 for Mut (see the result section II for the name of the clones). The 

cells were cultured on 150mm dishes (10-13 plates per clone). Freshly made 37% PFA was 

directly added to the cells at a final concentration of 1% (540 μl per 20ml media). The cells 

were incubated at room temperature for 10min by a gentle rocking at 20-25rpm. To quench 

the reaction, 1.25M of glycine at a final concentration of 0.125M was added (2ml per 20ml 

media) and the cells were incubated by rocking at room temperature for 5min. The plates 

were then placed on ice and media was removed. The cells were collected with cold PBS by a 

cell scraper, and then span at 200g for 10min at 4℃. The cells were transferred into two 2ml 

Eppendorf tubes and span again. Following the removal of PBS, the cells were frozen by liquid 

nitrogen and kept in -80℃ until the next step. The cells were lysed with FA buffer (Table 3-9), 

and this cell lysis was sonicated for 60min in total (6 cycles of 10min sonication) at 4-6℃ using 

‘High’ power on Bioraptor (diagenode) to yield approximately 200bp DNA fragments. 

Following reverse cross-linking by adding sodium chloride to a final concentration of 0.2M, the 

sheared chromatin was treated with RNAase and purified with a PureLink PCR purification kit 

(Invitrogen) following the manufacturer’s instructions. The sheared chromatin was diluted with 

225μl of ChIP IP and dilution buffer (Table 3-9) to a final volume of 550μl per 1 million cells. 

To obtain antibody-chromatin complexes, the sheared chromatin was incubated with the 

respective antibodies on a plate at 500rpm with a cycle of 5sec on and 10sec off for overnight 

at 4°C (Table 3-10). To block unspecific binding, Dynabeads Sheep anti-rabbit IgG (M-280) 

were washed and re-suspended with ChIP dilution buffer, and incubated with BSA to final 

concentration of 5mg/ml for overnight at 4°C on a rotating wheel. After the Dynabeads were 

blocked by BSA they were washed with ChIP dilution buffer and resuspended. The Dynabeads 

were added into the samples containing the antibodies and the sheared chromatin to obtain 

antibody-chromatin-beads complexes (Table 3-10). Following RNase digestion, the antibody-

chromatin-beads complexes were then washed with RIPA buffer and TE buffer using Precipitor 

(Abnova) and DNA was eluted with 100 μl of Elution buffer1 and then 100 μl of Elution buffer 

2 (Table 3-9). After reversal of the crosslinking and proteinase K digestion, the DNA was 

purified using ChargeSwitch Nucleic Acid Purification (Thermoscientific). The purified DNA 

was then sequenced at Diagenode (Belgium). Analysis was performed using SeqMonk on the 

human genome GRCh37. 
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Table 3-9. Buffer components used in ChIP 

Buffer Components 

FA Buffer 50 mM Tris-HCl, pH8.0 

140 mM NaCl 

1 mM EDTA pH8 

1% Triton X-100 

0.1% Sodium Deoxycholate 

0.5% SDS 

Roche Complete Protease Inhibitors 

ChIP IP Buffer 20mM Tris-HCl, pH7.5 

150mM NaCl 

1.2mM EDTA 

1.4% Triton X100 

ChIP dilution Buffer 20 mM Tris-HCl, pH 7.5 

150 mM NaCl 

1 mM EDTA pH8 

0.5mM EGTA 

1% Triton X-100 

0.1% Sodium Deoxycholate 

0.1% SDS 

RIPA buffer HEPES 50mM pH 8.0 

EDTA    1mM  pH 8.0  

Np-40      1% 

DOC        0.7% 

LiCl        0.5 M 

Elution Buffer 1 0.1M NaHCO3 

1% SDS 

Elution Buffer 2 0.2M Tris-HCl , pH 6.5 

250mM NaCl 

Proteinase K 

 

Table 3-10. Conditions of immunoprecipitation. Anti-V5; Anti-V5 tag antibody - ChIP Grade, 

Rabbit polyclonal (ab15828, abcam), Anti-TBP; Anti-TATA binding protein TBP antibody - ChIP 
Grade, Rabbit polyclonal (ab28175, abcam) 

Clones Numbers of 

cells used 

Antibody Antibody 

concentration 

(mg/ml) 

Volume of 

antibody 

Volume of 

Dynabeads 

SBC3 60x106 Anti-V5 0.75 130μl 1.6ml 

SBL3 60x106 Anti-V5 0.75 130μl 1.6ml 

SBL3 60x106 Anti-IgG 1.08 90μl 1.6ml 

SDC2 74x106 Anti-V5 0.75 130μl 1.6ml 

SDC2 74x106 Anti-IgG 1.08 90μl 1.6ml 

SDC2 60x106 Anti-TBP 0.65 150μl 1.6ml 

SDL1 55x106 Anti-V5 0.75 130μl 1.6ml 
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3.3.17  Behaviour tests 

I. Animals 

Global Zfhx2 KO mice were kindly offered by Dr. Yuriko Komine, National Institute 

for Basic Biology, Okazaki, Japan (Komine et al., 2006). BAC transgenic mice bearing the 

orthologous R1907K mutation were generated by Cyagen.  

All genotyping were performed by Dr. James Cox and Dr. Abdella Habib at WIBR, 

UCL from genomic DNA isolated from the ear. 

All behaviour tests were approved by the United Kingdom Home Office Animals 

(Scientific Procedures) Act 1986. Animals were acclimatised for an appropriate amount of time 

for each test (specified below). Mice analysed were 6-12 weeks old. Data on different groups 

of animals were analysed usingGraphPad Prism (GraphPad Software, Inc), and Student’s t-test 

was performed with *p < 0.05, **p < 0.01, ***p < 0.001 as statistically significant. 

 

II. Von Frey test 

The von Frey test is a behavioural paradigm designed to investigate sensitivity to an 

innocuous mechanical stimulus. In order to complete the test, animals were kept in a mesh 

bottomed enclosure in which they were acclimatised for at least 60 minutes prior to testing. A 

set of 20 nylon hairs of weights ranging from 0.008g – 300g were used to apply pressure to the 

plantar surface of the paw. A hair of 0.4g was always used first and the up-down method 

(Chaplan et al., 1994) to determine the 50% paw withdrawal threshold: A von Frey filament is 

applied to the paw; if a positive response was obtained (lifting, flinching or licking), a filament of 

lesser force was applied next.  If no response was seen a filament of greater strength was 

applied. A positive response consists of lifting, flinching or licking of the paw during or 

immediately after stimulus application. A von Frey filament is applied until a different response 

is seen and then the application was continued until another 5 responses were obtained. 
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III. Randall-Selitto test 

The Randall Selitto test is used to assess noxious mechanical pain thresholds and can 

be used on the tail and paw of animals. In this project, we used tail to assess the mechanical 

pain thresholds. The test was originally described by Randall and Selitto to measure 

inflammatory pain thresholds by application of increasing pressure on a rat paw (Randall and 

Selitto, 1957). Later this method was modified by Takesue et al. (Takesue et al., 1969). Prior to 

testing, animals were restrained in a clear plastic tube with an acclimatisation period of 

approximately 1-2 minutes. A blunt probe is applied to the tail with increasing pressure until 

the animal exhibits a painful response. The responses include struggling, withdrawal of tail or 

vocalisation. The test was repeated 3 times for each animal and averaged values were used for 

statistical analysis.  

 

IV. Hargreave’s test 

The Hargreave’s test was performed to assess spinal reflex responses to noxious 

thermal stimulation. This method was originally designed to assess thermal nociception in 

inflammatory pain states (Hargreaves et al., 1988). Animals were acclimatised in an enclosure 

with a glass base for a minimum of 60 minutes. Urine and faeces were removed as much as 

possible from the glass floor of each test compartment. A radiant heat light source was applied 

to the plantar surface of the hind paw with a cut off time of 30 seconds. The stimulus was 

stopped when a painful response was observed (licking, lifting or shaking the paw) and the 

latency to paw withdrawal (in seconds) was recorded. Three recordings were made from each 

animal and an average taken. 

 

V. Hot Plate and Cold Plate test 

In contrast to the Hargreave’s test, which is a spinal response, the hot plate test seems 

to represent a supraspinal thermal assay. The most commonly used version of the hot plate 

test was originally described by Woolfe and Macdonald (Macdonald et al., 1946) and later 

modified by Eddy and Leimbach (Eddy and Leimbach, 1953). Temperatures used were 50°C 

and 55°C (±0.2°C). Once the plate was heated to the desired temperature, mice were placed 

on the plate and the time until the first distinctive pain behaviour (licking or fluttering of hind 
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paw) was recorded, at which point mice were removed from the plate. Each temperature was 

performed in separate sessions. 

The cold plate test is designed to assess behavioural responses to noxious cold. 

Several ways have been described (Zimmermann et al., 2007, Abrahamsen et al., 2008, Lee et 

al., 1999), however, all versions involve observing hind paw nociceptive behaviours of mice 

placed onto a surface maintained at a temperature between 0°C to 4°C. In this project, we 

used 0°C to measure noxious cold thresholds. Like the hot plate test, once the plate is 

reached at the target temperature, mice were placed on the plate and the latency to the first 

response (licking or fluttering of hind paw) was recorded, at which point mice were removed 

from the plate. 

 

VI. Thermal Place Preference  

Thermal place preference is another method to assess noxious cold sensitivity. 

Temperatures under 15°C can be considered to be at a noxious level of cold. For this project, 

cold sensitivity was also assessed using a place preference test. Two adjacent plates were 

placed next to each other to allow animals to move freely between the two plates. A plate 

named as control was held at 20°C while the other one was held at the test temperature; 0°C, 

5°C, 13°C, 15°C, 17°C and 30°C. Animals were placed onto the middle of these two plates 

and allowed to explore for 120 seconds. The time spent on the test plate was recorded using 

BIOSEB cold hot plate test software (BIOSEB). The test plate and second plate were switched 

in order that environmental effects did not bias the time spent on the test plate and the times 

spent on the test temperature plate in each trial were averaged. 

 

VII. Acetone test 

The acetone test is designed to assess cold sensitivity in the 10°C to 15°C range by 

application of acetone on the paw of animals. The application causes a rapid decrease in 

temperature (of∼10°C). This can be used to examine sensitivity to cooling. Animals were kept 

in a mesh bottomed enclosure in which they were acclimatised for at least 60 minutes prior to 

testing. Acetone was filled in the syringe at the open end (without the needle) and gently 

applied onto the hind paw by pressuring the syringe. The amount of time the mice displayed 
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nocifensive behavior such as hindpaw fluttering and licking was measured for 1min and this 

application was repeated 3 times. The averaged value was used for statistical analysis. 

 

VIII. Open field 

The Open Field Test (Walsh and Cummins, 1976) provides simultaneous measures of 

locomotion, exploration and anxiety. The apparatus consists of a box with 72 x 72 cm grid 

with 36 cm high walls. The arena is virtually divided into 16 squares. To initiate testing, mice 

were placed in one corner of the enclosure and their exploratory behaviours were recorded 

for 5 min across the arena. Parameters measured were the number of entries in the centre of 

the arena (4 virtual central squares) and the total numbers of crossing of the grid lines (Brown 

et al., 1999). The number of line crosses are usually used as measures of locomotor activity, 

but are also measures of exploration and anxiety. A high frequency of these behaviours 

indicates increased locomotion and exploration and/or a lower level of anxiety. The number of 

central square entries is also a measure of exploratory behaviour and anxiety. A high 

frequency/duration of these behaviours indicates high exploratory behaviour and low anxiety 

levels. In pain studies, it seems to be considered that suffering from pain causes anxiety-related 

phenotypes by a decrease in the percentage of the number of entries and line crossing (Parent 

et al., 2012). An entry in a square and line crossing occurred when the animal’s both front and 

hind paws crossed a frontier.  

 

IX. Rotarod test 

The rotarod test is a behavioural paradigm to assess motor coordination. This test was 

first described in the late 1960s (Jones and Roberts, 1968). Mice are given two consecutive 

trials with a maximum trial length of 5 min prior to the measurements. The animal is placed on 

top of an accelerating rod over the length of the trial. The rotation speed was set at 4rpm and 

increased up to 40rpm. The time spent on the rod was recorded when mice fell from the rod. 

The recording lasted up to 5min and repeated 3 times. The averaged time was used for 

statistical analysis. 
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X. Cotton Swab test 

Performed by Ms. Sonia Santana-Varela at WIBR, UCL. 

The cotton swab test is another measure of innocuous mechanical sensitivity. It uses a 

dynamic stimulus; a cotton swab puffed out to 15mm diameter (3x normal size) was moved 

across the glabrous skin of the paw in a ~1 second sweep (Garrison et al., 2012). The cotton 

swab stimulus was applied 5 times to each animal with a break of ≥60 seconds and the number 

of responses was recorded to produce a score out of 5. 

 

XI. Inflammatory pain tests 

In this project, we have used the formalin test and Complete Freund’s adjuvant test. 

The formalin test was first modified for mice in order to provide a model of continuous, 

moderate pain which allowed non-invasive assessment of pain behaviour (Hunskaar et al., 

1985).  Animals were acclimatised to a Perspex box for at least 1 hour prior to testing when a 

20μl intraplantar injection of 5% Formalin was given in the hind paw. Animals were observed 

for the next 60 minutes and the time spent licking, shaking or biting the affected paw was 

measured in five minute blocks. The test involves an early acute phase, which is believed to 

involve direct activation of C fibres via TRPA1 (McNamara et al., 2007) and occurs around 5-

10 minutes after injection. The second, inflammatory phase begins around 20 minutes after 

injection and believed to result from the action of prostaglandins and other inflammatory 

mediators as well as spinally mediated changes (Coderre et al., 1990). The early acute phase 

(Phase I, 0-10min) and the latter inflammatory phase (Phase II, 10-60min) were separately 

analysed. The time spent licking, shaking or biting in every 5 min was also analysed. 

Complete Freund’s adjuvant (CFA) has been used as a reliable model of persistent 

inflammatory hyperalgesia since the 1980s (Larson et al., 1986). The thermal and mechanical 

hyperalgesia observed is linked to TNF-α and cytokine release in the periphery (Cunha et al., 

1992), develops approximately 24 hr after injection, and remains for up to 2 weeks. In this 

project, we performed both the von Frey and Hargreave’s tests before the injection to 

measure the baseline mechanical and thermal sensitivities. 20μl of CFA (SIGMA, F4258) was 

injected intraplantarly in the right hind paw. Von Frey and Hargreave’s tests were performed 1, 

3 and 6 days post-injection. The Hargreave’s test was also conducted at 2 and 5 days post-

injection. 
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3.4 RESULTS 

3.4.1 Subcellular localization of ZFHX2 is not altered by the mutation 

Mutations altering the subcellular localization of proteins have previously been 

reported to be associated with human diseases. For example, loss of nuclear localization signals 

due to missense mutations have been shown to be the cause of amyotrophic lateral sclerosis 

and frontotemporal lobar degeneration (Neumann et al., 2006). In patients with these diseases, 

affected neurons exhibit a striking redistribution of TAR (trans-activation response element) 

DNA-binding protein or the ALS (amyotrophic lateral sclerosis)-associated protein, fused in 

sarcoma, from the nucleus to the cytoplasm (Neumann et al., 2006). Subcellular localization is 

also important in pain related diseases. Several mutations in a transcription factor, PR 

homology domain-containing member 12 (PRDM12), were found in patients with autosomal 

recessive congenital insensitivity to pain and hereditary sensory and autonomic neuropathy. 

These mutations caused subcellular localization changes (Chen et al., 2015b, Nagy et al., 2015). 

PRDM12 with a polyalanine expansion mutation formed aggregates in the nucleus and 

cytoplasm that may potentially lead to reduced ability of PRDM12 to function correctly in the 

nucleus (Chen et al., 2015b). Another study also indicated that some PRDM12 mutations found 

in human hereditary sensory and autonomic neuropathies formed clusters of large aggregates 

in the nucleus and another mutation caused a loss of nuclear staining and was localized 

primarily in the cytoplasm (Nagy et al., 2015). This subcellular localization change is predicted 

to alter expression of downstream genes, and consequently change nociceptive behaviour 

(Nagy et al., 2015).  

As mentioned in the introduction section, the patients described here carry a point 

mutation which resulted in the amino acid change R1913K in ZFHX2.  We considered 

whether this mutation could lead to subcellular localization changes and this, in turn, alter 

downstream transcriptional activity. In order to test this hypothesis, we stained HEK293T cells 

transfected with either WT (R1913) or Mut (K1913) FLAG-ZFHX2 in pcDNA3 using an anti-

FLAG antibody (Figure 3-9). Clear nuclear localization was observed in cells expressing either 

WT FLAG-ZFHX2 or Mut FLAG-ZFHX2 (Figure 3-9). This nuclear staining suggests that the 

mutation did not alter subcellular localization in transfected HEK293T cells. 
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Figure 3-9. Subcellular localization of overexpression of WT (R1913) and Mut (K1913) FLAG-

ZFHX2 in HEK293T cells. (A) Stained with anti-FLAG (SIGMA F7425). (B) Stained with 

secondary antibody only (Alexa 546 goat anti-rabbit). Clear nuclear localization was seen in 

both WT and Mut transfected cells. Scale bar=20 μm 

 

Next, we tested two constructs that were created for the further study of ZFHX2 

function: FLAG-ZFHX2-IRES-tdTomato and FLAG-ZFHX2-V5-IRES-eGFP (each construct has 

a WT (R1913) or Mut (K1913) ZFHX2 version) (Figure 3-10). IRES (internal ribosome entry 

site) allows for translation initiation in a cap-independent manner, This element was inserted 

since the ZFHX2 is a large protein. We expected the cells transfected with these constructs to 

express FLAG-ZFHX2 or FLAG-ZFHX2-V5 and also tdTomato or eGFP from an internal 

ribosome entry site. Firstly, we tested the FLAG-ZFHX2-IRES-tdTomato constructs in 

transfected HEK cells. The red fluorescence from the IRES-driven tdTomato was observed for 

both the WT and Mut constructs (Figure 3-11). FLAG tagged ZFHX2 protein was observed 

https://en.wikipedia.org/wiki/Translation_(genetics)
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within the nucleus in these transfected cells. Since FLAG tag signals were detected in the 

nucleus in cells expressing either WT or Mut FLAG-ZFHX2, the mutation did not seem to 

alter subcellular localization (Figure 3-11). These constructs were also transfected into mouse 

cultured DRG neurons with strong tdTomato fluorescence detected, indicating that 

transfected DRG neurons could be used as a model to further study ZFHX2 function (Figure 

3-12). 

Next, WT and Mut FLAG-ZFHX2-V5-IRES-EGFP constructs were generated and 

tested. The V5 tag is useful not only for immunofluorescence to verify subcellular localization, 

but also for immunoprecipitation (IP) and chromatin immunoprecipitation (ChIP) experiments 

(Rai et al., 2010). The FLAG and V5 tags are fused onto the N-terminus and C-terminus, 

respectively, of ZFHX2. The constructs were transfected into HEK293T cells and 

immunostaining was performed using anti-FLAG and anti-V5 antibodies (Figure 3-13). Both 

FLAG and V5 tagged protein was well stained and the fluorescence showed nuclear localization 

for both WT and Mut FLAG-ZFHX2-V5 constructs. Again, no obvious subcellular localization 

difference was observed between WT and Mut (Figure 3-13). The positive staining was verified 

with non-transfected cells stained with anti-FLAG and anti-V5 antibodies, which showed no 

obvious fluorescence (Figure 3-14).  

 

Figure 3-10. Created constructs. (A) FLAG-ZFHX2. (B) FLAG-ZFHX2-IRES-tdTomato. (C) 
FLAG-ZFHX2-V5-IRES-EGFP. 
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Figure 3-11. Subcellular localization of overexpression of WT (R1913) and Mut (K1913) FLAG-

ZFHX2-IRES-tdTomato in HEK293T cells. (A) Stained with anti-FLAG (SIGMA F7425). (B) 

Stained with secondary antibody only (Alexa 488 goat anti-rabbit). FLAG staining shows clear 

nuclear localization in both WT and Mut transfected cells. Scale bar=20 μm 

 

Figure 3-12. Mouse DRG cells expressing WT (R1913) and Mut (K1913) FLAG-ZFHX2-IRES-

tdTomato. Both WT and Mut FLAG-ZFHX2-IRES-tdTomato were transfected into mouse 
DRG. 
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Figure 3-13. Subcellular localization of overexpression of WT (R1913) and Mut (K1913) FLAG-

ZFHX2-V5-IRES-EGFP in HEK293T cells. (A) Stained with anti-FLAG (SIGMA F7425). (B) 

Stained with anti-V5 (SIGMA V8137) (C) Stained with secondary antibody only (Alexa 546 goat 

anti-rabbit). FLAG and V5 staining shows clear nuclear localization in both WT and Mut 

transfected cells. Scale bar=20 μm 
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Figure 3-14. Non-transfected HEK293T cells incubated with anti-FLAG (SIGMA F7425) or anti-

V5 (SIGMA V8137) or secondary antibody (Alexa 546 goat anti-rabbit) only. No obvious red 

and green fluorescence was observed. Scale bar=20 μm 

 

3.4.2 Arginine methylation hypothesis 

 The patients carry a potential causative point mutation in a homeobox (Hox) domain 

in ZFHX2, resulting in the amino acid change R1913K. As discussed in 3.1.3, we hypothesized 

that R1913K in ZFHX2 could be a causative mutation, by altering the methylation status of the 

mutant ZFHX2 protein. Figure 3-15 shows the structure of the second Hox domain in ZFHX2 

that is predicted to bind to DNA, with R1911 and R1913 in close proximity to the DNA 

strands. 
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Figure 3-15. Interaction between DNA and Hox in ZFHX2. R1909 in purple, R1911 in blue, 

R1913 (where the mutation is) in red. (A)(B) DNA-Hox structure over the R1913 regions. 

(B)(C)(D) R1911 appears to face toward inside of DNA, while R1909 and R1913 toward 

outside of DNA. R1911 might interact/bind with DNA. Since R1913 seems to be close to 

DNA strand, it might also interact with DNA. This structure model is created by Dr. Andrei 
Okorokov at UCL. 

 

To explore this methylation hypothesis, we aimed to immunoprecipitate both WT and 

Mut ZFHX2 proteins and analyse the R1913K regions to see the arginine methylation status 

using mass spectrometry. Firstly, we attempted a transient transfection into HEK293 cells (I). 

Secondly, AD293 cells that stably express FLAG-ZFHX2-V5 protein were generated and used 

to try to obtain enough protein for mass spectrometry analysis (I). Thirdly, SH-SY5Y stable cell 

lines which express FLAG-ZFHX2-V5 were generated to obtain larger amounts of protein (II, 

III). Mass spectrometry analysis was performed to identify the protein sequence and any 

modification over the mutation regions (IV). 
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I. Transient transfection in HEK293 cells 

Firstly, we attempted to obtain ZFHX2 protein from HEK293 cells following transient 

transfection using Lipofectamine 2000. HEK293 (human embryonic kidney) cells were chosen 

as they are human cells that are relatively easy to transfect with high efficiency and also 

endogenously express the arginine methyltransferase PRMT5 which could potentially methylate 

ZFHX2 (Ren et al., 2010). 

Following transfection we attempted to immunopurify and then detect protein on a 

western blot using an anti-FLAG tag antibody. The expected size of the protein is 274kDa and 

we anticipated the protein should be expressed in both transfected cells (WT and Mut) but 

not in non-transfected cells. However, the protein was not detected in the 250-300kDa range 

in both WT and Mut. In addition, there did not seem to be an additional band in WT or Mut 

which did not appear in non-transfected cells (Figure 3-16).  

 

Figure 3-16. Western blotting for immunoprecipitation with anti-FLAG in HEK293 cells 

transfected with FLAG-ZFHX2-IRES-tdTomato. Anti-FLAG magnetic beads (SIGMA M8823) 

were used for immunoprecipitation. Tris-Glycine gel and anti-FLAG was used for 

Electrophoresis and primary antibody in western blot, respectively. Lane1: Cell lysis (non 

transfection), 2: Elution (non transfection), 3: Cell lysis (WT), 4: Elution (WT), 5: Cell lysis 
(Mut), 6: Elution (Mut). No bands were observed at the estimated size (274kDa). 

 

We could not detect the protein in both lysis (input) and elution after 

immunoprecipitation and we considered that this could be due to either poor transfection 

efficiency or suboptimal anti-FLAG binding. We therefore tried immunoprecipitations using an 

alternative anti-V5 tag antibody. FLAG-ZFHX2-V5-IRES-EGFP or IRES-EGFP constructs were 

transfected into HEK293 cells, and anti-V5 was used to immunoprecipitate the proteins 

followed by western blotting (Figure 3-17). While we did not detect the target proteins using 
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anti-FLAG, using anti-V5 antibody gave a band between 250-300kDa in the cell lysis in WT and 

not in negative controls (the cells transfected with the IRES-eGFP plasmid) (Figure 3-17). 

However, the immunoprecipitated eluate did not show a clear band (Figure 3-17), suggesting 

that the larger amount of the target protein could be needed for immunoprecipitation 

experiments. We thought the transient transfection did not give enough numbers of positively 

transfected cells, which might have led to insufficient amount of ZFHX2 protein. Therefore, we 

aimed to generate a stable cell line expressing ZFHX2 to obtain a larger amount of protein 

(3.4.2I). 

 

Figure 3-17. Western blotting for immunoprecipitation with anti-V5 in HEK293 cells 

transfected with FLAG-ZFHX2-V5-IRES-EGFP. Anti-V5 agarose beads (SIGMA A7345) were 

used for immunoprecipitation. Tris-Glycine gel and anti-V5 was used for electrophoresis and 

primary antibody in western blot, respectively. Lane1: Cell lysis (negative control, cells 

transfected with IRES-EGFP), 2: Elution (negative control, cells transfected with IRES-EGFP), 3: 

Cell lysis (WT FLAG-ZFHX2-V5-IRES-EGFP),  4: Elution (WT FLAG-ZFHX2-V5-IRES-EGFP). 

The approximate 300kDa protein was observed in cell lysis in WT although no protein was 
detected in immunoprecipitated eluate. 

 

II. Immunoprecipitation using AD293 stable cell line 

AD293 cells are derived from HEK293 cells to improve adhesion ability. This cells 

were chosen as they have no endogenous resistance to geneticin, human cells like HEK293 

cells are and also endogenously express the arginine methyltransferase PRMT5 (Ren et al., 

2010) which could potentially methylate ZFHX2. AD293 cells were transfected with the 

following constructs and stable cell lines selected (these lines were generated by Dr Abdella 

Habib, UCL):  
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1. WT FLAG-ZFHX2-V5-IRES-EGFP (named ‘AB’) 

2. WT FLAG-ZFHX2-IRES-EGFP (named ‘AC’) 

3. Mut FLAG-ZFHX2-V5-IRES-EGFP (named ‘AD’) 

4. Mut FLAG-ZFHX2-IRES-EGFP (named ‘AE’) 

5. IRES-EGFP (named ‘AF’) 

The backbone of the plasmids was pcDNA3 which bears the Neomycin resistance gene (neo). 

Geneticin (also known as G418) blocks polypeptide synthesis by inhibiting the elongation step 

in both prokaryotic and eukaryotic cells and resistance to Geneticin is conferred by the 

Neomycin resistance gene. Following ~ 4 weeks of Geneticin selection we performed 

immunostaining to check for stable ZFHX2-expressing cells. Although the signals of 

immunofluorescence using anti-FLAG antibody were weak, all AB, AC, AD and AE lines 

showed anti-FLAG staining while no clear staining was observed in the negative control AF line 

(Figure 3-18). Clear signals of immunofluorescence were exhibited in AB and AD line using an 

anti-V5 antibody whilst there is no obvious fluorescence in AC, AE and AF line which did not 

carry the FLAG-ZFHX2-V5 construct (Figure 3-18). The immunofluorescent signals using anti-

FLAG and anti-V5 antibodies were verified by the cells incubated with anti-mouse or anti-

rabbit secondary antibody only, showing no obvious staining (Figure 3-18). Approximately 20% 

of cells expressed FLAG- or FLAG- and V5-tagged ZFHX2 (Figure 3-18). 



 

 

176 

 



 

 

177 

 

 

Figure 3-18. Immunocytochemical images for AD293 stable cell line. The cells were transfected 

with either of the constructs; AB; WT FLAG-ZFHX2-V5-IRES-EGFP, AC; WT FLAG-ZFHX2-

IRES-EGFP, AD; Mut FLAG-ZFHX2-V5-IRES-EGFP, AE; Mut FLAG-ZFHX2-IRES-EGFP, AF; 

IRES-EGFP and incubated with Geneticin for a few weeks to select cells stably expressing 

ZFHX2. DAPI (Blue), eGFP (Green), FLAG or V5 (Red). Mouse anti-FLAG (SIGMA F1804) or 
Rabbit anti-V5 were used. Scale bar=60 µm 
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Since we generated cells that stably expressed FLAG-ZFHX2-V5, we attempted to 

perform immunoprecipitation and western blotting to detect ZFHX2 protein using an anti-

FLAG antibody (Figure 3-19). No bands were detected in the immunoprecipitated eluate, 

although a band around 300kDa was observed in the AB, AC and AD lines (Figure 3-19A) for 

the cell lysis input samples. The poor detection of the protein might have been caused by poor 

binding ability of the antibody against the FLAG tagged protein. To explore if other antibodies 

could better detect ZFHX2, anti-ZFHX2 (Figure 3-19B) and anti-V5 antibodies were used 

(Figure 3-19C). The blot using rabbit anti-ZFHX2 (a custom antibody from Eurogentec) 

showed a band around 300kDa in all conditions, AB, AC, AD, AE, and AF line, suggesting that 

these cell lines expressed ZFHX2, although we cannot exclude non-specificity of the antibody 

detecting a different protein of the same size. However, the blot using anti-V5 demonstrated 

strong signals around 300kDa in AB and AD line, but not in the negative control AC, AE and 

AF lines which do not express V5 tagged protein. This result suggested that the V5 tag may be 

a suitable target to purify and detect ZFHX2 protein because the antibody against V5 may have 

high and specific binding ability. 

 

 

Figure 3-19. Western blotting for immunoprecipitation with anti-FLAG in AD293 stable cell 

line. Tris-Glycine gel was used for electrophoresis. Lanes 1and 6; AB line (WT FLAG-ZFHX2-

V5-IRES-eGFP), Lanes 2 and 7; AC line (WT FLAG-ZFHX2-IRES-eGFP), Lanes 3 and 8; AD line 

(Mut FLAG-ZFHX2-V5-IRES-eGFP), Lanes 4 and 9; AE line (Mut FLAG-ZFHX2-IRES-eGFP), 

Lanes 5 and 10; AF line (IRES-eGFP). Lanes 1-5; immunoprecipitated eluate, Lanes 6-10; cell 

lysis. (A) Anti-FLAG magnetic beads (SIGMA M8823) were used for immunoprecipitation. The 

protein is detected by mouse anti-FLAG as a primary antibody in western blotting. (B)(C) cell 

lysis samples were loaded and anti-ZFHX2 (B) and anti-V5 (C) were used as a primary 

antibody in western blotting. 

 

Prior to immunoprecipitation experiments, we checked the stable batch culture lines 

AB (WT), AD (Mut) and AF (IRES-eGFP) by immunostaining using an anti-ZFHX2 antibody 

(Figure 3-20).  Both AB and AD cell lines stained by anti-ZFHX2 antibody showed fluorescence 
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(red), but no strong signals were observed in the control AF cell line. Together with the 

western blot data (Figure 3-19), these results indicated that these cells express V5-tagged 

ZFHX2. 

 

Figure 3-20. Immunostaining for AD293 stable cell line using anti-ZFHX2. AB (WT FLAG-

ZFHX2-V5-IRES-EGFP), AD (Mut FLAG-ZFHX2-V5-IRES-EGFP), AF (IRES-EGFP) were stained 

by rabbit anti-ZFHX2 (red). No bright signals were observed from AF line while a proportion 

of cells showed red nuclear fluorescence in AB and AD lines. Scale bar=60 μm 

 

We therefore conducted immunoprecipitation experiments using the AB, AD and AF 

cell lines. The cell lysis samples obtained from each of the cell lines were immunoprecipitated 

using anti-V5 agarose beads. To confirm if these cell lines express full length of ZFHX2 and use 

this immunoprecipitated ZFHX2 for mass spec analysis, the protein level was checked by 

western blotting using either anti-V5 or anti-FLAG antibodies. The blot incubated with the 

anti-V5 antibody showed strong signals around 300kDa in both the input cell lysis samples and 

the immunoprecipitated eluate samples from the AB and AD cell lines (Figure 3-21A). Protein 

with the size of approximately 300kDa was also detected by the anti-ZFHX2 antibody in both 

the input and immunoprecipitated samples from the AB, AD and AF cell lines (Figure 3-21C). 

Faint bands of the expected size were observed in the blot using the anti-FLAG antibody for 

the AB and AD immunoprecipitated samples (Figure 3-21B). This faint staining with anti-FLAG 

antibody might be because of the antibody’s weak activity or insufficient translation of FLAG 

tag since another downstream initiation codon exists close to the FLAG tag start codon. Since 

we could obtain strong signals using the anti-V5 antibody, we expected there might be enough 
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protein to conduct mass spectrometry. Therefore, we performed Coomassie staining using for 

the immunoprecipitated samples. Despite the strong signal seen in western blotting using the 

anti-V5 antibody, we could not find a clear band in the AB and AD lines compared to the 

control cell line (AF) by Coomassie staining (Figure 3-22). 

 

Figure 3-21. Western blots following immunoprecipitation using an anti-V5 antibody in AD293 

stable cell lines. Tris-Glycine gel was used for electrophoresis. Anti-V5 agarose beads (abcam 

ab1229) were used for immunoprecipitation. Lanes 1 and 2; AF line (IRES-eGFP), Lanes 3 and 

4; AD line (Mut FLAG-ZFHX2-V5-IRES-eGFP), Lanes 5 and 6; AB line (WT FLAG-ZFHX2-V5-

IRES-eGFP). Lanes 1,3,5; Cell lysis, Lanes 2,4,6; immunoprecipitated eluate. The blot was 
incubated with (A) anti-V5or (B) anti-FLAG antibody or (C) anti-ZFHX2. 

 

Figure 3-22. Coomassie staining using immunoprecipitated samples from the AD293 stable cell 

lines. Tris-Glycine gel was used for electrophoresis. Lanes 1 and 2; AF line (IRES-EGFP), Lanes 

3 and 4; AD line (Mut FLAG-ZFHX2-V5-IRES-EGFP), Lanes 5 and 6; AB line (WT FLAG-
ZFHX2-V5-IRES-EGFP). Lanes 1,3,5; Cell lysis, Lanes 2,4,6; immunoprecipitated eluate.  
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To obtain a larger amount of the target protein, we aimed to generate stable cell lines 

derived from single cells (as opposed to the batch stable cell lines described above which 

contain a mixed population of ZFHX2-expressing and non-expressing cells). In order to 

generate these cell lines, the antibiotic selected cell lines (AB, AD, AF line) were sorted into 

single cells using flow cytometry by selecting for green fluorescence. The single cells were 

grown in Geneticin-containing media and clones verified by immunostaining, qRT-PCR and 

western blotting. Firstly, to select the single clones that stably express V5 tagged ZFHX2 and 

eGFP, the cells were stained with anti-V5 antibody. Among the WT and Mut clones, the ones 

which showed bright immunofluorescence staining against the V5 tag were selected for further 

analysis. The AF clones which showed green fluorescence and were negative for anti-V5 

staining were selected as the control clones. Four clones from each line were selected.  

Secondly, the mRNA levels of ZFHX2 were measured by quantitative RT-PCR in the selected 

clones. The single clones from AB line, named AB5, AB7, AB10 and AB12, and the AD line, 

named AD1, AD2, AD4 and AD14 expressed approximately the same mRNA levels of ZFHX2  

i.e. 4 to 117 fold more than control single clones from the AF line, named AF5, AF11, AF12, 

AF14 (Figure 3-23). Finally, we performed western blotting to check protein levels. We could 

see high protein levels (a band around 300kDa) in AB10 and AD2, and moderate to low target 

protein levels in AB5, AD1 and AD14 (Figure 3-24). None of the protein is observed in 

controls using anti-V5, suggesting that V5 tag is specific and it is highly likely that the band 

around 300kDa is the target protein, V5 tagged ZFHX2 (Figure 3-24). It should be noted that 

AB5 and AD1 expressed high levels of mRNA although they did not show strong expression in 

protein levels. This could be because the samples were not properly kept and degrated or the 

protein was not fully translated in these clones. 
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Figure 3-23. Real-time qRT-PCR analysis of ZFHX2 mRNA expression in AD293 stable clones 

relative to β-Actin. Relative expression levels of mRNA were calculated using the comparative 

ΔΔCt (Ct) method and normalised by control clones (AF). 

 

 

Figure 3-24. Western blotting for AD293 single clones. Tris-Glycine gel was used for 

electrophoresis and anti-V5 was used to detect the proteins. A ~300kDa protein was detected 

in some of the WT and Mut clones; AB5, AB10, AB12, AD1, AD2 and AD14. No anti-V5 
bands were detected from the control clones (AF line). 
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Next, we performed immunoprecipitation to purify V5 tagged ZFHX2 protein using 

anti-V5 magnetic beads. Magnetic beads are easy to handle and the loss of proteins during 

immunoprecipitation is less than with agarose beads. We used AB5 and AB10 for WT, AD2 

and AD14 for Mut, and AF11 for control. The strong signal around 300kDa was observed in 

AB10 and AD2 (Figure 3-25). The immunofluorescent staining in these clones also indicated 

the overexpression of V5 tagged ZFHX2 (Figure 3-26). Thus we performed Coomassie staining 

using the immunoprecipitated eluate from AB10, AD2 and AF11 (Figure 3-27). However, no 

bands of the target protein were observed.  

Figure 3-25. Western blot following immunoprecipitation with anti-V5 magnetic beads in 

samples derived from the AD293 single clone stable cell lines. Tris-Glycine gel was used for 

electrophoresis. Anti-V5 magnetic beads (MBL) and rabbit anti-V5 were used for 

immunoprecipitation and detection of the proteins, respectively. AB5 and AB10; WT, AD2 and 
AD14; Mut, AF11; control clone. 

Figure 3-26. Immunostaining for AD293 stable single clones using anti-V5. AB10 (WT FLAG-

ZFHX2-V5-IRES-EGFP), AD2 (Mut FLAG-ZFHX2-V5-IRES-EGFP), AF14 (IRES-EGFP) were 

stained using rabbit anti-V5 (SIGMA V8137 in red). No bright signals were observed for AF14 
while the cells in AB5 and AD2 clone showed red nuclear fluorescence. Scale bar=60 µm. 
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Figure 3-27. Coomassie staining for the AD293 single clone stable cell lines. Anti-V5 magnetic 

beads were used for immunoprecipitation. AB10; WT, AD2; Mut, AF11; Control clone. 

Several very faint bands were observed in AB10 and AF11. No clear bands were observed 

around 300kDa. 

 

III. Generating SH-SY5Y stable cell lines 

The SH-SY5Y cell line is a human neuroblastoma cell line, which is a thrice cloned 

subline of SK-N-SH cells. SK-N-SH cells were originally obtained from a bone marrow biopsy 

of a neuroblastoma patient with sympathetic adrenergic ganglial origin in the early 1970’s 

(Biedler et al., 1973). SK-N-SH cells were subcloned first to SH-SY, then to SH-SY5, finally to 

SH-SY5Y which could be differentiated to a more mature neuron-like phenotype (Kovalevich 

and Langford, 2013). This cell line has been also reported that it expresses PRMT5 (Park et al., 

2015, Uhlen et al., 2015, Thul et al., 2017). The primary goals of generating the SH-SY5Y cells 

that stably express FLAG-ZFHX2-V5 were: 1. To obtain large amounts of FLAG/V5 tagged 

ZFHX2 for mass spectrometry analysis. 2. To explore pathological mechanisms in neuronal-

like cells. 3. To perform microarrays to explore downstream targets of ZFHX2 in neuronal-

like cells (described in 3.4.4). 

To generate the stable cell lines we followed a similar method to the one described 

for the AD293 cells. However, this time we also linearized the plasmids prior to the 

transfection to limit the chance of the open reading frame of ZFHX2 being disrupted when it 

became inserted into the cell’s genome (Figure 3-28). The plasmids were linearized with a 
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restriction enzyme that cut within the ampicillin resistance gene, whose expression is not 

essential for generation of the stable cell line (Figure 3-28). The following 6 constructs were 

prepared for transfection into the SH-SY5Y cells: 

1. Circular (non-linearized) WT FLAG-ZFHX2-V5-IRES-eGFP (named SBC) 

2. Linear WT FLAG-ZFHX2-V5-IRES-eGFP (named SBL) 

3. Circular (non-linearized) Mut FLAG-ZFHX2-V5-IRES-eGFP (named SDC) 

4. Linear Mut FLAG-ZFHX2-V5-IRES-eGFP (named SDL) 

5. Circular (non-linearized) IRES-eGFP (named SFC) 

6. Linear IRES-eGFP (named SFL) 

 

Figure 3-28. FLAG-ZFHX2-V5-IRES-eGFP construct map. To linearize the plasmid, PvuI was 

used which has a single restriction site within the ampicillin resistance gene. 

 

After Geneticin-selection lasting a few weeks, immunofluorescent staining was 

performed to check for positive cells using an anti-V5 antibody (Figure 3-29). Some cells 
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expressed V5 tagged ZFHX2 in the nucleus in SBC, SBL, SDC and the SDL lines. However, 

there did not appear to be marked numbers of positive cells. Therefore, we aimed to select 

single clones which expressed FLAG-ZFHX2-V5 by selecting for green fluorescence using flow 

cytometry. 

 

Figure 3-29. Immunostaining images for SH-SY5Y stable cell lines. SBC (Circular WT FLAG-

ZFHX2-V5-IRES-eGFP), SBL (Linear WT FLAG-ZFHX2-V5-IRES-eGFP), SDC (Circular Mut 

FLAG-ZFHX2-V5-IRES-eGFP), SDL (Linear Mut FLAG-ZFHX2-V5-IRES-eGFP), SFC (Circular 

IRES-eGFP), SFL (Linear IRES-eGFP). Anti-V5 (Sigma V8137) was used to stain the cells. Scale 
bar=60 µm 

 

Single eGFP-expressing cells were sorted by flow cytometry into 96 well plates and 

grown for several weeks in Geneticin-containing media. Single clones were verified by the 
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following steps: immunostaining using anti-V5 antibody to select for positive cells, qRT-PCR to 

verify ZFHX2 mRNA levels, sequencing over the mutation regions, and western blotting to 

check for protein levels. Firstly, immunofluorescent staining was performed with an anti-V5 

antibody to select the clones expressing V5 tagged ZFHX2. We could select several clones 

from the SBC, SBL, SDC, SDL, SFC and SFL lines (Table 3-11) (Figure 3-30, Figure 3-31, Figure 

3-32). Clear and strong immunofluorescence staining by anti-V5 was observed from several 

WT and Mut clones; SBC3, SBL3 (Figure 3-30), SDC2, SDL1, SDL2, and SDL9 (Figure 3-31). 

Some WT and Mut clones also showed moderate signals; SBL7, SBL9, SBL12 (Figure 3-30), 

SDC13 and SDL7 (Figure 3-31). Only background levels of fluorescence were seen in the 

control cell lines, SFC and SFL (Figure 3-32). Secondly, total mRNA of these clones was 

isolated and RT-qPCR was conducted to measure the ZFHX2 mRNA levels. All positive clones 

showed higher mRNA levels of ZFHX2 compared to the control cell lines (SFC and SFL). 

However, each clone demonstrated different mRNA levels of ZFHX2, ranging from 6 to 96 

fold change compared to the control clones (SFC and SFL) (Figure 3-33). Thirdly, all clones 

were sequenced to identify if the point mutation was present in the mutant clones (SDC and 

SDL lines), and whether it was absent in wild type (SBC and SBL lines) and control clones (SFC 

and SFL lines). The mutation was present in all mutant clones, and absent in all wild type and 

control clones. Finally, western blotting was performed with an anti-V5 antibody to check if 

protein was translated. The protein levels of ZFHX2 seemed to differ for each clone. However, 

the expression levels of V5 tagged ZFHX2 showed a similar tendency to the mRNA levels seen 

in the qRT-PCR results (Figure 3-33, Figure 3-34). WT clones, SBC3 and SBL3 showed high 

levels of the protein as well as mRNA levels while SBL7, SBL9, SBL12 indicated low levels of 

proteins and mRNA levels. The Mut clones SDC2, SDL1, SDL2 and SDL7 tended to express 

higher levels of protein whilst SDC13 and SDL9 showed lower levels. No bands around 

270kDa were observed in control clones, suggesting that the observed band around 270kDa 

was likely to be V5 tagged ZFHX2. Most of the WT and Mut clones demonstrated several 

smaller sized proteins; these could be degraded proteins of V5 tagged ZFHX2, or potentially, 

proteins which were translated from another downstream start codon. We chose some of the 

clones from each cell line to proceed with immunoprecipitation to purify the protein for mass 

spectrometry, as shown in the next section (3.4.2III). 

Table 3-11. Summary of stably expressing FLAG-ZFHX2-V5 SH-SY5Y clones from each line. 

 SBC SBL SDC SDL SFC SFL 

Numbers of clones sorted by flow cytometry 95 190 95 190 95 190 

Numbers of clones by antibiotic selection 4 12 14 11 11 15 

Numbers of clones selected by 

immunofluorescence 

1 4 2 4 4 4 
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Figure 3-30. Immunofluorescence images for WT SH-SY5Y stable clones. SBC (Circular WT 

FLAG-ZFHX2-V5-IRES-eGFP), SBL (Linear WT FLAG-ZFHX2-V5-IRES-eGFP). Anti-V5 (Sigma 

V8137) was used to stain the cells. Scale bar=60 μm. 
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Figure 3-31. Immunofluorescence images for Mut SH-SY5Y stable clones. SDC (Circular Mut 

FLAG-ZFHX2-V5-IRES-eGFP), SDL (Linear Mut FLAG-ZFHX2-V5-IRES-eGFP). Rabbit anti-V5 

was used to stain the cells. Scale bar=60 μm. 
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Figure 3-32. Immunofluorescence images for control SH-SY5Y stable clones. SFC (Circular 

IRES-eGFP), SFL (Linear IRES-eGFP). Rabbit anti-V5 was used to stain the cells. Scale bar=60 

μm. 
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Figure 3-33. Real-time qRT-PCR analysis of ZFHX2 mRNA expression in SH-SY5Y stable 

clones relative to β-Actin. Relative expression levels of mRNA were calculated using the 

comparative ΔΔCt (Ct) method and normalised by control clones (SF). 

 

 

Figure 3-34. Western blotting for SH-SY5Y single clone stable cell lines. Bis-Tris gel was used 

for electrophoresis and （A）anti-V5 and (B) anti- β-Actin were used to detect the proteins. (A) 

High levels of ~270kDa protein was detected in SBL3, SDC2, SDL1. This band was absent in 

the control clones (AF line). (B) β-Actin was detected with approximately same level in each 
clone. 
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IV. Immunoprecipitation in SH-SY5Y stable cell lines 

In the previous section, SH-SY5Y stable cell lines were generated that overexpressed 

ZFHX2. We aimed to perform immunoprecipitation to purify ZFHX2 protein for mass 

spectrometry analyses. In order to obtain a large amount of ZFHX2, we chose several clones 

from each line. Two WT and three Mut clones, which expressed higher levels of protein and 

mRNA were selected; SBC3 and SBL3 for WT, SDC2, SDL1, and SDL7 for Mut. In addition, 

SBL7 (WT) and SDL9 (Mut) were chosen because they showed less degraded proteins by 

western blotting. Antibody against V5 tagged protein was used for immunoprecipitation, and 

western blotting with anti-V5 (Figure 3-35A) and anti-ZFHX2 (Figure 3-35B) was performed to 

detect and identify the protein. Strong signals around 270kDa from the immunoprecipitated 

eluate were detected by western blotting with anti-V5 antibody for clones SBC3, SBL3, SDC2 

and SDL1, whilst no clear signals were seen in the control clone, SFL3 (Figure 3-35A). To 

identify if the protein shown around 270kDa marker was ZFHX2, western blotting with anti-

ZFHX2 was also performed (Figure 3-35B). The band around 270kDa is barely seen in SBC3; 

however, SBL3, SDC2 and SDL1 showed the band which was absent in the control clone 

(SFL3). No visible bands were observed for SBL7 and SDL9. The immunoprecipitated eluate 

from 7 clones was used for silver staining to check if the amount of protein could be enough 

for mass spectrometry analysis (Figure 3-36A). A clear ~270 kDa band was observed in SBC3, 

SBL3, SDC2 and SDL1 (Figure 3-36A, indicated by the red arrow). This band was not visible in 

the control clone, SFL3 (Figure 3-36A), suggesting that this band was the overexpressed 

ZFHX2-V5. The same band was also observed, but was fainter, in SBL7 and SDL9 (Figure 

3-36A, indicated by the red arrow). These low protein levels could be a reason why it was not 

detected by western blotting with anti-ZFHX2. Next, we combined SBC3 and SBL3, and SDC2 

and SDL1 to conduct coomassie staining (Figure 3-36B). A band around 270kDa was visible in 

these WT and Mut clones, but not from the negative control clone (Figure 3-36B, indicated by 

the red arrow). The bands were carefully isolated and sent for mass spectrometry analysis, 

described in the next section (3.4.2IV). 
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Figure 3-35. Western blotting following immunoprecipitation with anti-V5 antibody in SH-SY5Y 

single clone stable cell lines. Bis-Tris protein gel was used for electrophoresis. Anti-V5 agarose 

beads (MBL) were used for immunoprecipitation. The blot was incubated with (A) anti-V5  or 
(B) anti-ZFHX2. 

 

 

Figure 3-36. Silver staining and Coomassie staining of immunoprecipitated eluates prior to 

mass spectrometry analysis. Bis-Tris protein gel was used for electrophoresis. (A) Silver 

staining. A clear band around 270kDa (indicated by the red arrow) was observed SBC3, SBL3, 

SDC2 and SDL9, and a faint band of the same size was also seen in SBL7 and SBL9. No visible 

bands around 270kDa were observed for the control clone, SFL3. (B) Coomassie staining of 

WT clones (combination of SBC3 and SBL3), Mut clones (combination of SDC2 and SDL1), 

and control clone, SFL3. A faint band around 270kDa (indicated by the red arrow) was 

observed in WT and Mut clones but not in the control clone. These bands were isolated for 
mass spectrometry analysis. 
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V. Mass spectrometry analysis 

Protein isolation by Coomassie staining was perfomed by myself with help from Dr. Andrei Okorokov at 

WIBR, UCL. All the other experimental procedures were performed by Dr. Honglei Huang at University 

of Oxford. 

The mass spectrometry analysis of the protein isolated from the bands around 270kDa 

shown in Figure 3-36 identified 242 peptides for the WT band and 366 peptides for the Mut 

band. This equated to 54% and 66% ZFHX2 sequence coverage for WT and Mut proteins, 

respectively, indicating that the band isolated from around 270kDa was ZFHX2. Unfortunately, 

the fragments detected in this analysis did not cover the R1913 mutation region (Figure 3-37). 

Therefore another immunoprecipitation was performed to obtain ~10 times more protein. 

The coomassie staining of immunoprecipitated eluates from approximately 70 million cells 

displayed thicker bands around 270kDa (Figure 3-38). The bands were carefully isolated and 

sent for mass spectrometry analysis. 

 

 

Figure 3-37. The fragments detected in mass spectrometry analysis and ZFHX2 sequence. Both 

fragments from (A) WT and (B) Mut did not include amino acid 1913, indicated by the red 
arrows. Blue lines show the detected peptide fragments. 
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Figure 3-38. Coomassie staining of immunoprecipitated eluates prior to mass spectrometry 

analysis. Bis-Tris protein gel was used for electrophoresis. Approximately 70 million cells of 

SBL3 and SDC2 were used for WT and Mut clones, respectively. The bands around 270kDa 

(indicated by the red arrow) was observed in WT and Mut clones were isolated for mass 

spectrometry analysis to evaluate arginine methylation around amino acid 1913. The two bands 

below 270kDa (indicated by the yellow and green arrows) were also separated for mass 

spectrometry analysis to test if these are ZFHX2 associated protein. 

 

 The mass spectrometry analysis of the immunoprecipitated eluates with high numbers 

of cells detected 1772 and 1487 peptides from WT and Mut clones, respectively, with 97% 

ZFHX2 sequence coverage for both clones. The fragments of detected peptides showed 

R1913K in the mutant protein (Figure 3-39B), indicating the isolated band from 

immunoprecipitated elutes is over expressed Mut ZFHX2. Both R1913 in WT ZFHX2 and 

K1913 in Mut ZFHX2 were not methylated although only 1 peptide was detected for WT, and 

2 peptides were detected for Mut (Figure 3-39). We also found R1911 in the Mut ZFHX2 is 

not methylated in 2 peptide fragments (Figure 3-39B). However, although the higher amount of 

protein was analysed in this attempt, R1911 in WT ZFHX2 is not detected (Figure 3-39A). We 

also analysed two other bands; the band just below 270kDa (indicated in the yellow arrow in 

Figure 3-38, named WT1) and around 180kDa (indicated in the green arrow in Figure 3-38, 

named WT2). The fragments of WT1 and WT2 mainly demonstrates the trace of myosin and 

spectrin, respectively. Of note, the mass spectrometry analysis shows some fragments carry 

the trace of ZFHX2 for both WT1 and WT2, indicating that these proteins could be a part of 

ZFHX2 due to degradation or translation from another downstream start codon. 
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Figure 3-39. The fragments detected in mass spectrometry analysis using higher amounts of 

ZFHX2 protein. (A) WT ZFHX2. R1913 was detected (indicated by the red arrow), however, 

fragments that cover R1911 (indicated by the blue arrow) were not found. (B) Mut ZFHX2. 

R1911 (indicated by the blue arrow) and R1913K (indicated by the red arrow) were detected 
without methylation. Blue lines show the detected fragments.  

 

Although the mass spectrometry analysis did not show any differences between WT 

and Mut ZFHX2 around position 1913 (Figure 3-39), post-translational modifications at other 

sites were identified (Table 3-12).  For example, the methylation on aspartic acid at the 

position 1772 is relatively strong in WT (one third of aspartic acid residues were methylated) 

whilst it seems to be weak in Mut (approximately one tenth of them were methylated) (Table 

3-13). The residues on R1961, E2019 and E2021 demonstrate weak methylated status in Mut 

while none of methylated fragments are observed in WT (Table 3-13). In addition, 

approximately 20% of residues on S2020 are methylated in WT, whilst no methylation is found 

on this residue in Mut (Table 3-13). Arginine and lysine are two major residues where 

methylation occurs predominantly, although methylation can take place on other amino acids. 
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These include histidine, aspartic acid, and glutamic acid, and on the carboxyl groups of proteins 

(Stallcup, 2001, Sprung et al., 2008, Aletta et al., 1998, Alam et al., 2015). However, 

methylation on serine residues has not seemed to be reported yet. Since the methylations are 

found at the position 2019, 2020 and 2021, it might be due to a technical analysis error that 

the methylation was found on serine residue at the position 2020. Even so, the methylation on 

D1772, E2019 and E2021 might be affected by the R1913K mutation, and these methylations 

may play a role in the functions of ZFHX2. The methylation on R1961 would be also 

interesting, although it does not seem to be strongly methylated. Along with structural analysis 

to understand if these residues are likely to be interact with DNA, more evidences would be 

necessary to understand if these modifications regulate functions of ZFHX2 and if the R1913K 

mutation alters the modifications. 

 

Table 3-12. Modification in WT or Mut ZFHX2 around the region over R1913(K). Numbers of 

peptide fragments which detected as a corresponding modification were shown. No notable 

modification changes were seen between WT and Mut in contiguous residues over R1913(K). 

Post-translational modifications Position 

Numbers of  

fragments 

showing the 

modifications in 

WT 

Numbers of  

fragments 

showing the 

modifications in 

Mut 

Phosphorylation 1764 8 5 

Phosphorylation 1766 0 1 

Carbamidomethylation 1769 1 1 

Methylation 1770 7 8 

Carbamidomethylation 1771 32 21 

Methylation 1772 10 1 

Ethylation 1772 1 2 

Carbamidomethylation 1774 32 21 

Methylphosphonylation 1777 1 0 

Carbamidomethylation 1791 2 1 

Carbamidomethylation 1792 1 1 

Carbamidomethylation 1812 2 2 

Carbamidomethylation 1813 1 1 

Carbamidomethylation 1814 1 0 

Carbamidomethylation 1821 1 0 

Carbamidomethylation 1822 1 1 

Oxidation 1825 5 4 

Dethiomethyl 1825 2 1 

Carbamidomethylation 1833 1 1 

Carbamidomethylation 1834 1 1 

Phosphorylation 1838 6 2 

Phosphorylation 1840 13 6 

Phosphorylation 1842 1 0 
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Carbamidomethylation 1844 4 3 

2,3-dihydro-2,2-dimethyl-7-

benzofuranol N-methyl carbamate 
1844 1 0 

Carbamidomethylation 1848 3 2 

Carbamidomethylation 1853 3 2 

Carbamidomethylation 1861 1 1 

Formylation   0 1 

Deamidation 1868 1 1 

Carbamidomethylation 1872 1 0 

Hydroxylation 1876 1 0 

Oxidation 1877 1 1 

Dethiomethyl 1886 1 0 

Carbamidomethylation 1886 1 1 

Oxidation 1886 2 1 

Methylation 1888 1 1 

Carbamidomethylation 1888 2 1 

Carbamidomethylation 1889 22 16 

Carbamidomethylation 1896 1 1 

Carbamidomethylation 1898 1 1 

Oxidation 1904 1 0 

Carbamidomethylation 1918 0 1 

Ubiquitin 1920 1 0 

Carbamidomethylation 1929 1 1 

Carbamidomethylation 1930 1 0 

Glycidamide adduct 1939 1 0 

Carbamidomethylation 1939 1 1 

Methyl ester 1940 1 0 

Carbamidomethylation 1942 1 0 

Deamidation 1944 1 0 

Carbamidomethylation 1947 1 1 

Carbamidomethylation 1949 3 1 

Carbamidomethylation 1952 1 1 

Methylation 1956 0 1 

Methylation 1957 1   

Carbamidomethylation 1957 0 1 

Methylation 1960 1 2 

Methylation 1961 0 2 

Carbamidomethylation 1962 1 4 

Methylphosphonylation 1968 1 2 

Methylphosphonylation 1970 1 1 

Carbamidomethylation 1974 1 1 

Carbamidomethylation; Methylation 1975 2 2 

Methylation 1985 1 3 

Carbamidomethylation 1986 1 3 

Methyl ester; Carbamidomethylation 1986 0 1 

Phosphorylation 1988 2 1 

Phosphorylation 1989 4 4 

Phosphorylation 2017 1 0 
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Methylation 2019 0 3 

Carbamidomethylation 2019 0 1 

Methylation 2020 2 0 

Methyl ester; Carbamidomethylation 2021 2 1 

Carbamidomethylation 2021 0 1 

Methylation 2021 0 2 

Carbamidomethylation 2023 4 3 

Carbamidomethylation 2050 1 0 

Carbamidomethylation 2052 1 0 

Carbamidomethylation 2059 2 0 

Carbamidomethylation 2061 0 1 

Oxidation 2063 3 3 

 

Table 3-13. Modifications changes which might be correlated with the mutation. Numbers of 

peptide fragments with modification and total numbers of detected fragments were shown for 
both WT and Mut ZFHX2. 

Post-

translational 

modifications 

Position 

Numbers of  

fragments 

showing the 

modifications 

in WT 

Numbers 

of  

detected 

fragments 

in WT 

Numbers of  

fragments 

showing the 

modifications 

in Mut 

Numbers 

of  

detected 

fragments 

in Mut 

Amino acid 

Methylation 1772 10 30 1 21 
D 

(Aspartic acid) 

Methylation 1961 0 25 2 27 
R 

(Arginine) 

Methylation 2019 0 5 3 10 

E 

(Glutamic 

acid) 

Methylation 2020 2 9 0 10 
S 

(Serine) 

Methylation 2021 0 9 2 10 

E 

(Glutamic 

acid) 

  

In summary, the arginine methylation status in the motif around amino acid 1913 is still 

unknown since we could not detect many fragments covering the motif over R1913. Even so, 

we found arginine residue at position R1911 is unlikely to be methylated in Mut ZFHX2. 

Further investigation with higher protein levels will be needed to understand arginine status in 

WT and Mut ZFHX2. 
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3.4.3 Pain behaviour assay in Zfhx2 knockout mice 

An essential question for this project is whether ZFHX2 is involved in pain behaviour 

and furthermore, does the mutation in this gene cause pain insensitivity. Prior to evaluating the 

pain behavioural responses caused by the mutation, we investigated if Zfhx2 is involved in pain 

behaviour using Zfhx2 global KO mice and a battery of behavioural tests: the rotarod test to 

assess motor coordination, acetone test to evaluate noxious cooling, thermal place preference 

to assess noxious cold sensitivity, Hargreaves’s test and hot plate test to assess noxious 

thermal sensitivity, von Frey and cotton swab test to evaluate innocuous mechanical sensitivity, 

Randall-Selitto test to assess noxious mechanical pain thresholds and formalin tests to evaluate 

inflammatory pain.  

Firstly, we performed the acute pain tests. We could not see a difference in phenotype 

in the rotarod test (Figure 3-40A), suggesting that Zfhx2 is not essential for normal motor 

coordination in mice. There was no marked difference between WT and KO mice in the 

acetone test and thermal place preference test (Figure 3-40B, C), suggesting that Zfhx2 is not 

involved in noxious cooling and cold sensitivity. We also did not observe a significant 

difference between WT and KO mice in von Frey and cotton swab tests (Figure 3-40E, F), 

indicating that Zfhx2 is not associated with innocuous mechanical sensitivity in mice. However, 

Zfhx2 seemed to be associated with noxious thermal (heat) and mechanical sensitivity. We 

found higher sensitivity in Zfhx2 KO mice in the hot plate test in both female and male mice at 

50℃ and males at 55℃ (Figure 3-41) although no significant differences were observed in the 

Hargreave’s test (Figure 3-40D). The hot plate test represents a supraspinal thermal assay 

while the Hargreave’s test is designed to assess spinal reflex responses to noxious thermal 

stimulation. The results indicated that Zfhx2 appeared to be involved in noxious thermal 

sensitivity via supraspinal thermal pathways. We also found a phenotype in noxious mechanical 

sensitivity; in the Randall-Selitto test, Zfhx2 KO mice demonstrated a significant deficit in 

mechanical sensitivity in both male and female mice, suggesting that Zfhx2 is associated with 

detecting noxious mechanical pain.  
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Figure 3-40. Behaviour test in Zfhx2 global KO mice. (A) Rotarod, (B) Acetone, (C) Thermal 

Place Preference, (D) Hargreaves, (E) von Frey, (F) Cotton Swab test. WT; n=8, KO; n=10 for 

(A)-(E), WT; n=14, KO; n=14 for (F). All data analysed by t-test. The results are presented as 

mean ± SEM. These experiments were performed by Dr. Michael Minett and Ms. Sonia 
Santana-Valera. 
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Figure 3-41. Hot plate test in Zfhx2 global KO mice. Both male (A) and female (B) KO mice 

showed higher sensitivity than WT. n=20 (WT) and n=20 (KO) for (A) male, and n=12 (WT) 

and n=10 (KO) for (B) female. The data analysed by t-test. The results are presented as mean 

± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.This test was performed by Dr. Michael Minett, 

Ms. Sonia Santana-Valera and myself. 

 

 

Figure 3-42. Randall-Selitto test in Zfhx2 global KO mice. Both male (A) and female (B) KO 

mice showed a deficit in the behavioural response to the noxious mechanical stimulus 

compared to WT mice. n=8 (WT) and n=10 (KO) for (A) male, and n=5 (WT) and n=5 (KO) 

for (B) female. The data was analysed by t-test. The results are presented as mean ± SEM. * p 

< 0.05, ** p < 0.01, *** p < 0.001.This test was performed by Dr. Michael Minett, Ms. Sonia 

Santana-Valera and myself. 

 

Next, we assessed inflammatory pain in Zfhx2 KO mice. We performed formalin tests 

on both female and male mice by measuring the behavioural responses (licking, shaking or 

biting of paw) following intraplantar injection of 20 μl of 5% formalin. The test involves an early 

acute phase, which is believed to involve direct activation of C fibres via TRPA1 (McNamara et 

al., 2007) and occurs around 5-10 minutes after injection. The second, inflammatory phase 



 

 

203 

 

begins around 20 minutes after injection and is believed to result from the action of 

prostaglandins and other inflammatory mediators as well as spinally mediated changes 

(Coderre et al., 1990). The early acute phase (Phase I, 0-10min) and the latter inflammatory 

phase (Phase II, 10-60min) were separately analysed. Female mice tended to show decreased 

behavioural responses in the first phase, whilst no significant difference was observed in the 

second phase (Figure 3-43E). On the other hand, male mice did not appear to show any 

significant change between WT and KO mice although they seemed to show a slight deficit in 

responses in phase I (Figure 3-43C, D). These results indicate that Zfhx2 might be involved in 

the acute phase of the formalin test and these responses could be different between female 

and male mice. 

In summary, we found Zfhx2 was involved in noxious mechanical and thermal 

sensitivities, and might be associated with inflammatory pain. The next question is if the 

mutation resulting in the amino acid change R1913K alters pain behaviour. In the next section, 

the results of behavioural tests using BAC transgenic mice carrying the point mutation will be 

described. 
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Figure 3-43. Formalin test in Zfhx2 global KO mice. The time the mice spent licking, shaking 

and biting their paw is recorded and Phase I =5-10 min and Phase II = 10-60 min were 

separately analysed (A, C, E). The responses with 5 min block were shown in B,D,F. (A)(B) 

both male and female data was combined. A reduced pain response was shown in KO mice in 

phase I. (C)(D) The responses in male mice. No statistical significance was seen in both phases. 

(E)(F) The responses in female mice. A reduced response was shown in KO mice in phase I. 

n=8 (WT) and n=10 (KO) for (A) male, and n=9 (WT) and n=7 (KO) for (B) female. The data 

analysed by t-test. The results are presented as mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 
0.001.This test was performed by Ms. Sonia Santana-Valera and myself. 
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3.4.4 Pain behaviour assay on BAC transgenic mice bearing the orthologous 

mutation   

The next question was whether the point mutation R1913K leads to a pain insensitive 

phenotype. To address this question, we aimed to perform pain behaviour tests on BAC 

transgenic mice bearing the orthologous mutation (R1907K). We obtained three founders of 

BAC transgenic mice bearing this orthologous mutation, named Founders A, B and C (Cyagen 

Biosciences). We first performed acute pain behaviour tests and an inflammatory pain test 

using a CFA model on the BAC transgenic mice bred from all these three founders. 

Despite our hypothesis of mutant mice showing pain insensitive phenotypes, we could 

not find any acute pain phenotypes on these particular BAC transgenic mice. No marked 

differences were observed in light touch (von Frey and cotton swab test), mechanical stimuli 

(Randall-Selitto test), thermal stimuli (hot plate and Hargreave’s test), noxious cold stimuli 

(cold plate test) and noxious cooling (acetone test) (Figure 3-44A-G). However, we found a 

statistically significant difference in the place preference test at 15℃; WT mice tended to avoid 

staying at 15℃which was lower than the baseline (20℃), whilst mutant mice spent a longer 

time at 15℃ than WT mice (Figure 3-44 I). Also we found higher frequencies of centre/corner 

entries and total numbers of crosses in the mutant mice during the open field test. These 

results indicate high exploratory behaviour and low anxiety levels of the mutant mice (Figure 

3-44H). Interestingly, it was previously shown that global Zfhx2 KO mice have a hyperactive 

phenotype (Komine et al., 2012).
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Figure 3-44. Behaviour test in BAC transgenic mice (derived from founders A, B and C) bearing the orthologous mutation. Founder A; n=2 for WT female, n=6 

for Mut female, n=0 for male mice. FounderB; n=2 for WT female, n=6 for Mut female, n=0 for male mice. FounderC; n=4 for WT female, n=4 for Mut female, 

n=0 for male mice. (A) Rotarod, (B) Acetone, (C) Hot and cold plate, (D) Hargreave’s, (E) von Frey, (F) Cotton Swab, (G) Randall-Selitto, (H) Open field, (I) 

Thermal Place Preference test. WT; n=8, Mut; n=16. All data analysed by t-test. *P<0.05, **P<0.01 and ***P<0.001. The results are presented as mean ± SEM. 
These experiments were performed by Ms. Sonia Santana-Valera and myself. 
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Although we could not observe a clear acute pain phenotype, we considered if the 

mutant mice would show decreased responses in inflammatory pain since the global Zfhx2 KO 

mice appeared to indicate Zfhx2 might be involved in inflammatory pain (Figure 3-43). We 

performed von Frey and Hargreave’s tests to assess mechanical allodynia and thermal 

hyperalgesia, respectively, on the BAC transgenic mice before and 1, 3, and 7 days after CFA 

(Complete Freund’s adjuvant) injection. There were no dramatic effects on the baseline 

(before the injection) and both 1 and 3 days post-injection. However, the mutant mice showed 

significantly reversed responses in the von Frey test on Day 7 compared to WT mice. There 

were no marked differences between the mutant and WT mice in the Hargreave’s test.  

 

 

Figure 3-45. Inflammatory pain test using CFA model in BAC transgenic mice (including all 

founders) bearing the orthologous mutation. CFA was injected intraplantarly in the right hind 

paw and (A) von Frey, (B) Hargreave’s test were performed 1, 3 and 7 days post-injection. 

WT; n=8, Mut; n=16 (All female mice. Founder A; n=2 for WT female, n=6 for Mut female. 

FounderB; n=2 for WT female, n=6 for Mut female. FounderC; n=4 for WT female, n=4 for 

Mut female.). All data analysed by t-test. *P<0.05, **P<0.01 and ***P<0.001. The results are 

presented as mean ± SEM. These experiments were mainly performed by Ms. Sonia Santana-
Valera with a small contribution from myself. 

  

The BAC transgenic mouse data described above did not prove pathogenicity of the 

mutation. However, we considered if the presence of 2 WT alleles in this model could be 

masking the effects of the mutation. We decided to investigate the BAC copy number in each 

of the founder mice, showing 4 for Founder A, 1 for Founder B, and 5 for Founder C 

(measured by Dr. Abdella Habib, WIBR, UCL). We also measured mRNA levels of Zfhx2 in 

DRG in mice derived from these founders (Figure 3-46). All mice derived from each founder 

demonstrated higher expression of Zfhx2 than littermate controls (WT); however, the fold 
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change was lower than 2 times (Figure 3-46). Considering these BAC transgenic mice carry 2 

wild type alleles, the expression levels of the mutant Zfhx2 in these BAC transgenic mice could 

be lower than if we had a heterozygous knockin animal. Since the human patients carry a 

heterozygous mutation, these low expression levels of mutant Zfhx2 could explain the elusive 

pain insensitive phenotypes. 

 

Figure 3-46. Real-time qRT-PCR analysis of Zfhx2 mRNA expression in DRG relative to β-

Actin. Relative expression levels of mRNA were calculated using the comparative ΔΔCt (Ct) 

method and normalised by a WT mouse. N=1 for each founder. This data was collected by Dr. 
Abdella Habib at WIBR, UCL. 

 

 We therefore aimed to perform pain behaviour tests using the mutant mice bred from 

Founder C to obtain high BAC copy numbers that can result in high expression of the mutant 

Zfhx2. Using these mice we could see thermal pain phenotypes (Figure 3-47); the mutant mice 

with high copy numbers had markedly reduced sensitivity to noxious thermal stimuli in the hot 

plate and Hargreave’s tests (Figure 3-47A, B), although no significant difference was observed 

at high temperature, 55℃, in the hot plate test (Figure 3-47A). Mechanical pain thresholds in 

von Frey and Randall-Selitto test were not altered in the mutant mice (Figure 3-47C, D), 

although global Zfhx2 KO mice demonstrated a deficit in the behavioural response to the 

noxious mechanical stimulus compared to WT mice in the Randall-Selitto tests (Figure 3-42). 

The present data suggests that the mutation leads to a thermal pain insensitive phenotype. 

Further investigations are needed to confirm the pain phenotype in the mutant mice and to 

understand the difference between human and mice pain insensitive phenotypes. 
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Figure 3-47. Acute pain behaviour test on BAC transgenic mice bearing the orthologous 

mutation with high copy number. WT; n=16, Mut; n=5. All data analysed by t-test. *P<0.05, 

**P<0.01 and ***P<0.001. The results are presented as mean ± SEM. These experiments were 
performed by Ms. Sonia Santana-Valera and Miss Shengnan Li. 

 

3.4.5 Microarray 

In order to identify genes regulated by ZFHX2 and potentially causing pain insensitivity 

via their altered expression, we aimed to perform microarray analyses using SH-SY5Y stable 

cell lines generated in the above section (3.4.2II). We performed microarrays using all clones 

we obtained; 5 clones from WT (SBC3, SBL3, SBL7, SBL9 and SBL12), 6 clones from Mut 

(SDC2, SDC13, SDL1, SDL2, SDL7 and SDL9) and 8 clones from control (i.e. IRES-eGFP) 

(SFC4, SFC5, SFC6, SFC7, SFL3, SFL5, SFL9, and SFL14). Many genes showed significant 

expression changes for the Mut clones compared to WT or control clones (505 and 208 genes 

which were dysregulated more than 1.5 fold, respectively, and ANOVA p-value < 0.05; Table 

3-14). Also, significant numbers of genes were dysregulated in WT clones compared to control 

clones (179 genes which were dysregulated more than 1.5 fold and ANOVA p-value < 0.05; 

Table 3-14). Figure 3-48 demonstrates a heat map of expression of the dysregulated genes (>3 

fold) for Mut clones against control clones. We also analysed the data by including the 

differentially expressed genes with ANOVA p-value < 0.1 between each group of clones 

(instead of a <0.05 cut-off) (Table 3-14). Volcano plots show numbers of genes dysregulated in 



 

 

210 

 

each comparison (ANOVA p-value < 0.1, fold change >1.5) (Figure 3-49A-C). The functional 

classification by Gene Ontology (GO) terms regarding the Biological Process suggested that 

the functions of the dysregulated genes were mostly related to metabolism, development, 

signal transduction, transport and cell communications (Figure 3-49D-F). Several GO terms 

were not included such as transcriptional/ translation regulator activities and protein/ DNA/ 

RNA binding. 

Figure 3-48. Heat map of expression of the dysregulated genes in Mut clones against control 

clones with more than 3 times fold change (ANOVA p-value <0.05). Control; control clones 

(SF), WT; wild type clones (SB), Mut; mutant clones (SD). Probe signal intensity is indicated in 
colours; 3.26 in blue to 16.75 in red. 

 

Table 3-14. Numbers of dysregulated genes in SH-SY5Y stable cell lines 

 Mut vs Control Mut vs WT WT vs Control 

ANOVA p-value < 0.05,  

Fold change >1.5 or <-1.5 
505 208 179 

ANOVA p-value < 0.1,  

Fold change >1.5 or <-1.5 
694 359 305 
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Figure 3-49. Volcano plots and pie charts of differentially expressed genes annotated with Gene Ontology (GO) terms regarding the Biological Process (analysis of 

variance P-value <0.1, fold change >1.5 or <-1.5). (A) volcano plots of significantly differentially expressed genes between Mut and control clones. Green and red 

dots indicate up-regulated and down-regulated in Mut vs control clone, respectively. (B) Volcano plots of significantly differentially expressed genes between Mut 

and WT clones. Green and red dots indicate up-regulated and down-regulated in Mut vs WT clone, respectively. (C) Volcano plots of significantly differentially 

expressed genes between WT and control clones. Green and red dots indicate up-regulated and down-regulated in WT vs control clone, respectively. (D) Pie 

chart of significantly differentially expressed genes between Mut and control clones annotated with GO Biological Process terms. (E) Pie chart of significantly 

differentially expressed genes between Mut and WT clones annotated with GO Biological Process terms. (F) Pie chart of significantly differentially expressed genes 

between WT and control clones annotated with GO Biological Process terms. In all pie chart, the top15 enriched GO biological process terms were shown in the 
legend. GO Biological Process terms were classified with GO_slim2 by single count by CateGOrizer (Hu et al., 2008) 
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Genes regulated by ZFHX2 and dysregulated by the mutant form are likely to be 

involved in the pain insensitive phenotype. Table 3-15, Table 3-16 and Table 3-17 show the 10 

most significantly differentially expressed genes (either up- or down-regulated) in each 

comparison (ANOVA p-value < 0.05). The expression levels of all genes which were 

differentially expressed in each comparison more than 1.5 fold change with ANOVA p-value < 

0.1 were referred using the mouse sensory neurons RNA-seq study (Usoskin et al., 2015). 

Since Zfhx2 is expressed in NP, PEP and TH clusters (Usoskin et al., 2015), the genes which 

are expressed in these clusters were checked if they have been linked to pain studies. In 

addition to these, the dysregulated genes showing more than 5 fold change in each comparison 

were also searched in pain studies.  

Several genes are worth to be noted in relation to pain. For example, clusterin (CLU), 

which is highly down-regulated in Mut against control clones (fold change 8.43), is known to be 

involved in tumor progression as well as neurodegenerative disorders (Zhang et al., 2005b, 

Shuai et al., 2015, Přikrylová Vranová et al., 2016). A clinical trial of custirsen, a CLU inhibitor, 

shows dramatic pain relief effects along with increased survival rates (Saad et al., 2011). This 

suggests the altered expression of this gene by R1913K mutant ZFHX2 might contribute to 

pain insensitivity. Protein kinase C alpha (PRKCA) has also been documented in the pain 

literature. Knock-out of this gene in mice showed increased mechanical allodynia in a 

neuropathic pain model (Zhao et al., 2011). The expression level of this gene is significantly 

down-regulated in both Mut and WT clones compared to control clones (fold change 5.5 and 

5.73, respectively), indicating that ZFHX2 could regulate the expression of PRKCA, which might 

be involved in pain sensitivity. Dihydropyrimidinase-like 5 (DPYSL5, also known as CRMP5) 

might also be controlled by ZFHX2. CRMP2 belongs to the same family as CRMP5 and binds 

to CaV2.2 and inhibiting this binding reduced the channel function resulting in supressed 

inflammatory and neuropathic hypersensitivity (Brittain et al., 2011). The expression level of 

DPYSL5 is markedly up-regulated in Mut compared to control clones (fold change 4.91). 

Considering CRMP2 plays a role in a pain phenotype by mediating VGCC function, DPYSL5 

might also have a key role in disturbing ion channel functions and hence regulate nociceptive 

pathways. 

Genes that are involved in neuronal development and axonal growth are also 

interesting to explore; Neuron navigator 2 (NAV2) has been documented to play a role in 

neuronal development (McNeill et al., 2010). This gene is down-regulated in both Mut and WT 

compared to control clones (fold change 2.17 and 2.9, respectively). Mutant mice that carry a 

hypomorphic allele of this gene showed less sensitivity to thermal noxious stimuli in the hot 
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plate test (Peeters et al., 2004). Semaphorins and their receptors are also interesting to note. 

Semaphorins including SEMA3A, SEMA3C and SEMA3D are secreted or transmembrane 

proteins that are known to regulate cell motility and attachment in axon guidance, vascular 

growth, immune cell regulation and tumour progression (Kruger et al., 2005). The main 

receptors of semaphorins are plexins (Kruger et al., 2005) and most of the effects of 

semaphorins are mediated by plexins (Worzfeld and Offermanns, 2014). Neuropilins are also 

required as co-receptors to stabilize the semaphorin–plexin interaction in secreted class 3 

semaphorins, including Sema3A, Sema3C and Sema3D (Worzfeld and Offermanns, 2014). We 

found 3 subtypes of semaphorin, SEMA3A, SEMA3C and SEMA3D, were down-regulated in 

Mut compared to control clones in the microarray analyses. Similarly, some subtypes of plexins, 

PLXNA2 and PLXNA4, and neuropilin 1 (NRP1) were also down-regulated in Mut compared 

to control clones. One of the well-studied semaphorins, Sema3A, has been documented to 

restrict sensory axon projections during development (Messersmith et al., 1995). Sema3A is 

also thought to serve a key role in the establishment of an appropriate pattern of innervation 

within the dorsal horn of the spinal cord during its development (Messersmith et al., 1995, 

Pasterkamp et al., 2000). This key role in development appears to be associated with 

neuropathic pain. Coexpression of Sema3A and NGF at moderate to low concentrations (but 

not high concentrations) within the adult spinal cord reduced sprouting of calcitonin gene-

related peptide and substance P-containing axons (Tang et al., 2004). Sema3A coexpression 

with NGF reduced mechanical allodynia in the von Frey test compared to the sole expression 

of NGF (Tang et al., 2004). Interestingly, another study suggests Sema3A and neuropilin1 

(Npr1) interaction in neuropathic pain; intrathecal administration of Sema3A, in the spinal 

cord of chronic constriction injury (CCI) model rat attenuated mechanical allodynia and heat 

hyperalgesia (Hayashi et al., 2011). This reduction was accompanied by increased protein levels 

of Npr1, but not PlexinA, in the dorsal spinal cord (Hayashi et al., 2011). The microarray data 

using SH-SY5Y stable cell lines showed down-regulation of SEMA3A, SEMA3D and PLXNA2 only 

in Mut clones compared to control clones. On the contrary, expression levels of SEMA3C and 

PLXNA4 are down-regulated in both Mut and WT clones compared to control clones. 

Considering these, the alteration of semaphorin signalling along with plexins and neuropilins 

controlled by ZFHX2 may be involved in pain pathways, and moreover, subtypes of 

semaphorins and plexins could be important clues to understand semaphorin signalling altered 

by Mut ZFHX2.  

The other genes listed above which are involved in the development and cell 

differentiation could also be beneficial to explore further. In addition to these genes, Dickkopf 

WNT signalling pathway inhibitor 2 (DKK2) might be involved in pain. DKK2 is a Wnt inhibitor 
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that binds to Wnt receptors/co-receptors (Arenas, 2014). Wnts are a well-studied highly 

conserved family of lipid-modified glycoproteins serving a key role in regulating multiple 

cellular functions and cell systems, such as the neuron  development processes (Arenas, 2014). 

Wnt signalling in pain has been described in several studies. For example, intrathecal 

administration of WNT inhibitors and WNT–Frizzled–β-catenin pathway inhibitors attenuated 

allodynia  and hyperalgesia in both neuropathic pain model using rat CCI and cancer pain 

model (Zhang et al., 2013c, Harrison, 2013). Intraplantar injection of recombinant Wnt3a 

increased mechanical and thermal sensitivity in wild-type mice (Simonetti et al., 2014, Ferrarelli, 

2014). Of note the microarray analysis in SH-SY5Y stable cell lines displayed that both Mut and 

WT clones decreased expression of DKK2 comparing to control clones, indicating that an 

overexpression of ZFHX2 could regulate DKK2 expression. It should be also mentioned that 

the expression of this gene in mouse sensory neurons appears to be low (Usoskin et al., 2015), 

indicating that ZFHX2 might be involved in this gene expression in the CNS rather than 

sensory neurons. Although direct evidences showing that DKK2 is associated with pain do not 

seem to be reported, this gene might mediate neuronal development processes and pain 

pathways. 

Furthermore, the differentially expressed genes with an analysis of ANOVA p-value < 

0.1 indicate another interesting therapeutic target for pain. Surprisingly, we found expression 

of SCN9A is markedly decreased in Mut compared to control clones (fold change 5.12). Loss-

of-function of Nav1.7 channel encoded by SCN9A leads to pain insensitivity (Cox et al., 2006). 

Several studies in mice also suggested that deleting Scn9a resulted in a pain insensitive 

phenotype (Nassar et al., 2004, Minett et al., 2012, Gingras et al., 2014). The results indicate 

that the mutant R1913K ZFHX2 could suppress the expression of Nav1.7 which might result in 

the pain insensitive phenotype seen in the patients. The fold changes of these genes between 

each comparison are shown in Table 3-18.  

Table 3-15. Top20 dysregulated genes in Mut clones compared to control clones 

Fold Change 

(linear) (Mut 

vs. Control) 

ANOVA p-

value (Mut 

vs. Control) 

Gene Symbol Description 

-11.7 0.001864 SPRY1 
sprouty homolog 1, antagonist of FGF signaling 

(Drosophila) 

-10.31 0.00006 SEMA3C 
sema domain, immunoglobulin domain (Ig), short basic 

domain, secreted, (semaphorin) 3C 

-9.13 0.001497 HAS2 hyaluronan synthase 2 

-9.11 0.033559 SPARCL1 SPARC-like 1 (hevin) 

-8.43 0.000584 CLU Clusterin 

-7.95 0.000155 RELN Reelin 

-7.46 0.015178 SEL1L3 sel-1 suppressor of lin-12-like 3 (C. elegans) 
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-6.99 0.005431 PLCE1 phospholipase C, epsilon 1 

-6.8 0.002784 SFRP1 secreted frizzled-related protein 1 

-6.61 0.000717 IGFBP3 insulin-like growth factor binding protein 3 

3.8 0.04493 MIR127 microRNA 127 

3.96 0.03542 MIR433 microRNA 433 

4.03 0.00001 RNU1-59P RNA, U1 small nuclear 59, pseudogene 

4.14 0.046124 MIR432 microRNA 432 

4.61 0.03416 MIR431 microRNA 431 

4.91 0.001451 DPYSL5 dihydropyrimidinase-like 5 

6.83 0.021887 DLK1 delta-like 1 homolog (Drosophila) 

6.84 0.006867 LOC392232 
transient receptor potential cation channel, subfamily A, 

member 1 pseudogene 

7.25 0.008308 LOC392232 
transient receptor potential cation channel, subfamily A, 

member 1 pseudogene 

52.59 0.000521 MGST1 microsomal glutathione S-transferase 1 

 

Table 3-16. Top20 dysregulated genes in Mut clones compared to WT clones 

Fold Change 

(linear) (Mut 

vs. WT) 

ANOVA p-

value  

(Mut vs. WT) 

Gene Symbol Description 

-4.69 0.039338 NRG1-IT1 
NRG1 intronic transcript 1 (non-protein coding); novel 

transcript 

-4.55 0.047926 EGR1 early growth response 1 

-3.73 0.014253 SLC16A4 
solute carrier family 16, member 4; solute carrier family 

16, member 4 (monocarboxylic acid transporter 5) 

-2.74 0.043168 LOC728755 uncharacterized LOC728755 

-2.69 0.01881 TLCD1 TLC domain containing 1 

-2.65 0.005533 SNORD116-29 small nucleolar RNA, C/D box 116-29 

-2.54 0.020157 AP1G2 adaptor-related protein complex 1, gamma 2 subunit 

-2.49 0.047855 PLCXD3 
phosphatidylinositol-specific phospholipase C, X domain 

containing 3 

-2.44 0.005403 SNORD116-27 small nucleolar RNA, C/D box 116-27 

-2.38 0.049101 TGFB1 transforming growth factor, beta 1 

3.09 0.000556 MTMR8; ASB12 
myotubularin related protein 8; ankyrin repeat and SOCS 

box containing 12 

3.12 0.018086 RASL11B RAS-like, family 11, member B 

3.19 0.011545 ARHGEF9 Cdc42 guanine nucleotide exchange factor (GEF) 9 

3.31 0.036829 MGST1 microsomal glutathione S-transferase 1 

3.45 0.001821 SMC1A structural maintenance of chromosomes 1A 

3.5 0.000354 HUWE1 
HECT, UBA and WWE domain containing 1, E3 ubiquitin 

protein ligase 

3.73 0.00295 ZC4H2 zinc finger, C4H2 domain containing 

3.93 0.017245 PDGFRA platelet-derived growth factor receptor, alpha polypeptide 

4.61 0.000105 SPIN4 spindlin family, member 4 

19.23 0.001425 LOC392232 
transient receptor potential cation channel, subfamily A, 

member 1 pseudogene 

 



 

 

217 

 

Table 3-17. Top20 dysregulated genes in WT clones compared to control clones 

Fold Change 
(linear) (WT 

vs. Control) 

ANOVA p-
value (WT vs. 

Control) 

Gene Symbol Description 

-21.84 0.017546 LOC650226 ankyrin repeat domain 26 pseudogene 

-13.82 0.098211 SPRY1 
sprouty homolog 1, antagonist of FGF signaling 

(Drosophila) 

-12.23 0.041342 PTPRK protein tyrosine phosphatase, receptor type, K 

-8.57 0.054573 SEMA3C 
sema domain, immunoglobulin domain (Ig), short basic 

domain, secreted, (semaphorin) 3C 

-7.78 0.002932 SFRP1 secreted frizzled-related protein 1 

-7.69 0.086846 HAS2 hyaluronan synthase 2 

-7.29 0.010473 IGFBP3 insulin-like growth factor binding protein 3 

-6.75 0.063094 DKK2 
dickkopf WNT signaling pathway inhibitor 2; dickkopf 

homolog 2 (Xenopus laevis) 

-5.73 0.08808 PRKCA protein kinase C, alpha 

-5.65 0.064101 PLXNA4 plexin A4 

2.97 0.036949 FEV FEV (ETS oncogene family) 

2.99 0.033987 MIR2682 microRNA 2682 

3.01 0.098775 SLC18A1 

solute carrier family 18 (vesicular monoamine 

transporter), member 1; solute carrier family 18 (vesicular 

monoamine), member 1 

3.06 0.002714 FAM155A-IT1 FAM155A intronic transcript 1 (non-protein coding) 

3.08 0.031687 SLCO4C1 
solute carrier organic anion transporter family, member 

4C1 

3.14 0.093461 
HSPA1B; 

HSPA1A 

heat shock 70kDa protein 1B; heat shock 70kDa protein 

1A 

3.22 0.080882 

MIR137HG; 

MIR137; 

MIR2682 

MIR137 host gene (non-protein coding); microRNA 137; 

microRNA 2682 

3.38 0.025874 ABCC9 
ATP-binding cassette, sub-family C (CFTR/MRP), member 

9 

3.96 0.010474 ZNF804A zinc finger protein 804A 

4.09 0.077406 GPR64 G protein-coupled receptor 64 

 

Table 3-18. Fold change and ANOVA p-value of dfferentially expressed genes between each 

group of clones that might be involved in pain insensitive phenotype 

Gene 

Symbol 

Description Fold Change (linear) / 
ANOVA p-value  

(Mut vs. Control) 

Fold Change (linear) / 
ANOVA p-value  

(WT vs. Control) 

CLU Clusterin -8.13 / 0.000584  

PRKCA protein kinase C alpha -5.5 / 0.020846 -5.73 / 0.08808 
DPYSL5 dihydropyrimidinase-

like 5 
4.91 / 0.001451  

NAV2 neuron navigator 2 -2.17 / 0.018829 -2.9 / 0.020318 

SEMA3A semaphorin 3A -2.24 / 0.088998  

SEMA3C semaphorin 3C -10.31 / 0.00006 -8.57 / 0.054573 

SEMA3D semaphorin 3D -4.45 / 0.006687  
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PLXNA2 plexin A2 -6.17 / 0.006293  

PLXNA4 plexin A4 -4.98 / 0.004769 -5.65 / 0.064101 

NRP1 neuropilin 1 -2.36 / 0.04868  

DKK2 dickkopf WNT 

signaling pathway 

inhibitor 2 

-5.19 / 0.038431 -6.75 / 0.063094 

SCN9A voltage-gated sodium 

channel alpha subunit 9 
-5.12 / 0.070101  

 

 The genes listed in Table 3-18 could be regulated by ZFHX2 and potentially causing 

pain insensitivity via their altered expression. Figure 3-50 shows the signal intensity of the 

probes of these genes in microarray analysis, giving an initial idea of the expression levels in 

each clone. The data suggested that each clone demonstrated different levels of expression. To 

validate the microarray data, we performed RT-qPCR to measure gene expression levels. We 

selected three genes to verify; CLU, NAV2 and SCN9A (Figure 3-51). All these three genes have 

been linked with clinical data or animal studies showing they are associated with pain as 

discussed above. In addition to this, CLU is one of the most significantly dysregulated genes. 

Nav1.7 encoded by SCN9A has been well known for pain insensitivity (Cox et al., 2006), which 

can raise an interesting idea that the down-regulation of this gene by Mut ZFHX2 might 

contribute to pain free state. Although NAV2 did not display large fold change in the 

microarray analysis, this gene is chosen because it is associated with thermal sensitivity 

(Peeters et al., 2004), which are consistent with pain behaviour test (Figure 3-47) and all of 

both WT and Mut clones appears to be downregulated (Figure 3-50). The results support the 

microarray data; mRNA levels of CLU are significantly decreased in Mut comparing to control 

clones (fold change 3.95, p=0.03), but neither against WT clones nor WT clones against 

control clones, which is consistent with the microarray data. Mut clones tend to show 

decreased mRNA levels of NAV2 compared to control clones; however, no statistical 

significance was observed although microarray analysis showed ANOVA p-value <0.05. On the 

contrary, mRNA levels of this gene were significantly down-regulated in WT against control 

clones (fold change 2.28, p=0.0067), which supports the microarray data. The fold change of 

NAV2 expression levels in Mut clones versus control clones was relatively small in the 

microarray data, which might give a slightly different result. The supressed mRNA levels of 

SCN9A were also observed in Mut compared to control clones albeit it was not statistically 

significant (fold change 1.95, p=0.08), which is also consistent with the microarray data, 

although fold change was smaller than the microarray analysis. In summary, the RT-qPCR 

results basically appear to support the microarray analysis, and they tend to be consistent with 

the microarray data, especially for the highly dysregulated genes. 
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Figure 3-50. Signal intensity of the genes listed in Table 3-18 for each SH-SY5Y stable clone in 
microarray analysis. 
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Figure 3-51. Real-time qRT-PCR analysis of (A) CLU, (B) SCN9A and (C) NAV2 mRNA 

expression in SH-SY5Y stable clones relative to β-Actin. Relative expression levels of mRNA 

were calculated using the comparative ΔΔCt (Ct) method and normalised by control clones 

(SF). (b) shows the expression in each clone. 

  



 

 

222 

 

We also performed microarray analyses using DRG in global Zfhx2 KO mice to 

explore the downstream genes further. The data indicated 44 genes are down-regulated and 

26 genes were up-regulated (fold change >1.5, ANOVA p-value <0.1) in KO mice compared to 

WT. The differentially expressed genes between KO and WT mice include Trpv1 (transient 

receptor potential cation channel, subfamily V, member 1; down-regulated in KO mice, fold 

change 1.51), Penk (preproenkephalin; down-regulated in KO mice, fold change 1.47), Htr3a (5-

hydroxytryptamine (serotonin) receptor 3A, down-regulated in KO mice, fold change 1.42), 

Htr3b (5-hydroxytryptamine (serotonin) receptor 3B, down-regulated in KO mice, fold change 

1.42) and Tac1 (tachykinin 1; down-regulated in KO; fold change 1.39). There is another gene 

which might contribute to pain behavioural phenotype although it is not a dramatic change; 

Lrp1 (low density lipoprotein receptor-related protein 1) is up-regulated in KO (fold change 

1.33). The fold change and ANOVA p-value of these genes are summarised in Table 3-19. 

 

Table 3-19. Several dysregulated genes in DRG in global Zfhx2 KO mice compared to WT 

mice which are relevant to pain 

Gene Symbol Description 

Fold Change (linear) 

(KO vs. WT) 

ANOVA p-value 

(KO vs. WT) 

Trpv1 

transient receptor potential 

cation channel, subfamily V, 

member 1 

-1.51 0.05494 

Penk Preproenkephalin -1.47 0.096282 

Htr3a 
5-hydroxytryptamine (serotonin) 

receptor 3A 
-1.42 0.055527 

Htr3b 
5-hydroxytryptamine (serotonin) 

receptor 3B 
-1.32 0.047314 

Tac1 tachykinin 1 -1.39 0.00993 

Lrp1 
low density lipoprotein receptor-

related protein 1 
1.33 0.06918 

 

The genes described above have been documented in pain studies. TRPV1 is a well-

known channel that is activated in response to capsaicin and serves a key role in noxious heat 

sensitivity (Caterina et al., 2000, Caterina et al., 1997). As addressed in Chapter2 (2 Voltage-

gated sodium channel as a transcriptional regulator), Penk is the precursor of Met-enkephalin 

and Leu-enkephalin. Enkephalins are well-characterised opioid peptides and are some of the 

most studied innate pain-relievers, and the importance of enkephalin in pain has been well 

documented (Chu Sin Chung and Kieffer, 2013). 5-hydroxytryptamine receptor 3A (5-HT3A) 

and 5-hydroxytryptamine receptor 3B (5-HT3B) are receptors for 5-hydroxytryptamine (5-HT, 
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known as serotonin). 5-HT is a neurotransmitter in both the CNS and PNS and has a role in 

many physiological processes including nociception and pain. The role of 5-HT and its receptor 

in the CNS in pain has been well documented for decades such as in descending pain pathways 

(Eide and Hole, 1993). For example, electrical stimulation in the periaqueductal gray (PAG) 

leads to 5-HT release in the dorsal horn that excites inhibitory interneurons through 5-HT3 

receptors, resulting in inhibited responses to mechanical stimuli (Peng et al., 1996). In the PNS, 

several subtypes of 5-HT receptors are considered to be involved in nociceptive responses 

(Sommer, 2004). These include 5-HT3A and 5-HT3B encoded by HTR3A and HTR3B, 

respectively. Antagonist of 5-HT3 receptors or 5-HT3 KO mice demonstrated inhibited 

inflammatory pain responses (Zeitz et al., 2002, Giordano and Rogers, 1989, Giordano and 

Dyche, 1989, Eschalier et al., 1989, Doak and Sawynok, 1997). Notably, transcripts of HTR3B  

were reduced in WT SH-SY5Y stable cell lines compared to control clones (fold change 1.94), 

indicating that overexpression of ZFHX2 might also alter the expression of HTR3B, which 

might modulate nociception and pain perception. Another down-regulated gene, Tac1, encodes 

substance P and neurokinin A (Krause et al., 1987). By deleting Tac1, mice demonstrated 

decreased noxious thermal and mechanical sensitivity and reduced responses to capsaicin-

induced pain and formalin-induced inflammatory pain in Phase I (Cao et al., 1998). The 

immunoreactivity of substance P and neurokinin A were detected in the WT mice but not in 

the Tac1 deleted mice (Cao et al., 1998), suggesting that Tac1 plays a role in the pain 

phenotype by mediating the expression of substance P and neurokinin A. Similarly, in targeted 

deletion of Tac1, the mice showed a deficit in noxious thermal sensitivity in the hot plate test 

together with significantly decreased expression of substance P expression in brain extracts 

(Zimmer et al., 1998). However, these mutant mice react normally in the tail flick assay and 

acetic acid-induced writhing tests (Zimmer et al., 1998). Lrp1 (low density lipoprotein 

receptor-related protein 1) is up-regulated in KO (fold change 1.33), and this up-regulation 

might also contribute to pain behaviour. Injection of a soluble or shed form of LRP1with an 

intact alpha-chain directly to sciatic nerves prior to chronic constriction injury (CCI) inhibited 

p38 MAPK activation that can induce inflammatory cytokines such as TNF-α and IL-1β 

(Gaultier et al., 2008). The expression of TNF-α and IL-1 β were decreased after CCI in mice 

with the injection compared to mice without the injection (Gaultier et al., 2008). These mice 

with the injection had decreased CCI-induced neuropathic pain, suggesting that this gene could 

be involved in neuropathic pain by mediating induction of inflammatory cytokines via activation 

of p38 MAPK (Gaultier et al., 2008). Notably, the expression of this gene is slightly supressed 

in the Mut SH-SY5Y stable cell line compared to control clones (fold change 1.33), indicating 

that mutant Zfhx2 mice and global Zfhx2 KO mice would lead to different effects on pain 

behaviour.  
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In summary, these microarray results suggest several downstream genes that are 

potentially regulated by ZFHX2 and which could be involved in pain perception. The alteration 

of the expression of these genes caused by the R1913K mutation could contribute to the 

observed pain phenotypes. Of note the analysis also showed that the differentially dysregulated 

genes in SH-SY5Y stable cell lines and Zfhx2 global KO mice were largely different. Microarray 

analysis of mutant Zfhx2 mice and WT mice may shed some further light on important genes 

regulated by mutant Zfhx2. 

 

3.4.6 ChIP-seq assays 

Performed by Dr. Konstantin Panov at Queen’s University Belfast and Dr. Andrei Okorokov at 

University College London 

In order to explore the downstream genes further, we aimed to perform ChIP-seq 

assays using SH-SY5Y stable cell lines to identify genomic binding sites of WT and Mut ZFHX2. 

We used SBC3 and SBL3, and SDC2 and SDL1 to analyse WT and Mut ZFHX2, respectively. 

Approximately 60 million cells per sample were used to perform ChIP and 730-1450ng of 

DNA was obtained for ChIP-seq. The numbers of genes detected in the assay is shown in 

Table 3-20. The ChIP-seq analysis showed Mut ZFHX2 has many genomic binding sites. 

However, WT ZFHX2 did not seem to display as many as Mut ZFHX2, indicating that 

overexpression of WT ZFHX2 may affect binding abilities to DNA or the assay for WT 

ZFHX2 was not well conducted. Even so, the assay from Mut clones appears to demonstrate 

several genes in which Mut ZFHX2 can bind. We selected several genes which were detected 

in the ChIP-seq analysis and also found in differentially expressed genes between Mut and 

control clones with more than 1.5 fold in microarray analysis. The functions of these genes 

annotated with Gene Ontology (GO) terms regarding the Biological Process highlighted an 

association between Mut ZFHX2 and genes playing a role in development and cell 

differentiation; in the genes which are categorised in the top10 enriched GO biological process 

terms, approximately 30% of genes were annotated with development or cell differentiation 

(Figure 3-52). These include SEMA3A, SEMA3C, SEMA3D, PLXNA2, PLXNA4, DKK2, and NAV2, 

which all seem to be associated with pain as addressed in the previous section. Table 3-21 

shows the downstream genes addressed in the previous section (3.4.4) and presence or 

absence of peaks within these genes in ChIP-seq in Mut clones. 
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Table 3-20. Numbers of genes detected in ChIP-seq assay in each condition. 

Clone Antibody Numbers of genes detected 

SBC3 Anti-V5 254 

SBL3 Anti-V5 62 

SDC2 Anti-V5 1942 

SDL1 Anti-V5 324 

SBL3 Anti-IgG (negative control) 110 

SDC2 Anti-IgG (negative control) 62 

SDC2 Anti-TBP (positive control) 6040 

 

 

Figure 3-52. Pie charts of genes to which Mut ZFHX2 binds, annotated with Gene Ontology 

(GO) terms regarding the Biological Process. The top10 enriched GO biological process terms 

were shown. GO Biological Process terms were classified with GO_slim2 by single count by 

CateGOrizer (Hu et al., 2008). 
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Table 3-21. The downstream genes found in microarray analysis which can be associated with 

pain pathways and detection in ChIP-seq. -; the gene is not detected in ChIP-seq in Mut clones. 
+; the gene is detected in ChIP-seq in Mut clones 

Gene 
Symbol 

Microarray Detected 
in ChIP-

seq in 
Mut 

clones 

Note 

Fold Change (linear) / 
ANOVA p-value 

(Mut vs. Control) 

Fold Change (linear) / 
ANOVA p-value 

(WT vs. Control) 

CLU -8.13 / 0.000584  -  

PRKCA 
-5.5 / 0.020846 -5.73 / 0.08808 

+ High peaks in 5’ 
ends 

DPYSL5 4.91 / 0.001451  -  

NAV2 -2.17 / 0.018829 -2.9 / 0.020318 +  

SEMA3A -2.24 / 0.088998  +  

SEMA3C 
-10.31 / 0.00006 -8.57 / 0.054573 + High peaks in 5’ 

ends 

SEMA3D -4.45 / 0.006687  + High peaks in 5’ 
ends 

PLXNA2 
-6.17 / 0.006293  + High peaks in 5’ 

ends 

PLXNA4 -4.98 / 0.004769 -5.65 / 0.064101 +  

NRP1 -2.36 / 0.04868  -  

DKK2 -5.19 / 0.038431 -6.75 / 0.063094 + High peaks in 5’ end 

SCN9A 
-5.12 / 0.070101  

+ High peaks in 5’ 
ends 

 

  In summary, this ChIP-seq analysis helps further to identify genes that are directly 

regulated by ZFHX2. Further analysis could be beneficial to identify consensus binding sites or 

recognition motifs within the ChIP-seq peaks.  

 

3.5 DISCUSSION 

3.5.1 Summary of the results 

The principal aim of this project was to find whether the R1913K mutation in ZFHX2 

was the cause of the human pain insensitivity. We investigated: (1) how the mutation might 

alter the function of ZFHX2; (2) the role of the Zfhx2 gene in pain processing using mouse 

models; (3) ZFHX2 regulated genes and whether the R1913K mutation causes any changes in 

downstream gene expression compared to WT ZFHX2.  
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To address the first question, we expressed ZFHX2 in cell lines and studied the 

subcellular localization (3.4.1) and methylation status around residue 1913 using mass 

spectrometry (3.4.2). The HEK293 cells transfected with WT or Mut ZFHX2 constructs did 

not display any alteration of subcellular localization; both WT and Mut ZFHX2 were expressed 

within the nucleus (3.4.1). We successfully generated AD293 and SH-SY5Y stable cell lines to 

obtain large amounts of ZFHX2 protein (3.4.2II, 3.4.2III, 3.4.2IV). We then performed mass 

spectrometry analysis following the immunoprecipitation in the SH-SY5Y stable cell lines 

(3.4.2V). In spite of large amounts of ZFHX2 protein isolated from the stable cell line, we 

could not detect enough peptide fragments around residue 1913 to reveal the methylation 

status. Even so, the analysis showed R1913 in WT, and R1911 and K1913 in Mut did not 

appear to be methylated. Further analysis with higher amounts of protein is necessary to 

determine if the R1913K mutation alters the methylation status around the region. 

Next, we performed pain behavioural tests on both global Zfhx2 KO mice (3.4.3) and 

also BAC transgenic mice bearing the orthologous mutation (3.4.4). Behaviour tests on global 

Zfhx2 KO mice indicated that Zfhx2 is involved in pain perception; KO mice demonstrated a 

deficit in noxious mechanical sensitivity, but were more sensitive to thermal stimuli in the hot 

plate test. In addition, female KO mice tended to show less sensitivity to inflammatory pain in 

the formalin test. Behaviour tests on BAC transgenic mice bearing the orthologous mutation 

suggested the mutation could lead to the pain insensitive phenotype; the mice with high 

expression of mutant Zfhx2 displayed reduced sensitivity to thermal stimuli in both the hot 

plate and Hargreaves’ tests.  

For the third question, we performed microarray and ChIP-seq (chromatin 

immunoprecipitation sequencing) assays (3.4.5, 3.4.6). Differentially expressed genes in SH-

SY5Y stable cell lines or DRG from global Zfhx2 KO mice using microarray analyses identified 

numerous candidate genes that may contribute to the pain phenotype. ChIP-seq analysis using 

SH-SY5Y stable cell lines supported the involvement of some of these genes in pain pathways. 

Our results confirm that ZFHX2 is involved in pain pathways and that R1913K is a 

causative mutation that leads to a pain insensitive phenotype. ZFHX2 can regulate downstream 

gene expression and the R1913K mutation can alter the expression level of downstream genes. 

However, the pathological mechanism of the ZFHX2 missense mutation has not been fully 

uncovered yet.  
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3.5.2 Pain behaviour in animal model 

In this project, we used global Zfhx2 KO mice to study the role of Zfhx2 in pain and 

BAC transgenic mice bearing the orthologous mutation to explore whether R1913K is a 

causative point mutation leading to a pain insensitive phenotype. Table 3-22 shows the 

behaviour results addressed in this chapter. The global Zfhx2 KO mice showed a deficit in 

noxious mechanical sensitivity in the Randall-Selitto test, but they were more sensitive to 

noxious thermal (heat) stimuli compared to WT mice in the hot plate test. The BAC 

transgenic mice bearing the orthologous mutation with low copy numbers did not display any 

distinct acute pain behaviour from WT control. However, the mutant BAC transgenic mice 

with high copy numbers of the mutant BAC had markedly reduced sensitivity to noxious 

thermal stimuli in the hot plate (50℃) and Hargreaves’ tests. On the other hand, these mice 

did not show altered mechanical pain thresholds in the von Frey and Randall-Selitto tests. The 

present data indicates that Zfhx2 plays a role in pain pathways and the missense mutation could 

lead to pain insensitive phenotype. The open field test on the mutant BAC transgenic mice 

displayed high exploratory behaviour and low anxiety levels of the mutant mice, which are of 

the same tendency as global Zfhx2 KO mice (Komine et al., 2012). This may confirm Mut 

Zfhx2 is likely to function in the CNS and leads to low anxiety behaviour. Interestingly, it has 

been clinically experienced that anxiety exacerbate pain (Von Graffenried et al., 1977, Ploghaus 

et al., 2001). The low anxiety levels due to Mut Zfhx2 might also contribute to pain insensitive 

phenotype in mice, and furthermore, human patients might not claim pain partly because of 

this contribution. 

 The pain behaviour tests showed that the global Zfhx2 KO mice and mutant BAC 

transgenic mice have different pain phenotypes and may be explained by the missense mutation 

conferring a gain-of-function. Although the BAC transgenic mice were hyposensitive to heat, 

they displayed normal mechanical pain thresholds (unlike the human patients). There could be 

several reasons for why the mutant BAC transgenic mice did not show reduced sensitivity to 

mechanical stimuli. First, BAC transgenic mice have 2 wild-type alleles and the mutant Zfhx2 

expression relies on the BAC copy number in the mouse genome. Knock-in mice would have a 

more similar background to that of the human patients. Pain behaviour tests in knock-in mice 

may help to answer this technical issue. Secondly, downstream genes or expression of these 

genes altered by the mutant ZFHX2 could be different between mice and humans. The 

microarray data shows several genes appear to be controlled by ZFHX2 implying multiple 

genes contribute to the pain phenotype. Certain subtle differences in gene expression between 

mice and humans could lead to distinct effects on pain behaviour. Similarly, the dysregulation of 
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the downstream genes might require higher expression of mutant Zfhx2 than human mutant 

ZFHX2, leading to a distinct pain phenotype. Thirdly, considering several genes associated with 

neuronal development were dysregulated in the microarray analysis, the pain insensitive 

phenotype could develop at a later stage. The development might differ between mice and 

humans. In this study we have used the mice aged 8-15 weeks, but it might be interesting to 

test pain behaviour in older mice. Fourthly, the tissue distribution of Zfhx2 in mice and humans 

might affect the pain phenotype. Zfhx2 expression in the subpopulations of sensory neurons 

might differ between species. Recent RNA-seq data has highlighted a relatively high expression 

of Zfhx2 in small diameter DRG neurons in mice (Usoskin et al., 2015). Whether the same 

population of human neurons express ZFHX2 remains to be clarified. It is also worth noting 

that Zfhx2 is expressed in CNS regions, such as the thalamus (Komine et al., 2006). The 

thalamus is an important region for pain processing with the nociceptive information ascending 

from the spinal cord to the brain though several pathways and some of these pathways 

terminate at the thalamus (Basbaum and Jessell, 2000, Almeida et al., 2004). Several studies 

have suggested that gene expression in the thalamus may mediate pain perception; the 

expression of the several markers such as c-fos,  IL-1β and VGLUT2 that are considered to be 

closely related to pain are altered followed by surgeries that induce neuropathic pain (Wang et 

al., 2015, Vania Apkarian et al., 2006, Üçeyler et al., 2008, Narita et al., 2003). Taking these 

facts into account, we may presume the gene expression controlled by Zfhx2 in the thalamus 

could be involved in the pain phenotype. 
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Table 3-22. A summary of pain behaviour in global Zfhx2 KO mice and BAC transgenic mice bearing the orthologous mutation (BAC mutant). 

 0: No change, -: Reduced responses (less sensitive to stimuli), +; Increased responses (more sensitive to stimuli) 

Mechanical pain: Randall-Selitto test (RS), Light touch: Von Frey (vF) and Cotton Swab (CS), Thermal spinal reflex: Hargreaves’ test (HG), Supraspinal thermal: Hot 

plate test, Noxious cold: Cold plate test, Noxious cooling: acetone test (Ac), CFA: complete Freund's adjuvant, TPP; Thermal Place Preference, RR; Rotarod, OF; 

Open Field 

 

Transgenic mice Acute Pain Inflammatory Pain Other Results 

RS vF CS HG Hot plate Cold 

plate 

Ac Formalin CFA TPP RR OF 

Zfhx2 KO mice - 0 0 0 +  

(0; female 

at 55℃) 

 0 - (Phase I, 

female) 

 0 (4℃) 0 + (Figure 3-40, Figure 3-41, 

Figure 3-42, Figure 3-43) 

OF; (Komine et al., 2012) 

BAC mutant (low 

copy numbers) 

0 0 0 0 0 0 0  - (vF Day7), 

0 (HG) 
- (15℃) 0 + (Figure 3-44, Figure 3-45) 

BAC mutant (high 

copy numbers) 

0 0  - -        (Figure 3-47) 



 

 

231 

 

3.5.3 Downstream genes regulated by ZFHX2 and their role in pain 

The pain behaviour tests in global Zfhx2 KO and BAC transgenic mice suggested that 

Zfhx2 is involved in pain and the mutation could contribute to analgesic effects. Since ZFHX2 

can act as a transcription factor we aimed to understand which genes were regulated by 

ZFHX2 using microarray and ChIP-seq analyses. Table 3-23 is a summary of the genes 

addressed in the results section which are potentially associated with the pain phenotype in 

global Zfhx2 KO mice, mutant Zfhx2 mice or the human patients. These genes have been 

documented in pain studies; however, it should be also noted that some genes markedly 

regulated by ZFHX2 or Zfhx2, but not previously reported in the pain literature may also 

contribute to the pain behaviour. 

 

I. Association of downstream genes and pain behavioural phenotype 

Some of the genes addressed in Table 3-23 are interesting candidates that may help to 

explain the pain insensitivity. For example, a CLU inhibitor has been reported to relieve pain in 

patients with metastatic castration-resistant prostate cancer (Saad et al., 2011). The down-

regulation of CLU in Mut SH-SY5Y clones compared to control clones (eGFP) could support 

the idea that reduced expression of CLU by mutant ZFHX2 may contribute to the pain 

insensitive phenotype. Another down-regulated gene, NAV2, could also be important as mutant 

mice that carry a hypomorphic allele of Nav2 show attenuated thermal noxious sensitivity 

(Peeters et al., 2004). Of note, WT clones also showed marked down-regulation of NAV2, 

indicating that high levels of ZFHX2 itself might act like a gain-of-function mutation and alter 

the expression of NAV2. Another downregulated gene in the mutant cell lines, SCN9A, is also 

another obvious candidate (Minett et al., 2012, Gingras et al., 2014, Cox et al., 2006, Nassar et 

al., 2004).  

The microarray analyses in global KO mice and WT littermates also supports the idea 

of differentially expressed genes influencing the pain phenotype in KO mice. For example, 

decreased expression of Penk, a precursor of Leu- and Met-enkephalins, which are endogenous 

ligands of the δ-opioid receptor and μ-opioid receptor and well-studied innate pain-relievers 

(Chu Sin Chung and Kieffer, 2013), in KO mice might contribute to the thermal 

hypersensitivity observed. 
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Table 3-23. Potential downstream genes of ZFHX2 which could be involved in pain pathways.  

Gene Symbol (Description) 

Fold Change in microarray analysis 

Gene function in pain study 
SH-SY5Y stable cell line Mice DRG 

Mut vs. 

Control 

WT vs. 

Control 
KO vs. WT 

CLU (clusterin) -8.13   CLU inhibitor custirsen shows pain relief effect in clinical trial 

PRKCA (protein kinase C alpha) -5.5 -5.73  

•Prkca KO mice showed increased mechanical allodynia in neuropathic pain 

model 

• PRKCA is required for TRPV1 activation 

DPYSL5 (dihydropyrimidinase-like 5) 4.91   
Inhibiting the binding of CRMP2 (the same family of DPYSL5) to CaV2.2 results 

in supressed inflammatory and neuropathic hypersensitivity 

NAV2 (neuron navigator 2) -2.17 -2.9  
Less sensitivity to thermal noxious stimuli in hot plate test in mutant mice that 

carry a hypomorphic allele of Nav2 

SCN9A (voltage-gated sodium channel alpha 

subunit 9) 
-5.12   

•Scn9a KO mice show deficits in mechanical and thermal stimuli, inflammatory 

and neuropathic pain.  

• Loss-of-function mutations cause CIP. 

SEMA3A (semaphorin 3A) -2.24   •Sema3A overexpression attenuated NGF-induced mechanical allodynia in von 

Frey test.  

• Plexins are receptors of semaphorins. 

•  Intrathecal administration of Sema3A, in the spinal cord in CCI model 

attenuated mechanical allodynia and heat hyperalgesia, being accompanied by 

increased levels of Npr1. 

SEMA3C (semaphorin 3C) -10.31 -8.57  

SEMA3D (semaphorin 3D) -4.45   

PLXNA2 (plexin A2) -6.17   

PLXNA4 (plexin A4) -4.98 -5.65  

NRP1 (neuropilin 1) -2.36   

DKK2 (dickkopf WNT signalling pathway 

inhibitor 2) 
-5.19 -6.75  

• DKK2 is a Wnt inhibitor 

•  Wnt signalling in pain; eg. WNT–Frizzled–β-catenin pathway inhibitors 

attenuated allodynia  and hyperalgesia in CCI model 
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Trpv1 (transient receptor potential cation 

channel, subfamily V, member 1) 
  -1.51 

• Trpv1 is activated in response to capsaicin.  

• Trpv1 is responsible for noxious heat sensitivity. 

Penk (preproenkephalin)   -1.47 
• Precursor of opioid peptides, enkephalins, which are well studied innate pain-

relievers 

Htr3a (5-hydroxytryptamine (serotonin) 

receptor 3A) 
  -1.42 • Receptors for 5-HT (serotonin). 

•Antagonist of 5-HT3 receptors or 5-HT3 KO mice inhibited inflammatory pain 

responses 

Htr3b (5-hydroxytryptamine (serotonin) 

receptor 3B) 
 -1.94 -1.32 

Tac1 (tachykinin 1)   -1.39 

Deleting Tac1 in mice led to decreased noxious thermal and mechanical 

sensitivity and reduced responses to capsaicin-induced pain and formalin-

induced inflammatory pain in Phase I 

Lrp1 (low density lipoprotein receptor-related 

protein 1) 
-1.33  1.33 

The mice with the injection of a soluble or shed form of LRP1 showed 

decreased CCI-induced neuropathic pain, by inhibiting induction of 

inflammatory cytokines. 
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II. Technical limitations in the microarray and ChIP-seq analyses  

(1) Using cell lines for microarrays to explore dysregulated genes. 

We performed microarrays using SH-SY5Y stable cell lines to identify the genes 

dysregulated by Mut ZFHX2. The SH-SY5Y cells are a human neuronal cell line, which is a 

thrice cloned subline of SK-N-SH cells. SK-N-SH cells were originally obtained from a bone 

marrow biopsy of a neuroblastoma patient with sympathetic adrenergic ganglial origin (Biedler 

et al., 1973). Since this cell line is human derived, it may be beneficial to explore the 

downstream genes of human ZFHX2. However, a major disadvantage is that is not a sensory-

neuron derived cell line, and the gene expression changes may not be representative to those 

that may be observed in, for example, DRG tissue from knockin mice.  

(2) Diverse expression of ZFHX2 in each clone of SH-SY5Y stable cell line. 

Another limitation of the SH-SY5Y cell line work is that each clone showed different 

levels of ZFHX2 overexpression. The results of the real-time RT-qPCR to measure mRNA 

levels indicated that the expression levels ranged from 5 to 24 fold change for WT vs control 

clones and from 9 to 86 fold change for Mut vs control clones (Figure 3-33). Of note, even 

control clones (eGFP) express ZFHX2 at different levels, approximately 4 fold change between 

the lowest and highest expressing clones. This distinct expression may be problematic for 

analyses when it comes to selecting candidate genes as we may observe false positive results 

from ectopic activity. In this chapter all clones were included to analyse microarray data to 

help reduce the number of false positive results.  

(3) Using cell lines and tagged protein (V5) in ChIP-seq analyses. 

We also used the SH-SY5Y stable cell lines for ChIP-seq analyses. The advantages 

were that they were a human cell line in which we could purify high amounts of ZFHX2 using a 

ChIP-grade anti-V5 antibody. However, the major disadvantage of this strategy is that the 

ectoptic overexpression of ZFHX2 could have led to false-positive binding. In the future we 

plan to carry out ChIP-seq in DRG neurons from mutant mice, when a ChIP-grade anti-ZFHX2 

antibody has been developed. Of note since ChIP-seq needs large amount of cells and numbers 

of cells from mice are limited, ChIP-seq using DRG neurons might be difficult to perform. 

Some techniques have developed to solve this problem, such as ultra-low-input (ULI) 

micrococcal nuclease-based native ChIP (NChIP) (Brind'Amour et al., 2015). In this method, 
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approximately as few as 103-105 cells are required. It might be useful to test these scaled-down 

procedures of ChIP-seq when using DRG neurons from mice. 

Some genes listed in the microarray analysis and ChIP-seq using SH-SY5Y stable cell 

line might be affected by characteristic features of the cell line. For example, some genes have 

been documented in cancer studies. Clusterin has been well-known for its role in 

carcinogenesis and tumour progression (Shannan et al., 2006, Zhang et al., 2005a, Xiu et al., 

2015). Semaphorins and their receptors have been also well documented in cancer diseases 

(Sakurai et al., 2012, Neufeld and Kessler, 2008, Worzfeld and Offermanns, 2014). These genes 

could be an excellent drug target for pain as well as cancer therapy. Moreover, further 

development of these drug targets could be useful for cancer pain treatment. It should be also 

noted, however, that these genes might be dysregulated significantly due to the nature of the 

neuroblastoma derived cell. Further analysis using DRG neurons would be required for deeper 

understanding of downstream genes and pathological pathways of ZFHX2. 

 

3.5.4 Pathological mechanism of ZFHX2 missense mutation 

In this project, we aimed to investigate exactly how the missense mutation alters the 

function of ZFHX2. We explored two potential mechanisms: subcellular localization and 

arginine methylation. Immunofluorescence by FLAG and/or V5 tags fused onto ZFHX2 did not 

exhibit alteration of subcellular localization between the cells transfected with WT and Mut 

constructs. This result can indicate that subcellular localization was not a pathological 

mechanism capable of altering ZFHX2 function, although subtle differences in chromatin 

binding cannot be excluded. Secondly, we aimed to explore another potential cause, the 

alteration of arginine methylation(s) status. This idea is based on two factors: the importance 

of methylation on arginine and lysine residues in transcriptional activities, and the sequence 

motif over R1913. The structure of the Hox domain in ZFHX2 that binds to DNA also 

supports this hypothesis; arginine residues at R1911 and R1913 tend to be in proximity to 

DNA (Figure 3-15). This proximity suggests these arginine residues are likely to interact with 

the DNA. To explore this hypothesis, we successfully obtained sufficient amount of ZFHX2 

protein for mass spectrometry analysis using the WT and Mut SH-SY5Y stable cell line. In spite 

of having enough proteins to perform mass spectrometry, fragments around position 1913 

were not well detected; only 1 peptide and 2 peptides that cover position 1913 were detected 

from WT, and Mut clones, respectively (Figure 3-39). Only two fragments and none of the 

peptides were detected at the position 1911 in the Mut and WT clones, respectively (Figure 
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3-39). None of R1913(K) and R1911 detected in WT or Mut clones were methylated 

according to the analysis. 

Interestingly, a protein methylation prediction tool called MeMo illustrates altered 

methylation status in the motif over R1913. MeMo is based on all annotated methylated 

residues in SWISS-PROT version 48 (Chen et al., 2006). A prediction using MeMo indicates 

that R1911 can be methylated in the motif of R1913 (WT) whilst R1911 cannot be methylated 

in the motif of K1913 (Mut) (Figure 3-53). This prediction is consistent with our hypothesis 

that R1913K mutation may alter arginine methylation(s) status over the motif. The alteration 

of methylation status on R1911 appears to be also corresponding to its proximity to DNA 

(Figure 3-15). Lack of methylation due to the missense mutation R1913K could alter 

transcriptional activity of ZFHX2. Although the prediction seems to strengthen our hypothesis, 

we could not conclude if the methylation(s) status over the motif R1913, particularly R1911, 

was altered. The mass spectrometry analysis demonstrated that the methylation did not occur 

at R1911 in Mut clones. However, we could not detect any fragments over R1911 in WT 

clones. In this thesis, approximately ~70 million cells were used and 1-2 fragments over the 

mutation region were detected. Therefore 10 times more cells might give 10-20 fragments 

which would be sufficient to show the hypothesis. Further analysis using these higher amounts 

of protein is required. 

Another potential problem for few fragments around the mutation regions to could be 

selection of digestion enzymes. We divided the sample into two and used elastase and 

chymotrypsin respectively. Elastase is a nonspecific protease which preferentially cleaves at 

hydrophobic residues (Saveliev et al., 2012). In a study using Halobacterium and Corynebacterium 

peptides, over 82% for cleavage of alanine, valine, leucine, isoleucine, serine, and threonine in 

the P1 position by elastase (Rietschel et al., 2009). Chymotrypsin, whose structure is similar to 

trypsin and catalyses peptide bond cleavage by identical mechanisms to trypsin (Perona et al., 

1995), is a protease with a preference for aromatic and other hydrophobic residues (Saveliev 

et al., 2012). It has been reported that trypsin did not cleave C-terminally to methylated lysine 

or arginine (Ong et al., 2004). The cleavage sites for chymotrypsin have been reported as C-

terminal of phenylalanine, tyrosine, leucine, tryptophan and methionine (Giansanti et al., 2016). 

These insights suggested that chymotrypsin would be ideal for detecting arginine methylation, 

and elastase is not likely to disturb the regions over R1913K. However, the regions around the 

position 1900 have highly hydrophobic residues such as valine, tryptophan, phenylalanine and 

threonine where either of the protease we chose can cleave. Thereby one of the reasons why 

less numbers of fragments were detected around the mutation region could be high chance of 
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cleavage around the regions. It would be worthy to try combination of the other enzymes such 

as Glu-C which cleaves C-terminal of aspartic or glutamic acid residues (Giansanti et al., 2016), 

in order to increase the coverage of fragments around the target regions. 

 

 

Figure 3-53. Prediction of arginine/ lysine methylation using MeMo. R1911 is predicted to be 

methylated in WT while no methylation is predicted on R1911 in Mut.  

 

Pathological mechanisms of the missense mutation cannot be limited to arginine 

methylation(s) or the other post-translational modifications. The mutation R1913K is found in 

Hox domain which consists of three helical regions folded into a tight globular structure (Qian 

et al., 1989). This rigid structure enables Hox domains to bind DNA in a sequence-specific 

manner (D'Elia et al., 2001). Even without any post-translational modification changes, the 

missense mutation itself can change the structure and/or alter its function and downstream 

gene expression (D'Elia et al., 2001). The ChIP-seq analysis performed in this chapter could be 

useful to explore sequence motifs which WT or Mut are likely to bind, and distinct sequence 

motifs between WT and Mut might explain the pathological mechanisms if any differences are 

observed. Also, the mutation might alter the binding abilities to coactivators and/or 

corepressors which can influence transcription of downstream genes. The combination of mass 

spectrometry technologies with co-immunoprecipitation may allow discovering discrete 

protein complexes with ZFHX2 potentially involved in transcription of downstream genes. 

Deeper understanding of pathological mechanisms may lead to discovering novel therapeutic 

targets and contributing to effective pain therapies. 
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3.5.5 Future studies 

Several areas remain to be investigated further, for instance: (1) some additional pain 

behaviour tests in mice; (2) pathological mechanisms of the mutation; (3) target genes for 

future pain therapies. 

We have used BAC transgenic mice to explore if the mutation is the cause of pain 

insensitive phenotype. In this model, the pain phenotype strongly depended on the expression 

levels of the mutant Zfhx2 since the mice with low copy numbers did not show any acute pain 

phenotype whilst the mutant mice with high copy numbers demonstrated reduced sensitivity 

to noxious thermal stimuli. On the contrary, no significant change was observed in mechanical 

stimuli in these mice. This pain phenotype does not seem to be consistent with the pain 

behaviour in human patients. Additional tests using knock-in mice would be needed to explore 

this matter. Also, inflammatory and neuropathic pain models would be interesting to 

investigate. Considering the results of the formalin test on global Zfhx2 KO and CFA models 

on the mutant BAC transgenic mice, Zfhx2 seems to be involved in inflammatory pain. More 

evidences using knock-in mice or BAC transgenic mice with high expression of Mut Zfhx2 are 

needed to confirm the association of Zfhx2 and the mutation on inflammatory pain.  

Pathological mechanisms still remain terra incognita. We found no subcellular 

localization change in the Mut ZFHX2. However, the alteration of arginine methylation(s) 

status over the motif R1913K was elusive since the peptides around the R1913K region were 

not well detected. Another analysis with higher amount of protein would be necessary to 

confirm our arginine methylation hypothesis. It will also be interesting to perform a detailed 

analysis of the sequence motifs which WT or/and Mut ZFHX2 bind to in the ChIP-seq analysis. 

Further investigations of any transcriptional coregulators by coimmunoprecipitation will also 

be useful. 

The microarray and ChIP-seq analysis performed in this project provided downstream 

genes which ZFHX2 can regulate, some of which may be useful analgesic drug targets, although 

possibly more than one gene could be involved. To refine this list, further experiments are 

needed. First, microarray analysis of DRG from mutant BAC transgenic mice or knock-in mice 

should be performed to understand dysregulated genes by the mutant Zfhx2 in DRG. Secondly, 

it would be interesting to explore the downstream genes in the CNS, such as the thalamus or 

midbrain. Thirdly, ChIP-seq analysis using mutant and WT mice DRG and Zfhx2 antibodies 

would be useful to explain the mechanisms, although it is technically difficult. 
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3.6 CONCLUSION 

The principal aim of this project was to prove whether the R1913K mutation in ZFHX2 

was the cause of the human pain insensitivity. We investigated (1) How the mutation might 

alter the function of ZFHX2; (2) the role of Zfhx2 gene in pain processing using mouse models; 

(3) the genes regulated by ZFHX2 and whether the R1913K mutation resulted in changes in 

gene expression. We discovered that: (1) subcellular localization of wildtype and mutant 

ZFHX2 is the nucleus; (2) Zfhx2 is involved in pain and the mutation reduces noxious thermal 

sensitivity; (3) several downstream genes may contribute to the pain phenotype. However, 

several matters are still unclear. We could not confirm if the arginine methylation status over 

R1913K is altered; further analysis is required to clarify this. Although we found the mutant 

mice showed attenuated noxious thermal sensitivity, mechanical sensitivity was not altered. 

This phenotype is not consistent with the one in human patients; further behavioural tests 

using knock-in mice would be useful to answer this question. Although a deeper understanding 

of functions and mechanisms of ZFHX2 is still necessary, the present data suggests this gene 

plays a critical role in pain perception.   
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4 IDENTIFICATION OF A NOVEL PAINFUL SMALL FIBRE NEUROPATHY GENE 

4.1 INTRODUCTION 

Neurodegenerative disorders, in which there is damage or death to specific subsets of 

neurons, are often closely correlated with pain (Przedborski et al., 2003, Borsook, 2012). 

Peripheral neuropathies, which are examples of neurodegenerative disorders, are one of the 

major causes of chronic pain or, conversely, pain insensitivity (Bennett and Woods, 2014). 

Some of these are hereditary peripheral neuropathies which are classified into three groups; 

hereditary motor neuropathies, hereditary motor and sensory neuropathies, and hereditary 

sensory and autonomic neuropathies (HSANs) (Rotthier et al., 2012). Several genes have been 

linked to HSANs; these include SCN11A encoding Nav1.9 (Leipold et al., 2013, Woods et al., 

2015), NGF encoding nerve growth factor beta (Einarsdottir et al., 2004, Carvalho et al., 2011), 

and ATL1 encoding atlastin GTPase1 (Guelly et al., 2011), associated with HSAN VII, HSAN V, 

HSAN I, respectively (Table 4-1).  

HSANs comprise a heterogeneous group of inherited neuropathies that 

disproportionately affect small- and large-fibre sensory neurons. Small fibre neuropathies 

(SFNs) are restricted to the thinly myelinated Aδ-fibres and unmyelinated C-fibres 

(Hoeijmakers et al., 2012). Patients diagnosed with SFN experience multiple types of pain, 

described predominantly as a burning sensation, shooting pains, prickling or itching (Gorson et 

al., 2008, Holland et al., 1998). In general, the diagnosis should be considered in the presence 

of symptoms and/or clinical signs of small-fibre damage and in the absence of large-fibre 

involvement. Symptoms include neuropathic pain, autonomic dysfunction, loss of pinprick 

sensation, thermal sensory loss, allodynia, or hyperalgesia. Large fibre involvement can cause 

muscle weakness, loss of light touch and/or proprioceptive or vibratory sensation, hypoflexia, 

or areflexia (Hoeijmakers et al., 2012). Table 4-2 demonstrates the symptoms seen in the SFNs 

(Hoeijmakers et al., 2012). Some of the well-known causes underlying SFNs are diabetes and 

alcohol abuse. On the contrary, ion channel dysfunctions are also linked to SFNs; dysfunctions 

of VGSCs caused by mutations within SCN9A, SCN10A, and SCN11A encoding Nav1.7, Nav1.8 

and Nav1.9 respectively have been documented to be associated with SFNs (Faber et al., 

2012a, Faber et al., 2012b, Huang et al., 2013, Han et al., 2015). 
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Table 4-1. Overview of HSAN subtypes and genes linked to HSANs. ‡Congenital onset in one 

patient with hypotonia, cataracts, microcephaly and vocal cord paralysis. §Childhood onset in 

one patient. Abbreviations: CMT2B, Charcot–Marie–Tooth syndrome type 2B; HSAN, 
hereditary sensory and autonomic neuropathy. (Rotthier et al., 2012) 

Subtype Gene or 

locus 

Clinical features Age at 

onset 

Diseases showing autosomal dominant inheritance 

HSAN-I SPTLC1 Loss of pain and temperature sensation; 

lancinating pain; ulcerative mutilations; variable 

distal motor involvement 

Adolescence‡ 

HSAN-I SPTLC2 Loss of pain and temperature sensation; 

lancinating pain; ulcerative mutilations; variable 

distal motor involvement 

Adulthood§ 

HSAN-I ATL1 Severe distal sensory loss and amyotrophy in 

lower limbs; trophic skin and nail changes; 

ulcerative mutilations 

Adulthood 

CMT2B RAB7A Loss of all somatosensory modalities; ulcerative 

mutilations; prominent distal motor involvement 

Adulthood 

HSAN-I 

with 

dementia 

and hearing 

loss 

DNMT1 Loss of all somatosensory modalities; lancinating 

pain; ulcerative mutilations; sensorineuronal 

hearing loss, dementia 

Adulthood 

HSAN-IB 3p24–

p22 

Sensory loss with cough and gastroesophageal 

reflux; foot ulcerations (rare) 

Adulthood 

Diseases showing autosomal recessive inheritance 

HSAN-II WNK1 Loss of pain, temperature and touch sensation; 

mutilations in hands and feet; acropathy 

Childhood 

HSAN-II FAM134B Impaired nociception and progressive mutilating 

ulceration of hands and feet with osteomyelitis 

and acro-osteolysis 

Childhood 

HSAN-II KIF1A Impaired position and vibration senses; ulcerative 

mutilations; minor distal weakness 

Childhood to 

adolescence 

HSAN-III IKBKAP No response to painful stimuli and temperature 

changes; alacrima; absence of fungiform papillae 

of the tongue; vasomotor instability and 

hyperhidrosis 

Congenital 

HSAN-IV NTRK1 No (or reduced) response to painful stimuli; 

anhidrosis; episodic fever; mild mental 

retardation; skin and corneal lesions; joint 

deformities 

Congenital 

HSAN-V NGFB Insensitivity to pain; severe loss of deep pain 

perception; painless fractures; joint deformities 

Congenital 

HSAN with 

spastic 

paraplegia 

CCT5 Loss of all somatosensory modalities; mutilating 

acropathy; spastic paraplegia 

Early 

childhood 
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Table 4-2. Symptoms of small-fibre neuropathy. For the diagnosis of small-fibre neuropathy, at 

least two of the following symptoms, not otherwise explained, are required (Hoeijmakers et al., 
2012). 

Sensory Autonomic 

■Pain (burning, shooting, prickling or 

itching)  

■Paraesthesias  

■Allodynia  

■Thermal sensory loss  

■Pinprick loss  

■Sheet or sock intolerance  

   ■Restless legs syndrome 

■Sicca syndrome  

■Accommodation problems  

■Hyperhidrosis or hypohidrosis  

■Micturition disturbances  

■Impotence and/or diminished ejaculation 

or lubrication  

■Bowel disturbances (constipation, 

diarrhoea, irritability, gastroparesis, 

cramps)  

■Hot flushes  

■Orthostatic dizziness  

  ■Cardiac palpitations 

 

This project aims to find a possible pathological cause of pain in a patient suffering from 

swollen red burning knees after exposition to heat (Figure 4-1). Skin biopsy of the knee in this 

patient showed reduced nerve fibres whereas nerve fibres in a skin biopsy from the back were 

within the normal range. The patient also suffers from a secondary erythromelalgia-like (EM) 

phenotype, with redness of the skin associated with the burning pain in the knee (1.1.5V.i). We 

also found similar symptoms in the family members of the patient;  the patient’s father does 

report pain, swelling and redness of both knees upon physical exertion such as walking 

downhill.The symptoms started in adult age. The patient’s grandmother (the father’s mother) 

does also report pain, swelling and occasionally also redness of both knees upon exertion. The 

symptom started at a relatively young age. The symptoms of these relatives appear to be 

similar to those reported by the patient but less distinct. Also, the cousin (the father’s sister’s 

son) is reported to have a recurring red ear syndrome (swelling and pain of the right ear). Of 

note, he is suffering from severe intractable epilepsy and mental retardation after encephalitis 

of unknown etiology at the age of 3 years. As discussed above, several genes are already 

known to be the underlying cause of SFNs, peripheral neuropathies and EM. We therefore 

aimed to investigate if this disorder is caused by a mutation within a gene, leading to SFNs and 

EM. We first attempted to identify whether any mutations are linked to SCN9A since this gene 

has been known to be a major cause of SFNs and IEM (1.1.5V.i, 1.1.5V.iv). Secondly, exome 

sequencing was performed to identify any potential causative mutations in other genes. We 

found three novel point mutations which are likely to be pathogenic; in CWC22, TMEM8B and 

ATL3 (atlastin GTPase 3). These mutations result in an amino acid change, aspartic acid to 

tyrosine in CWC22, proline to serine at position 148 in TMEM8B and proline to leucine in 
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ATL3, respectively. We confirmed these mutations in the proband by Sanger sequencing. 

These findings, if proven to be the causative mutation, is the first report of CWC22, TMEM8B  

or ATL3 as a cause of painful small fibre neuropathy.  

 

Figure 4-1. A picture of the patient’s knee (taken by Dr. Thomas Tölle and Dr. Isabel Voth at 

Universität München in Germany) 

 

4.2 AIMS OF THE PROJECT 

The aim of this project is to identify a causative mutation in a patient who was diagnosed 

with SFN and an associated EM-like phenotype. To investigate the potential causative mutation, 

the coding exons and intronic splice sequences of SCN9A were firstly screened by Sanger 

sequencing. Secondly, whole-exome sequencing was performed. Thirdly, further analysis was 

performed to rank the novel variants in terms of their likely pathogenicity. Finally, Sanger 

sequencing was conducted to validate the existence of the novel mutations identified in 

CWC22, TMEM8B  and ATL3. 
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4.3 METHOD 

4.3.1 Subject and clinical phenotype 

A male patient (born in 1988) was referred to the Wood lab by Dr. Thomas Tölle and 

Dr. Isabel Voth (Universität München in Germany) after complaining of swollen red burning 

knees (on the left more than on the right side) after being exposed to heat. The symptoms 

first started in 2009/10 (left knee) and 2011/12 (right knee) respectively with an oedema after 

hard physical work. Due to retropatellar cartilage damage, the patient received an autologous 

cartilage transplantation in the left knee in January 2010. This did not lead to a clinical 

improvement although the left knee MRI scan result eleven months later was unremarkable. 

The MRI of the right knee in December 2013 also revealed marked cartilage damage without 

signs of arthritis and without contrast medium uptake. Laboratory parameters including 

leukocytes, CRP, blood count were within the normal range including no signs of lyme disease. 

A skeletal scintigraphy in January 2014 and an examination in the Rheumatological department 

were inconspicuous. Skin biopsy (left knee and paravertebral Th8 on the right side) revealed 

reduced nerve fibres in the knee whereas nerve fibres in the back were within the normal 

range. The knees were the unique manifestation areas. Family history of the phenotype was 

negative and there were no pre-existing diseases and the patient did not take regular 

medications apart from omeprazol 20 mg/d because of oesophageal reflux disease. Intravenous 

lidocaine ameliorated the pain from Numerical rating scale (NRS) 5/10 to 1-2/10. There was a 

questionable weak response to carbamazepine. Medication with oral corticoids, ibuprofen, 

voltaren, pregabalin, amitriptylin, lidocaine patch or ASS 100 mg/d remained ineffective. 

Application of cold and Swedish bitters lead to an improvement of pain for 2-3 hours. 

 

4.3.2 gDNA extraction 

Performed by Dr. James Cox, WIBR, UCL 

Informed consent was taken from the patient prior to genetic analysis at UCL. A blood 

sample from the patient was collected and stored in dry ice by Dr. Isabel Voth at Universität 

München in Germany and shipped to the UK. The gDNA was extracted using a QIAamp Blood 

Midi Kit (Qiagen, 51183), according to the manufacturer’s instructions. The extracted gDNA 

was kept at 80℃ for long-term and -20℃ for short-term storage.  
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4.3.3 Mutation detection for SCN9A 

We initially aimed to find mutations in SCN9A since it is known to be a major cause of 

small fibre neuropathy (1.1.5V.iv). Total genomic DNA (gDNA) isolated from the patient’s 

blood sample was used to screen for mutations. The gDNA was amplified using the following 

primer pairs (Table 4-3) and mixtures: 5 µl of 5x colourless GoTaq buffer (Promega, M7801), 

2.5 µl of 25mM magnesium chloride (Promega, M7801), 0.5 µl of 10mM dNTPs (KAPA 

Biosystems, KK1017), 0.125 µl of GoTaq G2 Flexi DNA Polymerase (Promega, M7801) and 1ul 

of 25 ng/µl gDNA (or 1 µl of water as a negative control), 0.5 µl of each forward and reverse 

primer (10 µM) and nuclease free water to fill up to 25 µl/ reaction. The cycling conditions 

were: 3 min at 95°C, 35 cycles of 30 sec at 94°C, 30 sec at 55°C and 30 sec at 72°C and 5 min 

at 72°C for final extension. The PCR products were checked with agarose gel electrophoresis. 

To remove and dephosphorylate unused primers and dNTPs, 0.25 µl of exonuclease I and 0.5 

µl of Shrimp Alkaline Phosphatase were added into the PCR products and incubated for 30 

min at 37°C and 20 min at 80°C. Following this clean-up step, the PCR products were Sanger 

sequenced to screen for mutations using the primers stated in Table 4-3.  

Table 4-3. Primer pairs for SCN9A mutation screening. (Cox et al., 2006) 

Coding 
Exon 

Forward primer (5’-3’) Reverse primer (5’-3’) PCR 
product

s (bp) 

1 CCTTTCTTGGCAGGCAAAT AAGCCAACAGAAACTGACCA 400 

2 AGATGCGTTGATGACATTGG CCAGAGTCTTTCAAGGTGCAA 377 

3 TTCAAAGAGACAAAATAGTCTACAAGC CTGGCAGGAAAAGGAAAGG 295 

4 AAGTTATAAAGATTTACATGGTGGTTG ACCCCAGAGGTTTGCTGTTA 283 

5 GAAGCCCCAAACGTAGAAAA TCTTTCTTTCAAAAGATCAAAGTCA 444 

6 AGGTTACTTAAGGTCATTGATTTGA AAAAGAGAGCAATGTTTTTAGCA 390 

7 GGACCAGGCCTGAATTTGTA TGCAAACTGACTGAACATTCTTT 247 

8 TCCCCCTATAGAAGAAACCTTGA GAGTTTCCTCCATTCTCAAATAAA 353 

9 CAGATTTGCTCATGCCTGTC TCTAGCTGGAGAAGGCCAAG 386 

10 TCATTGTGTAAAGAAAACGATCA AAGACATTTTTCTCTAGCATTCTGC 498 

11 GCCAGTGGGTTCAGTGGTAT GCCATGCCTGAGCTATGTAA 488 

12 TTGAACCCAGCAATCTAGGC TGTGCCTATTTAAGGTTGACCA 330 

13 TTTCAATATTAGAATGCCTGACTGA TGAAATGACAATGATGACAACTAAAA 396 

14 TGATGAGCACTGACAGGACA TGCAAAACCAAAGAAATACCC 467 

15 TGCTTTACCCTTTGAACAAAAA CATCACAAAATAATTTCCACAGAGA 500 

16 CCTGTCTCCCTATTTCTCTACCC TGCAATGTTAAGAAGAACTTATGACAA 621 

17 TTTTTCATAATACTTTGCATGAGTCTG CGTTAAGACAAACCCCAGAA 291 

18 TGAGGGAGTATCACAGAAAGCA AGGTAAAACAACTTGCCATGA 348 

19 CAGCTGGCCCATGTCAATA TTCACAACACACAGTAAGAATAAATCC 356 

20 TGTTGAGTTGCTTTTAGTGAGTTT TCATAATTTCTACATACCCATTGTTTT 300 

21 TGTCTGCATGGCATTTCTTT AAGAATAACTTATATCCTTCGTCCAA 431 

22 CAGACAAAACTCTGTTTATGGCTATT TGAGTCCCAAGGGCTTCAT 228 

23 CCTCAACAATGCTATGGCTTC TTGTTTTCTGTGCAAAAATGAAT 463 

24 CTGTGTTTGGAGACCCATGTT TCCAGAAATTAAAGATGTGCATT 378 

25 ATTCCTCGACCAGGGGTAAA TTCAGCATATACTTCCTTGAGCA 498 

26A TTGAATTCATAAGAAATGAGTTGACA CAGTCGGGTGGCTTACTGTT 476 

26B GACCTTTGGCAACAGTATGATT TTTGGAAGGATTTGCAGACA 577 

26C ACCGGATCCATTGTCTTGA ACAGGCTGTAAACAATATATCAAAAA 500 
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4.3.4 Whole-exome sequencing 

Whole-exome sequencing was carried out by BGI TECH SOLUTIONS 

(HONGKONG) CO., LIMITED using the Agilent SureSelect Human All Exon 50Mb V5 kit with 

sequencing performed on the Illumina HiSeq4000 with a 100x mean depth coverage. 

Sequencing data was analysed according to a custom pipeline in the laboratory of Dr Jose Bras 

(Institute of Neurology, UCL) with the aim of identifying novel variants not previously 

identified in public polymorphism databases. Briefly, sequence alignment and variant calling was 

performed against the reference human genome assembly (hg19) by using the Burrows-

Wheeler Aligner (Li and Durbin, 2009) and the Genome Analysis Toolkit (DePristo et al., 2011, 

McKenna et al., 2010). Format conversion and indexing were performed with the Picard 

software. Single nucleotide variants and small insertions and deletions were checked against 

established databases (1000 Genomes Project and dbSNP v.142). Then, variants were further 

checked using the ExAC browser, dbSNP v.147 and Kaviar 

(http://db.systemsbiology.net/kaviar/). The protein coding effects of variants was predicted 

using SIFT (http://sift.jcvi.org/www/SIFT_enst_submit.html), Polyphen2 

(http://genetics.bwh.harvard.edu/pph2/), Provean (http://provean.jcvi.org/seq_submit.php) and 

M-CAP (http://bejerano.stanford.edu/mcap/)(Jagadeesh et al., 2016). The location of the amino 

acid was predicted using SMART (http://smart.embl-heidelberg.de/). Splicing changes were 

analysed using the NNSPLICE Splice Site Predictor 

(http://www.fruitfly.org/seq_tools/splice.html). Novel variants were verified by Sanger 

sequencing (4.3.5).  

 

4.3.5 Mutation detection for ATL3, CWC22 and TMEM8B 

To verify the exome sequencing results, the ATL3 and CWC22 mutation regions were 

amplified with the above protocol (4.3.3) using the following primers and cycling conditions: 

ATL3 Forward; GAATACTTTGCTAAAAAGGCCATAG 

ATL3 Reverse; CACAGAGCTTACTTTTTAAGCGATT 

CWC22 Forward; CCCTACTCATTTCATTTAGATAGCA 

CWC22 Reverse; TGAAGAGGAAGAGGATGGG 

http://provean.jcvi.org/seq_submit.php
http://smart.embl-heidelberg.de/
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3 min at 95°C, 35 cycles of 30 sec at 94°C, 30 sec at 53.4°C (ATL3)  or 52°C (CWC22) and 30 

sec at 72°C and 5 min at 72°C for final extension. To verify the mutation within TMEM8B, the 

region was amplified using the following primer pair and mixture; 12.5 µl of 2x PremixJ 

(epicentre FSP995J), 0.125 µl of GoTaq G2 Flexi DNA Polymerase (Promega, M7801) and 1ul 

of 25 ng/µl gDNA (or 1 µl of water as a negative control), 0.5 µl of forward and reverse 

primer (10 µM) and nuclease free water to fill up to 25 µl/ reaction. The cycling condition was: 

2 min at 95°C, 35 cycles of 30 sec at 95°C, 1min at 63.5°C and 40 sec at 72°C and 5 min at 

72°C for final extension.  

 TMEM8B Forward; CTGCGCACTCCCCTACTCCC 

 TMEM8B Reverse; GATGGAATGGAGGAATGATAGGC 

The PCR product (~450bp for ATL3, ~470bp for CWC22 and ~550bp for TMEM8B) was 

checked with QIAxcel Screen gel (Qiagen) and cleaned-up using the EXOSAP protocol 

described above (4.3.3). The PCR product was Sanger sequenced to verify the mutation using 

the same primer pairs for amplification stated above. 

 

4.4 RESULTS 

4.4.1 Novel variants are absent in SCN9A 

gDNA extraction was performed by Dr. James Cox at Molecular Nociception Group, WIBR, UCL. All 

the other procedures were performed by myself. 

We considered that the cause of small fibre neuropathy with associated 

erythromelalgia at the knee in this patient could be linked to a mutation in SCN9A, since this 

gene is known to be associated with IEM and SFN (Faber et al., 2012a, Yang et al., 2004) 

(1.1.5II). We therefore attempted to perform Sanger sequencing for this gene. Genomic DNA 

was used as template to amplify all the coding exons and flanking intronic splice site sequences. 

A single band was observed by electrophoresis from each reaction, but not in the negative 

control in which gDNA was not added (Figure 4-2). These PCR products were Sanger 

sequenced and compared to reference sequence using BLAST2sequences 

(https://www.ncbi.nlm.nih.gov/blast). No novel variants were identified. 

https://www.ncbi.nlm.nih.gov/blast
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Another potential causative mutation could be in SCN10A and SCN11A encoding 

Nav1.8 and Nav1.9 respectively since these genes are also linked to SFN (Faber et al., 2012b, 

Huang et al., 2013, Han et al., 2015b) (see 1.1.5V.iv). In addition, several genes have been 

documented as a cause of peripheral neuropathies (Bennett and Woods, 2014, Rotthier et al., 

2012) (see 4.1), indicating that a potential causative mutation might be linked to not only 

VGSCs, but also other genes. We therefore decided to perform whole-exome sequencing to 

identify the causative mutation in this patient. 

 

Figure 4-2. Agarose gel electrophoresis of PCR products using SCN9A primer pairs. Ex1 stands 

for PCR products using the primer pair to amplify exon 1. +/+ gDNA; gDNA was added to 
amplify. -/ -ve control; negative control without gDNA.  

 

4.4.2 Three potential causative mutations identified by exome sequencing 

Whole-exome sequencing was carried out by BGI TECH SOLUTIONS (HONGKONG) CO., LIMITED. 

The exome sequence data was initially analysed by Dr. Jose Bras (Institute of Neurology, UCL). Further 

checking the variants in established database and shortlisting the novel variants were performed by 

myself. 

Whole-exome sequencing was performed to identify potential mutations that could be causing 

this painful phenotype. The exome sequence data was analysed by Dr Jose Bras according to a 

custom pipeline and several novel variants were identified (seeTable 4-4). 



 

 

 

2
4
9 

Table 4-4. The list of potential novel variants identified by whole-exome sequencing. 

Chro

moso

me 

Position REF ALT Gene name Full name Annotation Accession number 
cDNA 

change 
Protein change 

1 32678146 C T DCDC2B doublecortin domain containing 2B missense_variant ENST00000409358 c.583C>T p.His195Tyr 

1 55182327 A G TTC4 tetratricopeptide repeat domain 4 missense_variant ENST00000371281 c.166A>G p.Arg56Gly 

1 55525220 C T PCSK9 
proprotein convertase 

subtilisin/kexin type 9 
missense_variant ENST00000302118 c.1565C>T p.Ala522Val 

1 94344698 C T DNTTIP2 
deoxynucleotidyltransferase, 

terminal, interacting protein 2 
missense_variant ENST00000436063 c.7G>A p.Val3Ile 

2 27726455 A G GCKR 
glucokinase (hexokinase 4) 

regulator 
missense_variant ENST00000264717 c.719A>G p.Gln240Arg 

2 31152344 C G GALNT14 

UDP-N-acetyl-alpha-D-

galactosamine:polypeptide N-

acetylgalactosaminyltransferase 14  

missense_variant ENST00000324589 c.1083G>C p.Lys361Asn 

2 44507970 A C SLC3A1 

solute carrier family 3 (amino acid 

transporter heavy chain), member 

1 

missense_variant ENST00000260649 c.546A>C p.Glu182Asp 

2 88890379 A G EIF2AK3 
eukaryotic translation initiation 

factor 2-alpha kinase 3 
missense_variant ENST00000303236 c.959T>C p.Met320Thr 

2 125622894 G T CNTNAP5 contactin associated protein-like 5 missense_variant ENST00000431078 c.3226G>T p.Val1076Phe 

2 180815616 C A CWC22 
CWC22 spliceosome-associated 

protein homolog (S. cerevisiae) 
missense_variant ENST00000295749 c.1855G>T p.Asp619Tyr 

2 233498472 G A EFHD1 EF-hand domain family, member D1 missense_variant ENST00000264059 c.58G>A p.Glu20Lys 

3 49041656 G T P4HTM 
prolyl 4-hydroxylase, 

transmembrane  
stop_gained ENST00000343546 c.850G>T p.Glu284* 
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3 183756161 C A HTR3D 
5-hydroxytryptamine (serotonin) 

receptor 3D, ionotropic 
missense_variant ENST00000382489 c.884C>A p.Ala295Glu 

4 39558151 A G SMIM14 small integral membrane protein 14 missense_variant ENST00000295958 c.164T>C p.Met55Thr 

4 88535521 T A DSPP dentin sialophosphoprotein missense_variant ENST00000282478 c.1707T>A p.Ser569Arg 

6 16327911 G T ATXN1 ataxin 1 missense_variant ENST00000244769 c.631C>A p.His211Asn 

6 16327914 G T ATXN1 ataxin 1 missense_variant ENST00000244769 c.628C>A p.Gln210Lys 

6 16327917 G T ATXN1 ataxin 1 missense_variant ENST00000244769 c.625C>A p.His209Asn 

6 17601035 A G FAM8A1 
family with sequence similarity 8, 

member A1 
missense_variant ENST00000259963 c.395A>G p.His132Arg 

6 17601040 G A FAM8A1 
family with sequence similarity 8, 

member A1 
missense_variant ENST00000259963 c.400G>A p.Gly134Ser 

6 17601041 G T FAM8A1 
family with sequence similarity 8, 

member A1 
missense_variant ENST00000259963 c.401G>T p.Gly134Val 

6 17601044 T C FAM8A1 
family with sequence similarity 8, 

member A1 
missense_variant ENST00000259963 c.404T>C p.Leu135Pro 

6 17601058 G A FAM8A1 
family with sequence similarity 8, 

member A1 
missense_variant ENST00000259963 c.418G>A p.Ala140Thr 

7 781078 A C HEATR2 HEAT repeat containing 2 missense_variant ENST00000297440 c.1000A>C p.Thr334Pro 

7 100616336 G A MUC12 mucin 12, cell surface associated stop_gained ENST00000379442 c.299G>A p.Trp100* 

7 100616338 A G MUC12 mucin 12, cell surface associated missense_variant ENST00000379442 c.301A>G p.Met101Val 

7 100616344 G A MUC12 mucin 12, cell surface associated missense_variant ENST00000379442 c.307G>A p.Gly103Arg 

7 150934746 A T CHPF2 chondroitin polymerizing factor 2 missense_variant ENST00000035307 c.1298A>T p.Tyr433Phe 

8 55541954 C T RP1 
retinitis pigmentosa 1 (autosomal 

dominant) 
missense_variant ENST00000220676 c.5512C>T p.Arg1838Cys 

8 77618788 A G ZFHX4 zinc finger homeobox 4 missense_variant ENST00000521891 c.2465A>G p.Gln822Arg 

9 12695536 T A TYRP1 tyrosinase-related protein 1 stop_gained ENST00000388918 c.407T>A p.Leu136* 

9 35846323 C T TMEM8B transmembrane protein 8B missense_variant ENST00000377988 c.442C>T p.Pro148Ser 
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9 132571650 A C TOR1B 
torsin family 1, member B (torsin 

B) 
missense_variant ENST00000259339 c.799A>C p.Lys267Gln 

9 140130633 T C SLC34A3 

solute carrier family 34 (type II 

sodium/phosphate contransporter), 

member 3 

missense_variant ENST00000361134 c.1565T>C p.Val522Ala 

10 30653870 A C MTPAP mitochondrial poly(A) polymerase missense_variant ENST00000358107 c.312T>G p.Cys104Trp 

11 1017024 T A MUC6 
mucin 6, oligomeric mucus/gel-

forming 
missense_variant ENST00000421673 c.5777A>T p.His1926Leu 

11 1018248 G A MUC6 
mucin 6, oligomeric mucus/gel-

forming 
missense_variant ENST00000421673 c.4553C>T p.Thr1518Ile 

11 1018272 C G MUC6 
mucin 6, oligomeric mucus/gel-

forming 
missense_variant ENST00000421673 c.4529G>C p.Ser1510Thr 

11 1018281 C A MUC6 
mucin 6, oligomeric mucus/gel-

forming 
missense_variant ENST00000421673 c.4520G>T p.Ser1507Ile 

11 1018303 G A MUC6 
mucin 6, oligomeric mucus/gel-

forming 
missense_variant ENST00000421673 c.4498C>T p.Pro1500Ser 

11 13408154 C G ARNTL 
aryl hydrocarbon receptor nuclear 

translocator-like 
missense_variant ENST00000403290 c.1732C>G p.His578Asp 

11 22364859 A T SLC17A6 
solute carrier family 17 (vesicular 

glutamate transporter), member 6 
missense_variant ENST00000263160 c.406A>T p.Ile136Phe 

11 62288795 T C AHNAK AHNAK nucleoprotein missense_variant ENST00000378024 c.13094A>G p.Asp4365Gly 

11 63413986 G A ATL3 atlastin GTPase 3 missense_variant ENST00000332645 c.692C>T p.Pro231Leu 

11 64056685 A C GPR137 G protein-coupled receptor 137 missense_variant ENST00000411458 c.1276A>C p.Thr426Pro 

11 64693249 T C PPP2R5B 
protein phosphatase 2, regulatory 

subunit B', beta 
missense_variant ENST00000164133 c.43T>C p.Ser15Pro 

11 78387405 C T TENM4 teneurin transmembrane protein 4 missense_variant ENST00000278550 c.5288G>A p.Gly1763Glu 

11 85437941 T A SYTL2 synaptotagmin-like 2 missense_variant ENST00000359152 c.1131A>T p.Glu377Asp 

12 27933640 G A KLHL42 kelch-like family member 42 missense_variant ENST00000381271 c.377G>A p.Arg126Gln 
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12 65456282 C T WIF1 WNT inhibitory factor 1 missense_variant ENST00000286574 c.805G>A p.Glu269Lys 

12 132476749 C T EP400 E1A binding protein p400 missense_variant ENST00000333577 c.2819C>T p.Ala940Val 

13 25457398 C G CENPJ centromere protein J missense_variant ENST00000381884 c.3934G>C p.Gly1312Arg 

13 32747570 G A FRY furry homolog (Drosophila) missense_variant ENST00000380250 c.2218G>A p.Ala740Thr 

13 41943395 A C NAA16 
N(alpha)-acetyltransferase 16, 

NatA auxiliary subunit 
missense_variant ENST00000379406 c.1923A>C p.Glu641Asp 

14 59931032 G T GPR135 G protein-coupled receptor 135 missense_variant ENST00000395116 c.913C>A p.Arg305Ser 

14 103986810 G C CKB creatine kinase, brain missense_variant ENST00000348956 c.773C>G p.Thr258Ser 

15 80743305 T G ARNT2 
aryl-hydrocarbon receptor nuclear 

translocator 2 
missense_variant ENST00000303329 c.116T>G p.Met39Arg 

15 85438282 G A SLC28A1 

solute carrier family 28 

(concentrative nucleoside 

transporter), member 1 

missense_variant ENST00000286749 c.389G>A p.Arg130Gln 

15 89395171 G A ACAN Aggrecan missense_variant ENST00000439576 c.2173G>A p.Glu725Lys 

16 2287501 T C DNASE1L2 deoxyribonuclease I-like 2 missense_variant ENST00000320700 c.442T>C p.Ser148Pro 

16 2287505 G C DNASE1L2 deoxyribonuclease I-like 2 missense_variant ENST00000320700 c.446G>C p.Arg149Pro 

16 66511573 G A BEAN1 
brain expressed, associated with 

NEDD4, 1 
missense_variant ENST00000536005 c.400G>A p.Ala134Thr 

16 84199443 A T DNAAF1 dynein, axonemal, assembly factor 1 missense_variant ENST00000378553 c.918A>T p.Arg306Ser 

17 17722734 G C SREBF1 
sterol regulatory element binding 

transcription factor 1 
missense_variant ENST00000355815 c.836C>G p.Ser279Trp 

17 38445704 C T CDC6 cell division cycle 6 missense_variant ENST00000209728 c.32C>T p.Thr11Ile 

17 47284159 T C GNGT2 

guanine nucleotide binding protein 

(G protein), gamma transducing 

activity polypeptide 2 

missense_variant ENST00000503070 c.170A>G p.Lys57Arg 
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17 77111776 C G RBFOX3 
RNA binding protein, fox-1 

homolog (C. elegans) 3 
missense_variant ENST00000583458 c.22G>C p.Ala8Pro 

19 9000169 C T MUC16 mucin 16, cell surface associated missense_variant ENST00000397910 c.40588G>A p.Gly13530Ser 

19 9000187 C T MUC16 mucin 16, cell surface associated missense_variant ENST00000397910 c.40570G>A p.Val13524Ile 

19 9000205 C A MUC16 mucin 16, cell surface associated missense_variant ENST00000397910 c.40552G>T p.Val13518Leu 

19 9009652 C T MUC16 mucin 16, cell surface associated missense_variant ENST00000397910 c.39074G>A p.Gly13025Glu 

19 9406273 G C ZNF699 zinc finger protein 699 missense_variant ENST00000308650 c.1807C>G p.Arg603Gly 

19 10335016 T C S1PR2 
sphingosine-1-phosphate receptor 

2 
missense_variant ENST00000590320 c.566A>G p.His189Arg 

19 13192535 A G NFIX 
nuclear factor I/X (CCAAT-binding 

transcription factor) 
missense_variant ENST00000592199 c.1120A>G p.Thr374Ala 
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To shortlist the most likely pathogenic mutations we used the following strategy; 1. 

The 74 variants (Table 4-4) were further checked using the ExAC browser and dbSNP v.147 

(Table 4-5) to exclude newly reported polymorphic variants. 2. Remaining novel variants were 

further analysed by several algorithms to predict the protein coding effects of the mutations. 

Mendelian disorders associated with each gene were also searched (Table 4-6). 3. The variants 

which showed pathogenic effects predicted by the algorithms were further checked by using 

other tools to analyse how the mutation was likely to alter the gene product. The expression 

levels of the genes in mouse DRG were also considered (Table 4-7). 

Firstly, the 74 variants were checked using the ExAC browser and dbSNP v.147 and 

we found that 35 variants do not have any polymorphisms at the position of the novel variants 

(Table 4-5). Next, we narrowed the search to these 35 variants to rank the novel variants in 

terms of their likely pathogenicity. The protein coding effects of these 35 variants were 

predicted using Polyphen2, Provean and SIFT for missense mutations. For the stop codon 

variants, we checked the numbers of known loss of function (LoF) mutations (nonsense, splice 

acceptor, and splice donor variants caused by single nucleotide changes) within the gene and 

the pLI score offered by ExAc. According to ExAc, pLI stands for probability of LoF intolerance 

and the closer pLI is to one, the more LoF intolerant the gene appears to be. ExAc considers 

pLI >= 0.9 as an extremely LoF intolerant set of genes. In addition to these predictions, 

another three analyses were performed in order to strengthen the possibility of the selected 

variants as being novel pathogenic mutations; SMART prediction, Mendelian disorders and 

functions of the genes. SMART was used to identify if the variants were within a domain; the 

variants within a domain can be more likely to alter the function of the protein leading to gain- 

or loss-of-function mutations. Mendelian disorders of the gene were checked to compare with 

the clinical features of the patient. Functions of the mutated gene were searched to support 

the initial selection of possible pathogenic variants. These analyses are shown in Table 4-6. 

Among the 35 variants listed in Table 4-6, we settled on three variants for future initial 

functional studies by using these two criteria; 1. All Polyphen2, Provean and SIFT predictions 

are ‘Damaging’ or equivalent. 2.  A variant is not within a gene which is associated with 

Mendelian disorders apart from the patient’s clinical phenotype. The three variants we settled 

on are within CWC22, TMEM8B and ATL3. Of note, since the pLI score of P4HTM (prolyl 4-

hydroxylase, transmembrane) and TYRP1 (tyrosinase-related protein 1) are 0.02 and 0.00, 

respectively, we excluded the two variants within P4HTM and TYRP1 from this initial selection. 

Then, splicing changes were analysed using the NNSPLICE Splice Site Predictor and M-CAP 

was also used to predict the protein coding effects of these three variants within CWC22 

(CWC22 spliceosome-associated protein homolog), TMEM8B (transmembrane protein 8B) 
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and ALT3 (atlastin GTPase 3). Kaviar was used to verify again if there are no known variants at 

the position. Splicing changes were not predicted for all three variants and M-CAP showed 

they are possibly pathogenic (Table 4-7). Kaviar also demonstrated these three variants were 

novel (Table 4-7). The recent RNA-seq data (Usoskin et al., 2015) has highlighted a relatively 

high expression of the three genes in DRG neurons (Table 4-7). The expression of these genes 

in DRG showed medium to high levels among different tissues in mice (Figure 4-3), suggesting 

that these genes may play an important role in sensory neurons. 
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Table 4-5. Variants shortlisted from the whole-exome sequencing by dbSNP v147 and ExAC. 

Gene name cDNA change Protein change dbSNP 147 EVS variants ExAC (UCSC) ExAC browser 
Genome 

variants 

DCDC2B c.583C>T p.His195Tyr No No No No No 

TTC4 c.166A>G p.Arg56Gly No No No No No 

PCSK9 c.1565C>T p.Ala522Val 
No but p.55525219 is  

rs777300852 G>A/G  
No 

No but p.55525219 

G>A/G  

No but p.55525219  G>A; 

p.Ala522Thr 
No 

DNTTIP2 c.7G>A p.Val3Ile 
Not same SNP but rs748109096; 

C>A/C 
No Not same but C>A Not same  but C/A; p.Val3Phe No 

GCKR c.719A>G p.Gln240Arg 
No but p.27726454; rs764135777 

C>C/T 
No 

No but p.27726454  

C>C/T 

No but p.27726454  C>T; 

p.Gln240Ter 
No 

GALNT14 c.1083G>C p.Lys361Asn No No No No No 

SLC3A1 c.546A>C p.Glu182Asp 
No but p.44507968;  

rs549909989 G>A/G 
No 

No but p.44507968 

G>A/G 

No but p.44507968 G>A; 

p.Glu182Lys 
No 

EIF2AK3 c.959T>C p.Met320Thr No No No No No 

CNTNAP5 c.3226G>T p.Val1076Phe No No No No No 

CWC22 c.1855G>T p.Asp619Tyr No No No No No 

EFHD1 c.58G>A p.Glu20Lys No No No No No 

P4HTM c.850G>T p.Glu284* No No No No No 

HTR3D c.884C>A p.Ala295Glu 

Not same SNP but rs745457011; 

C>T, p.183756162 rs370039191; 

G>A (Ala>Ala) 

No 
Not same but p. 

3:183756161 C/T 

Not same but missense C/T; 

p.Ala295Val, p.183756162 

synonymous G/A; p.Ala295Ala 

No 

SMIM14 c.164T>C p.Met55Thr No No No No No 

DSPP c.1707T>A p.Ser569Arg 
rs765730532; chr4:88535503-

88535550 frame indel 
No No No No 
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ATXN1 c.631C>A p.His211Asn 

Not same SNP but rs745595519 

is H>Y; region very polymorphic 

with numerous indels 

No 

Not same SNP but 

region very 

polymorphic with 

numerous indels 

Not same SNP but region very 

polymorphic with numerous indels 
No 

ATXN1 c.628C>A p.Gln210Lys 

Not same SNP but rs751377396 

is -/TGA deletion; region very 

polymorphic with numerous 

indels 

No 

Not same SNP but 

region very 

polymorphic with 

numerous indels 

Not same SNP but region very 

polymorphic with numerous indels 
No 

ATXN1 c.625C>A p.His209Asn 

Not same SNP but rs769636450 

is -/TGCTGATGC deletion, 

rs775260870 is -

/TGCTGATGCTGCTGCTGC 

deletion; region very polymorphic 

with numerous indels 

No 

Not same SNP but 

region very 

polymorphic with 

numerous indels 

Not same SNP but region very 

polymorphic with numerous indels 
No 

FAM8A1 c.395A>G p.His132Arg No No No No No 

FAM8A1 c.400G>A p.Gly134Ser 
No but p.17601041; rs748609966 

is G>A 
No 

No but p.17601041 

G>A 

No  but p.17601041 G>A; 

p.Gly134Asp 
No 

FAM8A1 c.401G>T p.Gly134Val 
Not same SNP but rs748609966 

is G>A 
No Not same but  G>A Not same but G>A; p.Gly134Asp No 

FAM8A1 c.404T>C p.Leu135Pro No No No No No 

FAM8A1 c.418G>A p.Ala140Thr No No No No No 

HEATR2 c.1000A>C p.Thr334Pro No No No No No 

MUC12 c.299G>A p.Trp100* rs796345412 No No No No 

MUC12 c.301A>G p.Met101Val rs796961768 No No No No 

MUC12 c.307G>A p.Gly103Arg rs796198853 No No No No 

CHPF2 c.1298A>T p.Tyr433Phe 

Not same SNP but rs764967022 

is A>G, p. 150934745; 

rs754765489 T>C 

No 

Not same but A>G, 

p. 150934745 is 

T>C 

Not same but A>G; p.Tyr433Cys, 

p. 150934745 is T>C; p.Tyr433His 
No 
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RP1 c.5512C>T p.Arg1838Cys 
No but p. 55541955; 

rs576959220 G>A 
No 

No but p.55541955 

G/A 

No but p.55541955 G>A; 

p.Arg1838His 
No 

ZFHX4 c.2465A>G p.Gln822Arg No No No No No 

TYRP1 c.407T>A p.Leu136* 

Not same but rs749735228; 

chr9:12695536-12695535 

insertion -/TAAG frameshift, 

rs780407909; chr9:12695535-

12695534 insertion -/TT 

frameshift, rs769074792; 

chr9:12695537-12695541 deletion 

-/AAGTA frameshift 

No 

Not same but 

9:12695534 C/CTT, 

9:12695535 

T/TTAAG, 

9:12695536 

TAAGTA/T 

Not same but 9:12695534 C / 

CTT;  p.Leu136PhefsTer2 

frameshift, 9:12695535 T / TTAAG;  

p.Glu139Ter frameshift, 

9:12695536 TAAGTA / T; 

p.Ser137ArgfsTer42 frameshift 

No 

TMEM8B c.442C>T p.Pro148Ser 

No. Synonymous SNP at 

chr9:35846325 resulting in 

Pro148Pro (rs557315408 G>A) 

No 

No. Synonymous 

SNP at 

chr9:35846325 

resulting in 

Pro148Pro  

No. Synonymous SNP at 

chr9:35846325 resulting in 

Pro148Pro  

No 

TOR1B c.799A>C p.Lys267Gln No No No No 
 

SLC34A3 c.1565T>C p.Val522Ala 

No but chr9:140130632; 

rs149912630 G>T, 

chr9:140130634; rs182451910 

G>A/T 

No but 

chr9:1401306

32 G>T 

No but 

9:140130632  G>T; 

p.Val522Leu, 

9:140130634 

G>T/A; p.Val522Val 

No but 9:140130632 

(rs149912630) G>T; p.Val522Leu, 

9:140130634 (rs182451910) 

G>T/A; p.Val522Val 
 

MTPAP c.312T>G p.Cys104Trp 
No but chr10:30653871; 

rs749557978 C>G 
No 

No but 

chr10:30653871 

C>G; p.Cys104Ser 

No but 10:30653871 C>G; 

p.Cys104Ser  

MUC6 c.5777A>T p.His1926Leu rs796211588 No No No No 

MUC6 c.4553C>T p.Thr1518Ile 

Not same SNP but 

chr11:1018245-1018249; 

rs777137413 is TTTGT deletion 

frameshift 
 

Not same but 

11:1018244 

GTTTGT/G 

No No 
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MUC6 c.4529G>C p.Ser1510Thr rs796397888 No No No No 

MUC6 c.4520G>T p.Ser1507Ile rs796398923 No No No No 

MUC6 c.4498C>T p.Pro1500Ser rs796770803 No No No No 

ARNTL c.1732C>G p.His578Asp 

No. Synonymous SNP at 

chr11:13408156 resulting in 

p.His578His (rs150333072) 

No 

No. Synonymous 

SNP at 

chr11:13408156 

resulting in 

p.His578His 

No No 

SLC17A6 c.406A>T p.Ile136Phe 
Not same SNP but rs779921521 

is A>G 
No 

Not same but 

11:22364859 A/G 

Not same but 11:22364859 A / G;  

p.Ile136Val 

(VQSRTrancheSNP99.80to99.90) 

No 

AHNAK c.13094A>G p.Asp4365Gly No No No No No 

ATL3 c.692C>T p.Pro231Leu No No No No No 

GPR137 c.1276A>C p.Thr426Pro No No No No No 

PPP2R5B c.43T>C p.Ser15Pro No No No No No 

TENM4 c.5288G>A p.Gly1763Glu 
No but chr11:78387406; 

rs201995608 C>T  

No but  

chr11:78387406 C / 

T; p.Gly1763Arg 

No but 11:78387406 C / T; 

p.Gly1763Arg 
No 

SYTL2 c.1131A>T p.Glu377Asp No No No No No 

KLHL42 c.377G>A p.Arg126Gln No No No No No 

WIF1 c.805G>A p.Glu269Lys 
No but chr12:65456280; 

rs772563432 C>A  

No but 

chr12:65456280 C / 

A; p.Glu269Asp 

No but 12:65456280 C / A; 

p.Glu269Asp 
No 

EP400 c.2819C>T p.Ala940Val No No No No No 

CENPJ c.3934G>C p.Gly1312Arg 
Not same SNP but rs201508087 

is C>T 
No 

Not same but 

chr13:25457398 C / 

T ;  p.Gly1312Ser 

Not same but 13:25457398 C / T ;  

p.Gly1312Ser 
No 
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FRY c.2218G>A p.Ala740Thr 

Not same but rs767370919 is 

G>T, rs575491413 

(chr13:32747572) is T>A 

synonymous 

No 

Not same but 

chr13:32747570 G / 

T; p.Ala740Ser, 

chr13:32747572 

T/A;  p.Ala740Ala 

Not same but 13:32747570 G / T; 

p.Ala740Ser, 13:32747572 T / A; 

p.Ala740Ala 

No 

NAA16 c.1923A>C p.Glu641Asp 
No. Synonymous SNP 

rs200001978 A>G 
No 

No. Synonymous 

SNP 

chr13:41943395 A / 

G; p.Glu641Glu 

No. Synonymous SNP 13:41943395 

A / G; p.Glu641Glu 
No 

GPR135 c.913C>A p.Arg305Ser 

No but chr14:59931031; 

rs763301840 is ?>C/G, 

synonymous SNP 

chr14:59931030; rs773281044 

is ?>G/T 

No 

No but 

chr14:59931031 C / 

G; p.Arg305Pro, 

chr14:59931030 G / 

T; p.Arg305Arg 

synonymous 

No but 14:59931031 C / G; 

p.Arg305Pro, 14:59931030 G / T; 

p.Arg305Arg synonymous 

No 

CKB c.773C>G p.Thr258Ser 

No. Synonymous SNP 

chr14:103986809; rs781402849 

G>A  

No 

No. Synonymous 

SNP 

chr14:103986809 G 

/ A; p.Thr258Thr 

No. Synonymous SNP 

14:103986809 G / A; p.Thr258Thr 
No 

ARNT2 c.116T>G p.Met39Arg 

Not same SNP but rs757807661 

is T>C, chr15:80743304; 

rs752021030 A>G 

No 

Not same but 

chr15:80743305 

T/C; p.Met39Thr, 

chr15:80743304 

A/G; p.Met39Val 

Not same but 15:80743305 T/C; 

p.Met39Thr, 15:80743304 A/G; 

p.Met39Val 

No 

SLC28A1 c.389G>A p.Arg130Gln 
No but chr15:85438281; 

rs2277577 G>A/C/G 
No 

No but 

chr15:85438281 

C/T; p.Arg130Trp 

No but 15:85438281 C/T; 

p.Arg130Trp, 15:85438283 GC / G; 

p.Leu131PhefsTer6 frameshift 

No 

ACAN c.2173G>A p.Glu725Lys 

No. Synonymous SNP 

chr15:89395173; rs774473524 

G>A 

No 

No. Synonymous 

SNP 

chr15:89395173 G / 

A; p.Glu725Glu 

No. Synonymous SNP 15:89395173 

G / A; p.Glu725Glu 
No 
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DNASE1L2 c.442T>C p.Ser148Pro No No No No No 

DNASE1L2 c.446G>C p.Arg149Pro No No No No No 

BEAN1 c.400G>A p.Ala134Thr No No No No No 

DNAAF1 c.918A>T p.Arg306Ser 
No but chr16:84199442; 

rs766716060 G>C 
No 

No but 

chr16:84199442 G / 

C; p.Arg306Thr 

No but 16:84199442 G / C; 

p.Arg306Thr 
No 

SREBF1 c.836C>G p.Ser279Trp 

Not same SNP but rs779049810 

is G>A, synonymous SNP 

chr17:1772273; rs746795124 

C>T 

No 

Not same but 

chr17:17722734 G / 

A; p.Ser279Leu,  

synonymous 

chr17:17722733 C / 

T; p.Ser279Ser 

Not same but 17:17722734 G / A; 

p.Ser279Leu,  synonymous 

17:17722733 C / T; p.Ser279Ser 

No 

CDC6 c.32C>T p.Thr11Ile 
No but chr17:38445703; 

rs756261747 A>G 
No 

No but 

chr17:38445703 A / 

G; p.Thr11Ala 

No but 17:38445703 A / G; 

p.Thr11Ala 
No 

GNGT2 c.170A>G p.Lys57Arg No No No No No 

RBFOX3 c.22G>C p.Ala8Pro 

rs745729398; chr17:77111774-

77111776 GGC>- deletion 

(chr17:77111777-9 is GGG) 

No 
chr17:77111773 

GGGC/G 

17:77111773 GGGC / G; p.Ala8del 

inframe deletion, 17:77111776 C / 

CGGGGGG; p.Pro6_Pro7dup 

inframe insertion, 17:77111776 C / 

CGGGGGGG; p.Ala8ProfsTer128 

frameshift (all 

'VQSRTrancheINDEL99.50to99.90'

) 

No 

MUC16 c.40588G>A p.Gly13530Ser No No No No No 

MUC16 c.40570G>A p.Val13524Ile No No No No No 
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MUC16 c.40552G>T p.Val13518Leu 

Not saeme SNP but rs4994076 is 

C>T, Synonymous SNP  

chr19:9000203; rs773395274 

C>T 

No 

Not same but 

chr19:9000205 C / 

T (rs4994076);  

p.Val13518Met, 

synonymous SNP 

chr19:9000203 C / 

T; p.Val13518Val 

Not same but 19:9000205 C / T 

(rs4994076);  p.Val13518Met, 

synonymous SNP 19:9000203 C / 

T; p.Val13518Val 

No 

MUC16 c.39074G>A p.Gly13025Glu rs796671806; C>T No No No No 

ZNF699 c.1807C>G p.Arg603Gly 

Not same SNP but rs748599521 

is G>A, chr19:9406272; 

rs781574708 C>T 

No 

Not same but 

chr19:9406273 G / 

A; p.Arg603Ter, 

chr19:9406272 C / 

T; p.Arg603Gln 

Not same but 19:9406273 G / A; 

p.Arg603Ter stop gained, 

19:9406272 C / T; p.Arg603Gln 

No 

S1PR2 c.566A>G p.His189Arg 
No but chr19:10335017; 

rs150504911 G>C 

No but 

chr19:103350

17; 

rs150504911 

G>C 

No but 

chr19:10335017 G / 

C (rs150504911); 

p.His189Asp 

No but 19:10335017 G / C 

(rs150504911); p.His189Asp 
No 

NFIX c.1120A>G p.Thr374Ala No No No No No 
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Table 4-6. Protein coding effects by SMART, Polyphen2, Provean and SIFT, Mendelian disorders described in OMIM, and functions of the genes where the variants 

are located. 

Gene 

name 

cDNA 

change 

Protein 

change 

In domain 

(SMART) 
Polyphen2 Provean SIFT OMIM 

Other notes 

DCDC

2B 

c.583C>

T 

p.His195Ty

r 

In 

Doublecortin 

(DCX) 

domain; p.124 

to 211 

Benign 

(0.372) 

Deleterious 

(-3.397) 

Damaging 

(0.03) 

Deafness, autosomal 

recessive 66, 

Nephronophthisis 19 

The conserved polymorphic purine-rich STR in 

intron 2 of the DCDC2 gene (BV677278) can 

modify DCDC2 expression to various degrees, 

which may link to changes in neural migration in 

the central nervous system; Pubmed: 21042874. 

Dcdc2B is expressed in the developing neocortex; 

PMID: 16869982 

TTC4 
c.166A>

G 
p.Arg56Gly No 

Benign 

(0.003) 

Neutral  

(-0.247) 

Tolerated 

(0.4) 

No Mendelian 

disorder 

TTC4 often mediates protein-protein interactions 

and chaperone activity. The encoded protein 

interacts with heat shock proteins 70 and 90. This 

gene is often mutated in cancer cells. 

GALN

T14 

c.1083G

>C 

p.Lys361As

n 

In 

Glycosyltransf

erase like 

family 2 

domain; p.116 

to 364 

Probably 

Damaging 

(0.994) 

Possibly 

Damaging 

(0.847); 

HumVar 

Deleterious  

(-3.115) 

Tolerated 

(0.11) 

No Mendelian 

disorder 

The encoded Golgi proteins catalyze the transfer 

of N-acetyl-D-galactosamine (GalNAc) to the 

hydroxyl groups on serines and threonines in 

target peptides. 

Playing a role in invasion and migration of cancer 

cells. 

EIF2AK

3 

c.959T>

C 

p.Met320T

hr 
No 

Possibly 

Damaging 

(0.561) 

BENIGN 

(0.109); 

HumVar 

Neutral  

(-1.254) 

Tolerated 

(0.13) 

Wolcott-Rallison 

syndrome 

Wolcott-Rallison syndrome is a rare autosomal 

recessive disorder characterized by permanent 

neonatal or early infancy insulin-dependent 

diabetes. 

A female patient had pain in many joints and short-

trunk dwarfism with normal facies; PubMed: 

7094931 
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CNTN

AP5 

c.3226G

>T 

p.Val1076P

he 

In LamG 

domain; 

p.1036 to 

1173 

Possibly 

Damaging 

(0.942) 

Possibly 

Damaging 

(0.543); 

HumVar 

Deleterious 

(-3.013) 

Tolerated 

(0.2) 

No Mendelian 

disorder 

CNTNAP5 microdeletion in the patients with 

Autism spectrum disorders; PMID: 20346443. 

Microdeletion disrupting CNTNAP5 in Autism 

spectrum disorders family; PMID: 20346443. 

Cntnap2 KO mice showed ASD related behaviour 

and neurodevelopmental disorders such as 

hyperactivity and epileptic seizures; PMID: 

21962519 

CWC2

2 

c.1855G

>T 

p.Asp619T

yr 
No 

Probably 

Damaging (1) 

Probably 

Damaging 

(0.940); 

HumVar 

Deleterious 

(-8.579) 
Damaging (0) 

No Mendelian 

disorder 

CWC22 is required for the exon junction complex 

assembly that is involved in pre-mRNA splicing, 

mRNA transport, translation, and nonsense-

mediated mRNA decay; PMID: 22961380. 

CWC22 was aberrantly upregulated in diabetic 

DRG, and impaired neuronal function. CWC22 

attenuated sensory neuron plasticity. Knockdown 

in vitro enhancing their neurite outgrowth. Axonal 

delivery of CWC22 siRNA unilaterally to locally 

knock down the aberrant protein in diabetic nerves 

improved aspects of sensory function in diabetic 

mice; PMID: 28250049 

EFHD1 c.58G>A p.Glu20Lys 

Low 

complexity 

region; p.4-21 

Benign 

(0.062) 

Neutral  

(-0.702) 

Tolerated 

(0.52) 

No Mendelian 

disorder 

Increased expression during neuronal 

differentiation (Tominaga and Tomooka, 2002; 

PubMed: 12270117). 

EFHD1 functions as a mitochondrial Ca(2+) sensor 

underlying Ca(2+)-dependent activation of 

mitochondrial flashes; PMID: 26975899 

P4HTM 
c.850G>

T 
p.Glu284* 

In P4Hc 

(Prolyl 4-

hydroxylase 

alpha subunit 

homologues) 

domain; p. 142 

to 520 

LoF (stop-gained and essential splice sites): 

17.7 (Expected no. variants) 

6 (Observed no. variants) 

pLI = 0.02 (The closer pLI is to one, the 

more LoF intolerant the gene appears to be. 

ExAc considers pLI >= 0.9 as an extremely 

LoF intolerant set of genes.) 

No Mendelian 

disorder 

P4HTM belongs to a family of enzymes that 

downregulates expression of hypoxia-induced 

transcription factors  under normoxic conditions. 

Hypoxia-induced transcription factors play an 

essential role in cellular and systemic homeostatic 

responses to hypoxia; PubMed: 12163023 
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SMIM1

4 

c.164T>

C 

p.Met55Th

r 

In Protein of 

unknown 

function 

(DUF2615) 

domain; p.2 to 

98 

Benign 

(0.081) 

Deleterious 

(-3.919) 

Tolerated 

(0.16) 

No search results; 

SMIM1-Blood group, 

Vel system. 

SMIM3; No 

mendelian disorder 

SMIM14 is an endoplasmic reticulum (ER) resident 

type I transmembrane protein, involving in ER 

retention; PMID: 24499674  

FAM8A

1 

c.395A>

G 

p.His132Ar

g 
No 

Possibly 

Damaging 

(0.915) 

Benign 

(0.164); 

HumVar 

Neutral  

(-1.233) 

Tolerated 

(0.46) 

No search results 

Uncharacterised gene. 

FAM8A1 was captured by a retrovirus, followed by 

multiple retrotransposition events, during primate 

evolution; PMID: 11707071 FAM8A

1 

c.404T>

C 

p.Leu135Pr

o 
No 

Probably 

Damaging (1) 

Probably 

Damaging 

(0.972); 

HumVar 

Neutral  

(-2.482) 

Tolerated 

(0.3) 

FAM8A

1 

c.418G>

A 

p.Ala140Th

r 
No 

Benign 

(0.005) 

Neutral  

(-0.719) 

Tolerated 

(0.26) 

HEATR

2 

c.1000A>

C 

p.Thr334Pr

o 

Low 

complexity 

region; p.332-

345 

Benign (0) 
Neutral 

(1.246) 

Tolerated 

(0.28) 

Ciliary dyskinesia, 

primary, 18 

Knockdown of Htr2 expression in C. reinhardtii 

resulted in flagella that lacked outer dynein arms. 

Htr2-knockdown flagella also showed reduced beat 

frequency and reduced cell velocity. Knockdown of 

HEATR2 expression in primary human airway 

epithelial cells resulted in cilia that lacked outer 

dynein arms and had truncated or possibly absent 

inner dynein arms, and caused reduced motility; 

PubMed: 23040496 
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ZFHX4 
c.2465A>

G 

p.Gln822A

rg 
No 

Probably 

Damaging 

(0.981) 

Probably 

Damaging 

(0.969); 

HumVar 

Deleterious 

(-3.120) 

Tolerated 

(0.16) 
?Ptosis, congenital 

The chromosome breakpoints in a male patient 

with congenital bilateral isolated ptosis and a de 

novo balanced translocation t(1;8)(p34.3;q21.12); 

PubMed: 11935336. 

Zfhx4 was expressed transiently in differentiating 

P19 embryonal carcinoma cells and C2C12 

myoblasts, and ZFHX4 transcripts were expressed 

in adult human brain, liver and muscle; PMID: 

16946494 

TYRP1 
c.407T>

A 
p.Leu136* No 

LoF (stop-

gained and 

essential 

splice sites): 

14.5 

(Expected 

no. variants) 

25 

(Observed 

no. variants) 

pLI = 0.00 

Albinism, oculocutaneous, type III. 

Skin/hair/eye pigmentation, variation in, 11 

(Melanesian blond hair) 

TYRP1 protein is a catalase and is identical to a 

known human melanosomal protein; PubMed: 

1693779. 

Tyrp1 displayed enriched expression in DRG and a 

null mutant were more resistant to thermal 

nociception; PMID: 20633051 

TMEM8

B 

c.442C>

T 

p.Pro148Se

r 
No 

Probably 

Damaging (1) 

Probably 

Damaging 

(0.992); 

HumVar 

Deleterious 

(-7.111) 

Damaging 

(0.02) 

No Mendelian 

disorder 

TMEM8B is a negative regulator of cell growth; 

PubMed: 25378401. 

Overexpression of TMEM8B reduced cancer cell 

growth; PubMed: 11565907. 

Expression of NGX6 was significantly 

downregulated in colorectal cancers; PubMed: 

12918109 

TOR1B 
c.799A>

C 

p.Lys267Gl

n 
No 

Benign 

(0.034) 

Neutral  

(-1.170) 

Tolerated 

(0.15) 

No Mendelian 

disorder 

TOR1A; Dystonia-1, torsion (involuntary, sustained 

muscle contractions affecting one or more sites of 

the body) 

Tor1b KO mice had lack of phenotype; PMID: 

27653693. 

SNP within TOR1A and TOR1B are found in 
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idiopathic dystonia patients; PMID: 17130424 

ARNTL 
c.1732C>

G 

p.His578As

p 
No 

Possibly 

Damaging 

(0.651) 

Benign 

(0.214); 

HumVar 

Neutral  

(-0.635) 

Tolerated 

(0.11) 

No Mendelian 

disorder 

Significantly reduced ARNTL in human knee  

osteoarthritis cartilage and Arntl ablation in mouse 

chondrocytes abolished their circadian rhythm and 

caused progressive degeneration of articular 

cartilage; PMID: 26657859. 

Arntl deletion caused the degeneration of synaptic 

terminals and impaired cortical functional 

connectivity, as well as neuronal oxidative damage 

and impaired expression of several redox defense 

genes; PMID: 24270424 

Null mice lose circadian rhythmicity; PubMed: 

17124323. 

KO mice had significantly reduced levels of B 

lymphocytes in spleen, blood, and bone marrow; 

PubMed: 16925591. 

AHNA

K 

c.13094A

>G 

p.Asp4365

Gly 

internal 

repeat; p.3322 

to 5465 

Probably 

Damaging 

(0.999) 

Probably 

Damaging 

(0.958); 

HumVar 

Deleterious 

(-3.467) 

Tolerated 

(0.21) 

No Mendelian 

disorder 

Disruption of Ahnak gene in mice showed no 

obvious phenotype; PubMed: 15007166. 

Ahnak1 -/- mice were highly susceptible to 

infection with Leishmania major; PubMed: 

18191595. 

Ahnak binds to L-type Ca2+ channel β2 subunit 

and alters Cav1.2 channel conductance (ICaL); 

PMID: 17045254. 

S100A10 (Annexin II) binds to AHNAK; PMID: 

22834835  

ATL3 
c.692C>

T 

p.Pro231Le

u 

In GBP 

domain; p.69 

to 337 

Probably 

Damaging (1) 

Probably 

Damaging 

(1); HumVar 

Deleterious 

(-9.266) 
Damaging (0) 

Neuropathy, 

hereditary sensory, 

type IF; Autosomal 

dominant (AD) 

Y192C within ATL3 was found in HSN1F patients. 

This muation caused mislocalization of the protein; 

Y192C ATL3 accumulated in condensed structures 

near the nucleus and localized to unbranched 

tubules but not in 3-way junctions in the 
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endoplasmic reticulum; PubMed: 24459106  

GPR13

7 

c.1276A>

C 

p.Thr426Pr

o 

Low 

complexity 

region; p.413-

436 

Benign (0) 
Neutral 

(0.315) 

*DAMAGIN

G - Low 

confidence 

predictions 

with Median 

conservation 

above 3.25 

(0.01) 

No search result 

Knockdown/inhibition/downregulation of GPR137 

inhibits cancer prolification; PMID: 26669804, 

PMID: 25524330, PMID: 25301753. 

PPP2R5

B 
c.43T>C p.Ser15Pro 

Low 

complexity 

region; p.6-25 

Possibly 

Damaging 

(0.939) 

Benign 

(0.363); 

HumVar 

Neutral  

(-0.35) 

Tolerated 

(0.11) 

No Mendelian 

disorder 

*VARIANT OF 

UNKNOWN 

SIGNIFICANC: 

autosomal dominant 

mental retardation 

with tall stature (a de 

novo heterozygous, 

S161). 

PPP2R5B, PPP2R5D and PPP2R5E are highly 

expressed in the brain and the expression of the 

PPP2R5B and PPP2R5D increases when 

neuroblastoma cells are induced to differentiate 

with retinoic acid; PubMed: 7592815. 

KLHL15 (mutations cause mental retardation) 

controls PP2A holoenzyme composition and 

downstream phosphorylation events by directing 

degradation of B-prime-beta and promoting its 

exchange with other regulatory B subunits; 

PubMed: 23135275. 

A 23-year-old Caucasian man with severe 

intellectual disability, behavioral problems, 

dysmorphic features, dysphagia, gastroesophageal 

reflux, and skeletal abnormalities associated with a 

heterozygous 1.6-Mb deletion  including PPP2R5B, 

NRXN2 and CDCA5.A 23-year-old Caucasian man 

with severe intellectual disability, behavioral 

problems, dysmorphic features, dysphagia, 

gastroesophageal reflux, and skeletal abnormalities 

associated with a heterozygous 1.6-Mb deletion  
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including PPP2R5B, NRXN2 and CDCA5. 

SYTL2 
c.1131A>

T 

p.Glu377A

sp 
No 

Benign 

(0.001) 

Neutral  

(-0.148) 

Tolerated 

(0.27) 

No Mendelian 

disorder 

SYTL2 is involved in RAB27A (nontransforming 

monomeric GTP-binding proteins). Mutations 

cause Griscelli syndrome, type 2 which results in 

results in pigmentary dilution of the skin and hair)-

dependent vesicle transport and secretion in 

several types of secretory cells; PubMed: 

15543135, 17182843, 18812475. 

KLHL4

2 

c.377G>

A 

p.Arg126Gl

n 

Low 

complexity 

region; p.112 -

127 

Probably 

Damaging 

(0.976) 

Benign 

(0.364); 

HumVar 

Neutral (-

0.430) 

Tolerated 

(0.27) 
No search result 

A large genome-wide association study (GWAS) in 

7410 unrelated and retrospectively and 

prospectively selected patients with severe 

osteoarthritis showed significant loci between 

KLHDC5 (KLHL42) and PTHLH; PMID: 22763110 

EP400 
c.2819C>

T 

p.Ala940Va

l 
No 

Benign 

(0.003) 

Neutral  

(-2.026) 

Tolerated 

(0.26) 

No Mendelian 

disorder 

EP400 is involved in histone acetyltransferase by 

forming complex; PubMed: 14966270, 18614019. 

Decreased p400 expression was associated with 

advanced tumor stage; PMID: 23982490. 

EP400 is recruited to DNA double-strand breaks 

and is required for the ubiquitination of chromatin, 

indicating p400 as a DNA damage response 

protein; PMID: 20876283 

NAA16 
c.1923A>

C 

p.Glu641A

sp 

Low 

complexity 

region; p.616- 

Benign 

(0.045) 

Neutral  

(-0.769) 

Tolerated 

(1) 
No search result 

The hNaa16p-hNaa10p complex acetylates a major 

N-terminal acetyltransferase, NatA type N-termini 

in vitro; PMID: 19480662 
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CKB 
c.773C>

G 

p.Thr258Se

r 

In 

ATP:guanido 

phosphotransf

erases domain; 

p.120 to 367 

Benign 

(0.0053) 

Neutral 

(0.276) 

Tolerated 

(0.24) 

No Mendelian 

disorder 

The C-terminal domain of K+/Cl- co-transporter 3 

(KCC3, SLC12A6), which causes agenesis of the 

corpus callosum with peripheral neuropathy, 

directly interacted with CKB. Functional studies in 

Xenopus oocytes showed that an inhibitor of CKB 

reduced KCC3 transport activity; PMID: 18566107  

CKB activates K+-Cl- co-transporter 2. The GABA 

reversal potential was shifted in the depolarizing 

direction in  primary cortical neurons expressing 

CKB; PMID: 16336223 

ACAN 
c.2173G

>A 

p.Glu725Ly

s 
No 

Possibly 

Damaging 

(0.558) 

Benign 

(0.050); 

HumVar 

Neutral  

(-1.533) 

Tolerated 

(0.66) 

Osteochondritis 

dissecans, short 

stature, and early-

onset osteoarthritis. 

Spondyloepimetaphys

eal dysplasia, 

aggrecan type. 

Spondyloepiphyseal 

dysplasia, Kimberley 

type 

In the CNS, ACAN is considered to play a role in 

securing high-rate synaptic transmission in the 

perineuronal net-associated neurons. Mechanical 

stabilization of synaptic contacts. Neuroprotective 

actions by reducing oxidative stress through 

scavenging redox-active cations; reviewed in PMID: 

22297263. 

Patients with human intervertebral disk 

degeneration claim pain; PMID: 21948754, PMID: 

21689646. 

The homozygotes (-/-) died just after birth because 

of respiratory failure. The heterozygotes (+/-) 

exhibit spastic gait caused by misalignment of the 

cervical spine and die because of starvation with a 

high incidence of herniation and degeneration of 

vertebral discs and disc chondrocytes; PMID: 

9192671 
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DNASE

1L2 

c.442T>

C 

p.Ser148Pr

o 

In DNaseIc 

(deoxyribonuc

lease I) 

domain; p.5 to 

296 

Benign (0) 
Neutral 

(0.004) 

Tolerated 

(0.21) 

No Mendelian 

disorder 

Inflammatory cytokines, TNF-α and IL-1β, induce 

DNAS1L2 expression through activation of NF-κB 

in keratinocytes; PMID: 15203207  

DNASE

1L2 

c.446G>

C 

p.Arg149Pr

o 

In DNaseIc 

(deoxyribonuc

lease I) 

domain; p.5 to 

296 

Benign (0) 
Neutral  

(-0.107) 

Tolerated 

(0.2) 

BEAN1 
c.400G>

A 

p.Ala134Th

r 
No 

Possibly 

Damaging 

(0.720) 

Benign 

(0.275); 

HumVar 

Neutral  

(-2.118) 

Tolerated 

(0.09) 

Spinocerebellar ataxia 

31 

A 2.5- to 3.8-kb insertion containing 

pentanucleotide repeats in all 160 affected 

individuals from 98 families with Spinocerebellar 

ataxia type 31 which is an adult-onset autosomal-

dominant neurodegenerative disorder showing 

progressive cerebellar ataxia mainly affecting 

Purkinje cells; PMID: 19878914. 

BEAN-NEDD4 binding occurs via the 2 PY motifs 

of BEAN and the WW2 and WW3 domains of 

NEDD4; PubMed: 11042109 

GNGT

2 

c.170A>

G 
p.Lys57Arg No 

Benign 

(0.067) 

Neutral  

(-1.487) 

Damaging 

(0.04) 

No Mendelian 

disorder 

G-protein βγ subunits bind to a potassium channel 

(Kir2.3) and suppressed Kir2.3 currents; PMID: 

8943291. 

G protein beta2gamma2 subunits inhibited T-type 

Ca2+ channel activities by reducing channel open 

probability; PMID: 16973746 

MUC16 
c.40588G

>A 

p.Gly13530

Ser 

In SEA 

domain; 

p.13471 to 

13604 

Probably 

Damaging 

(0.995) 

Probably 

Damaging 

(0.991); 

HumVar 

Neutral  

(-1.806) 

Tolerated 

(0.053) 

No Mendelian 

disorder 

A tumor antigen widely used in monitoring ovarian 

cancer. 

KO mice showed activated Stat3 signal, affected 

JunB signal, upregulated the expression of IL-6 in 

the conjunctiva, increased proliferation and 

accelerated the wound healing of the corneal 

epithelium; PMID: 24812549 
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MUC16 
c.40570G

>A 

p.Val13524

Ile 

In SEA 

domain; 

p.13471 to 

13604 

Possibly 

Damaging 

(0.884) 

Possibly 

Damaging 

(0.889); 

HumVar 

Neutral  

(-0.204) 

Tolerated 

(0.691) 

NFIX 
c.1120A>

G 

p.Thr374Al

a 

In Nuclear 

factor I (NF-I) 

or CCAAT 

box-binding 

transcription 

factor (CTF) ; 

p. 213 to 502 

Benign 

(0.120) 

Neutral  

(-1.564) 

Tolelated 

(0.118) 

Marshall-Smith 

syndrome.  

Sotos syndrome 2 

Nfix -/- mice newborns appeared normal but nearly 

all died before 1 month of age. Heterozygous mice 

showed no obvious anatomic or behavioural 

defects. Hydrocephalus was associated with partial 

agenesis of the corpus callosum in Nfix -/- and Nfix 

+/- mice; PubMed: 17353270 
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Table 4-7. Further analysis for the variants within CWC22, TMEM8B and ATL3 by splicing change prediction, M-CAP and Kaviar and the expression levels of these 

genes in mouse DRG by RNA-seq study (Usoskin et al., 2015). Sensory neurons were classified into four main clusters and further subcategorised these clusters 

into 11 distinct subpopulations using several molecular markers; NF cluster, expressing neurofilament heavy chain (Nefh) and parvalbumin (Pvalb). NP cluster, 

showing expression of Mrgprd and P2rx3. PEP cluster expressing substance P (Tac1), TRKA (Ntrk1) and calcitonin gene-related peptide (CGRP, also known as 

Calca). TH cluster, showing distinct expression of tyrosine hydroxylase (Th). The number in each column of these subpopulations represents the ratio of fraction 

of positive cells for different neuronal populations. Colour indicator; 0, green to 1, red. (Usoskin et al., 2015) 

Gene name cDNA change Protein change Splice site prediction M-CAP Kaviar 

NH NP PEP 

TH 
NF1 

NF2/3 NF4/5 

NP1 

NP2/3 

PEP1 PEP2 
NF2 NF3 NF4 NF5 NP2 NP3 

CWC22 c.1855G>T p.Asp619Tyr 
No difference between 

WT and Mut 

Possibly Pathogenic 

(0.054) 

no known 

variants 
0.161 0.063 0.250 0.182 0.115 0.056 0.094 0.083 0.031 0.059 0.124 

TMEM8B c.442C>T p.Pro148Ser 
No difference between 

WT and Mut 

Possibly Pathogenic 

(0.096) 

no known 

variants 
0.032 0.125 0.167 0.045 0.192 0.112 0.188 0.167 0.031 0.000 0.086 

ATL3 c.692C>T p.Pro231Leu 
No difference between 

WT and Mut 

Possibly Pathogenic 

(0.507) 

no known 

variants 
0.226 0.271 0.583 0.182 0.115 0.336 0.188 0.083 0.203 0.353 0.343 
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Figure 4-3. Gene expression in different tissues in mice. (A) Cwc22 (B) Tmem8b (C) Atl3. Expression values from Affymetrix chips relate to fluorescence intensity in 
microarray are shown. (modified from BioGPS; http://biogps.org (Wu et al., 2013, Wu et al., 2016)) 

http://biogps.org/
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We settled on the point mutations in CWC22, TMEM8B and ATL3 as the focus of future 

initial functional studies; the mutation in CWC22 (NM_020943) is c.1855G>T and results in the 

amino acid change, aspartic acid to tyrosine at position 619 (D619Y). The mutation in 

TMEM8B (NM_001042590) is c.442C>T resulting in the amino acid change proline to serine at 

position 148 (P148S). The mutation in ATL3 (NM_015459) is c.692C>T and results in the 

amino acid change, proline to leucine at position 231 (P231L). TMEM8B has been documented 

as a negative regulator of cell growth (Wang et al., 2014) and several studies have shown its 

potential as a drug target to treat cancer (Li et al., 2001, Zhang et al., 2003). More interestingly, 

association of CWC22 and ATL3 with neuropathy have recently been reported; CWC22 was 

aberrantly upregulated in diabetic DRG and axonal delivery of CWC22 siRNA to locally knock 

down the aberrant protein in diabetic nerves improved aspects of sensory function in diabetic 

mice (Kobayashi et al., 2017). Mutations in ATL3 have previously been reported to be the cause 

of a painless neuropathy (Kornak et al., 2014); a heterozygous missense mutation (c.575A>G) 

in ATL3, resulting in amino acid substitution, tyrosine to cysteine (Y192C) at a highly conserved 

residue in the GTPase domain was identified in patients in a 4 generation German family and 2 

generation Spanish family.   

To confirm these three mutations, gDNA was amplified (Figure 4-4A, Figure 4-5A and 

Figure 4-6A) and Sanger sequenced. All three were heterozygous mutations (c.1855G>T in 

CWC22, c.442C>T in TMEM8B and c.692C>T in ATL3) resulting in an amino acid change 

D619Y, P148S and P231L, respectively, as the exome sequencing indicated (Figure 4-4B, Figure 

4-5B and Figure 4-6B).  
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Figure 4-4. The PCR product of CWC22 checked by QIAxcel Screen gel (A) and Sanger 

sequence chromatogram (B). (A) A single band shows the PCR product of CWC22 with the 

expected size of 470bp (+) while no bands were observed in negative control (-). (B) (a) 

Sanger sequence chromatogram indicates the patient carries a heterozygous mutation 

(c.1855G>T) resulting in an amino acid change Asp619Tyr. (b) Sequencing using the reverse 
primer also shows a heterozygous mutation. 

Figure 4-5. The PCR product of TMEM8B checked by QIAxcel Screen gel (A) and Sanger 

sequence chromatogram (B). (A) A single band shows the PCR product of TMEM8B with the 

expected size of 557bp (+) while no bands were observed in negative control (-). (B) (a) 

Sanger sequence chromatogram indicates the patient carries a heterozygous mutation 

(c.442C>T) resulting in an amino acid change Pro148Ser. (b) Sequencing using the reverse 
primer also shows a heterozygous mutation. 
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Figure 4-6. The PCR product of ATL3 checked by QIAxcel Screen gel (A) and Sanger sequence 

chromatogram (B). (A) A single band shows the PCR product of ATL3 with the expected size 

of 450bp (+) while no bands were observed in negative control (-). (B) (a) Sanger sequence 

chromatogram indicates the patient carries a heterozygous mutation (c.692C>T) resulting in 

an amino acid change Pro231Leu. (b) Sequencing using the reverse primer also shows a 
heterozygous mutation. 

 

It is important to confirm if these mutations are evolutionally conserved. By analysing 

the genomes of species that are accessible in the UCSC Genome Browser (UC Santa Cruz, 

University of California), we discovered that aspartic acid 619 in CWC22 is evolutionarily 

conserved in every sequenced orthologue including ncm (nucampholin) in Drosophila (Figure 

4-7). Likewise, TMEM8B and ATL3 orthologues had proline (Figure 4-8, Figure 4-9) at the 

corresponding residue at position 148 and 231, respectively. The residues of proline at the 

position 148 in TMEM8B and 231 in ATL3 are also conserved within the human homologs of 

these genes (Figure 4-10). Hence CWC22, TMEM8B and ATL3 are the three lead candidate 

genes for future studies. 
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Figure 4-7. Sequence alignment around mutation site for orthologue CWC22 proteins across 
species. 

 

 

Figure 4-8. Sequence alignment around mutation site for orthologue TMEM8B proteins across 
species. 
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Figure 4-9. Sequence alignment around mutation site for orthologue ATL3 proteins across 

species. 

 

 

Figure 4-10. Sequence alignment around mutation site for human homologs of TMEM8B (A) 

and ATL3 (B) proteins. 

 

4.5 DISCUSSION 

In this project we attempted to identify the potential causative mutation(s) in a patient 

with a small fibre neuropathy and associated erythromelalgia-like symptoms which are 

restricted to the knees. We found three novel variants by exome sequencing and further 

analyses ranked the novel variants in terms of their likely pathogenicity. These three potential 
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causative mutations are all heterozygous point mutations; c.1855G>T in CWC22, c.442C>T in 

TMEM8B and c.692C>T in ATL3, resulting in the amino acid change D619Y, P148S and P231L, 

respectively. These mutations were confirmed by Sanger sequencing in the proband. These 

residues are evolutionally conserved and are present in the human homologues of TMEM8B or 

ATL3, highlighting the likely functional importance of these residues. 

CWC22 (CWC22 spliceosome associated protein homolog) is known to have a critical 

function in splicing (Barbosa et al., 2012, Alexandrov et al., 2012, Steckelberg et al., 2012). 

CWC22 forms large protein complexes with eIF4A3 (eukaryotic translation initiation factor 

4A3) (Barbosa et al., 2012). EIF4A3 is a component of the exon junction complex (EJC), which 

assembles near exon-exon junctions of mRNAs as a result of splicing (Chan et al., 2004). Pre-

mRNA splicing is impaired in CWC22-depleted cells and CWC22 directly interacts with the 

core EJC component eIF4A3 in vitro and in vivo (Alexandrov et al., 2012, Steckelberg et al., 

2012). In addition, depletion of CWC22 in vivo led to a splicing defect, resulting in decreased 

levels of mature cellular mRNAs (Alexandrov et al., 2012). More relevant to this project, a 

recent study has suggested its association with peripheral neuropathy. Cwc22 was significantly 

upregulated in DRGs from diabetic mice demonstrating neuropathy and knockdown of Cwc22 

in sensory neurons by siRNA enhanced neurite outgrowth (Kobayashi et al., 2017). Thermal 

sensitivity analysed by the Hargreaves’ test was impaired in diabetic mice, and this effect was 

reversed by administration of Cwc22 siRNA. Of note, exposure of Cwc22 siRNA in diabetic 

mice did not alter mechanical sensitivity in the von Frey test (Kobayashi et al., 2017). Taking 

these into account, the missense mutation in CWC22 in a patient may alter proper functions 

of CWC22 protein leading to painful neuropathy. It would be interesting to explore if the 

D619Y mutation alters interaction with eIF4A3 and affect splicing in sensory neurons. 

TMEM8B, also known as NGX6, is considered to be a negative regulator of cell growth 

and a tumour suppressor (Wang et al., 2014). Roles of this gene in cell growth, proliferation, 

migration and metastasis have been well documented in multiple types of cancer (Li et al., 2001, 

Zhang et al., 2003, He et al., 2016). Although studies of this gene in pain do not seem to have 

been explored, the expression of this gene appears to be relatively high in DRG neurons 

(Table 4-7, Figure 4-3). Besides, a study indicated a high expression level of TMEM8B in human 

nervous tissue such as spinal cord and cerebellum (Wang et al., 2010). The expression pattern 

of this gene could imply that TMEM8B serves a key role in the nervous system including 

sensory neurons. 

ATL3 encodes atlastin GTPase 3 (Atlastin-3), a member of a family of dynamin-like, 

integral membrane GTPases. Atlastin molecules consist of GTPase domains, three-helix bundle 
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(3HB), transmembrane (TM) segments and the C-terminal tail in the cytosol (Bian et al., 2011). 

Figure 4-11 shows the structure of human ATL1 (Atlastin-1). Unlike the other variants in 

CWC22 or TMEM8B which we found in the patient, the P231L mutation in ATL3 is predicted 

in a domain which can affect proper functions of ATL3. This domain is the GTPase domain that 

is evolutionally conserved across species (Figure 4-9) and is present in all three human atlastin 

GTPase homologs (Bian et al., 2011, Kornak et al., 2014)(UniProt)(Figure 4-10B), suggesting 

that the P231L mutant protein may affect the proper function of ATL3. 

 

Figure 4-11. Structures of the cytosolic domain of human ATL1. (A) Scheme showing the 

domains of ATL1. 3HB, three-helix bundle; TMs, TM segments; CT, cytosolic tail. (B) Structure 

of the GDP-bound form of ATL1, corresponding to the postfusion state. The protomers in the 

dimer are shown in green and purple cartoon representation, superimposed on a space-filling 

model. The linkers (L-1 and L-2) between the GTPase domains and 3HBs (in pale colours) are 

highlighted. GDP is shown in orange stick representation, and magnesium ion is shown as a 

yellow sphere. The α-helices of the 3HBs are numbered. Right shows a different view of the 

dimer. (C) Structure of ATL1 crystallized with GDP and Pi, corresponding to the prefusion 
state. Lower shows a different view of the dimer (Bian et al., 2011). 

 

The Atlastin family of proteins is considered to be intrinsic to the proper formation of 

the network of interconnected tubules of the endoplasmic reticulum (Hu et al., 2015, 
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Rismanchi et al., 2008). The endoplasmic reticulum is a large, membrane-bounded organelle 

responsible for a number of critical cellular processes in eukaryotic cells such as the synthesis 

of membrane lipids, membrane and secretory proteins, and the regulation of intracellular 

calcium (Baumann and Walz, 2001). Typically, the endoplasmic reticulum forms a continuous 

polygonal membrane network composed of interconnected sheets and tubules that spread 

throughout the cytoplasm. The endoplasmic reticulum forms three-way junctions by sliding 

along microtubules to fuse with the adjacent endoplasmic reticulum regions that it contacts 

during endoplasmic reticulum dynamics. These three-way junctions contribute to the overall 

“reticular” appearance of the endoplasmic reticulum. The factors that regulate homotypic 

endoplasmic reticulum membrane fusion are essential to maintain cellular processes; these 

factors should be endoplasmic reticulum specific since the endoplasmic reticulum is closely 

apposed and potentially connected to nearly every membrane-bound compartment in the cell. 

(English and Voeltz, 2013). Several proteins contributing to this formation have been 

documented including Atlastin family members and more recently, Lunapark family members 

that play a role in stabilization of three-way junctions (Chen et al., 2015a). The potential 

causative mutation we found in the patient is in ATL3 which belongs to the Atlastin family. One 

of the Atlastin family members, atlastin-1, is predominantly localized to vesicular tubular 

complexes and cis-Golgi cisternae, mostly in brain. On the other hand, atlastin-2 and -3 are 

found ubiquitously and localize to the endoplasmic reticulum (Rismanchi et al., 2008, Zhu et al., 

2003).  A proposed model for the Atlastin-mediated homotypic membrane fusion in the 

endoplasmic reticulum has been documented in an Atlastin-1 crystal structure study (Bian et al., 

2011)(Figure 4-12). Firstly, two Atlastin molecules sitting in different membranes form a dimer 

following binding of GTP. This can connect the membranes together; the three-helix bundles 

of the two molecules are pointing in different directions. Second, GTP hydrolysis and inorganic 

phosphate (Pi) can be released, and both atlastin molecules undergo a conformational change; 

the interaction surface between the GTPase domain and the three-helix bundle can probably 

lead to switch of the two regions. The three-helix bundles would then be released, and the 

linkers may allow the dimer of GTPase domains to freely rotate. The resulting conformational 

change would pull the apposing membranes together, so that after fusion the two Atlastin 

molecules would be anchored in the same membrane (Figure 4-12). 
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Figure 4-12. A proposed model for ATL-mediated homotypic membrane fusion in the 
endoplasmic reticulum (ER) (Bian et al., 2011). 

 

Interestingly, a missense mutation in ATL3 has been shown to be the cause of a painless 

neuropathy categorised as hereditary sensory neuropathy type IF (HSN 1F) by disruption of 

the endoplasmic reticulum network (Kornak et al., 2014). A heterozygous missense mutation 

(c.575A>G) in ATL3, resulting in amino acid substitution, tyrosine to cysteine (Y192C) at a 

highly conserved residue in the GTPase domain was identified in patients in a 4 generation 

German family and 2 generation Spanish family (Kornak et al., 2014). Clinical features of these 

patients are described in Table 4-8 (Kornak et al., 2014). The examples of these are: abnormal 

calluses of the feet and valgus deformity of the great toe, which became apparent between 14 

and 30 years of age, initially without any noticeable numbness in the German patients. These 

patients showed painless chronic ulcerations and fractures of the metatarsals developed, which 

showed delayed healing and occasionally resulted in bone destruction. Motor nerve conduction 

velocities were in the normal range, whereas sensory nerve conduction studies showed an 
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axonal sensory neuropathy in these patients. Bilateral hyperkeratosis and plantar ulcers were 

developed at 14 years and 16 years of age in the Spanish patients. These patients also showed 

distal impairment of sensory function affecting superficial touch, pain and temperature 

sensations. In vitro assays revealed that the Y192C mutation disrupted the endoplasmic 

reticulum network by mislocalization of the protein. ATL3 co-localizes with protein disulphide 

isomerase, a marker of the reticular endoplasmic reticulum network including peripheral 

tubules. While no alteration of the co-localization was found in cells expressing wild type ATL3, 

in cells overexpressing the Y192C mutant, distribution of protein disulphide isomerase was 

drastically altered. The association with three-way junctions was lost in the Y192C mutant 

protein and the distribution was restricted to the condensed area in proximity to the nucleus 

and localized to a few unbranched tubules throughout the cell (Kornak et al., 2014). This 

indicates that the endoplasmic reticulum structure collapsed upon the expression of the 

mutant protein, supporting an important role of ATL3 in the formation of three-way junctions 

in the endoplasmic reticulum. Several reports have suggested that atlastin-3 is expressed in the 

CNS as well as DRG neurons (Hawrylycz et al., 2012, Kornak et al., 2014) and relatively high 

expression of Atl3 (Usoskin et al., 2015) was found in the RNA transcriptome analyses of 

mouse sensory neurons, supporting an idea that ATL3 can serve essential functions in sensory 

neurons. Considering these, the alteration of membrane-shaping proteins in sensory neurons 

by mutant ATL3 protein could be intrinsic to axonal degeneration and peripheral neuropathies.  
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Table 4-8. Clinical findings in the individuals harbouring the p.Tyr192Cys mutation in ATL3. Het = heterozygous; n.d. = not done; - = not present; + = present; ++ 
= prominent; +++ = severe. (Kornak et al., 2014) 

Patient ID  A-III-1  A-IV-1  A-III-3  A-IV-2  B-II-1  B-III-1  B-III-2  

Origin  Germany  Germany  Germany  Germany  Spain  Spain  Spain  

Age at onset 

(years)  
14  30  not known  33  35  14  16  

Foot ulcers  +++  +  -  -  -  +  +  

Hallux valgus  ++  ++  +  +  -  +  +  

Foot arthropathy  +  +  +  +  +  -  -  

Fractures 

Metatarsals  
+++  ++  -  +  -  +  +  

Foot bone 

destruction  
+++  ++  ++  +  -  +  +  

Amputations  Lower legs  -  -  -  -  
Second toe and 

metatarsal  

Second toe and 

metatarsal  

Disturbed touch 

sensitivity  
++  +  n.d.  n.d.  -  +  +  

Disturbed pain 

sensitivity  
+  +  +  +  -  +  +  

Autonomic 

dysfunction  
-  -  -  -  -  -  -  

Spasticity/brisk 

reflexes  
-  -  -  -  -  -  -  

NCS  
Axonal sensory 

neuropathy  

Sensory 

neuropathy  
n.d.  n.d.  n.d.  

Axonal sensory 

neuropathy  

Axonal sensory 

neuropathy  
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Others  Nail necrosis  DXA T-score −1  
Prominent 

entheses  

Prominent 

entheses  
-  Absent ankle jerks  Absent ankle jerks  

Initial diagnosis  
Familial 

acroosteolysis  

Familial 

acroosteolysis  

Familial 

acroosteolysis  

Familial 

acroosteolysis  
HSAN type I  HSAN type I  HSAN type I  

State  Het  Het  Het  Het  Het  Het  Het  

Mutation  c.575A>G  c.575A>G  c.575A>G  c.575A>G  c.575A>G  c.575A>G  c.575A>G  

Consequence  p.Tyr192Cys  p.Tyr192Cys  p.Tyr192Cys  p.Tyr192Cys  p.Tyr192Cys p.Tyr192Cys  p.Tyr192Cys  
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Another member of the Atlastin family, atlastin GTPase 1 (ATL1), has also been 

documented as an underlying cause of hereditary peripheral neuropathies, HSAN 1D (Guelly 

et al., 2011). Similarly to the study regarding the missense mutation in ATL3 that is linked to 

HSN 1F (Kornak et al., 2014), some mutant ATL1 proteins found in individuals diagnosed as 

HSAN 1D disrupted the endoplasmic reticulum morphology including three-way junctions, 

with lack of GTPase activities. Another mutant ATL1 was localized diffusely throughout the 

cytoplasm with markedly reduced expression levels of the protein, which could be due to the 

decreased protein stability. However, the other mutant ATL1 showed no significant alteration 

of the endoplasmic reticulum morphology nor GTPase activities, indicating that the subcellular 

mislocation including formation of three-way junctions in the endoplasmic reticulum is not the 

only disease mechanism involved in these peripheral neuropathies. 

Study of the endoplasmic reticulum morphology in cells expressing the mutant P231L 

ATL3 could provide some evidence to confirm that this is the pathogenic mutation.  

Interestingly, another causative molecule of neuropathies, RAB7, constitutively binds to the 

endoplasmic reticulum, serving an essential function in endosome maturation (Friedman et al., 

2013, Rotthier et al., 2012). Rab7 can regulate axonal transport and the retrograde signalling of 

NGF and its TrkA receptor by binding NGF (Zhang et al., 2013a). As mentioned before, NGF 

mutations also cause a HSAN phenotype (Einarsdottir et al., 2004, Carvalho et al., 2011). 

Therefore it would be also interesting to explore if there is any association between RAB7 and 

ATL3 since this might potentially lead to a painful peripheral neuropathy. Our mutation in 

ATL3 might affect proper functions of the endoplasmic reticulum. For example, the 

endoplasmic reticulum plays an essential role in Ca2+ storage as well as Ca2+ release (Baumann 

and Walz, 2001). Disturbances in the endoplasmic reticulum Ca2+ homeostasis may be also 

closely related to several disorders such as brain ischemia and Alzheimer disease as well as 

neuropathies (Verkhratsky and Toescu, 2003). Protein-folding is also an important role of the 

endoplasmic reticulum. Protein misfolding is a common feature of several neurodegenerative 

diseases such as Parkinson’s disease, Huntington’s disease, amyotrophic lateral sclerosis and 

prion-related diseases (Hetz and Mollereau, 2014). These disorders related to endoplasmic 

reticulum functions strengthen the idea that a number of pathways could be affected by ATL3 

mutant protein through dysfunctions of the endoplasmic reticulum. As discussed above, 

another mutation in ATL3 (Y192C) has been linked to painless neuropathies, HSN 1F. It would 

be also interesting to explore the functional difference in the endoplasmic reticulum caused by 

these mutations, Y192C and our mutation, P231L, to unravel why Y192C leads to a painless 

neuropathy whereas P231L could be causing a painful neuropathy. Furthermore, the stability of 
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the mutant protein and its GTPase activity could be measured and potentially mouse models 

that express the orthologous mutation could be generated. 

In addition to experiments outlined above, it is also important to ascertain whether the 

mutations in the proband are heritable. In this project, we focused on three missense variants 

in CWC22, TMEM8B or ATL3. However, it is still uncertain that these variants are pathogenic 

mutations since this initial selection was performed by whole-exome sequencing from only one 

patient. If the mutations are absent in his unaffected parent, but present in the affected parent 

and grandparent, then this would give further strength to the hypothesis that these mutations 

are pathogenic. Also, it should be also mentioned that the variants which have been reported 

to carry any polymorphisms were excluded in this project. However, there might be a 

causative mutation in a gene bearing polymorphisms at the position of the novel variants. 

Further analysis would be needed to identify causative mutations.  

 

4.6 CONCLUSION 

In this project, three missense heterozygous point mutations were found in the patient 

diagnosed with a SFN and an EM-like phenotype in the knee; the mutation in CWC22 

(c.1855G>T), TMEM8B (c.442C>T) and ATL3 (c.692C>T). These mutations resulted in the 

amino acid change, aspartic acid to tyrosine at position 619 (D619Y) in CWC22, proline to 

serine at position 148 (P148S) in TMEM8B and proline to leucine (P231L) in ATL3. These 

mutations are evolutionally conserved. Among these genes CWC22 and ATL3 have been 

associated with neuropathy. Cwc22 was significantly upregulated in DRGs from diabetic mice 

demonstrating neuropathy and the impaired thermal sensitivity in these mice was reversed by 

knockdown of Cwc22. Another mutation in ATL3 (Y192C) has been described to be linked to 

a painless neuropathy categorised as hereditary sensory neuropathy type IF (HSN 1F) by 

disruption of the endoplasmic reticulum network. The P231L mutation in ATL3 is predicted to 

locate to the GTPase domain and the proline residues are present in all three human atlastin 

GTPase homologues, highlighting the likely functional importance of these residues. The P231L 

mutation might lead to a painful neuropathy perhaps by affecting the endoplasmic reticulum 

morphology. Further investigations are necessary to confirm if these mutations are pathogenic. 
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SUMMARY 

This thesis focuses on investigating mechanisms of pain sensation which are not yet 

completely understood, as well as identifying novel analgesic drug targets by using molecular, 

genetic and transgenic approaches. The key findings in this thesis are: an additional novel 

function of Nav1.7 in gene expression regulation (Chapter 2); the role of ZFHX2 in pain and 

the effects of a point mutation that causes pain insensitivity (Chapter 3); and the finding of 

three novel missense mutations which are potentially pathogenic in a patient with painful small 

fibre neuropathy and erythromelalgia-like symptoms in the knees (Chapter 4). 

In Chapter 2, we aimed to explore a novel function of one of the most important 

elements in pain signalling, Nav1.7. We show that lack of Nav1.7 results in significant gene 

dysregulation in dorsal root ganglia neurons. Pain behavioural tests confirmed that some of 

these dysregulated genes are likely to contribute to the pain-insensitive phenotype. These 

include one of the well-studied endogenous opioid family genes, Penk, and the uncharacterised 

gene, Ceacam10. Interestingly, human pain studies showed that up-regulation of endogenous 

opioids caused by loss of function Nav1.7 mutations can contribute to pain insensitivity in a 

Nav1.7 null patient. The molecular studies demonstrated the up-regulation of Penk at the 

transcriptional level may be triggered by the alteration of intracellular sodium levels, 

highlighting a possible role of sodium ions as a second messenger. Notably this mechanism is 

unlikely to influence the dysregulation of other genes, such as Ceacam10 and Tmem173. The 

dysregulated genes and their involvement in pain may explain why potent selective antagonists 

of Nav1.7 are weak analgesics. Taking their potential synergy into account, targeting Nav1.7 in 

combination with the dysregulated genes may be the foundation of an effective pain treatment 

and may expand the arsenal of pain therapies. 

Other key findings of this thesis are the role of Zfhx2 in pain and the missense mutation in 

ZFHX2 found in pain insensitive patients. This gene likely mediates pain sensitivity via 

dysregulation of downstream genes. By using animal models, we discovered that Zfhx2 is 

involved in pain with both global knockout and BAC transgenic mice bearing the orthologous 

mutation displaying significant acute pain perception deficits. Using stable cell lines we found 

that the R1913K mutation in ZFHX2 alters the expression of numerous downstream genes. 

However, the pathological mechanisms of this mutation are still unclear. Our findings highlight 

that ZFHX2 and its downstream genes could be considered as potential novel targets for new 

analgesic drugs. 
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We also discovered three potential causal missense mutations in CWC22, TMEM8B and 

ATL3 for a novel human phenotype of painful small fibre neuropathy and associated 

erythromelalgia-like symptoms that predominantly affect the knees. Importantly, this analysis is 

based on a single patient sample and hence further experiments are needed to determine 

which is the pathogenic mutation. Among the candidate genes, the mutations in CWC22 and 

ATL3 are particularly interesting in terms of their known links to neuropathies. 

Pain is a highly complex biological phenomenon involving numerous genes and pathways. 

This thesis highlights that although pain insensitive individuals have mutations in single genes 

(e.g. SCN9A or ZFHX2), the analgesic effects of the mutations are likely to be related to the 

dysregulation of numerous genes. In the case of SCN9A, we show that loss of function of the 

encoded Nav1.7 channel results in significant gene dysregulation in dorsal root ganglia neurons, 

including upregulation of preproenkephalin. For ZFHX2, the point mutation in this 

transcriptional regulator also leads to dramatic dysregulation of downstream genes. Hence 

although Nav1.7 and ZFHX2 are attractive analgesic targets, effective pain relief may only be 

reached by a drug combination that works synergistically on multiple targets. 
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