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Abstract

Dominant mutations in the gene GJB2 cause keratitis-ichthyosis-deafness (KID)
syndrome, a severe condition affecting the skin, cornea and inner ear. GJB2 encodes
the protein connexin-26 (Cx26) which forms hemichannels or gap junction channels
allowing the passage of signalling molecules. Approximately 80% of KID syndrome
patients carry a c.148G>A (p.D50N) mutation in GJB2, which results in aberrant
channel function. We hypothesised that silencing of the mutant allele in patient

keratinocytes using allele-specific siRNA could correct the channel function.

First, to confirm whether patient keratinocytes with only one wildtype GJB2 allele
formed functional channels following allele-specific siRNA treatment, GJB2"
keratinocytes were generated using CRISPR/Cas9. The scrape-loading dye transfer
(SLDT) assay showed no distinguishable difference in gap junction intercellular
communication (GJIC) between GJB2"" and GJB2"* cells, suggesting normal GJIC
in GJB2"" keratinocytes.

Nineteen siRNAs were designed and tested in HeLa cells expressing wildtype or
mutant GJB2-GFP transgene. A lead siRNA, was discovered, which potently inhibited
the mutant mRNA and protein without affecting wildtype GJB2 expression. The
efficacy of the lead siRNA was assessed using keratinocytes derived from a KID
syndrome patient (KID-KC) harbouring heterozygous c.148G>A mutation. These cells
displayed pathological features of KID syndrome, with reduced gap junction plaque
formation, impaired GJIC and hyperactive hemichannels confirmed by

immunostaining, SLDT, patch clamp and neurobiotin uptake assays.

Following treatment with the siRNA, selective silencing of mutant GJB?2 allele in KID-
KCs was confirmed at mRNA and protein levels. Significant improvement of GJIC
and reversal of hemichannel activity were detected, with the latter corrected to a level
comparable to that recorded in normal keratinocytes. Furthermore, RNA-Seq analysis
showed that only six genes in the KID-KC transcriptome were significantly altered by
the siRNA treatment, suggesting low-level off-target effects.

In conclusion, allele-specific siRNA silencing of pathogenic dominant GJB2 mutation

could be a potential therapeutic intervention for KID syndrome.



Impact Statement

This study has utilised the allele-specific siRNA technique to effectively silence the
mutant GJB2 allele in KID syndrome patient-derived keratinocytes. The silencing led
to reversal of aberrant channel function in the cells, including improvement of gap
junction intercellular communication and correction of hyperactive hemichannels.
Strikingly, the therapeutic siRNA caused a very low level of genome-wide off-target

effects in the patient cells, as detected by RNA-Seq.

The data presented in this thesis could be beneficial to multiple fields of research. First
of all, the cell model used in this work is the first published immortalised, patient-
derived keratinocyte cell line. The cell line, harbouring the most common KID
syndrome mutation, are of great research values for elucidating the pathomechanism
of the condition; meanwhile, it would benefit pre-clinical assessment of any new
treatment developed for the condition. Also useful are the GJB2-knockout cell lines
generated alongside the study by CRISPR/Cas9 genome editing. These cell lines
would also be essential for future research into biological processes and signalling

pathways related to the gene.

KID syndrome is an incurable, life-long condition with multi-systemic defects, thus
posing a tremendous burden on affected patients, families and healthcare systems. This
study provides an important proof-of-concept for the use of the allele-specific siRNA
strategy in targeted therapy for the condition. The successful in vifro outcomes have
been presented in five national or international conferences, and a manuscript (in
preparation) will soon be submitted to a peer-reviewed journal. The data will form
strong basis for further research and optimisation of strategies regarding the siRNA
treatment, such as routes of administration, a critical step towards its potential clinical
translation. Our laboratory has also established a human-murine chimeric mouse
model for further in vivo studies. If successful, the siRNA strategy can enter a phase 1
clinical trial, which could potentially bring in long-term clinical benefits to patients
with the debilitating condition. Furthermore, this strategy can be adapted to other
human conditions associated with dominant mutations, therefore having additional

impact to a broad range of research.
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1.1 KID syndrome
1.1.1 Clinical overview

Keratitis-Ichthyosis-Deafness (KID) syndrome (MIM 148210) is a rare, autosomal
dominant genetic condition characterised by corneal inflammation, hearing loss and
ichthyosis (Coggshall et al., 2013; Richard et al., 2002). The condition was first
described in 1915 (Burns, 1915) and was subsequently classified as a specific
ectodermal disorder which affects the epidermis, corneal epithelium and inner ear
(Caceres-Rios et al., 1996; de Berker et al., 1993; Tsuzuku et al., 1992; Wilson et al.,
1973). In 1981, the acronym ‘KID’ was first proposed. To date, there have been just
over 100 cases with KID syndrome reported in the literature, with an estimated
incidence ranging from 1 in 100,000 (Levit and White, 2015) to 1 in 1,000,000 (Al
Fahaad, 2014). Although KID syndrome is rare, the clinical manifestations are

debilitating, progressive, and difficult to treat.

Ocular involvement in KID syndrome is often bilateral and progressive, reported as
neovascularisation, conjunctivitis, keratoconjunctivitis sicca and pannus formation
(Brown et al., 2016; Kim et al., 2008; Messmer et al., 2005; Sonoda et al., 2004;
Walcott et al., 2002), with histopathology showing thickened corneal epithelium with
poorly differentiated epithelial cells (Djalilian et al., 2010). Patients often have
photophobia, tearing and visual disturbance. Recurrent corneal erosions, corneal
opacity and trichiasis have also been reported in the literature (Caceres-Rios et al.,
1996; Haruna et al., 2010; Messmer et al., 2005; Serrano-Ahumada et al., 2017). The
corneal findings are progressive and may lead to diminished visual acuity and

blindness (Coggshall et al., 2013).

Sensorineural hearing loss is often profound and occurs in nearly all reported cases
with KID syndrome (Patel et al., 2015). Unlike ocular impairment, the auditory
impairment is usually non-progressive; however, due to its prelingual onset (average
age of onset of 23 months) (Szymko-Bennett et al., 2002), it may affect speech
development severely. A previous post-mortem histological study of temporal bone
samples from a patient revealed dysplasia of cochlear and saccular neuroepithelium
(Griffith et al., 2006). The dual sensory defect, combining ocular and auditory
impairment, often leads to profound disability which is hard to rehabilitate (Coggshall
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et al., 2013; Griffith et al., 2006).

The cutaneous involvement of KID syndrome usually develops as early as in the
neonatal stage, despite the reported age of onset ranging from birth to 15 years
(Alvarez et al., 2003; Arita et al., 2006; Bygum et al., 2005; Maintz et al., 2005; van
Steensel et al., 2002; Werchau et al., 2011). The cutaneous features include
erythrokeratodermic or verrucous plaques, follicular hyperkeratosis, and/or
palmoplantar keratoderma with characteristic coarse-grained appearance (Coggshall
et al., 2013). Other reported cutancous features include, but not limited to,
porokeratotic eccrine ostial and dermal duct nevus (Criscione et al., 2010; Lazic et al.,
2012), follicular occlusion triad, featuring dissecting folliculitis, hidradenitis
suppurativa and cystic acne (Maintz et al., 2005; Montgomery et al., 2004). Nail
dystrophy and loss of hair and nails have been frequently documented (Alvarez et al.,
2003; Binder et al., 2005; Coggshall et al., 2013), with loss of scalp hair, eyebrows or

eyelashes occurring in 79% of cases (Caceres-Rios et al., 1996).

Chronic cutaneous infection and tumours are common complications of KID
syndrome (Coggshall et al., 2013). Patients are prone to opportunistic infections, with
bacterial pathogens including Staphylococcus and Streptococcus species, Escherichia
coli, Serratia marcescens, Pseudomonas aeruginosa and Proteus mirabillis (Binder et
al., 2005; Jonard et al., 2008; Lazic et al., 2008) and fungal pathogens including
Trichophyton rubrum and the Candida species (Conrado et al., 2007; Gilliam and
Williams, 2002; Ma et al., 2017). The infection issues often cause failure to thrive
(Janecke et al., 2005; Lazic et al., 2008; Sbidian et al., 2010). In severe cases,
septicaemia occurs in the first year of life (Gilliam and Williams, 2002; Haruna et al.,
2010; Janecke et al., 2005; Jonard et al., 2008; Sbidian et al., 2010), and this
complication was reported to be the major cause of premature death in patients with
KID syndrome (Martin and van Steensel, 2015). Susceptibility to infection has led to
the proposal that KID syndrome should be viewed as an immunodeficiency resulting
from altered innate immunity (Donnelly et al., 2012; Ma et al., 2017) and/or from an

imperfect epidermal barrier (Maintz et al., 2005).

Tumours are a clear feature of KID syndrome (Coggshall et al., 2013; Natsuga et al.,

2011). Trichilemmal tumours, ranging from benign trichilemmal cyst to malignant
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proliferating trichilemmal tumour (Kim et al., 2002; Nyquist et al., 2007), as well as
squamous cell carcinoma (SCC) (Bergman et al., 2012; Mayama et al., 2013;
Mazereeuw-Hautier et al., 2007; Sakabe et al., 2012) have been documented.
Strikingly, in some cases, widespread metastasis can occur as early as in the third
decade of life (Nyquist et al., 2007). Thus, careful, lifelong monitoring is warranted
and a lower threshold for diagnostic biopsy and surgical excision of suspicious lesions

is recommended (Coggshall et al., 2013).

1.1.2 GJB2: the causative gene of KID syndrome

In 2002, Richard et al. identified germline mutations in the GJB2 gene in nine families
with KID syndrome, providing the earliest genetic basis of the disorder (Richard et al.,
2002). A single case of KID syndrome caused by a mutation in the GJB6 gene has
since been reported (Jan et al., 2004); however, GJB2 remains the major causative gene
for the condition. GJB2, located on chromosome 13q12, encodes a transmembrane,
channel-forming protein known as connexin-26 (Cx26) (Richard et al., 2002). This
gene has two exons, with the first exon encoding only an untranslated region and the
second exon containing the entire protein-coding sequence (Sohl and Willecke, 2004).
GJB2 is expressed in multiple organs throughout the human body, including epithelial
and connective tissues of the cochlea (Jagger and Forge, 2015), the epidermis and hair
follicles of the skin (Arita et al., 2004; Di et al., 2001c), the corneal epithelium
(Richard et al., 2002), placenta (Gabriel et al., 1998), neurons (Nagy et al., 2001) and
epithelial tissues of the oesophagus, liver, stomach, pancreas, testis, mammary gland,
sweat gland, lacrimal gland, pituitary and pineal glands (Michon et al., 2005; Uhlen et
al., 2015).

GJB2 mutations, however, are not only linked to KID syndrome. To date, more than
150 GJB2 mutations have been linked to syndromic hearing loss (SHL) or non-
syndromic hearing loss (NSHL) (Kelsell et al., 1997; Xu and Nicholson, 2013). The
former is associated with skin pathology and ectodermal dysfunction, whereas the
latter is hearing loss only. Being classified as a SHL condition, KID syndrome has
been thus far linked to 12 missense GJB2 mutations (Table 1.1), all inherited in an
autosomal dominant manner. For this project, a thorough review of the literature

between 2002 and 2009 was undertaken, including 40 papers published with genotypic
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data. Among the 12 mutations, c.148G>A, which leads to the substitution of aspartic
acid for asparagine at codon 50 (p.D50N), is the most common mutation, accounting
for 47 of all 66 (71.2%) cases reviewed. This is consistent with a previous report of
the largest European patient cohort (Mazereeuw-Hautier et al., 2007), which found
12/14 (86%) patients carrying this mutation. Although the rarity of KID syndrome has
long limited the exploration of genotype-phenotype correlation, it is becoming clear
that patients with p.G45E or p.A88V mutation usually die within several months after
birth (Koppelhus et al., 2011; Sbidian et al., 2010), whereas those with p.D5SON appear
to have a normal life span (Mazereeuw-Hautier et al., 2007; Sakabe et al., 2012). This
above information indicates that the p.D50N mutation serves as a good target for the

present study aimed at developing a mutation-specific therapy for KID syndrome.

Four other SHL conditions with overlapping but distinct clinical presentation have also
been linked to the GJB2 gene, which include hystrix-like ichthyosis with deafness
(HID, MIM 602540), Vohwinkel syndrome (VS, MIM 124500), Bart-Pumphrey
syndrome (BPS, MIM 149200) and palmoplantar keratoderma with deafness (PPKD,
MIM 148350). Similar to KID syndrome, all mutations responsible for these
syndromes are dominant, single-nucleotide substitutions with only one exception,
c.125delAGG (p.A42E) (Table 1.1). These syndromes were initially recognised as
independent conditions but were later grouped into two entities, KID-HID and VS-
BPS-PPKD, based on the molecular aetiology (Lee and White, 2009). For example,
HID, featuring spiky hyperkeratosis but lacking ocular involvement, has been linked
to the p.D5S0N mutation that causes KID syndrome (van Geel et al., 2002). Interestingly,
some KID syndrome patients with p.D50N mutation do not develop ocular
abnormalities even in adulthood (Bondeson et al., 2006; Neoh et al., 2009). Likewise,
VS manifests as severe honeycomb-like palmoplantar keratoderma (PPK) with
constriction bands resulting in autoamputation of digits (Maestrini et al., 1999),
whereas BPS displays relatively mild PPK with knuckle pads and leukonychia
(Richard et al., 2004); these conditions turned out to have a common pathogenic
mutation, p.G59S (Alexandrino et al., 2005). Furthermore, another VS-BPS mutation
on the same residue (p.G59R), along with p.G130V, was later found to be shared by
PPKD which is characterised by milder deafness and PPK with no constriction bands
or knuckle pads (lossa et al., 2009; Leonard et al., 2005). Such a phenotypic spectrum
among the SHL conditions indicates that the GJB2 function is variably affected

24



dependent on the nature and location of mutation. The gene function and the

consequence of the mutations will be described subsequently.

Table 1.1 GJB2 mutations linked to syndromic hearing loss

Phenotype Mutations Mutations Clinical feature
(cDNA) (amino acid)
Keratitis-ichthyosis c.32G>A, ¢.34G>C, GI11E, G12R, Deafness, ocular
-deafness syndrome c.40A>T, ¢.42C>G, N14K, N14Y, impairment,
¢.50C>T, ¢.89T>A, S17F, I30N hyperkeratosis
(1D) c.119C>T, c.134G>A, A40V, G45E, (generalised), PPK
c.148G>A*, ¢.148G>T, D50N*, D50Y, (stippled), hair/nail
¢.148G>C, ¢.263C>T D50A, A88V dystrophy, cutaneous

infection, malignancies
(Coggshall et al., 2013)

Histrix-like c.148G>A* D50N* Deafness, hyperkeratosis

ichthyosis deafness (generalised, spiky,
cobberstone-like), PPK

S (5100 (van Geel et al., 2002)

Vohwinkel c.175G>A* ¢.193T>C, G59S*, Y65H,  Deafness, PPK

syndrome c.196G>C, ¢.389G >T#  D66H, G130V#  (honeycomb-like),
constriction bands

(VS)

(Maestrini et al., 1999)

Bart-Pumphrey c.160A>C, ¢.162C>A, N54H, N54K, Deafness, PPK (milder),

# # # #

syndrome (BPS) c.175G>A%, ¢.175G>C G59S7, G59R knuckle pads,
leukonychia (Richard et
al., 2004)

Palmoplantar c.125delAGG, c.175G>C*#, AE42, G59R*,  Deafness, PPK

keratoderma with ¢.176G>C, ¢.218A>G, G59A, H73R, (Heathcote et al., 2000)

¢.223C > T, c224G>A, R75W, R75Q,
deafness (PPKD) ¢.389G>T*, ¢.548C>T, G130V, S183F,
¢.551G>A R184Q

Note: * and # indicate shared mutation by KID-HID and VS-BPS-PPKD. These two different

entities are shaded in darker colour and lighter colour, respectively.

Abbreviation: PPK, palmoplantar keratoderma.

The remaining GJB2 mutations are linked to recessive NSHL (MIM 220290) or
dominant NSHL (MIM 601544), accounting for the vast majority of identified GJB2
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mutations (Xu and Nicholson, 2013). Those NSHL mutations, including missense,
nonsense, frameshift and indel mutations, contribute to approximately half of total
individuals with congenital hearing loss from a diversity of ethnic groups (Chang et
al., 2003; Kelsell et al., 1997; Lee and White, 2009; Petit et al., 2001; Srinivas et al.,

2017). This study, however, focuses on KID syndrome and its related mutations.

1.1.3 Current treatment and hurdles

The current mainstay of treatment for KID syndrome includes a combination of
emollients, and topical or oral retinoids that improve the skin barrier (Avshalumova et
al., 2014; Coggshall et al., 2013). Among different oral retinoids, acitretin has been
reported to improve hyperkeratotic lesions with no major adverse effects on vision or
hearing (Sahoo et al., 2002). Antifungal and antibacterial agents are necessary for
infection control. For keratitis, the use of topical anti-inflammatory agents such as
topical corticosteroids and cyclosporine A (Serrano-Ahumada et al., 2017) and
implantation of a Boston keratoprosthesis (Brown et al., 2016) have been reported. For
deafness, cochlear implantation has demonstrated clinical benefit, i.e. improved
hearing, speech and language skills, in at least nine cases (Arndt et al., 2010; Smyth et
al., 2012). However, post-operative habilitation can be hindered by skin complications
such as infection, poor wound healing, skin necrosis and extrusion of implant. Thus,

regular skin assessment and management are essential post-operatively.

A major challenge in clinical practice is the development of SCC. This malignancy
occurs in around 20% KID patients between the ages of 15-43 years (Natsuga et al.,
2011), and metastasis of SCC and malignant proliferative trichilemmal tumours have
been reported to occur even before the age of 30 years (Nyquist et al., 2007). In the
latter report, the authors argued that the presence of chronic infection and/or festering
inflammation (e.g. follicular occlusion triad) could contribute to malignant
transformation in patients with KID syndrome, however the pathogenesis of tumour
formation in this condition is not yet understood. Unfortunately, detecting the
malignant lesions at an early stage is challenging. These lesions often arise underneath
the base of hyperkeratotic plaques, making early biopsy and surgical removal difficult.
Furthermore, the molecular basis of success in common dermatological treatment is

usually not understood. For example, an early immunostaining study found that topical
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application with a retinoic acid massively up-regulated Cx26, the protein product of
GJB2, in the skin of healthy human volunteers (Masgrau-Peya et al., 1997). Although
the molecular basis for good acitretin treatment response in KID syndrome patients
(Patel et al., 2015; Wolfe et al., 2017) has not been specifically addressed, this routine
treatment may potentially enhance expression of the functionally-detrimental mutant
GJB2 allele (see below) and could adversely affect cellular function, as originally
argued by others (Levit and White, 2015). As an alternative therapeutic option, the

present study aims to develop a mutation-targeted therapy for KID syndrome.

1.2 Connexin, hemichannel and gap junction
1.2.1 Connexin: nomenclature, topology and life cycle

Cx26 belongs to the connexin family, a highly-conserved transmembrane protein
family consisting of 21 members in the human genome. Two alternative systems of
nomenclature are in use, one based on the molecular weight of connexin peptide (‘Cx’
system), and the other based on the sequence homology (‘GJ’ system) (Kumar and
Gilula, 1992; Kumar et al., 1996). According to the latter system, connexin members
are classified into five subfamilies: alpha (GJA), beta (GJB), gamma (GJC), delta
(GJD) and epsilon (GJE) connexins (Koval et al., 2014). At present, the GJ system is
used for the names of connexin genes and the Cx system is used for their protein
products (Willecke and Nielsen, 2007). For example, the GJB2 gene encodes a beta

connexin Cx26 protein with a molecular weight of 26 kDa.

The 21 connexins have a common topology with four transmembrane segments (TM1-
TM4) connected by two extracellular loops (E1-E2) and a cytoplasmic loop (CL),
along with an amino-terminal (NT) and a carboxyl-terminal (CT) domains that are
oriented toward the cytoplasm (Maeda et al., 2009; Sanchez and Verselis, 2014)
(Figure 1.1). High levels of sequence homology have been reported in all
transmembrane and extracellular domains among connexin homologs (Laird, 2006),
with the exception of the CT domain, which has diversity in the length, amino acid
sequence and size, ranging from 23 to 62 kDa (Aasen et al., 2016). This domain is
thought to contribute to unique biophysical properties of different connexin subtypes

(Zoidl et al., 2008). For instance, phosphorylation at residues in the CT domain of
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connexin-43 (Cx43) tightly links to its protein function through regulating the channel
assembly, trafficking, clustering, channel gating, and protein-protein interaction
(Aasen et al., 2016), but Cx26, the smallest connexin with a very short CT domain, is
considered to have a phosphorylation-independent regulatory mechanism (Traub et al.,
1989). Each connexin has a unique life cycle, trafficking and channel behaviour (see

below).
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Figure 1.1 Model for the topology of connexins

Connexins share a similar topology. Taking Cx26 as an example, it is 4-transmembrane protein
that has four transmembrane domains (TM1-TM4). The loops between TM1 and TM?2, as well
as between TM3 and TM4, are the first and second extracellular loop domains (E1 and E2),
respectively. The loop between TM2 and TM3 is the cytoplasmic loop domain (CL). Amino-
terminal (NT) and carboxyl-terminal (CT) domains, oriented toward the cytoplasm, are also
depicted. All 12 Cx26 mutants linked to KID syndrome are shown. These mutants are
concentrated in the highly-conserved NT and E1 domains, with the exception of p.I130N (TM1)
and p.A88V (TM2).

Connexins are found in virtually every type of vertebrate cell (Bruzzone et al., 1996).
In general, connexins are synthesised in the endoplasmic reticulum membrane and then
transported to the Golgi apparatus, where six connexin subunits assemble to form a
connexon before trafficking to the plasma membrane through vesicular transport along
microtubules (Laird, 2006; Martin et al., 2014; Naus and Laird, 2010). On the plasma
membrane, connexons can either function alone as hemichannels, or ‘dock’ with a
compatible connexon present on the cell membrane of an adjacent cell to form a full
gap junction channel (Figure 1.2). Furthermore, gap junction channels can aggregate
to form a gap junction plaque, a mature configuration of gap junction channels.

Connexins on the cell surface are generally known to have a high turnover rate, with a
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half-life of only 1.5-5 hours (Fallon and Goodenough, 1981; Laird et al., 1995;
Thomas et al., 2005), followed by internalisation into one of the adjacent cells. The

internalised gap junctions formed a structure known as annular gap junction or

connexosome for later ubiquitination and lysosomal degradation (Leithe, 2016).
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Figure 1.2 Schematic of the typical life cycle of connexins

Connexins are synthesised in the endoplasmic reticulum. After trafficking to the Golgi
apparatus, correctly folded connexin subunits assemble (or oligomerise) into hexameric
connexons. Connexons are then trafficked to the plasma membrane via vesicular transport
along microtubules. On the plasma membrane, a connexon can function as hemichannel or
dock with another hemichannel from the neighbouring cell, forming a gap junction channel.
Hemichannels connect the cytoplasm and the extracellular space, while gap junction channels
couple the cytoplasm from two neighbouring cells by the direct exchange of various small
molecules. Gap junction channels can aggregate to form gap junction plaques, i.e. mature gap
Jjunction channels. Connexins and gap junctions are short-lived on the cell surface. After a life
span of a few hours, they are internalised to form a structure known as annular gap junction,

followed by lysosomal degradation.

1.2.2 Gap junction channel and hemichannel

Connexins have been studied for over five decades (Revel and Karnovsky, 1967) as
the principal protein components of gap junction channels (Aasen et al., 2016). These
channels form a conduit between the cytoplasm of adjacent cells, mediating the direct
exchange of small molecules with a molecular weight < 1 kDa (Elfgang et al., 1995),
while undocked hemichannels directly connect the cytoplasm and the extracellular

space. Both forms of channels are permeable to various inorganic ions (including Na®,
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K*, Ca*"), metabolites (including glucose, lactate), signalling molecules such as
adenosine triphosphate (ATP), inositol 1,4,5-triphosphate (IP3), cyclic adenosine and
guanosine monophosphate (cAMP and cGMP), along with microRNA (Bevans et al.,
1998; Giaume et al., 2013; Katakowski et al., 2010; Lohman and Isakson, 2014;
Niessen et al., 2000; Payton et al., 1969; Valiunas et al., 2018). With the property to
provide essential electrical and biochemical coupling between adjacent cells, gap
junction channels are well recognised for their role in intercellular communication and
tissue coordination (Delmar et al., 2017; Lawrence et al., 1978; Saez et al., 2010;
Srinivas et al., 2017). In excitable cells, e.g. cardiac and neuronal cells, the electrical
coupling functions to generate rapid and synchronised responses, whereas in non-
excitable cells, e.g. skin, the metabolic coupling is involved in the propagation of
coordinated responses (Mese et al., 2007). These functions, collectively known as gap
junction intercellular communication (GJIC), are indispensable in the regulation of cell
proliferation, differentiation, apoptosis and growth (Berger et al., 2014). This notion is
well supported by lethal or severe developmental phenotypes reported in mice
genetically lacking Cx26 (Cohen-Salmon et al., 2002; Dicke et al., 2011; Gabriel et al.,
1998), Cx43 (Reaume et al., 1995), Cx45 (Kruger et al., 2000) or Cx50 (White et al.,
1998).

In contrast, hemichannels have a less clear role in vivo, where cells are more tightly
packed and hence have fewer non-junctional plasma membranes compared to in vitro
culture conditions (Schalper et al., 2008). These channels have been studied
extensively since the earliest in vitro electrophysiological analyses of hemichannels in
Xenopus oocytes expressing exogenous Cx46 (Paul et al., 1991), cultured solitary
horizontal cells of the catfish (DeVries and Schwartz, 1992) and skate retinas
(Malchow et al., 1993), which detected an outward membrane current with time- and
voltage-dependence consistent with half of a gap junction channel (DeVries and
Schwartz, 1992). Later single-channel studies on mammalian and non-mammalian cell
expression systems found factors such as membrane voltage, intracellular pH, and Ca**
concentration can regulate the activity of hemichannels (Bukauskas and Verselis, 2004;
Delmar et al., 2017). Currently, it is accepted that, unlike gap junction channels, non-
junctional hemichannels predominantly remain in the closed state under physiological
conditions (Bennett et al., 1991; Contreras et al., 2003) by at least one of the following

mechanisms: 1) channel blockade by extracellular Ca** and Mg?*, ii) post-translational
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modifications, and iii) negative membrane potentials that close most hemichannels
(Johnstone et al., 2012; Retamal et al., 2015). The closure of hemichannels prevents
cell death induced by passive loss of ion gradients and metabolites, a consequence of
persistent hemichannel opening (Garcia et al., 2016). However, hyperactivity of
hemichannels has been implicated in a series of human disorders in the skin, inner ear,
lens, nervous system, and heart (Retamal et al., 2015), and the relevant skin disorders

will be discussed below.

Each of the 21 identified connexins is endowed with a special functional identity
(Sanchez and Verselis, 2014). As an added level of complexity, hemichannels and gap
junction channels can be formed by more than one type of connexin (Bevans et al.,
1998; Cottrell and Burt, 2005; Koval et al., 2014). Hemichannels composed of a single
type of connexin are known as homomeric hemichannels, and those formed by two or
more compatible connexin types are termed heteromeric hemichannels (Figure 1.3).
Moreover, two identical or different types of hemichannels can dock head-to-head to

form homotypic or heterotypic gap junction channels, respectively.

Hemichannel Gap junction channel

H . H i H ) Homomeric Homomeric Heteromeric Heteromeric
or::lo:;enc ongo;r(u)enc cet;:g(r:ne;;c Homotypic Heterotypic Homotypic Heterotypic
X X Xeo/tx Cx26 Cx26/Cx30 Cx26/Cx30 Cx26/Cx30

Figure 1.3 Schematic of different organisations of connexins

Connexins can assemble to form homo- and heteromeric hemichannels. These hemichannels
can dock with each other to form homo- and heterotypic gap junction channels. Cx26 is
represented as unfilled cylinders and Cx30 is represented as filled cylinders. Note that only

compatible connexins, like Cx26 and Cx30, can form heteromeric channels.

These heterogeneously-assembled channels have biophysical behaviours which are
distinct from their homogenous counterparts (Cottrell and Burt, 2005). These include
half-life, ionic conductance, gating, permeability and selectivity (perm-selectivity) to

specific molecules, and response to environmental stimuli or post-translational
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modifications. Chronic exposure of cultured vascular smooth muscle cells, A7r5, to
growth factors was found to lead to progressive loss of GJIC (Kurjiaka et al., 1998),
later found to result from an elevation of Cx40-to-Cx43 expression ratio induced by
the stimulus of growth factors (Cottrell et al., 2001). In support of these findings,
studies by others showed that heteromeric channels formed by Cx26 and Cx32
dynamically prevented the intercellular passage of cGMP (but not cAMP); in contrast,
both cGMP and cAMP passed normally via homomeric Cx32 channels (Bevans et al.,
1998). The above evidence suggests that the formation of heterogeneous channels
provides functional diversity in cellular communication and signalling for their
respective tissue types. The process is likely to be dynamically-regulated in response
to different chemical (e.g. growth factors, inflammatory signals) and physical stimuli

(e.g. mechanical force).

1.2.3 Functional assays for gap junctions and hemichannels

GJIC can be measured as intercellular dye transfer, metabolic cooperation and
electrical conductance (Abbaci et al., 2008). The first cell-to-cell dye transfer was
reported in 1964 (Kanno and Loewenstein, 1964). A gap junction-permeant fluorescent
dye was microinjected into a cell without affecting cell viability, resulting in diffusion
of the dye to the adjacent cell(s). This intercellular diffusion represents the
permeability and selectivity of gap junctions formed between the cells (i.e. ‘coupled’
cells). Later dye transfer studies employed techniques such as scrape loading (el-Fouly
et al., 1987), electroporation (Raptis et al., 1994), pre-loading (also known as a
parachute assay) (Goldberg et al.,, 1995) and fluorescence recovery after
photobleaching (Wade et al., 1986), all still in use currently. On the other hand, gap
junctional metabolic cooperation can be examined by incubating a population of donor
cells with a radiolabelled precursor, e.g. ['*C]-glucose (Goldberg et al., 1998), co-
culturing the cells with unlabelled recipient cells to allow intercellular transfer of the
metabolite, followed by autoradiography to quantify gap junctional coupling. Finally,
since gap junction permeability correlates linearly with its electrical conductance
(Abbaci et al., 2008), single channel currents and gap junctional conductance in cell
pairs serve as further measures for GJIC and can be quantified using

electrophysiological methods (Neyton and Trautmann, 1985).
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Analogous to GJIC assays, hemichannel activity can be determined by measuring
transmembrane dye uptake, permeability to signalling molecules (e.g. ATP, Ca>") and
transmembrane currents (Schalper et al., 2008). Solitary cells are often studied to rule
out the contribution of gap junction channels. Dye uptake is a simple assay that
measures permeability of a fluorescent dye through hemichannels present on the cell
surface (Paul et al., 1991). Likewise, open hemichannels also lead to ATP release into
the extracellular space and influx of Ca?’, which can be readily detected using
bioluminescence method and Ca?" imaging, respectively (Cotrina et al., 1998). In
addition, transmembrane currents through open hemichannels can be detected by
electrophysiological methods such as patch clamp and voltage clamp (Schalper et al.,
2008). Since each of the above assays has their advantages and limitations, a
combination of different assays is commonly carried out to provide complementary
functional information. This also helps to distinguish between connexin hemichannels
and hemichannels formed by pannexins (Schalper et al., 2008), close relatives of

connexins.

1.3 Connexin and skin diseases
1.3.1 The skin and epidermal barrier

The skin is the largest organ of the human body, and is composed of the hypodermis,
dermis and epidermis (Nestle et al., 2009). The hypodermis is a loose connective tissue
whose function is mainly fat storage. The dermis, a collagen/elastin-rich, dense
connective tissue containing blood vessels and nerves, functions to nourish and supply
nutrients to the epidermis and its appendages, e.g. sweat glands, sebaceous glands and
hair follicles. The epidermis is the outermost layer of the skin, consisting of stratified
squamous epithelial cells (keratinocytes) which form the skin barrier. This barrier
protects against the body from water loss, microorganism invasion, and physical and
chemical insults from the environment (Blaydon and Kelsell, 2014). Histologically,
the epidermis has four layers representing four states of differentiation of keratinocytes:
the basal, spinous, granular, and cornified layers. The basal layer contains epidermal
stem cells which differentiate to renew the upper epidermal layers continuously. The
terminal differentiation programme in epidermal keratinocytes is critical for

maintaining the integrity of the epidermal barrier (Martin et al., 2014). Corneocyte is
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the name given to terminally differentiated keratinocytes residing in the cornified layer,
and along with cell-envelope proteins and intercellular lipids which are tightly
crosslinked, these provide mechanical strength and water permeability to the barrier.
Keratinocytes from lower layers in the epidermis (spinous and granular layers) express
junctional proteins that strengthen the barrier (Proksch et al., 2008). The integrity of
the barrier is closely linked to a Ca®" gradient in the epidermis that regulates

keratinocyte differentiation and lipid secretion (Bosen et al., 2015).

Also essential to the maintenance of the epidermal barrier is the epidermal junctional
nexus, a complex junctional network composed of tight junctions, adherens junctions
and gap junctions (Martin et al., 2014). The protein constituents of these junctions (e.g.
connexins and cadherins) are differentially expressed throughout the epidermal
compartments (Churko and Laird, 2013), and can interact with each other to form a
structure known as a junctional nexus that regulates cellular function (Bazzoun et al.,
2013). For example, Cx43 and E-cadherin (a component of adherens junctions), can
associate with -catenin (an adherens junction protein) and zonula occludens-1 (a tight
junction scaffold protein), which bind to the actin cytoskeleton (Laird, 2006). These
interactions are thought to modulate the dynamics of cell-cell adhesion, migration and
proliferation of keratinocytes which is required for proper epidermal barrier formation
(Martin and van Steensel, 2015). Furthermore, desmosomal cadherins such as
desmoplakin and plakoglobin also associate with keratin filaments, the major element
of keratinocytes, contributing to mechanical support (Garrod and Chidgey, 2008).
Mutations disrupting the association between plakophilin-1 and keratin filaments are

known to cause skin fragility (McGrath et al., 1997).

1.3.2 Connexins in the skin
1.3.2.1 Differential expression of connexins in the epidermis

Since the epidermis is an avascular tissue, the presence of connexins at cell-cell
junctional sites allow communication within and between epidermal layers. This is
likely to contribute to the propagation of coordinated responses to environmental
stimuli, such as damage to the cornified layer (Takada et al., 2014). At least ten
connexin members (beta connexins: Cx26, Cx30, Cx30.3, Cx31, Cx31.1, Cx32, and

34



alpha connexins: Cx37, Cx40, Cx43, Cx45) are expressed dynamically in the human
epidermis (at mRNA level) (Di et al.,, 2001c). These connexins are differentially
expressed at protein level throughout the epidermal compartments (Figure 1.4), with
an overlapping expression of multiple connexins detected in differentiated suprabasal
epidermal layers (Cx26, Cx30, Cx30.3, Cx31, Cx40, Cx43, Cx45) and fewer
connexins detected in the undifferentiated basal layer (Cx43 and, less abundantly,
Cx30) (Choudhry et al., 1997; Martin et al., 2014; Salomon et al., 1994). In contrast,
connexins are barely detectable in the cornified layer. These findings, mainly revealed
by immunostaining, are consistent with results from ultrastructural analysis (Caputo

and Peluchetti, 1977).
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Figure 1.4 Schematic of connexin expression profile in normal human epidermis

At least ten connexins are expressed in human epidermis. Each connexin is expressed in an
overlapping but distinct spatial pattern. Cx43 is expressed throughout the epidermis, while
expression of Cx40 and Cx45 extensively overlaps with Cx43 but these connexins are not
present in basal keratinocytes. Cx30.3 and Cx31 are expressed in the granular and upper
spinous layers. In contrast, expression of Cx26 and Cx30 seems compartmentalised in
granular layers, although Cx30 has been found in the basal layer in some studies (Richard et
al. 2002). Certain genetic mutations in five of the connexins (Cx26, Cx30, Cx30.3, Cx31, Cx43)

have been implicated in skin disorders.

Cx43 is the major epidermal connexin expressed throughout all human epidermal
layers, with strongest expression found in upper differentiated keratinocyte layers and
weak expression in basal keratinocytes (Di et al., 2001c). A previous flow cytometry
study showed that 10% of basal keratinocytes from human foreskin did not express

Cx43 and these cells had characteristics corresponding to stem cells (Matic et al.,

2002).

35



1.3.2.2 Connexins and the epidermal barrier

Connexins are involved in keratinocyte proliferation and differentiation, which are
essential for epidermal barrier formation (Choudhry et al., 1997; Djalilian et al., 2006;
Lucke et al., 1999). The presence of functional gap junction channels has been
confirmed in the intact human and mouse epidermis, in which keratinocytes showed
epidermal compartment-dependent permeability to Lucifer Yellow, a gap junction-
permeant dye (Kam et al., 1986; Salomon et al., 1988). Connexin channels are also
permeable to second messengers such as IP; and Ca?" (Saez et al., 1989), whose
signalling is important in keratinocyte proliferation and differentiation (Bikle and
Mauro, 2014). The Ca?" signalling is involved in the establishment of the epidermal
Ca®" gradient, which is characterised by an increase in extracellular Ca** level as
keratinocytes differentiate, with a peak in the granular layers and complete absence of
extracellular Ca?" in the cornified layers (Blaydon and Kelsell, 2014; Elias et al., 2002).
Interestingly, in the epidermis, the distribution of Ca**, connexin expression (Figure
1.4) and GJIC (Salomon et al., 1988) seem to follow a similar pattern, with the highest
levels found in the granular layers. Thus, connexins present in the epidermis may
contribute to the Ca*>" gradient, which in turn regulates keratinocyte proliferation and
differentiation. This hypothesis is supported by transgenic mice with Cx43 C-terminal
mutation displayed defective epidermal barrier function with increased toluidine

permeability (Maass et al., 2004).

There is also evidence of the importance of connexin in the epidermal barrier from
other diseases, such as psoriasis. Psoriasis is a chronic, inflammatory skin disorder
characterised by hyperproliferation and incomplete differentiation of keratinocytes, as
well as disturbance of Ca** gradient across epidermal layers (Elsholz et al., 2014;
Garcia et al., 2016; Menon and Elias, 1991). Up-regulation of Cx26 is a hallmark of
psoriatic lesions (Labarthe et al., 1998; Lucke et al., 1999). Transcriptomic analysis of
lesional psoriasis skin biopsies found massively increased GJB2 expression (19-fold)
compared to normal skin biopsies (Li et al.,, 2014). Significant changes in other
connexin genes were also found, including up-regulation of GJB6 (Cx30, 7-fold) and
down-regulation of GJB4 (Cx30.3, 17-fold) (Li et al., 2014; Martin and van Steensel,
2015). A later genome-wide association study linked a single-nucleotide variant in

GJB?2 as a predisposing factor for psoriasis in the Chinese population (Sun et al., 2010).
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In a transgenic mouse study, overexpression of GJB2 in the suprabasal keratinocyte
layers was sufficient to induce a psoriatic phenotype, that is, hyperproliferation,
impaired barrier integrity and inflammatory response (Djalilian et al., 2006). The
subsequent in vitro experiments on the mouse keratinocytes detected enhanced
hemichannel-dependent ATP release that stimulates purinergic signalling pathways
and influx of Ca?". These data suggest that hemichannels also regulate the integrity of
epidermal barrier. Interestingly, Cx26 is normally expressed at a low, nearly
undetectable level in the epidermis, but it has been found up-regulated significantly in
papillomatous lesions infected by human papilloma viruses (Lucke et al., 1999) and
experimentally-induced wounds (Goliger and Paul, 1995), in addition to psoriatic
lesions (Labarthe et al., 1998). Altogether, these data implicate multiple connexin
channels in the maintenance of the epidermal barrier, possibly via regulation of Ca®*

signalling.

Finally, human molecular genetic data from epidermal connexins provide further
support for the role of connexins in keratinocyte proliferation and differentiation.
Mutations in five connexin genes, GJB2, GJB3, GJB4, GJB6, GJA1, encoding Cx26,
Cx31,Cx30.3, Cx30 and Cx43, respectively, are linked to a spectrum of hyperkeratotic
skin disorders (Lilly et al., 2016). Other than the five GJB2-associated SHL conditions
(KID, HID, VS, BPS, PPKD) (Table 1.1), Clouston syndrome (MIM 129500, a
hidrotic form of ectodermal dysplasia), characterised by PPK and hair and nail
abnormalities, i1s linked to mutations in GJB6 (Lamartine et al., 2000).
Erythrokeratodermia variabilis et progressiva (EKV-P) (MIM 603324, 605425 and
617525), characterised by hyperkeratotic plaques and transient, figurate erythema, has
been linked to GJB3 (Richard et al., 1998), GJB4 (Macari et al., 2000) and GJA 1 genes
(Boyden et al., 2015). GJAI has also been linked to keratoderma- hypotrichosis-
leukonychia totalis syndrome (KHLS) (MIM 104100) characterised by more severe
hyperkeratosis with a hair phenotype (Wang et al., 2015). Whilst these conditions share
a common feature of hyperkeratosis, there is clear heterogeneity in the clinical
presentation (e.g. age of onset and distribution of lesions) and in channel function,
including hemichannel and gap junction activity (Lilly et al., 2016). Each epidermal
connexin therefore has unique functions, and mutations therein can lead to specific

disturbances in the epidermal architecture.
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1.3.2.3 Connexins in wound healing

It is becoming clear that the interplay of epidermal connexins, including Cx26, Cx30,
Cx31, Cx31.1, Cx37, Cx40 and Cx43, is involved in the process of wound healing
(Becker et al., 2012; Churko and Laird, 2013; Martin et al., 2014). Early data from
rodent skin showed that, during initial wound healing (24—48 h post-wounding), Cx26
and Cx30 are up-regulated in all epidermal layers at the leading wound edge, whereas
Cx43 and Cx31.1 are down-regulated (Coutinho et al., 2003; Goliger and Paul, 1995).
In a human wound model, although Cx26 and Cx30 were only faintly detected at the
wound edge during initial wound healing (Brandner et al., 2004), cells behind the edge
subsequently showed a gradual recovery of Cx26 and Cx30 expression; however,
Cx43 expression was barely detectable at and near the wound edge, consistent with
results from rodent models. The expression of these connexins is restored after re-
epithelialisation (Brandner et al., 2004; Coutinho et al., 2003; Goliger and Paul, 1995).
The reduced level of GJIC-mediated dye coupling corresponded to the down-
regulation of Cx43 (Goliger and Paul, 1995; Kretz et al., 2003; Wright et al., 2009). It
is now clear that the marked and rapid (within < 3 h post-wounding) down-regulation
of Cx43 and reduced GJIC activity at the acute healing phase can promote the
migration of keratinocytes by reducing the cell-cell or cell-matrix adhesion via its
binding partner, zona occuludens-1 (Martin et al., 2014; Press et al., 2017a; Tarzemany
et al., 2017; Wright et al., 2012). As a result, keratinocytes migrate into the wound
margin and then proliferate and differentiate, reforming the skin barrier. The recovery
of Cx43 during re-epithelialisation can enhance differentiation state of keratinocytes,

promoting later stages of wound healing (Churko et al., 2010).

In vivo data from transgenic mouse models have provided further support for the role
of Cx43 in wound healing. In Cx43“ERMM mice that had an 85% reduction of Cx43
expression level, Kretz and colleagues revealed shortened wound closure time
compared to that in the wildtype mice (Kretz et al., 2003). In addition, keratinocytes
isolated from an oculodentodigital dysplasia (ODDD, Cx43 deficiency) mouse model
with Cx43 p.G60S mutation showed enhanced proliferation and differentiation
(Churko et al., 2012). These findings are supported by persistent expression of Cx43
in non-healing wounds from chronic, diabetic leg ulcers (Brandner et al., 2004; Wang

et al., 2007a). Those findings led to a hypothesis that inhibition of Cx43 expression
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may accelerate closure of chronic diabetic wounds. With this in mind, studies over the
last decade have focused on the use of Cx43-specific inhibitors. Results showed that a
Cx43-specific antisense oligonucleotide significantly accelerated the wound closure
and granulation tissue formation and alleviated other wound-related negative events
such as inflammation (Becker et al., 2012; Mori et al., 2006; Wang et al., 2007a).
Likewise, in multiple studies using different mouse or human culture models, a higher
migration rate of keratinocytes was achieved by treatment with a connexin-mimetic
peptide. These are molecules such as Gap26 and Gap27 that mimic Cx43 extracellular
domains, and modulate its channel activity reversibly without altering overall
expression level (Desplantez et al., 2012; Kandyba et al., 2008; Pollok et al., 2011;
Wang et al., 2012; Wright et al., 2009). Encouraging pre-clinical data have led to the
extensive development of novel Cx43-mimetic peptides (Becker et al., 2012; Evans et
al., 2012; Lohman and Isakson, 2014). Recently, Grek and colleagues published
effective and safe outcomes in clinical trials for aCT1, a 25-amino acid peptide
mimicking the CT domain of Cx43, for the treatment of diabetic foot ulcer and
cutaneous scarring (Grek et al., 2017; Grek et al., 2015). A phase 3 trial is currently
under way (ClinicalTrial.gov, NCT02667327). In contrast to Cx43, the role of Cx26
in wound healing is less clear (Martin 2015) and warrants further research using human

cell-based models.

1.3.2.4 Connexins in cancer

Five decades ago, loss of GJIC was first proposed to be a characteristic of cancer cells
(Fentiman and Taylor-Papadimitriou, 1977; Johnson and Sheridan, 1971; Loewenstein
and Kanno, 1966; McNutt and Weinstein, 1969; Nicolas et al., 1978). Successful
cloning of connexin members facilitated investigation of the role of these proteins in
tumours (Aasen et al., 2016; Grek et al., 2014). Early work in the 1990s found that
ectopic expression of specific connexins in glioma (Naus et al., 1992; Zhu et al., 1991)
or hepatoma models (Eghbali et al., 1991) was sufficient to improve GJIC and could
inhibit tumour cell growth, leading to the suggestion that connexins are tumour
suppressors. Consistently, multiple studies using animal models either lacking or
expressing loss-of-function mutant of Cx26, Cx32 or Cx43 showed increased
spontaneous or chemically-induced lung, liver and breast tumours (Aasen et al., 2016;

Naus and Laird, 2010). The proposed mechanisms by which GJIC may suppress
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tumour growth include the propagation of death signals and/or growth inhibition via
regulating specific kinases (Huang et al., 2002; Krutovskikh et al., 2002; Tittarelli et
al., 2015; Wang et al., 2007b).

However, it is currently evident that the tumour suppressive property is more complex,
and is dependent on tumour stage (Chen et al., 2016; Zhang et al., 2015a), tumour type
(Yang et al., 2015) and connexin subtype (Grek et al., 2014). First, a report by Ito and
colleagues showed that subcutaneous injection of mouse melanoma cells expressing
exogenous Cx26 led to enhanced metastasis (Ito et al., 2000), which was attributed to
the exogenous GJIC between melanoma cells and endothelial cells that facilitated
(rather than blocked) intravasation and extravasation. Second, in lung cancer cell lines,
exogenous expression of Cx43 reversed epithelial-mesenchymal transformation (EMT)
and reduced cellular resistance to cisplatin chemotherapy (Yu et al., 2014), whereas
exogenous expression of Cx26 promoted EMT and rendered them gefitinib-resistant
(Yang et al., 2015). Third, contrary to the findings in lung cancer cells, exogenous
expression of Cx26 in breast cancer cells was shown to reverse the EMT-like property,
suggesting tissue-specific tumour suppression (McLachlan et al., 2006). Finally, the
contribution of GJIC-independent events may exist, such as hemichannels or the
connexin interactome (McLachlan et al., 2006; Zhang et al., 2014). The context-
dependent tumour suppressive effect has been reviewed exhaustively (Aasen et al.,

2016).

Connexins have also been implicated in skin malignancies. Non-melanocytic,
keratinocyte-derived tumours (SCC and basal cell carcinoma) exhibited increased
Cx26 and Cx30 expression and variably decreased Cx43 expression (Haass et al., 2006;
Tada and Hashimoto, 1997). Strikingly, in malignant melanoma tissues, the expression
of Cx26 and Cx30, along with Cx43, was entirely absent within the tumour itself but
drastically up-regulated in the epidermal keratinocytes adjacent to the tumour (Haass
et al., 2006), and such expression pattern was not observed in benign tumour tissues
(Haass et al., 2006). The absence of Cx26 and Cx30 is consistent with the reverse-
transcription polymerase chain reaction (RT-PCR) results from two melanoma cell
lines (Zucker et al., 2013). These findings indicate a role of Cx26 and Cx30 in the
interaction between melanoma and keratinocytes in the epidermis. A subsequent study

by Haass and colleagues on 40 human melanoma tissue samples identified positive

40



correlations between the above induced-Cx26/Cx30 expression pattern (horizontal or
vertical) in the epidermis to metastasis and the proliferative index of melanoma,
respectively (Haass et al., 2010). The authors argued that the level of Cx26/Cx30
expression adjacent to the tumour could be a complementary diagnostic marker for
distinguishing melanoma and benign melanocytic naevi. On the other hand, Cx26
overexpression is known to render keratinocytes proliferative in the epidermis
(Djalilian et al., 2006) and the resulting hyperplastic epidermis can promote
proliferation and progression of melanoma, which induce angiogenesis (McCarty et
al., 2003), a process linked to GJIC between melanoma and vascular endothelial cells
(Hsu et al., 2000; Pollmann et al., 2005; Saito-Katsuragi et al., 2007). The above gap
junction-mediated tumour-stroma interactions may facilitate diapedesis of tumour

cells, leading to metastasis (Brandner and Haass, 2013).

While in vitro studies suggest tumour suppressive effects of Cx43 (Su et al., 2000;
Tittarelli et al., 2015), accumulating data imply an unclear role of Cx43 in different
tumours (Aasen et al., 2016; Brandner and Haass, 2013). Immunostaining of human
melanoma tissues showed up-regulation of Cx43 with probable cytoplasmic
localisation (Rezze et al., 2011; Sargen et al., 2013), in disagreement with those
reported by Haass et al. (Haass et al., 2006). The cytoplasmic localisation was also
reported in chemically-induced hamster tongue SCC (Saitoh et al., 1997) and in
malignant cystic trichilemmal tumour tissues from a KID syndrome patient (Nyquist
et al., 2007). In the latter report, the authors found markedly reduced or absent Cx26
and Cx30 expression in addition to aberrantly localised Cx31, Cx36 and Cx43.
Accordingly, statistical analysis of immunostained human melanoma tissues found no
correlations between Cx43 membrane staining and melanoma malignancy (Haass et

al., 2010).

From the above cancer studies, several extended roles of connexins in cell survival,
invasion, metastasis, chemoresistance and regulation of EMT can be inferred, in
addition to proliferation, differentiation and migration which have been described in
earlier sections. However, no definitive role in tumour suppression has been reported
for any connexin. Therefore, it is not surprising that no connexin-targeting clinical
trials for cancer have been initiated to date (Delmar et al., 2017), in contrast to the

above aCT]1 trials where Cx43 serves as an unequivocal target for effective wound
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treatment. Future studies are warranted to classify cancer carefully based on connexin
expression, which should be instrumental in establishing connexin-targeted therapy as

an alternative cancer treatment programme.

1.3.3 Cx26 mutants in the skin
1.3.3.1 Cx26 mutants: loss-of-function

Typically, nonsense, frameshift and the majority of missense mutations result in loss
of protein function. Nonsense and frameshift mutations produce a premature stop
codon, leading to truncation of the protein product. In GJB2, all mutations causing
NSHL are loss-of-function mutations that impair or abolish Cx26 channel function,
with ¢.35delG being the most prevalent in Caucasians (White and Paul, 1999). In
contrast, most missense mutations in GJB2 cause both NSHL and SHL (Xu and
Nicholson, 2013). For those causing NSHL, the resulting Cx26 protein can have
defects in either trafficking, docking or permeability. Cx26 with ¢.551G >A (p.R184Q)
mutation was found to have trafficking defects, showing accumulation in the Golgi
apparatus (Su et al., 2010), whereas Cx26 with c¢.514T>A (p.W172R) has a docking
defect despite being found to traffic to the plasma membrane normally (Mani et al.,
2009). Finally, Cx26 with ¢.250G>C (p.V84L) mutation has normal membrane
trafficking, forming gap junction plaques which show normal dye and electrical
coupling, but has reduced permeability to IP3, impairing the propagation of Ca** waves
(Beltramello et al., 2005). Although NSHL-linked GJB2 mutants do not cause major
cutaneous pathology, some patients with these mutations were found to have thickened
epidermis (D'Adamo et al., 2009; Guastalla et al., 2009; Man et al., 2007) and elevated
Na+ and Cl- concentrations in sweat (Meyer et al., 2002). The authors argued that these
features may be selective advantages, protecting patients against pathogen invasion,

insect bites and trauma.

In contrast to NSHL, GJB2 mutations causing SHL (including VS-BPS-PPKD and
KID-HID) are single-base substitutions (with only one exception, p.A42E), comprising
loss-of-functions and gain-of-function mutations (Martin et al., 2014). The gain-of-
function mutations, causing KID-HID, will be described in the following section. To

date, VS-BPS-PPKD, with a shared characteristic of PPK and deafness, is linked to 14
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mutations, of which 11 are clustered in the E1 domain, with the majority affecting
residues N54 (p.N54H, p.N54K), G59 (p.G59R, p.G59A, p.G59S) and R75 (p.R75W,
p-R75Q) (Table 1.1). Two further E1 mutations, p.Y65H and p.D66H, appear to be the
molecular signature for VS and are not shared with BPS or PPKD. This notion has
been confirmed by a study using transgenic mice with epidermal-specific p.D66H
expression, which recapitulated VS features as observed in human patients (Bakirtzis

et al., 2003), including keratoderma and constriction bands.

It is now clear that these VS-BPS-PPKD mutations are loss-of-function mutations with
a relatively uniform mechanism (Lee and White, 2009; Martin et al., 2014). The most
widely studied mutant is p.D66H that causes VS. By using mammalian exogenous
expression systems, multiple laboratories found impaired channel function when
expressing this mutant, including defective membrane trafficking with no gap junction
plaque formation, reduced GJIC-mediated dye coupling and electrical coupling, and
absent hemichannel-dependent ATP release (de Zwart-Storm et al., 2011a; Easton et
al., 2012; Marziano et al., 2003; Rouan et al., 2001; Thomas et al., 2005). Co-
expression with wildtype Cx26 or Cx30 can partially rescue the membrane trafficking
and cell coupling (Marziano et al., 2003; Rouan et al., 2001), suggesting that the
mutant Cx26 can interact with wildtype connexins, by forming heteromeric channels
and/or sorting into the same gap junction plaque (Di et al., 2005; Marziano et al., 2003).
Such interaction between mutant Cx26 and wildtype Cx26 is termed cis-dominant
effect and that with the co-expressed Cx30 is termed trans-dominant effect (Lee and

White, 2009). The latter effect was confirmed in a p.D66H mouse model (Bakirtzis et
al., 2003). The endogenous (wildtype) Cx30 protein, which focally co-localised with

mutant Cx26, exhibited cytoplasmic accumulation with reduced expression level.
Similar results were reported for another VS-linked mutant, p.Y65H (de Zwart-Storm
et al., 2011b). Recently, a report showed that the BPS-linked p.N54K also displayed
the above defects in trafficking and GJIC (but with normal hemichannel permeability)
in a cis- and trans-dominant (Cx30 and Cx43) manner (Press et al., 2017b). These
dominant effects, similar to those observed in p.D66H mice, were also reported
recently in two PPK-linked mutants, p.H73R and p.S183F, on Cx43 channel gating,
with clear evidence of heteromeric mutant Cx26/Cx43 channel formation (Shuja et al.,

2016). Finally, increased programmed cell death was reported in the epidermis of

43



p.D66H mice in situ (Bakirtzis et al., 2003), but cell death does not appear to be a

major issue in mammalian cells expressing exogenous VS-BPS-PPKD mutants
(Berger et al., 2014; Press et al., 2017b). Whether the mutant-associated toxicity is
under-reported or subtle in the tested systems (mostly HeLa cells) remains to be

confirmed.

Collectively, those data point towards a common mechanism of VS-BPS-PPKD as
defective membrane trafficking. The trafficking defects might be attributed to channel
docking in which the E1 domain (where most of those mutants reside) is crucial (Bai
and Wang, 2014; Banks et al., 2009). As a result, there are reduced or absent gap
junction channels formed on the cell surface, significantly decreasing the level of GJIC,
a scenario similar to Cx26-linked NSHL where gap junctions formed by the mutant
Cx26 are essentially non-functional (Martinez et al., 2009; Xu and Nicholson, 2013).
Since GJIC conferred by Cx26, Cx30 and other connexin channels are required for
normal hearing (Jagger and Forge, 2015; Zhang et al., 2005), the loss of Cx26-
mediated GJIC can explain the hearing loss in VS-BPS-PPKD patients (Lee and White,
2009).

Apart from the above functional defects shared with NSHL, mutants linked to VS-
BPS-PPKD possess an additional property, namely the trans-dominant effect on co-
expressed connexins (Bakirtzis et al., 2003; Marziano et al., 2003; Press et al., 2017b;
Rouan et al., 2001; Shuja et al., 2016). If such effect occurs in the epidermis where
Cx26, Cx30, Cx43 and at least six other connexins are expressed, one can expect an
overall impaired GJIC and a series of downstream events, such as dysregulation of
Ca?" gradient, affecting proliferation and differentiation of keratinocytes (Garcia et al.,
2016). This may, in part, explain the presence of PPK in VS-BPS-PPKD patients. The
notion is further supported by the skin involvement (PPK) reported only in a small
subset of patients with ODDD, the Cx43 deficiency syndrome affecting the bone, tooth
and digits but usually spares the skin (Laird, 2014). Among numerous known loss-of-
function mutations for ODDD, only two C-terminal truncating mutations have been
reported to have additional PPK features (van Steensel et al., 2005; Vreeburg et al.,
2007). These Cx43 mutations display defective trafficking and GJIC and likely to
inhibit other epidermal connexins trans-dominantly, perturbing epidermal

differentiation and barrier formation, as shown by organotypic culture skin models
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(Churko et al., 2010). Future work should be directed towards the mechanism of cell
death in association to cytoplasmic accumulation observed in VS-BPS-PPKD mutants.

Pathways related to ER stress and unfolded protein responses serve as attractive

candidates (Martin et al., 2014; Tattersall et al., 2009).

1.3.3.2 Cx26 mutants: gain-of-function

In general, gain-of-function mutations, also known as activating mutations, are
relatively rare in the context of inherited conditions (Rorth et al., 1998). These
mutations result in acquisition of novel protein behaviour differing from its wildtype
counterpart (Levit and White, 2015). For example, gain-of-function mutations in the
gene coding for an innate immune sensor CARDI1S5 cause constitutively activated
nuclear factor(NF)-kB signalling, leading to an autoimmune disease (Shwin et al.,
2017). In connexin genes, gain-of-function mutations can result in: i) enhanced gap
junction permeability, e.g. EKV-causing Cx31 p.G12R (Diestel et al., 2002), ii)
enhanced hemichannel permeability, e.g. KID syndrome-causing Cx26 p.I30N (Aypek
et al., 2016), and 1iii) altered gating properties, e.g. Clouston syndrome-linked Cx30
p-A88V (Essenfelder et al., 2004) and KHLS- linked Cx43 p.G8V (Wang et al., 2015).
In the literature, some argued that ‘gain of interacting partners’ should be considered
as a trait of gain-of-function mutations (Lilly et al., 2016); for example, trans-dominant
inhibition of VS-linked Cx26 p.D66H on Cx43 with which Cx26 does not normally
assemble into heterogenous channels (Rouan et al., 2001; Thomas et al., 2004).
Although the above consideration is plausible genetically, the functional nature of the
mutant as well as the overall functional consequence point towards loss of channel
function, as argued in (Martin et al., 2014). In this thesis, GJB2 mutations causing VS-
BPS-PPKD as well as ODDD are tentatively classified as loss-of-function mutations.

By contrast, accumulating functional evidence has shown that Cx26 mutants linked to
KID-HID have enhanced hemichannel permeability in addition to altered gating (see
below), and hence those pathogenic mutations are here classified as gain-of-function
mutations, reviewed in (Lee and White, 2009; Martin et al., 2014). Twelve known KID
syndrome mutations map to the NT domain (p.G11E, p.G12R, p.N14K, p.N14Y,
p.S17F) and the E1 domain (p.A40V, p.G45E, p.D50N, p.D50Y, p.D50A), with two
exceptions, p.I30N (TM1) and p.A88V (TM2) (Lee and White, 2009; Xu and
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Nicholson, 2013). These two domains are thought to contain elements critical for
channel gating regulation or to form the aqueous pore of the channel, whose size
closely correlates to channel permeability and selectivity (Maeda et al., 2009; Sanchez
and Verselis, 2014; Srinivas et al., 2017). In addition, as mentioned above, the El
domain, residing extracellularly, is involved in docking of two connexons, a step
essential for gap junction channel formation (Banks et al., 2009, Bai and Wang, 2014).
Consistent with these notions, mutations linked to KID syndrome have been found to
exert a series of pathological alteration on both gap junction channels and

hemichannels, leading to the unique phenotype.

1.3.3.2.1 Altered gap junction communication in KID syndrome

The effects of KID syndrome mutations on gap junction channels seem inconclusive,
with varying results obtained from different assay methods (Table 1.2) (Garcia et al.,
2016). Eight mutants have been determined for GJIC. By Xenopus oocyte-based
electrophysiological assay, the majority (p.G12R, p.N14Y, p.S17F, p.A40V, p.D50N,
p.D50Y) appears to have either reduced or absent GJIC-mediated electrical coupling
(Garcia et al., 2016; Garcia et al., 2015; Gerido et al., 2007; Lee et al., 2009; Mese et
al.,2011; Montgomery et al., 2004; Schutz et al., 2011), except for p.N14K and p.G45E
that appear to form normally functioning gap junctions (Gerido et al., 2007, Lee et al.,
2009). That Cx26 p.G45E forms functional gap junction channels was confirmed by
Ca’" permeability assay (Stong et al., 2006). In the same year, a scrape-loading dye
transfer assay (SLDT) study on p.N14Y patient-derived keratinocytes found a
reduction of anionic Lucifer Yellow dye coupling (Arita et al., 2006), in disagreement
with results reported elsewhere (Lee et al., 2009). Later, several contradicting results
were given by the parachute assay, another dye transfer method employing a more
negatively-charged dye, calcein (de Zwart-Storm et al., 2011a; Donnelly et al., 2012).
These studies revealed enhanced dye coupling in HeLa Ohio cells expressing
exogenous p.G12R or p.D50ON mutants (Donnelly et al., 2012) and absent dye coupling
in those expressing exogenous p.N14K mutant (de Zwart-Storm et al., 2011a). In
keeping with studies showing impaired GJIC, many groups found absent or
morphologically-abnormal gap junction plaques formed at points of cell-cell contact,
by using mammalian cells expressing fluorescently-tagged Cx26 mutants (Aypek et

al., 2016; de Zwart-Storm et al., 2011a; Di et al., 2005; Donnelly et al., 2012; Mese et
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al., 2011; Mhaske et al., 2013; Ogawa et al., 2014; Rodriguez-Paris et al., 2016;
Terrinoni et al., 2010).

The varying GJIC results indicate that gap junctions formed by KID syndrome-linked
Cx26 mutants play an unclear role in the pathogenesis of KID syndrome. Given that a
greater portion of these mutants show altered trafficking and/or reduced GJIC, one
may speculate that the development of hearing loss as well as some skin features in
KID syndrome may follow, at least in part, the mechanism proposed above in VS-BPS-
PPKD. However, KID syndrome manifests as more diverse skin and eye involvement
accompanied by skin infection and cancer, favouring a more complex pathomechanism.
Interestingly, several lines of evidence suggest that the p.G45E mutant, causing a
severe, lethal form of KID syndrome, forms normal gap junctions in vitro comparable
to those formed by wildtype Cx26 (Stong et al., 2006, Gerido et al., 2007). This
observation strongly indicates that GJIC is either not involved or plays a lesser role in
the pathogenesis of KID syndrome. If this concept could be generalised to all other
mutants, one may assume that hemichannels, instead of gap junction channels, may be

the key player in the pathogenesis of KID syndrome.
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Table 1.2 Channel functions in reported Cx26 mutants linked to KID syndrome

Cx26 mutant Hemichannel

Gap junction channel

References

p.G11E 1 Ca? influx
(c.32G>A)
p-G12R 1 Membrane currents
(c.34G>0) 1 ATP release
1 Heteromeric Cx26/Cx43
channel (1 Ca*" influx and ATP
release)
Altered gating
p-N14Y 1 Heteromeric Cx26/Cx43
(c.40A>T) channel (1 Ca*" influx and ATP
release)
Altered gating
p-N14K 1 Membrane currents
(c.42C>G) Refractory to channel closing
Insensitive to pH
p-S17F | Membrane currents (alone)
(c.50C>T) 1 Heteromeric Cx26/Cx43
channel (1 Ca*" influx and ATP
release)
p- 130N 1 Dye uptake (neurobiotin)
(c.89T>A) 1 Ca?" influx
p-A40V 1 Membrane currents
(c.119C>T) Dysregulation by Ca?*, pH
p-G45E 1 Dye uptake (neurobiotin)
(c.134G>A) 1 Ca* influx
Altered voltage gating
p.D50N 1 Ca* influx
(c.148G>A) 1 Membrane currents
Altered Ca* regulation, single-
channel conductance and
gating
p.DS0Y 1 Dye uptake (neurobiotin)
(c.148G>T) 1 Ca*" influx
Altered Ca®" gating
p.DS0A 1 Membrane currents
(c.149A>C)
p-A88V 1 Membrane currents
(c.263C>T)  Insensitive to CO,

Not determined

| Electrical coupling
1 Dye coupling
(calcein)

| Dye coupling
(Lucifer Yellow)

Normal dye coupling
(calcein)

| Dye coupling
(calcein)

Normal electrical
coupling

| Electrical coupling
(mutant alone)

Not determined

| Electrical coupling

Normal electrical
coupling and Ca**
coupling

| Electrical coupling
1 Dye coupling

(calcein)

Not determined

Not determined

Not determined

Terrinoni et al., 2010

Lee et al., 2009;
Donnelly et al., 2012;
Sanchez and Verselis, 2014;
Garcia et al., 2015
Garcia 2018

Arita et al., 2006;
de Zwart-Storm 2011;
Garcia et al., 2015;
Sanchez et al., 2016

Lee et al., 2009;
de Zwart-Storm 2011;
Sanchez et al., 2016

Lee et al., 2009;
Schutz et al., 2011;
Garcia et al., 2015

Aypek et al., 2016

Montgomery et al., 2004;
Gerido et al., 2007;
Sanchez et al., 2010, 2014
Stong et al., 2006;
Gerido et al., 2007;
Sanchez et al., 2010;
Mese et al., 2011
Lee et al., 2009;
Terrinoni et al., 2010;
Donnelly et al., 2012;
Lopez et al., 2013
Sanchez et al., 2013

Lopez et al., 2013
Aypek et al., 2016

Mhaske et al., 2013;
Sanchez and Verselis, 2014

Mhaske et al., 2013;
Meigh et al., 2014
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1.3.3.2.2 Hyperactive hemichannels in KID syndrome

Over the last decade, aberrant hemichannel activity has emerged as the leading
contributor to the pathology of KID syndrome, reviewed in (Garcia et al., 2016; Lee
and White, 2009; Martin et al., 2014; Sanchez and Verselis, 2014). All 12 known
mutants have been studied for hemichannel activity and the data consistently indicate
gain of function, resulting in formation of hyperactive (or ‘leaky’) hemichannels.
Under physiological conditions, hemichannels are tightly regulated by Ca*" and pH
(Sanchez and Verselis, 2014). In the case of deregulated, hyperactive mutant
hemichannels, the increased opening probability of these non-selective channels can
cause: 1) collapse of the cellular ionic gradient that is crucial for establishment of the
resting potential and ii) escape of essential metabolites, energy sources and signalling
molecules, which are detrimental to cellular function (Bennett et al., 1991; Contreras
etal., 2003; Evans et al., 2012; Retamal et al., 2015; Sanchez and Verselis, 2014; Spray
et al., 2006). Consistent with the above hypotheses, accumulating in vitro experiments
have shown that mutant Cx26 channels linked to KID syndrome display impaired
control by Ca®" (Lopez et al., 2013; Sanchez et al., 2013), pH (Sanchez et al., 2014),
and more recently CO» (de Wolf et al., 2016; Meigh et al., 2014). Accordingly, these
mutants were found to have altered voltage gating (Garcia et al., 2018; Sanchez et al.,
2016; Sanchez et al., 2013), increased ATP release into extracellular space (Donnelly
et al., 2012; Garcia et al., 2015) and/or elevated intracellular Ca** level (Aypek et al.,
2016; Garcia et al., 2015; Mese et al., 2011; Terrinoni et al., 2010). Further evidence
is given by the significantly larger transmembrane currents detected in primary
keratinocytes from a transgenic mouse model with Cx26 p.G45E mutant (Levit et al.,
2015; Mese et al., 2011). The above changes in Cx26 biophysical property agree with
the three-dimensional structural data obtained from crystallography (Maeda et al.,
2009), which showed most residues linked to KID syndrome (G12, N14, A40, G45,
D50) were spatially oriented near the pore; they may play a role in voltage-sensing
and/or perm-selectivity control. In contrast, residues affected by PPKD-linked
mutations, with no known role for hemichannels, are evenly located throughout the

wall of Cx26 (Garcia et al., 2016; Levit et al., 2012).

Mechanistically, increased ATP release through aberrantly open hemichannels may act
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as a paracrine signal, activating purinergic signalling pathways through ATP receptors
(e.g. ATP-gated P2X channels) expressed in keratinocytes (Burnstock et al., 2012).
The activation of those receptors, which results in Ca** flux (James and Butt, 2001), is
implicated in inflammation and keratinocyte proliferation, differentiation and
apoptosis (Burnstock et al., 2012; Greig et al., 2003). In addition, open hemichannels
can directly mediate Ca®" influx, leading to cell death (Wang et al., 2015). Consistent
with the above notions, in vitro cell death has been reported by many laboratories in
cells expressing mutants linked KID syndrome (Stong et al., 2006, Gerido et al., 2007,
Lee et al., 2009, Terrinoni et al., 2010, Mhaske et al., 2013, Press et al., 2017b). Cell
death can be rescued by an increase of extracellular Ca?" level for a subset of mutants
(Gerido et al., 2007, Lee et al., 2009). The above results suggest that the Ca®"
homeostasis is affected in cells expressing KID syndrome-linked mutants and, in the
epidermis, this may disrupt the Ca®* gradient leading to barrier defect (Garcia et al.,
2016). Recently, this hypothesis has been confirmed in an elegant study using a
transgenic Cx26 p.S17F mouse model (Bosen et al., 2015), which exhibited a defective
water barrier featuring altered lipid processing and the presence of Ca®" in the cornified
layer (which is normally absent). A defective water barrier triggers compensation in
the epidermis with a hyperplastic response, resulting in epidermal hyperproliferation
and hyperkeratosis (Elias et al., 2012), the hallmark of KID syndrome. Furthermore,
the barrier defect may also contribute to the susceptibility to bacterial and fungal
superinfection, as has been reported frequently in KID syndrome (Coggshall et al.,
2013). A previous work showed that peptidoglycan from Staphylococcus aureus, but
not the skin commensal species, further enhanced the activity of p.G12R and p.DSON
hemichannels and induced a pro-inflammation response (Donnelly et al., 2012). These
data provide the molecular link between hemichannel-mediated inflammation
signalling and bacterial susceptibility which is frequently reported in patients with KID

syndrome.

1.3.3.2.3 Dominant effects on epidermal connexins

As mentioned earlier, the cis- and trans-dominant effects of mutant Cx26 play a pivotal
role in the skin pathology of SHL, and this concept has been confirmed in KID
syndrome (Garcia et al., 2015). In an earlier study, Lee and colleagues found an

unusual hemichannel pattern only in Xenopus oocytes expressing homotypic Cx26
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p.S17F mutant (Lee et al., 2009), which failed to form functional hemichannels,
contradicting results from other KID syndrome mutants. This enigma was not resolved
until 2015, when Garcia and colleagues demonstrated enhanced hemichannel activity
of Cx26 p.S17F when co-expressing with wildtype Cx26 or Cx43, but not by itself
(Garcia et al., 2015). Further analysis revealed that the p.S17F mutant, in addition to
p.G12R and p.N14Y, exerted trans-dominant effects on Cx43 by formation of
heteromeric hemichannels, resulting in increased transmembrane currents and
enhanced ATP release and Ca®" influx. In fact, over the last decade, the assembly of
(wildtype) Cx26/Cx43 heteromeric channels has been considered absent due to
incompatibility, with convincing evidence given by multiple assays (Gemel et al.,
2004). Hence, the findings by Garcia et al. serve as a special case of heteromeric
oligomerisation resulting from mutations in “oligomerisation compatibility checkpoint”
residues in the NT domain, providing a novel mechanism for KID syndrome. Future
work is warranted to determine whether mutations from the other cluster in the El
domain can confer the same oligomerisation compatibility with Cx43. Trans-dominant
effects of Cx26 p.D50N mutant have been found on Cx30, Cx30.3 and Cx31 protein
trafficking in previous co-transfection studies (Di et al., 2005; Shurman et al., 2005).
With a highly overlapping expression pattern in the epidermis (Figure 1.4), these
connexins are known to have high compatibility (Koval et al., 2014; Yum et al., 2007).
Nevertheless, detailed biophysical data of these heteromeric channels, if any, are

required to gain further insight into the pathogenesis of KID syndrome.

14 Novel and effective therapeutic intervention for KID syndrome
14.1 Towards developing specific therapies

Hyperactive hemichannels have emerged as the leading contributor in the pathogenesis
of KID syndrome. This concept led to two recent developments of hemichannel-
targeted therapy (Levit et al., 2015; Xu et al., 2017) utilising either a small molecular
compound (Levit et al., 2015) or a monoclonal antibody (Xu et al., 2017). Although
synthetic Cx43-mimetic peptides (mentioned earlier) have shown promise in wound
treatment (Becker et al., 2012; Evans et al., 2012; Grek et al., 2014; Wong et al., 2016),

the peptide mimetic technique has not yet been available for Cx26.
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The first study of hemichannel-targeted therapy for KID syndrome was carried out
using mefloquine, a small molecular compound previously approved for anti-malarial
treatment (Levit et al., 2015). The authors provided evidence that mefloquine potently
inhibited hyperactive hemichannels in Xenopus oocytes expressing exogenous Cx26
p.G45E and p.DSON mutants. Remarkably, this compound corrected aberrant
hemichannel activity in keratinocytes isolated from a KID syndrome mouse model
with Cx26 p.G45E. Very recently, abEC1.128a, a monoclonal antibody specifically
binding to the E1 domain of Cx26, has been shown to target wildtype Cx26
hemichannels potently and specifically (but not gap junctions) in human keratinocytes,
with no overt cytotoxicity observed in vitro and in vivo (Xu et al., 2017). Similar to
mefloquine, in human keratinocytes, abEC1.128a potently inhibited normal
hemichannels formed by wildtype Cx26, or hyperactive hemichannels formed by
p.G45E or p.D5SON mutant. Although both mefloquine and abEC1.128a hold strong
therapeutic promise for KID syndrome, some safety concerns may arise with future
clinical translation. For example, mefloquine has been reported to inhibit Cx36, Cx50
(Cruikshank et al., 2004) and pannexin-1 (Iglesias et al., 2009), along with multiple
voltage- or volume-gated channels (Cruikshank et al., 2004; Gribble et al., 2000), and
it seems toxic to the mouse cochlea and cultured human keratinocytes at 100 uM (Xu
et al., 2017), despite 30 uM mefloquine already demonstrating effective inhibition of
mutant hemichannels in the tested model (Levit et al., 2015). Regarding the antibody
abEC1.1, it targets not only mutant Cx26 hemichannels but also wildtype Cx26
hemichannels (Xu et al., 2017). Since these molecules are in the early stages of
development, whether they can improve the skin condition symptomatically and
histologically with acceptable level of adverse effects remains to be carefully assessed

using in vivo models.

Given that KID syndrome is a dominant condition in which wildtype and mutant Cx26
alleles are co-expressed, the differential pharmacological inhibition of both wildtype

and mutant hemichannels needs to be considered when developing a specific therapy.

1.4.2 RNA interference for KID syndrome

Since the discovery of RNA interference (RNAi) and related pathways (Fire et al.,
1998), RNA-based therapies have emerged as a powerful tool for investigation of gene
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function, and potentially for treating a wide range of diseases and disorders, reviewed
in (Davidson and McCray, 2011). Moreover, the high specificity of RNAI to its target
mRNA sequence has led to the concept of allele-specific RNAi (Brummelkamp et al.,
2002; Martinez et al., 2002). This technique theoretically allows silencing of a mutant
allele without affecting its co-expressed wildtype counterpart whose sequence is
highly homologous, hence holding therapeutic potential for dominant disorders. In our
opinion, the allele-specific RNA1 technique is likely to be a promising treatment option
for KID syndrome, in which dominant, gain-of-function mutations play a major

biological role in the pathogenesis. Here, an overview of RNAi techniques is presented.

1.4.2.1 RNA interference

RNAI is a conserved mechanism of post-transcriptional gene silencing found in a
variety of organisms, including fungi, plants and animals (Hannon, 2002). This
technique was first discovered by Fire, Mellow and colleagues, who reported potent
gene silencing by exogenous double-stranded RNA in Caenorhabditis elegans (Fire et
al., 1998). Three years later, Tuschl and colleagues found that synthetic RNA duplex,
also known as small interference RNA (siRNA, 21 nucleotides), triggered sequence-
specific gene silencing in mammalian cell lines (Elbashir et al., 2001a). Shortly after
that, the first successful RNAi-mediated gene silencing in mouse was reported, in
synthetic form (siRNA) and in plasmid form (small-hairpin RNA, or shRNA)
(McCaffrey et al., 2002). These pioneering works established a versatile platform for

characterisation of gene function and development of RNA-based therapies.

Mechanistically, RNAI is a two-step process. First, double-stranded RNA, typically
exogenous in mammalian cells (Jackson and Linsley, 2010), is cleaved into siRNA of
around 21-22 nucleotides by Dicer, a RNase IlI-like nuclease enzyme (Bernstein et al.,
2001) (Figure 1.5). The use of synthetic siRNA (usually around 21 nucleotides) can
avoid the step of Dicer processing, preventing potential interferon responses which are
dependent on the length of siRNA (Watts and Corey, 2012). The second step is the
incorporation of siRNA into the RNA-induced silencing complex (RISC), where the
siRNA is unwound by Argonaute 2 (a RNase present within RISC) into two single-
stranded siRNAs (Rand et al., 2004), namely the antisense strand (or ‘guide strand’)

and the sense strand (or ‘passenger strand’). The passenger strand is cleaved (Matranga
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et al., 2005), while the guide strand activates the RISC. The activated guide-RISC
complex scans, recognises and binds to the target mRNA whose sequence is
complementary to the guide sequence (Ameres et al., 2007). Once bound, the target
mRNA is cleaved between the position 10 and 11 of the complementary antisense
strand (Rand et al., 2005), allowing for post-transcriptional gene silencing. The cellular
process of RNAI has been reviewed elsewhere (Jackson and Linsley, 2010; Whitehead
et al., 2009).

siRNA EEERERREN)
l+RISC

T (_RISC
RISC-siRNA

Sense (passenger) Antisense (guide)

mRNA target RISC
(recognition] TTILIITIIIT

mRNAtarget ___— T ——_ aanA

(cleaved) |

Figure 1.5 The RNA interference pathway

Long double-stranded RNA (dsRNA) or small-hairpin RNA (shRNA) in the cytosol is cleaved
by the enzyme Dicer into siRNA of around 21-nt length. Alternatively, the siRNA duplex can
be directly introduced into the cell. The siRNA duplex is then loaded into the RNA-induced
silencing complex (RISC). The sense (passenger) strand-RISC complex is cleaved and the
antisense (guide) strand activates the RISC. This allows the activated siRNA-RISC to scan for

AAAA

target mRNA that is complementary to the sequence of the guide strand. Once recognised and
bound by the activated RISC, the target mRNA is cleaved and degraded, allowing for post-

transcriptional gene silencing.

Over the last decades, promising outcomes have been given by the use of synthetic
siRNA for treating viral infection (hepatitis B virus and Ebola virus) and cancer
(leukaemia and neuroblastoma) (Whitehead et al., 2009). The synthetic siRNA
technique has also been used for treating hearing loss in a PPKD mouse model with a

¢.223C>T mutation (p.R75W) in GJB2 (Maeda et al., 2005). The author showed a
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siRNA designed against the wildtype GJB2 mRNA sequence potently inhibited the
mutant GJB2 mRNA, preventing the onset of hearing loss. This work has been
patented (publication number US20070243242 A1) for its successful pre-clinical

outcomes.

1.4.2.2  Allele-specific siRNA

Mismatches between a siRNA and its target mRNA sequence have been reported to
weaken, or even abolish, the gene silencing effects (Amarzguioui et al., 2003; Elbashir
et al., 2001b; Schwarz et al., 2006), providing the basis for designing an allele-specific
siRNA that can discriminate between mRNAs differing by even at a single nucleotide.
This concept is useful for developing novel treatment for conditions with dominant
effects, such as KID syndrome. In those conditions, an allele-specific siRNA can
silence the expression of mutant allele without affecting the expression of wildtype

allele, reviewed in (Trochet et al., 2015).

Successful in vitro and in vivo outcomes of allele-specific siRNA treatment have been
reported in a range of dominantly-inherited skin disorders, such as epidermal fragility
disorder (Leslie Pedrioli et al., 2012), dominant dystrophic epidermolysis bullosa
(Pendaries et al., 2012) and pachyonychia congenita (Hickerson et al., 2008; Smith et
al., 2008). Moreover, the reversal of pathological phenotype has been reported in
mouse models with hair shaft defects (Liu et al., 2016b) and centronuclear myopathy
(Trochet et al., 2018). The strong therapeutic potential resulted in the first-in-human
mutation-specific siRNA trial for pachyonychia congenita (Leachman et al., 2010).
Intradermal injection of an allele-specific siRNA, called TD101, led to significant
regression of a characteristic callus lesion in one patient with no reported adverse

effects.

1.5 Hypothesis, aims and objectives
1.5.1 Hypothesis

In this project, it is hypothesised that treatment with allele-specific siRNA can improve

the skin condition of KID syndrome, through specifically silencing the mutated GJB2

55



allele while leaving the wildtype allele unaffected. In this way, the remaining
normally-functioning wildtype allele, instead of the mutated allele, can be expressed
dominantly, leading to improvement of overall cellular functions, which can

potentially reverse KID syndrome (Figure 1.6).

Normal Patient Patient + specific siRNA
DNA
mRNA
KID syndrome improved KID syndrome
Phenotype Normal v b y

(MUT mRNA dominant) (MUT mRNA silenced)

Figure 1.6 Schematic of proposed allele-specific siRNA treatment and outcome

In the context of patient skin (middle), the mutated GJB2 allele (MUT, represented by X) is
known to play the dominant pathological role by producing mutant Cx26 protein, regardless
of the presence of the wildtype GJB2 allele. This causes an overall aberrant Cx26 function
corresponding to KID syndrome phenotype. Following treatment with the allele-specific,
mutant-targeted SiRNA (vight), the mutant GJB2 mRNA is silenced, leaving the normally-
functioning wildtype allele to be dominantly expressed. This is expected to correct the aberrant

Cx26 functions, potentially reversing the pathological phenotype.

The rationale for the development of siRNA therapy in this study is as follows:

1) The molecular genetics and pathogenesis of KID syndrome is becoming clear
following 16 years of studies using exogenous and endogenous in vitro expression
systems and at least three transgenic mouse models (Mese et al., 2011; Press et al.,
2017a; Schutz et al., 2011), which are supported by an increasing number of

molecularly-confirmed patients.

i1) There is a hotspot mutation in GJB2, namely c.148G>A (p.D50N), accounting for
over 70% of the reported KID syndrome cases (Mazereeuw-Hautier et al., 2007).

i11) The dominant-acting nature of KID syndrome-linked mutants (including p.D50N)
has been confirmed by different experimental methods (Di et al., 2005; Meigh et al.,
2014; Sanchez et al., 2016; Shurman et al., 2005), and the proposed siRNA therapy is

expected to alleviate such effect on wildtype Cx26 and on other epidermal connexins.
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1.5.2 Objectives

This study aims at developing allele-specific siRNA therapy for KID syndrome. To

achieve the aim, there are major objectives as follows:

1) To compare the epidermal morphology and expression of Cx26, Cx30 and Cx43
between skin tissues from a normal individual and a patient heterozygous for GJB2

c.148G>A mutation.

ii) To establish a patient-derived keratinocyte model with the c.148G>A mutation for

in vitro experiments.

ii1) To identify a GJB2 c.148G>A-specific siRNA, which can discriminate between
wildtype and mutant GJB2 sequences differing by a single nucleotide.

iv) To investigate the effect of ¢.148G>A-specific siRNA on hemichannel and gap

junction channel functions in patient-derived keratinocytes.

v) To further investigate the specificity and signalling pathways affected by the

siRNA treatment, using RNA sequencing-based transcriptomic analysis.

This is a proof-of-concept study. If successful, this strategy could potentially be
applied to a wide range of dominant skin disorders, in particular those with dominant
effects, including VS, BPS, PPKD, EKV-P, ODDD and many connexin-unrelated

disorders.
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CHAPTER 2.
MATERIALS AND METHODS
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2.1 Skin biopsies

A written informed consent was obtained from a patient with KID syndrome (KID-1
thereafter), who had been recruited in the Department of paediatric dermatology at
Great Ormond Street Hospital. This study was approved by the local committee of
research ethics (12/L0O/1522). Punch biopsies measuring 3 mm in diameter with
underlying tissue to a 5-mm depth were taken from interfollicular skin of KID-1 and
two healthy donors (C32 and C38 thereafter, with ages within 5-year difference from
KID-1). The skin biopsies were fixed in 4% (v/v) paraformaldehyde at 4°C overnight.
On the next day, these biopsies were embedded in paraffin. All paraffin-embedded
samples were sectioned at 3-pum thickness and then mounted on glass slides. For
preparation of cryosections, tissues were snap-frozen in Tissue-Tek® O.C.T. (Thermo

Fischer Scientific, Loughborough, UK) and then sectioned at 7 um thickness.

2.2 Haematoxylin and eosin staining

Haematoxylin and eosin (H&E) staining was performed on paraformaldehyde-fixed
paraffin-embedded tissues following a standard procedure. The sections were first
deparaffinised in 100% xylene for 2 x 5 min, and then rehydrated in a series of 2 x 5
min incubations in 100% ethanol and 70% ethanol followed by incubation in water for
5 min. The samples were stained with haematoxylin (Sigma-Aldrich, UK) for 10 min
and then rinsed with hot tap water. The slides were differentiated by a dip in 1%
hydrochloric acid in 70% ethanol and then rinsed with tap water. The samples were
stained in eosin (Sigma-Aldrich, UK) for 2 min and dehydrated in two changes of 70%
ethanol, 100% ethanol, 100% xylene for 5 min each time. The air-dried slides were

mounted with DPX solution (Leica Biosystems, UK).

2.3 Immunofluorescence staining of skin tissues
2.3.1 Experimental procedure

7-um skin cryosections from KID-1 and two donors were first air-dried and then
washed for 3 % 5 min in phosphate-buffered saline (PBS). The tissues were incubated
in a mixture of blocking and permeabilising solution containing 3% foetal bovine

serum (FBS) and 0.3% Triton X-100 in PBS for 20 min at room temperature followed
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by three washes in PBS for 5 min each time. The samples were probed with a primary
antibody at 4°C overnight. The catalogue number of primary antibodies used for
detection of Cx26, Cx30 and Cx43 are 13-8100, 700258 and C6219 (see Appendix
IT). On the next day, the tissues were washed for 3 x 5 min in PBS prior to probing
with an Alexa-Fluor 488 or 568-conjugated secondary antibody (Life Technologies,
1:500 dilution) for 1h at room temperature. For negative controls, primary antibody
was replaced by PBS prior to probing with the same secondary antibody. For detection
of Cx26 and Cx30 that are less abundantly expressed in the skin, a biotinylated
secondary antibody (catalogue number: BA-1000 for Cx30 and BA-2000 for Cx26,
Vector Laboratories, 1:100 dilution) was incubated with the sections for 1 h at room
temperature, followed by incubation with an Alexa-Fluor 488- or 568-conjugated
streptavidin (Life Technologies) at 1:500 dilution for 30 min at room temperature.
Nuclei were counterstained with 5 ng/ml 4,6-diamino-2-phenylindole (DAPI, Vector
Laboratories) for 1-2 min and then washed three to four times for at least 10 min each
time in PBS. The samples were mounted using a mounting solution containing 10%
Mowiol solution (Calbiochem, Nottingham, UK) and then imaged using a Leica
DMLS upright fluorescence microscope or a Zeiss LSM 510 Meta laser confocal

microscope (Zeiss, Oberkochen, Germany).

For Cx26/Cx30 double immunostaining, standard staining for Cx26 was first
performed until the final PBS wash after the incubation with the streptavidin, followed
by standard staining for Cx30. For Cx26/Cx43 double immunostaining, Cx26 staining

was first carried out and Cx43 staining followed.

2.3.2 Quantification of staining intensity

Quantification of Cx26 expression in the epidermis of immunostained skin sections
was carried out using ImagelJ software v1.51n (NIH, Bethesda, MD, USA). Image data
recorded under the same imaging setting (laser power, digital offset and gain) from

three to seven adjacent, non-overlapping fields in each slide were analysed.

First, a region of interest was drawn manually to exclude both non-specific staining in
the cornified layer of epidermis as well as the dermis, which was not the focus in the

study (Figure 2.1). Second, a threshold of staining intensity was carefully adjusted
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dependent on the type of staining, until nearly all positive signals were covered while
an acceptable level of noises was included. After thresholding, the binary signals were
further filtered at a medium radius of 1 pixel. To account for lower signal/noise ratio
for Cx26 due to weak staining, only signals larger than 0.3 pm? were analysed. Finally,
the remaining signals, considered as true positive signals, were redirected to the
original image and the mean fluorescence intensity was measured. All above steps
were recorded as an ImageJ macro, which was applied to all images recorded from the
same batch of experiment. The Cx26 expression levels in C32 and C38 control skins
and KID-1 skin were compared using one-way ANOVA with Tukey's multiple

comparison test. Differences were considered statistically significant at p < 0.05.

Select

ROI Threshold

Redirect\ / Apply

and threshold
analyse

Filter
—

Figure 2.1. Example of quantification of connexin expression in the epidermis of
immunostained skin

The image taken using a confocal microscope was processed by: 1) selecting region of interest
(ROI), i.e. the epidermis with exclusion of cornified layer, which was found to have be stained
non-specifically; 2) defining a threshold dependent on the background noises; 3) applying the
appropriate threshold to transform the image into binary signals, facilitating further analysis,
4) filtering to exclude very small particles which are often noises; and 5) redirecting the signals

to the original image for fluorescence intensity analysis.
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2.4 Isolation of primary keratinocytes and fibroblasts from skin biopsies and

establishment of immortalised keratinocyte cell lines

Skin punch biopsies taken from KID-1 patient or a healthy donor (Section 2.1) were
rinsed in PBS. Excessive dermis was removed using a sterile scalpel blade. The skin
tissues were treated overnight at 4°C with Dispase (50 U/mL, BD Biosciences,
Plymouth, UK) that cleaved the adherent molecules at the dermo-epidermal junction,

allowing for dissociation of the epidermis from the dermis.

On the next day, the epidermis was mechanically removed from the dermis using
sterile forceps. The epidermis was fragmented and incubated with 0.25% trypsin in
EDTA at 37°C for 40 min with agitation every 10 min. Trypsin digestion was
neutralised by addition of the same volume of DMEM/10% FBS. The cell suspensions
were vortexed vigorously and then filtered through a 100 pum cell strainer into a falcon
tube. The filtered cell suspension was centrifuged at 850 % g for 10 min. The cell pellet
was resuspended in the RM+ complete keratinocyte medium, which is DMEM/Ham’s
F12 medium (1:3) supplemented with 10% FBS, 0.4 pg/ml hydrocortisone, 10 ng/ml
epidermal growth factor, 5 pg/ml insulin, 5 pg/ml transferrin, 100 pM choleratoxin, 20
pM liothyronine, 100 1U/ml penicillin and 100 pg/ml streptomycin. The resuspended cells
were cultured in a T25 flask at 37°C in humidified 10% CO-, with addition of lethally
irradiated 3T3 cells (1x10° cells per 25 cm® growth area). Cultured primary
keratinocytes were immortalised using a human papillomavirus E6/E7 method.
Following enrichment for positive virally-transduced primary keratinocytes, these
cells were co-cultured for an extended period with 3T3 cells in the above density.
Successfully immortalised cells were subject to genotyping by Sanger sequencing
using GJB2-endo-full primers (Appendix I) and those with correct sequences were
either cryopreserved or used for further experiments. Immortalised keratinocytes
derived from KID-1 or the heathy donor are designated as KID-KCs and control-KCs,
respectively. These immortalised cells were cultured in the above RM+ medium

without addition of 3T3 cells.

The detached dermis was also fragmented and treated with 0.45 U/ml Collagenase
NB6 (SERVA Electrophoresis GmbH) at 37°C for 2 h. The suspension containing

fibroblasts were centrifuged at 850 x g for 10 min. The pellet was resuspended in
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DMEM supplemented with 10% FBS, 100 IU/ml penicillin and 100 pg/ml streptomycin,
plated into a T25 flask, and cultured at 37°C in humidified 10% COx.

2.5 RNA extraction and reverse transcription-PCR

Total RNA was extracted from cultured keratinocytes and fibroblasts using TRIzol®
reagent (Invitrogen, Paisley, UK), and then immediately reverse-transcribed into
single-stranded complementary DNA (cDNA) using the GeneAmp® RNA PCR Core
Kit (Applied Biosystems). Each reaction contained a mixture of 1 ug of RNA template,
2 ul of 10x PCR buffer II, 4 pl of 25 mM MgCly, 2 ul of INTP Mix (each at 10 mM),
I pl of 50 uM random hexamer, 1 pl of MuLV reverse transcriptase (50 U/ul), 1 pl
RNase inhibitor (20 U/ul), making up to 20 pl final volume with DNase RNase-free
water. The reaction was performed at 42°C for 45 min, followed by 99°C for 5 min to
inactivate the enzyme. The cDNA product was stored at -20°C until downstream

experiments.

For semi-quantitative reverse transcription PCR (RT-PCR), cDNA templates were
PCR-amplified using the primers given in Appendix I. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) primers were used as loading control. The
reaction conditions were: initial denaturation at 94°C for 10 min, followed by 30
thermocycles of 94°C for 30s, 60°C for 30s and 72°C for 30s, and then a final extension

at 72°C for 10 min. The amplicons were analysed by 1.5% agarose gel electrophoresis.

For real-time quantitative RT-PCR (qPCR), cDNA templates were amplified using the
iQ ™ SYBR® Green Supermix (Bio-Rad). The primers used are listed in Appendix 1.
The reactions were performed in triplicate in a Rotor-Gene 6000 thermocycler (Corbett
Research, Cambridge, UK) with conditions as follows: initial denaturation at 94°C for
5 min, followed by 40 thermocycles of 95°C for 30s, 60°C for 30s and 72°C for 30s,
and then a final extension at 72°C for 10 min. A melt curve analysis from 72°C to 95°C
was performed at the end of reaction to ensure only a single product was obtained. The
data were normalised using the GAPDH gene and relative expression of GJB2 was

calculated using the 222" method.
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2.6 Immunoprecipitation and immunoblotting

The method of immunoprecipitation was modified from a previous study (Di et al.,
2005). Cells were cultured in a 100-mm dish to confluence. On the day of experiment,
cells were washed twice with ice-cold PBS and then lysed in 0.5 ml ice-cold
immunoprecipitation lysis buffer containing 10 mM Tris-HCI (pH 7.4), 150 mM NaCl,
1% Triton X-100, 0.5% NP-40, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF
supplemented with cOmplete ™ protease inhibitor cocktail (Roche). Samples were
incubated on ice for 15 min with occasional vortexing, followed by centrifugation at
12,000 x g at 4°C for 10 min. The supernatant containing soluble proteins was
measured for protein concentration by Bradford assay (Bio-Rad, Hertfordshire, UK).
1-1.5 mg protein was transferred into a fresh Eppendorf tube. The information of
antibodies used for precipitation is shown in Appendix II. To precipitate Cx26, either
the in-house (IP! condition; 4.5 ul per sample) or the commercial (IP? condition;
catalogue number 71-0500; 3 pl per sample) rabbit anti-Cx26 polyclonal antibody was
added to the lysate, followed by incubation at 4°C for 2.5 h using an end-over-end tube
rotator. After incubation, 60 pl protein G-Sepharose beads (50% slurry, Amersham)
was added to the sample and mixed overnight at 4°C. On the next day, the beads,
associated with antigen-antibody complex, were collected by centrifugation at 12,000
x g for 1 min. Pellets were washed three times with 1 ml immunoprecipitation lysis
buffer without detergents. After washes, excessive buffer was removed carefully. The
final pellet was resuspended with 40 ul of a sample buffer containing 125 mM Tris-
HCI (pH 6.8), 5% B-mercaptoethanol, 4% sodium dodecyl sulfate (SDS), 10% glycerol
and 0.0004% bromophenol blue, and boiled at 95°C for 10 min with occasional
vortexing to dissociate the antigen-antibody complex from the beads. The sample was
centrifuged briefly at 12,000 x g for 1 min and the supernatant containing the antigen-
antibody complex was either analysed immediately with immunoblotting or
transferred to a fresh tube and stored at -80°C for later analysis. For preparation of
non-immunoprecipitated samples from cells or tissues (e.g. mouse liver), the lysis
buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM EDTA and 1 mM
PMSF supplemented with the protease inhibitor cocktail was used. 10—80 pg of protein
samples were mixed with the SDS-containing sample buffer, boiled at 95°C for 10 min,

and then analysed by immunoblotting.
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For immunoblotting, protein samples of equal amount were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) using a 12% NuPAGE ™ Bis-Tris
Mini Gels (Novex, Thermo Fisher Scientific). The gel was run at 150V in the NuPAGE
™ MES SDS running buffer (catalogue number NP0002, Thermo Fisher Scientific)
until the samples had run to the bottom of the gel. Following SDS-PAGE, protein
samples were transferred to a PVDF membrane at 100V for 1 h in a pre-chilled transfer
buffer containing 25 mM Tris, 192 mM glysine, 20% methanol. Blots were blocked
with 5% skimmed milk (Sigma) and then probed with primary antibodies listed in
Appendix II. For detection of endogenous Cx26 in keratinocytes, the mouse anti-
Cx26 antibody from Life Technologies (IB' condition; catalogue number 13-8100) or
the one from Merck (IB? condition; catalogue number MABT198) was used. For
detection of exogenous fusion Cx26-GFP protein in transduced HeLa cells, the rabbit
anti-Cx26 antibody from Life Technologies (catalogue number 71-0500) was used. All
above antibodies were diluted 1:1000 in 5% skimmed milk and probing was performed
overnight at 4°C. On the next day, blots were washed three times on a shaker using a
wash buffer containing 0.05% Tween-20 in PBS. Blots were then incubated at room
temperature for 1 h with either an anti-mouse (GE Healthcare, Buckinghamshire, UK;
1:4000 dilution) or an anti-rabbit (Sigma, Gillingham, UK; 1:7000 dilution, in 3%
skimmed milk) horseradish peroxidase-conjugated secondary antibodies, followed by
three washes. After a prolonged final wash for around 15 min, signals were detected
using the ECL ™ Prime Western Blotting Detection system (Amersham, UK)
according to the manufacturer’s manual. Densitometric analysis was performed on

scanned images of blots.

2.7 Immunofluorescence staining for cultured cells

Keratinocytes were plated on 11-mm glass coverslips and cultured to reach confluence.
The cells were fixed in 4% paraformaldehyde (v/v) for 20 min at room temperature,
and then incubated in the mixture of blocking and permeabilising solutions containing
3% FBS and 0.3% Triton X-100 in PBS at room temperature for 20 min followed by
three washes in PBS for 5 min each time. The cells were then incubated with a primary
antibody at 4°C overnight. The information of primary antibodies used is shown in
Appendix II. For detection of endogenous Cx26 in cultured immortalised

keratinocytes (KID- and control-KCs), the mouse anti-Cx26 antibody from Life
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Technologies (catalogue number 13-8100) was used. For detection of exogenous
Cx26-GFP fusion protein in lentivirally-transduced HeLa cells, the in-house rabbit
anti-Cx26 antibody (Di et al., 2001a) was used. In some experiments, E-cadherin was
also stained to indicate the plasma membrane using the rabbit antibody from Abcam
(catalogue number ab40772). On the next day, cells were washed three times in PBS
for 5 min each time and then incubated with a secondary antibody conjugated with
Alexa-Fluor 488 or 568 (Life Technologies, 1:500 dilution) for 1h at room temperature.
DAPI was used to counterstain the nuclei at a concentration of 5 ng/ml. The samples
were mounted using 10% Mowiol and then imaged using a Leica DMLS upright
fluorescence microscope or a Zeiss LSM 510 Meta laser confocal microscope (Zeiss,

Oberkochen, Germany).

2.8 CRISPR/Cas9 genome editing

2.8.1 sgRNA design and cloning

CRISPR/Cas9 genome editing was performed according to a protocol published
elsewhere (Ran et al., 2013). Three single guide RNAs (sgRNAs), g1, g2, and g4 were
designed using the CRISPR Design Tool (http:/crispr.mit.edu). Each sgRNA is
complementary to a certain GJB2 locus near the nucleotide position 148 of the coding

region. Designed sgRNAs were synthesised by Invitrogen. The sgRNA sequences are:

gl sense: 5’-ACCGCATCTCCCACATCCGGCTAT-3';
gl antisense: 5'-AACATAGCCGGATGTGGGAGATGC-3';
g2 sense: 5’-ACCGTCGCATTATGATCCTCGTTG-3"
g2 antisense: 5'-AACCAACGAGGATCATAATGCGAC-3"
g4 sense: 5'-ACCGCCATCTCCCACATCCGGCTA-3’;
g4 antisense: 5'-AACTAGCCGGATGTGGGAGATGGC-3'".

Each pair of sense and antisense DNA oligos was annealed to form a double-stranded
structure and then cloned into the p.LeGO-167-Cas9-iC-mCherry lentiviral vector (a
gift from Dr. Ulrike Mock) using the Sapl site. The ACCG overhang, underlined in
each sense sgRNA sequence, functions to permit directional Sapl cloning. On
completion of plasmid construction, the recombinant plasmids were sequenced using

the universal U6 primer.
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2.8.2 SURVEYOR® assay and T-A cloning for assessing GJB2-editing
efficiency of designed sgRNAs

HEK-293T cells were used for evaluation of gene-editing efficiency by the designed
sgRNA. HEK-293T cells were cultured in the same condition as dermal fibroblasts
(Section 2.4) in the DMEM/10% FBS medium. These cells were transfected with each
of the sgRNA-Cas9 constructs using FuGene® 6 (Promega) at a FuGene®-to-plasmid
ratio of 2:1. Genomic DNA was isolated from transfected cells 72h post-transfection.
PCR amplicons of sgRNA target sites were generated using the GJB2-SURVEYOR-
F/R primers (Appendix I), and then analysed for the presence of sgRNA-Cas9-
induced mutations on the target GJB2 loci using the SURVEYOR® Mutation Detection
Kit (Transgenomic, Omaha, NE, USA), according to the manufacturer’s instructions.
In brief, the amplicon was denatured at 95°C for 10 min and then annealed to form
DNA heteroduplex by cooling from 95°C to 85°C at -2°C/s and then from 85% to 25°C
at -0.3°C/s, followed by digestion with the SURVEYOR® nuclease at 42°C for 1h. The
digested products were separated by 1.5% agarose gel electrophoresis. The size of the
intact, uncleaved amplicon is 539 bp and cleaved products are estimated to be about

(280, 260 bp) for g1- and g4-Cas9 and about (380, 160 bp) for g2-Cas9.

The presence of sgRNA-Cas9-induced mutations was also analysed by T-A cloning
followed by sequencing. Briefly, the above PCR amplicons were subcloned into the
pGEM®-T vector (Promega, Hampshire, UK) overnight at 4°C. On the next day,
JM109 competent cells were transformed with the ligated products, and then selected
by white-blue screening using X-Gal (50 mg/ml, Sigma-Aldrich, Poole, UK) and
isopropyl B-D-1-thiogalactopyranoside (IPTG, 100 mM). Plasmids were extracted
from positive colonies and then double-digested with Ndel and Sacll (NEB) to confirm
the insert. Plasmids containing the insert were verified by Sanger sequencing using the
SP6 primer (Appendix I). Sequence data were analysed and aligned using Sequencher

software v5.2 (Gene Codes Corporation, USA).

2.8.3 Generation of N/'TERT cells with mono-allelic GJB2 deletion

A normal diploid keratinocyte cell line, N/TERT (Dickson et al., 2000), was used for
generating the GJB2"" cell lines. N/TERT cells were cultured in the RM+ complete

keratinocyte medium (Section 2.4). These cells were transfected with the g4-Cas9
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construct which displayed higher cleaving efficiency in 293T cells. Transfection was
performed using the FuGene® 6 reagent at a FuGene®-to-plasmid ratio of 2.5:1. To
enrich positive cells, fluorescence-activated cell sorting (FACS) for mCherry-positive
cells was performed 48h post-transfection using a FACS Aria II Cell Sorter (BD
Biosciences, UK). Sorted single cells were cultured in 96-well plates and were checked
regularly for clonal appearance after two weeks post-sorting. Upon confluence, cells
were harvested for genomic DNA extraction using a ZR-96 Quick-gDNA ™ kit (Zymo
Research), followed by PCR and Sanger sequencing using the GJB2-CRISPR-seq-F/R
primers (Appendix I). Clones with heterozygous mutations were subject to T-A
cloning followed by sequencing (Section 2.8.2) to identify the desired clones with a

mono-allelic GJB2 deletion.

Immunofluorescence staining for Cx26 was carried out in N/TERT clones with desired
GJB2 mutations. The experimental procedure followed the methods described in
Section 2.7. Cells were counterstained with rhodamine-conjugated phalloidin
(Thermo Fisher Scientific) at room temperature for 40 min to visualise actin filaments.
The morphology of the desired clones was also examined and imaged using an inverted

microscope (Olympus [X71).

2.9 Scrape-loading dye transfer assay for GJIC assessment
2.9.1 Experimental procedure

This assay was modified from a previous study (Yum et al., 2007). Two different
plasma membrane-impermeant but gap junction-permeant tracers were used in this
study, including Cascade Blue (fluorescent, molecular weight 548 Da, charge -3,
catalogue number C3239, Invitrogen) and neurobiotin (non-fluorescent, molecular
weight 323 Da, charge +1, catalogue number SP-1120, Vector Laboratories). Stock
solutions were prepared at concentrations of 80 mg/ml and 20 mg/ml, respectively.
Dextran-rhodamine B (fluorescent, molecular weight 10 kDa, catalogue number

D1824, Invitrogen) was used as a negative control.

Keratinocytes (N/TERT cells, control-KCs or KID-KCs) were plated at a high density

onto a 6-well plate or a 60-mm dish, allowing formation of cell-cell contact and the
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resulting gap junction channels. Cells were gently washed twice with Ca®", Mg?'-
containing Hank's balanced salt solution (HBSS, catalogue number 14025092). The
medium was then switched to divalent-free HBSS (catalogue number 14175095)
containing Cascade Blue or neurobiotin at 1:300 dilution or 1:200 dilution,
respectively. The latter solution with addition of 100 uM carbenoxolone (CBX, gap
junction blocker, Sigma, UK) was used as negative control. Multiple parallel scrape
lines were made with a sharp scalpel blade to promote uptake of tracers by the
wounded cells, followed by incubation at 37°C for 20 min for Cascade Blue or 10 min
for neurobiotin to allow dye transfer. Cells were washed twice with HBSS containing
divalent ions and then fixed with 4% (v/v) paraformaldehyde at 4°C for 20 min. For
cells scrape-loaded with the non-fluorescent tracer neurobiotin, samples were
permeabilised with 0.3% Triton X-100 for 10 min and then stained with Alexa Flour
568-streptavidin conjugate (Invitrogen, 1:400 dilution) at room temperature for 30 min.
After three washes with PBS, samples were imaged with an Olympus IX7linverted
microscope for both fluorescent and phase contrast channels. The same imaging
condition was applied to all samples for each channel and at least six scrape-wounded

images and three background (non-scrape-wounded) images were taken from each

group.

2.9.2 Quantification of dye transfer

The above images were analysed using the ImageJ software v1.51n. Dye transfer, as a
measure of GJIC activity, was quantified by measuring the total area between the
scrape line and the point at which the fluorescence level reduced to 1.5 X the
background fluorescence level. As shown in Figure 2.2, images were processed by
filtering out small-sized non-specific signals and applying a threshold, i.e. 1.5 X the
average background level (Figure 2.2b-c). Following these steps, the total area of dye
transfer was recorded and calculated using Microsoft Excel. Comparison was made by
one-way ANOVA (N/TERT clones) or Student’s #-test (control- and KID-KCs) using
GraphPad Prism 6 software.
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Figure 2.2 Image analysis for scrape-loading dye transfer assay

(a) Example phase contrast scrape loading images of Control-KCs (left) and KID-KCs (right).
The images show a linear scrape made on the monolayer cultures using a scalpel blade. (b)
Example raw digital image data of Cascade Blue dye transfer from the linear scrape wound.
(c) Example image processing. Small-sized, non-specific signals were filtered out and a
threshold at 1.5 % respective background fluorescence intensity level was applied. (d) Example
analysis of total area of dye transfer following image processing. Comparison was made

between total dye transfer areas in these cell lines using Student’s t-test.

2.10 ATP release assay for assessing hemichannel activity

Hemichannel-mediated ATP release, representing hemichannel activity, was measured
using an ATP Bioluminescent Assay Kit (catalogue number FL-AA, Sigma-Aldrich,
Gillingham, UK), which is based on measurement of photons (bioluminescence)
produced during the reaction between luciferase/luciferin and ATP. A mixture of
luciferase and luciferin (i.e. ‘ATP Assay Mix’, referred to as the assay mix thereafter)
and a ATP standard were provided in the kit. Prior to ATP measurement from cultured

cells, this method was optimised as follows.

Firstly, five different dilutions (1:10, 1:100, 1:200, 1:300 and 1:400) of the assay mix
were reacted with either 0 or 10 uM ATP standard, followed by luminescence
measurement using a FLUOstar Optima luminometer (BMG Labtech, Aylesbury, UK).

This step allowed to determine the optimal dilution of the assay mix for subsequent
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experiments. Secondly, a range of low concentrations of ATP standard (2.5—-30 nM,
diluted in PBS or DMEM) were each reacted with the assay mix at the optimised
dilution from the previous step, followed by the same luminescence measurement.
This allowed to determine the analytical sensitivity of the assay, which is defined as
the minimum concentration (minus two standard deviations) that does not overlap with
the background level (plus two standard deviations) (Li and Cassone, 2015). Thirdly,
using the above parameters, a suitable range of ATP concentrations were investigated
by reacting serially-diluted ATP standards (0—10 uM) with the assay mix at the
optimised dilution. The ATP concentrations that had yielded luminescence with a

linear correlation were used to construct a standard curve in further experiments.

The present ATP release assay was modified from previous studies (Donnelly et al.,
2012; Easton et al., 2012). Connexin-null HeLa cells and connexin-rich N/TERT cells
were used to set up the assay. 1.2x10° HeLa cells and 2.4x10° N/TERT cells were
plated in duplicate onto a 24-well plate and the assay was performed on the next day.
Cells were gently washed three times with PBS and then incubated in serum-free
DMEM at room temperature for 30 min. For pharmacological blockade, cells were
incubated in the above DMEM with additional 100 uM CBX. After incubation, cells
were acutely challenged with PBS containing zero Ca®" for 2.5 min, a common
approach to open connexin hemichannels (de Wolf et al., 2016; Donnelly et al., 2012;
Verselis and Srinivas, 2008), allowing release of ATP to the medium. 50 ul of each
medium was harvested and snap-frozen on dry ice. For baseline measurement, PBS
was replaced by DMEM containing 1.8 mM Ca?". To determine ATP concentration in
these samples, 50 pl of samples was reacted with 50 pl of the assay mix at the
optimised dilution and the reaction mixture was measured immediately for
luminescence at room temperature. Three independent experiments were performed,
each with two technical replicates. Data were normalised to the baseline level and
hemichannel activity was expressed as fold change in ATP concentration between the

baseline and zero-Ca?’-challenged samples.

2.11 Determination of candidate cell lines for siRNA screening

Cell lines suitable for siRNA screening were selected from six candidate cell lines

(Table 2.1). Endogenous expression of GJB2 gene in six candidate cell lines was
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examined by RT-PCR using the GJB2-endogenous-F/R primers (Appendix 11, Section
2.5).

Table 2.1 Candidate cell lines for siR\NA screening

Cell ID Cell type Immortalisation Culture medium

HeLa Human cervical cancer Spontaneously transformed =~ DMEM/ 10% FBS

HT1080 Human fibroblastoma Spontaneously transformed =~ DMEM/ 10% FBS

P6KC Human keratinocyte Human papillomavirus E6/E7 RM+/ 10% FBS

P8KC Human keratinocyte Human papillomavirus E6/E7 RM+/ 10% FBS

HaCaT Human keratinocyte Spontaneously transformed RM+/ 10% FBS

N/TERT Human keratinocyte Human telomerase reverse RM+/ 10% FBS
transcriptase

2.12 Generation of HeLa and N/TERT cells stably expressing GJB2-GFP
2.12.1 Lentiviral vector construction and packaging

Lentiviral vectors were designed, constructed and packaged by Dr. Wei-Li Di. This
study employed an HIV-1 derived, self-inactivating lentiviral vector pLNT-SFFV-
MCS (Figure 2.3). The SFFV promoter was removed using EcoRI and Xhol sites, and
the CMV promoter and the GJB2-GFP transgene were cloned into the vector using
Asel and NotlI sites. In the transgene, the GF'P cDNA was fused to the 3’ terminus of
wildtype GJB2 cDNA or GJB2 cDNA containing c.148G>A (p.D50N) mutation. On
completion of vector construction, the wildtype and mutant transgene sequences were

verified by Sanger sequencing.

Lentiviruses were packaged by co-transfecting HEK-293T cells with wildtype or
mutant lentiviral plasmids, together with an envelope plasmid coding for an envelope
protein pseudotyped with a vesicular stomatitis virus (VSV-G) envelope, and a
packaging plasmid pCMV8.74 coding for lentiviral gag, pol and accessory proteins,
tat and rev (Figure 2.3). Infectious lentiviruses were harvested 72 hours post-

transfection, filtered with a 0.45-um pore cellulose acetate filter, and then ultra-
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centrifuged at 50,000 x g for 2h. Concentrated viral pellets were resuspended in
DMEM medium for 30 min on ice. The lentivirus stocks were kept at -80°C until use.
The packaged lentiviruses were harvested and titred by flow cytometry for GFP
expression. The viral titres were 8.8x107 IU/ml for wildtype viruses and 4.9x10° TU/ml

for mutant viruses.

Vector

1]
PBS 89%0 |Rre CPPTI CMV_»| GJB2-GFP AU3 R U5
PP
5'LTR SIN JLTR
Packaging Envelope
plasmid I] rev [l plasmid

gag | tat |
[ cmv > — @ VSV.G-env

Figure 2.3 Schematic of the LNT-CMV-GJB2-GFP lentiviral vectors

Top panel shows a self-inactivating, HIV-1-based vector with the transgene cloned in, which
encodes the wildtype or c.148G>A mutant GJB2 fused to GFP reporter at 3’ terminus driven
by the cytomegalovirus (CMV) promoter. Bottom panel shows two accessory plasmids,
including the packaging plasmid (left) encoding lentiviral gag, pol and accessory proteins and
the envelope plasmid (right) pseudotyped with envelope proteins from vesicular stomatitis
virus (VSV). LTR, long terminal repeat. PBS, tRNA primer binding site. RRE, rev response
elements. CMV, cytomegalovirus promotor. VSV-G env, envelope pseudotyped with the G
glycoprotein of vesicular stomatitis virus. cPPT, central polypurine tract. WPRE, woodchuck

hepatitis virus post-transcriptional regulatory element.

2.12.2  Generation of HeLa and N/TERT cells expressing GJB2-GFP

Two selected cell lines, HeLLa and N/TERT, were transduced with either wildtype or
mutant lentiviruses. 72 h later, the transduction efficiency was determined by flow
cytometry analysis (BD FACSCalibur ™) for the percentage of GFP' populations.
These GFP" populations were enriched from total lentivirally transduced cells by
fluorescence-activated cell sorting (FACS) using a Beckman Coulter MoFlo XDP cell
sorter. From each sample, 10°~10” GFP* cells were sorted and immediately cultured
in the standard condition. To verify cell enrichment, semi-quantitative RT-PCR was
performed using transgene-specific primers, GJB2-GFP-RT1-F/R (Appendix I,
Section 2.5), and GAPDH primers were used as internal control. Transgene expression

at protein level was verified by immunostaining for Cx26 using the in-house antibody
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(Appendix II, Section 2.7), and images were recorded using a Leica DMLS upright

fluorescence microscope.

For enrichment of HeLa clones expressing the full-length GJB2 transgene, single-cell
cloning was carried out from bulk populations of lentivirally-transduced, FACS-
enriched GFP" cells. Single cells were cultured and checked regularly for clonal
expansion. Expanded clones were subject to RT-PCR for full-length GJB2 expression
using the GJB2-endo-full-F/R primers (Appendix I, Section 2.5) and fluorescence

microscopy for Cx26-GFP expression.

2.13 Design of allele-specific siRNAs

Nineteen candidate siRNAs with a targeting sequence complementary to c.148G>A in
GJB2 were designed using a sequence-walk approach (Hickerson et al., 2008) and
synthesised by Sigma (Dorset, UK). The reference sequence for GJB2 (GenBank
accession number NM 004004), mutated GJB2 sequence and the designed siRNA
sequences were aligned in Section 3.3.2.1 (Figure 3.22). An siRNA against GFP
(AM4626, Applied Biosystems) was used as a positive control. An irrelevant control
siRNA against #HAS2 (designated “control siRNA” hereafter) was synthesised from

Sigma. The sequence of the control siRNA is:

Sense 5 AUAUCGUCAUGGUCUUCAU[dT][dT]-3;
Antisense  5’-AUGAAGACCAUGACGAUAU[AT][dT]-3".

2.14 Transfection of siRNA and evaluation of gene silencing

On the day before transfection, cells were plated at 1 x 104, 1 x 10°, 5 x 10° per well
onto 96-, 24- or 6-well plates, respectively, for N/TERT cells, KID- and control-KCs,
or 0.7 x 10% 0.7 x 10, 3.5 x 10° per well, respectively, for HeLa cells. These seeding
numbers allowed cells to reach a density between 50% and 70% on the next day,
suitable for transfection using Lipofectamine® RNAIMAX and Lipofectamine® 2000
reagents (Thermo Fisher Scientific). Growth medium was first removed from the well.
Unless otherwise stated, for 96-, 24- and 6-well plates, 5, 10, 40 pmol of siRNA was
mixed gently with 0.25, 0.5, 2 ul of either of the transfection reagents in total volumes

of 100 ul, 200 pl and 800 pl (in OptiMEM®, Thermo Fisher Scientific), followed by
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incubation at room temperature for 20 min. The above transfection complexes, each
containing 50 nM siRNA, were then added to the cells. The cells were incubated at
37°C for 6 h, and the medium was then replaced with growth medium, followed by

incubation at 37°C until analysis of gene silencing 24 h or 48 h post-transfection.

siRNA-mediated silencing of exogenous GJB2-GFP and endogenous GJB2 at mRNA
level was assessed by qPCR using the GJB2-GFP-qPCR primers (HeLa and N/TERT)
and the GJB2-endo-full primers (control- and KID-KCs) (Appendix I, Section 2.5),
respectively. At protein level, silencing of exogenous transgene was assessed by
immunoblotting using the rabbit anti-Cx26 antibody 71-0500 (Appendix II, Section
2.6), and flow cytometry using FACSCalibur ™ (BD Biosciences, Oxon, UK).

For flow cytometry analysis, briefly, a non-fixed cell suspension was prepared in PBS
containing 2% FBS. 10,000 cells from each sample were acquired using the FL1
channel with a 530-nm emission filter. Data were analysed using the FlowJo software
v10 (Tree Star Inc., Ashland, Oregon, USA) and the silencing efficiency was indicated
by the decrease of mean GFP intensity (I) in siRNA-transfected cells. Data were
normalised against the control level. The Cx26-GFP silencing efficiency was

calculated as: [1‘ (I allele-specific siRNA / 1 control siRNA)] % 100%.

2.15 Patch clamp technique for hemichannel assessment

Whole-cell patch clamp was carried out in KID- or control-KCs at room temperature.
Cells were seeded at a low density onto 12-mm glass coverslips in a 35-mm culture
dish to prevent cell-cell contact and the resulting formation of intercellular channels
that may confound hemichannel analysis. On the next day, coverslips were transferred
to an experimental chamber filled with a Tyrode’s bath solution containing (in mM):
NaCl 137.7, KCl 5.4, NaOH 2.3, MgCl; 1, glucose 10, and HEPES 5 (pH 7.4). Patch
pipettes were pulled from glass capillaries to a resistance of 3-6 MQ with a horizontal
puller (P-87, Sutter Instruments, Novato, CA). The pipettes were filled with a pipette
solution containing (in mM): K-aspartate 120, HEPES 5, ethylene glycol tetraacetic
acid 10, and NaATP 3 (pH 7.2). Solitary KID-KCs and control-KCs were chosen for
measurement of membrane capacitance (Cm), along with membrane currents (Im)

invoked while the membrane potential was stepped from -110 mV to +110 mV in 20
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mV increments. Membrane currents recorded at the beginning of each pulse, i.e.
instantaneous currents, were used for quantification. Voltage and current signals were
recorded using an Axopatch-1D patch clamp amplifier coupled to a Digidata 1322A
interface (Axon Instruments). Data were acquired and analysed using Clampex 9.2 and
Clampfit 10.2 software (Axon instruments), respectively. To control for variability in
size of the cells being recorded, membrane current density, calculated as In/Cm, was
used as a direct measure of hemichannel activity. Comparison was made between

current density at individual membrane voltages using two-tailed Student’s #-test.

2.16 Neurobiotin uptake assay for hemichannel assessment

2.16.1 Experimental procedure

This assay was modified from a previous study (Mese et al., 2011). A positively-
charged, non-fluorescent tracer, neurobiotin (catalogue number SP-1120, Vector
Laboratories) was used. KID- or control-KCs were plated at a low density onto 22-mm
coverslips in a 6-well plate to prevent formation of intercellular channels. On the next
day, cells were gently washed twice with Ca®’, Mg**-containing Hank's balanced salt
solution (HBSS, catalogue number 14025092), and then incubated with divalent-free
HBSS (catalogue number 14175095) containing neurobiotin at 1:200 dilution at 37°C
for 10 min to allow uptake of neurobiotin through open hemichannels under the
divalent-free condition. Following two washes with Ca?’, Mg?"-containing HBSS,
cells were fixed with 4% (v/v) paraformaldehyde at 4°C for 20 min. The fixed samples
were permeabilised with 0.3% Triton X-100 for 10 min and then stained with Alexa
Fluor 568-streptavidin conjugate (Invitrogen, 1:400 dilution) at room temperature for
30 min to visualise neurobiotin. Samples were counterstained with DAPI to
demonstrate the seeding density. Following three washes with PBS, samples were
imaged using an inverted microscope (Olympus IX71). For each channel, the same

exposure time was applied to all samples.

2.16.2  Data analysis for neurobiotin uptake assay

Five to ten neurobiotin uptake images taken from each group were analysed using
Imagel software v1.51n. The hemichannel activity was indicated by the level of

neurobiotin uptake, which was determined by the fluorescence intensity within the cell.
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As shown in Figure 2.4, images were processed by filtering out small-sized non-
specific signals and applying a suitable threshold (Figure 2.4b). Following these steps,
the average fluorescent intensity within individual cells in each image was calculated
with Microsoft Excel. Data were normalised to the level of fluorescent intensity in
untreated control-KCs or control-KCs treated with control siRNA. Comparison was

made by Student’s #-test using GraphPad Prism 6 software.
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Figure 2.4 Image analysis for neurobiotin uptake assay

Example images of neurobiotin uptake (red) by control-KCs (left) and KID-KCs (right) are
shown (a). These images were processed by ImageJ. Small-sized signals were filtered out and
an appropriate threshold was determined and applied to the images. Fluorescence intensity
within single cells was measured, and the reads are shown as numbers in (b). Note that cell
clumps or doublets (asterisk) were excluded. Comparison was made between average

Sfluorescence intensity of the two images using Student’s t-test (c). *p < 0.05.

2.17 RNA-Seq based transcriptomic study

KID-KCs were transiently transfected, or not transfected, with S7 in triplicate at a

confluency of around 70%. After 24 h, total RN A was extracted (see Section 2.5) and
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the concentrations and purities of the samples were measured on a Nanodrop
spectrophotometer. The concentrations were between 350—400 ng/ul and the
A260/280 ratios between 2.0—2.5. For further quality control specific to RNA-Seq
experiments, RNA concentration was calculated by Qubit ™ (Thermo Fisher Scientific)
and RNA integrity examined by the Bioanalyser (Agilent), which automatically
generated a RNA integrity number (RIN) to indicate the integrity of analysed RNA.

500 ng of total RNA was used for RNA-Seq experiments. RNA samples were
processed using a KAPA mRNA HyperPrep Kit (Roche) according to the
manufacturer’s instructions. In brief, mRNA was isolated from total RNA using Oligo
dT beads to precipitate poly-adenylated transcripts. The purified mRNA was
fragmented using chemical hydrolysis (heat and divalent metal cation) and primed
with random hexamers. Strand-specific first strand cDNA was generated by reverse
transcription in the presence of Actinomycin D, which allows for RNA-dependent
DNA synthesis while preventing DNA-dependent DNA synthesis that affects the
results. The second cDNA strand was synthesised using dUTP in place of dTTP, to
mark the second strand. The resulting cDNA was then tailed with adenosine at the 3’
end to prevent self-ligation and adapter dimerisation. Truncated adaptors, containing a
T overhang, are ligated to the A-tailed cDNA. Successfully ligated cDNA was then
enriched by limited cycle PCR (10 cycles). The high-fidelity polymerase used in the
PCR was unable to extend through uracil, and therefore only the first strand was
amplified for sequencing, making the library strand specific. The primers extended
adaptors to full length and contained a sample-specific 6-bp index sequence which
allow the libraries to be uniquely identified. The libraries were sequenced with a 43-

bp paired-end run using a NextSeq 500 instrument (Illumina, San Diego, US).

Run data were first demultiplexed and converted to fastq files using the bcl2fastq
Conversion Software (Illumina, v2.19). Fastq files were pre-processed to remove
adapter contamination and poor-quality base calls using a 5’ to 3’ sliding window
approach, by which reads were trimmed when the quality drops below Q20. Reads
shorter than 20-bp after trimming were discarded (Trimmomatic v0.36). Next, trimmed
reads were mapped to the hg38 reference genome using the gapped aligner, RNA-
STAR (v2.5b). To reduce bias arising from the PCR performed during library
preparation, mapped data were deduplicated using the Picard Tools (v2.7.1). The
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remaining reads were counted per transcript by FeatureCounts software (v1.4.6p5).
Normalisation, modelling and differential expression analysis were then carried out
using SARTools (BioConductor, v1.3.2), an integrated QC and DESeq2 wrapper. All
reference genomes and annotation were obtained from the Illumina iGenomes

repository.

A list of genes was generated with fold change, p-values and adjusted p-values (p-adj,
using Benjamini-Hochberg method) (Benjamini et al., 2001; Love et al., 2015). For
each comparison, genes with statistically significant difference in expression level
between treated and untreated KID-KC samples were determined at p-adj < 0.05 and

llog> fold changel > 1, and these differentially expressed genes are abbreviated as

DEGs hereafter. These DEGs were further analysed by bioinformatics tools, including
the Genome-wide Enrichment of Seed Sequence matches (GESS,
www.flyrnai.org/gess) for analysing off-targets of S7 resulting from seed sequence
matches, the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING,
string-db.org) for analysing protein-protein interaction, and Ingenuity® Pathway
Analysis software v.01-12 (IPA®, Ingenuity Systems, Redwood City, CA) for
analysing pathways/networks related to siRNA S7. Genes given by GESS analysis (i.e.
genes with seed sequence match with siRNA S7) are listed in Appendix III and those
genes were compared against the list of DEGs to identify off-targets of S7. For IPA®,
the canonical pathways analysis was carried out, in which DEGs were analysed for
enriched IPA® pathways against a background of all human genes by Fisher exact tests
calculating the likelihood that this is due to random chance. This helped to identify
signalling pathways significantly relevant to S7 treatment in KID-KCs.

2.18 Statistical analysis

All data were expressed as the mean + standard error of the mean (SEM). Statistical
tests used in this study were described in each section. The Student’s #-test and the
one-way analysis of variance (ANOVA) with post-hoc Tukey's multiple comparison
test were performed using GraphPad Prism 6 software. Differences with a p-value less
than 0.05 were considered statistically significant. *p < 0.05; **p < 0.01; and ***p <

0.001.

79



CHAPTER 3. RESULTS

80



3.1 The GJB2 c.148G>A mutation causes abnormal Cx26 expression and

hyperkeratotic skin architecture

The missense mutation ¢.148G>A in GJB2 is the most common causative mutation
linked to KID syndrome. A patient (KID-1) clinically diagnosed as KID syndrome was
recruited in this study at Great Ormond Street Hospital. Genetic testing identified a
heterozygous c.148G>A mutation in GJB2, which results in a substitution of aspartic
acid with asparagine at the position 50 of Cx26 protein (p.D50N). The patient had
bilateral sensorineural hearing loss, vascularising keratitis with photophobia, and
generalised ichthyotic skin lesions with nail dystrophy. A biopsy was taken from
interfollicular skin of KID-1 and the biopsy was paraffin-embedded and sectioned (see
Section 2.1). Biopsies taken from interfollicular skin of two unaffected healthy donors,
(C32 and C38, were used as controls (see Section 2.1 for details of donors). The skin
phenotype was examined by Haematoxylin and Eosin (H&E) staining (see Section
2.2), and the expression and distribution of Cx26 were examined by immunostaining

(see Section 2.3).

3.11 Hyperkeratosis with prominent rete ridges in the skin of KID-1

The epidermis of KID-1 showed basket-weave hyperkeratosis, focal parakeratosis,
mild acanthosis with prominent rete ridges compared to the normal skin (Figure 3.1.1).
There was also mild spongiosis in upper layers of keratinocytes and follicular plugging.
In the papillary dermis, a mild perivascular lymphocytic infiltrate was observed. The
reticular dermis and subcutis were unremarkable. These histological findings were
consistent with two previous reports of patients harbouring the GJB2 c.148G>A
mutation (Liu et al., 2016a; Watanabe et al., 2007).
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Figure 3.1.1 Morphology of the skin from KID-1

H&E staining was performed on the skin from a normal control donor (a) and patient KID-1
(b). The KID-1 skin showed basket-weave hyperkeratosis, focal parakeratosis (inset, arrow),
mild spongiosis (inset) and mild acanthosis with elongated rete ridges in the epidermis,

compared to the normal control skin. Bar = 100 um.

3.1.2 Increased Cx26 expression in the epidermis of KID-1

The expression of Cx26 was examined by immunofluorescence staining using the anti-
Cx26 mouse antibody 13-8100 (see Appendix II). In the epidermis of control skin,
weak Cx26 expression was found in the granular cell layers, with a punctate staining
pattern (Figure 3.1.2a-b, e-f). The positive staining in the cornified layer was non-
specific, as it was also present in the negative control where staining was performed
without primary antibody (Figure 3.1.2d, h). In contrast, KID-1 epidermis displayed

stronger Cx26 expression in the suprabasal layers with a punctate pattern (Figure
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3.1.2¢, g). The Cx26 expression slightly extended to both cornified layer and,
occasionally, lower epidermal layers, indicative of ectopic distribution (Figure 3.1.2g).
In dermis, strong Cx26 expression was found in hair follicles and sweat glands and
ducts in both KID and control skin (Figure 3.1.2i-j), consistent with previous results
(Di et al., 2005). Quantification of staining intensity (see Section 2.3.2) found a
significant increase in Cx26 expression level in KID-1 epidermis, by 12% and 17%,
compared to that in C32 and C38 epidermis, respectively (1 =£0.07, n =8 for C32; 0.97
+0.10,n =3 for C38; 1.14 + 0.02, n = 8 for KID-1; p < 0.01 when KID-1 vs C32; p <
0.05 when KID-1 vs C38, one-way ANOVA with Tukey's multiple comparison test,
Figure 3.1.2k). Cx26 is known to be absent (Salomon 1994) or expressed at very low
level (Martin et al., 2014) in normal skin, but up-regulated in hyperkeratotic skin
lesions such as lichenified plaque of eczema (Di et al., 2001a), viral wart (Rouan et al.,
2001) and psoriatic plaques (Labarthe et al., 1998; Lucke et al., 1999), along with KID
syndrome (Arita et al., 2006; Choung et al., 2008; Nyquist et al., 2007; Richard et al.,

2002). These findings were in line with the current results.
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Figure 3.1.2 Increased Cx26 expression in KID-1 epidermis

The expression of Cx26 (green) in normal skin C32 (a, e, i) and C38 (b, f) and KID-1 skin (c,
g, j) was examined by immunostaining. Characteristic punctate staining with formation of gap
Junction plaques (e-g, arrows) was found in suprabasal epidermal layers, hair follicles (hf)
and sweat glands (sg) of all skin tissues. Extended Cx26 expression was seen in the cornified
layer of KID-1 skin (c, g arrowheads). Negative staining (d, h) without use of primary antibody
indicates the background level. Note that positive signals were found in the cornified layer of
both normal skin and negative control, indicating non-specific staining. Nuclei were
counterstained with DAPI (blue). The dotted lines show the dermal-epidermal junction. (k)

Quantification of Cx26 expression level in the epidermis. There was increased Cx26 expression
in KID-1 skin, compared to that in C32 skin (**p < 0.01) and in C38 skin (*p < 0.05). n =
3=8. Bar =40 um.

3.1.3 Cx26 co-localised with Cx30 in KID-1 epidermis

In vitro studies have shown interaction of Cx26 with Cx30 (Di et al., 2005; Yum et al.,
2007) and, very recently, with Cx43 (Garcia et al., 2015; Shuja et al., 2016). To
examine whether the distribution of Cx26 overlapped with Cx30 and Cx43,
immunostaining for these connexins was performed alone or in conjunction with Cx26

in the patient skin (see Section 2.3).

The expression of Cx30 in normal epidermis was found in a punctate pattern in the
suprabasal layers, predominantly in the granular cell layers (Figure 3.1.3a-b, e-f), with
weak staining observed in the basal layer (Figure 3.1.3b), which is consistent with
previous observation (Richard et al., 2002). Similar expression pattern was found in
KID-1 epidermis (Figure 3.1.3¢, g). Double-immunostaining for Cx30 and Cx26
showed that both connexins were compartmentalised in the granular layers, co-
localising extensively and forming gap junction plaques at multiple foci in both normal
and KID-1 epidermis (Figure 3.1.3e-g). These results were in agreement with previous
in vitro studies showing heteromeric assembly of Cx26/Cx30 channels (Yum et al.,

2007).

Cx43 expression was observed throughout all epidermal layers with clear formation of
gap junction plaques at the cell membranes in both normal and KID-1 epidermis
(Figure 3.1.3i-k, m-0). Cx43 was more abundantly expressed in the granular layers

and upper spinous layers and less in the basal layer.

84
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Figure 3.1.3 Expression of Cx30 and Cx43 in KID-1 and control epidermis

The expression of Cx30 (a-c, green) and Cx43 (i-k, green) in normal skin C32 (a, i) and C38
(b, j) and KID-1 skin (c, k) was examined by immunostaining. Cx30 was expressed in a
punctate pattern in upper suprabasal layers in all skin tissues (a-c). Note the weak Cx30
staining in the basal layer of C38 epidermis (b). Cx43 was expressed throughout the epidermis,
with strong membranous staining observed in the suprabasal layers (i-k). Double-staining of
Cx26 (red) with Cx30 (e-g, green) and with Cx43 (m-o, green) was also performed, with areas
of co-localisation appearing yellow. Co-localisation was found between Cx26 and Cx30 in the
granular layers (e-g, arrows). In contrast, expression of Cx26 and Cx43 barely overlapped in
normal epidermis (m-n), but they appeared to overlap focally in the granular layers of KID-1
epidermis (o, arrows). Nuclei were counterstained with DAPI (blue). The dotted lines show

the dermal-epidermal junction. Bar = 40 um.

Double-immunostaining for Cx43 and Cx26 showed that, while staining of both

connexins was observed in the granular layers of normal epidermis, there was little
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evidence of expression overlap (Figure 3.1.3m-n). This finding was consistent with
previous staining results on skin tissues (Kamibayashi et al., 1993). In KID-1
epidermis, by contrast, focal overlaps of Cx43 and Cx26 were observed in the granular
layers (Figure 3.1.30). Although a number of Cx26 mutants have been found to
interact with Cx43 in vitro in exogenous expression systems (Garcia et al., 2015; Shuja
et al., 2016), the interaction between Cx26 p.D5SON and Cx43 in vivo remains to be

confirmed in future work.

3.14 Abnormal Cx26 expression in KID-1 keratinocytes

Despite altered Cx26 expression and distribution found in the epidermis of KID-1, the
multi-layered structure of epidermis hindered detailed analysis for subcellular
localisation of Cx26 in KID-1 keratinocytes. To overcome this hurdle, as well as to
facilitate further expression and functional studies, a KID-1 patient-derived
keratinocyte cell line (KID-KC) was generated by immortalising primary
keratinocytes isolated from KID-1 skin (see Section 2.4). An immortalised control
keratinocyte cell line (control-KC) was also generated from keratinocytes isolated
from a healthy control donor using the same procedure. Primary dermal fibroblasts
were also isolated from the same biopsies of KID-1 (KID-FB) and the healthy donor
(control-FB) (see Section 2.4). These cell lines were genotyped by Sanger Sequencing
using the GJB2-genomic-start primer (Appendix I). The expression of GJB2 mRNA
was examined by RT-PCR and qPCR using the GJB2-endo-full-F/R primers spanning
nearly the entire GJB2 coding sequence, and the GAPDH primers were used as internal
control (Appendix I, Section 2.5) The expression of Cx26 protein was also examined

by immunoblotting and immunostaining (see Section 2.6 and 2.7).

3.14.1 KID-KC: a good model to represent primary KID-1 keratinocytes

The immortalised KID-KCs at passage 5 and control-KCs at passage 1 were found to
have a mixture of polygonal or flattened appearance (Figure 3.1.4a-b), with little
morphological difference observed between these cell lines. Similarly, there was little
morphological difference between KID-FBs and control-FBs (Figure 3.1.4c-d).
Sequence analysis identified the heterozygous missense GJB2 ¢.148G>A mutation in

both KID-KCs and KID-FBs (Figure 3.1.4b, d). Control-KCs and -FBs showed
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wildtype GJB2 sequence (Figure 3.1.4a, c).

C\GGCC?\CTTTGTC

00N

CAGGCCGACTTTOGTC

[\/\Z\\[\Z\/\ AT

CxGGCC‘iaC TTaP ¢

D/N

fL/\MA/\ Yy /\ A

Figure 3.1.4 Morphology and genomic sequences of immortalised keratinocytes and
primary fibroblasts from KID-1 and a healthy donor

Epidermal keratinocytes (KCs) and dermal fibroblasts (FBs) were cultured and phase contrast
images (left panels) were recorded using a light microscope. Genomic DNA was extracted
from cultured cells for sequence analysis (right panels). The sequence results of KID-KCs (b)
and -FBs (d) confirmed the presence of the heterozygous c¢.148G>A mutation in GJB2,
resulting in the p.D50N change at protein level. Control-KCs (a) and -FBs (c) showed wildtype
GJB2 sequence. Bar = 100 um

The morphology and genotypes of immortalised keratinocytes were monitored over a
prolonged culture period of up to 40 passages. Both KID- and control-KCs showed a
consistently high proliferation rate, and KID-KCs maintained the c.148G>A mutation
stably in vitro. Therefore, these immortalised cells were used in further expression and
functional studies. For quality control, cells with a passage number between 5—20 were
used and regular mycoplasma testing was performed to ensure the use of mycoplasma-

free cells in all experiments.
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3.14.2 Decreased GJB2 mRNA expression in KID-1 keratinocytes

RT-PCR analysis for full-length GJB2 mRNA expression showed a 771-bp band in
both KID-KCs and control-KCs (Figure 3.1.5a). In contrast, no amplicons were
detected in KID- or control-FBs, although the GAPDH gene was expressed in all
fibroblast samples. These findings suggested that GJB2 was expressed in keratinocytes,
but not in fibroblasts, regardless of these cells being derived from the patient or the
healthy donor. To further quantify GJB2 expression, PCR was subsequently carried
out using SYBR® Green and the same primers. The results showed a 75% reduction of
GJB2 mRNA expression in KID-KCs, compared to that in control-KCs (0.25 + 0.06
vs 1.02 £ 0.1, n=4 per group, p < 0.001, Student’s t-test) (Figure 3.1.5b). The results

were consistent across four independent experiments.
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Figure 3.1.5 Reduced GJB2 mRNA expression in KID-1 keratinocytes

RT-PCR with specific full-length GJB2 primers (771 bp) or GAPDH primers (473 bp, as
internal control) was performed in cDNA samples extracted from cultured keratinocytes and
fibroblasts. The PCR amplicons were analysed by 1.5% agarose gel electrophoresis (a). M:
molecular-weight markers; CF: control fibroblast; KF: KID patient fibroblast; CK: control
keratinocyte; KK: KID patient keratinocyte. The passage number of the cell culture was shown
as pl—p4. Full-length GJB2 band was detected in keratinocytes but not in fibroblasts. SYBR
Green qPCR was run in cDNA samples from control keratinocytes (Control-KC) and KID
patient keratinocytes (KID-KC) using the same setting as RT-PCR. There was a significant
reduction in GJB2 expression in KID-KCs compared to that in control-KCs. The bar chart (b)
shows the data from three independent experiments. Each bar represents the mean = SEM.
**%p <0.001

3.1.4.3 Reduced Cx26 protein expression in KID-1 keratinocytes

The expression level of Cx26 protein was also examined in the KID- and control-KCs.
Studies by others have shown successful immunoblot detection of Cx26 orthologs

using commercial antibodies in crude protein extracts from rodent cells or tissues
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(Churko et al., 2010; Press et al., 2017a; Saitoh et al., 1997; Walcott et al., 2002), or
from human cells ectopically expressing Cx26 (Elfgang et al., 1995; Yum et al., 2007;
Zhang et al., 2011). However, preliminary testing in our lab found that published
methods could not detect endogenous Cx26 protein in human keratinocytes, possibly
due to low expression level of Cx26 in these cells or low specificity of the antibodies
used. Therefore, a total of six antibodies against Cx26 (Appendix II) were tested and

optimised to detect endogenous human Cx26.

Crude protein extracts from mouse heart and liver (positive control), HeLa cells
(negative control) and control-KCs were run on 12% SDS-PAGE (see Section 2.6).
The results showed multiple bands, with 5 out of 6 antibodies (Figure 3.1.6a-d, f)
detecting the target band at approximately 26 kDa in mouse liver lysate. Among the 5
antibodies, 3 also detected the 26 kDa band in HeLa cell lysate (Figure 3.1.6¢, d, f).

a b c d e f
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i 402~ 102-
52— 52— 52—
31— 31— 31—
* g * 24— 24— % q*
Mo mAb Mo mAb Rb pAb Rb pAb Rb pAb Mo mAb
33-5800 13-8100 71-0500 in-house NBP1-51235 MABT198

Figure 3.1.6 Immunoblotting for Cx26 using six different antibodies

40-80 pg crude protein lysates were harvested from mouse heart (mH) and mouse liver (mL),
human HelLa cells (hHe) and immortalised normal human keratinocytes (hKC). Endogenous
Cx26 expression was examined by immunoblotting using six different antibodies. Asterisks
indicate the expected ~26 kDa band. Although the band was detected by all but one (e)
antibodies in the mouse liver sample, multiple bands were observed in all blots.

The presence of extra bands in immunoblot experiments was reported elsewhere when
the antibody 33-5800 or 71-0500 was used (Nagy et al., 2001; Shuja et al., 2016).
These bands may result from either non-specific detection, oligomer formation
(Gassmann et al., 2009), or low abundancy of Cx26 in the samples. A feasible approach
to test these possibilities is immunoprecipitation, in which the target Cx26 is
immunoprecipitated (or pulled down) from crude cell lysates using a first anti-Cx26

antibody conjugated to Protein-G Sepharose beads (see Section 2.6). The resulting
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bead-antibody-antigen immunocomplexes are then detected for Cx26 expression by
the same immunoblot approach using a second anti-Cx26 antibody. The above
approach allows for concentration of the target protein, which is expected to

significantly increase the signal-noise ratio of the assay.

The in-house rabbit polyclonal antibody (Rb_pAb in-house) was chosen for pull-
down of Cx26 and one of the mouse monoclonal antibodies (13-8100) chosen for
immunoblot detection (Appendix II). This condition is referred to IP!/IB!. By this
approach, a 26 kDa band was detected in the mouse liver sample (Figure 3.1.7a),
which was absent in the HelLa sample; however, this band was also absent in control-

KC sample that was supposed to express Cx26.
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Figure 3.1.7 Failure to detect Cx26 in human keratinocytes using immunoprecipitation with
the IP'/IB' condition

Crude lysates of mouse liver (mL), human Hela cells (hHe) and human keratinocytes (hKC)
were immunoprecipitated (IP) using the Rb _pAb in-house antibody (referred to as IP'
condition). Lysis buffer (buf) was used as negative control. Immunoblotting (IB) was
performed using the Mo mAb _13-8100 antibody (referred to as IB' condition). Molecular
weight markers are indicated at left (in kD). This approach detected the 26 kDa target band
(asterisk) in mouse liver lysate, which was absent in HeLa lysate; however, the band was also
absent in human keratinocyte lysate. Note the heavy chain of immunoglobin (double asterisk)
detected at 53 kDa and a non-specific band (hash) at 28 kDa in samples undergone the IP’

process.

A possible cause of the failure in detecting Cx26 in control-KCs by the initial condition
(IP'/IB') might be due to a lack of ability to recognise Cx26 of human origin by the
antibody 13-8100. To test the hypothesis, this antibody was replaced with another
monoclonal mouse antibody (Mo mAb MABT198). This approach is referred to as
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IP!/IB?, and it resulted in successful detection of target band at approximately 26 kDa
in the control-KC sample, in addition to the mouse liver sample (Figure 3.1.8). The

band was not detected in the HeLLa sample.
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Figure 3.1.8 Detection of Cx26 in human keratinocytes using an optimised
immunoprecipitation condition, IP'/IB’

Crude lysates of mouse liver (mL), human HelLa cells (hHe) and human keratinocytes (hKC)
were immunoprecipitated (IP) using the Rb_pAb_in-house antibody (referred to as IP'). Lysis
buffer (buf) was used as negative control. Immunoblotting (IB) was performed using the
Mo_mAb_MABTI9S antibody (referred to as IB®). Molecular weight markers are indicated
at left (in kDa). This approach detected the target band at 26 kDa (asterisk) in both mouse
liver and human keratinocyte lysates. Note the non-specific bands detected at 52 kDa (double
asterisk) and at 28 kDa (hash) in samples not undergone IP' process.

The IP!/IB? approach was used on KID-KC samples. Surprisingly, this approach only
detected the target band in control-KCs, but not in KID-KCs (Figure 3.1.9, left 3 lanes).
The negative result from the KID-KC sample led to two hypotheses with regard to the
p.D50N mutation either affecting the Cx26 epitope for antibody recognition leading to
inefficient pull-down, or causing a significant reduction of overall Cx26 protein
expression level in KID-KCs. The latter seemed unlikely because there was detectable
Cx26 expression in KID-1 epidermis. To test these hypotheses, the Rb_pAb 71-0500
antibody, instead of the in-house antibody, was used for pull-down, followed by the
same immunoblotting procedure for Cx26 detection. This condition is referred to
IP>/1B?, and it led to successful detection of Cx26 in both control- and KID-KCs at
approximately 26 kDa (Figure 3.1.9, right 3 lanes). The results favoured the
hypothesis that the p.DSON mutant, located at the first extracellular loop domain (E1),
affected the binding of the in-house antibody which recognises an epitope within the

cytoplasmic loop domain (CL) (Di et al., 2001a). In the immunoblot result, there was
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diminished Cx26 expression in KID-KCs compared to the control cells (Figure 3.1.9),
in keeping with the gPCR results. The final condition (IP*/IB?) was used in further

studies involved in immunoblotting for endogenous Cx26.
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Figure 3.1.9 Further optimised condition, IP*/IB’, found reduced Cx26 expression level in
KID-KCs

Crude lysates of control-KCs (CK), KID-KCs (KK) and HelLa cells (He, negative control) were
immunoprecipitated (IP) using either the Rb_pAb_in-house antibody (referred to as IP') or
the Rb_pAb 71-0500 antibody (referred to IP*). Immunoblotting (IB) was performed using the
Mo_mAb_MABTI9S antibody (referred to as IB®). Molecular weight markers are indicated
at left (in kD). The IP'/IB* approach (left 3 lanes) failed to detect the target band at ~26 kDa
(asterisk) in KID-KC sample. When the IP*/IB’ condition (right 3 lanes) was used, Cx26 was
successfully detected in both control- and KID-KCs, but not in HeLa sample. In KID-KCs, a
reduction in Cx26 expression level was found compared to control-KCs. Note the non-specific
bands at 52 kDa (double asterisk) and at 31 kDa (hash).

3.1.4.4  Altered subcellular localisation and gap junction plaque formation in

KID-1 keratinocytes

In earlier immunostaining sections, the observation of Cx26 subcellular localisation
was hampered by the multi-layered structure of skin tissues. To explore whether the
heterozygous p.DSON mutation altered Cx26 localisation in KID-KCs,
immunostaining was carried out using the same antibody, 13-8100 (Section 2.7,
Appendix II). E-cadherin, an epithelial marker, was also stained to visualise the cell

membrane.

In control-KCs, punctate or small linear Cx26 staining was observed at cell-cell
contact sites, a sign of gap junction plaque formation (Figure 3.1.10a-c). Overlaps

between Cx26 and E-cadherin expression were frequently observed, suggesting that
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wildtype Cx26 could traffic to the plasma membrane. By contrast, Cx26 in KID-KCs
failed to accumulate at membrane regions and showed a primarily discrete punctate
staining pattern in the cytoplasm and plasma membrane (Figure 3.1.10d-f). On rare
occasions, Cx26 proteins aggregated to form small gap junction plaques at points of
cell-cell contacts (Figure 3.1.10d, f). Although a portion of those plaques overlaid
with E-cadherin, their size and pattern were rather dissimilar to those observed in the
control-KCs. Observationally, Cx26 expression was reduced in KID-KCs compared to

control-KCs, in agreement with the qPCR and immunoblot results.

Cx26 E-cadherin Merge

Control

KID

Figure 3.1.10 Images of localisation of Cx26 protein in control- and KID-KCs

Control- (a-c) and KID-KCs (d-f) were double-immunostained for Cx26 (red) and E-cadherin
(green). DAPI (blue) was counterstained to indicate the nuclei. Both control- and KID-KCs
displayed punctate Cx26 staining, but with different subcellular localisation. Cx26 in control-
KCs trafficked to plasma membranes efficiently, forming large gap junction plaques which
overlaid with E-cadherin extensively (c, arrows). In contrast, Cx26 in KID-KCs were localised
discretely to cytoplasm and plasma membranes (f, arrowheads). On very rare occasions, gap

Jjunction plaques were found at cell-cell junctions (f, arrow). Bar = 40 um.

3.15 Section summary

Previous studies of Cx26 mutants linked to KID syndrome largely relied on the use of
exogenous expression systems, such as transfected HeLa cells which express the

mutant of interest homozygously. These systems have limited ability to model the
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heterozygous nature of Cx26 mutants in KID syndrome. In this study, KID-KC, the
keratinocyte cell line derived from patient KID-1 heterozygous for the commonest
mutation c.148G>A (p.D50N), was successfully established. In vitro, this cell line
maintained the keratinocyte morphology and proliferation rate while displaying
characteristic aberrant membrane trafficking and gap junction plaque formation
associated with the p.D5SON mutant. Furthermore, an immunoprecipitation approach
was successfully optimised, which clearly demonstrated low-level endogenous Cx26
expression in KID-KCs. This patient-derived cell line can act as a good cell model for

future studies of the pathomechanism underlying KID syndrome.
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3.2 Normal gap junction channel activity in keratinocytes with one functional

GJB2 allele

We proposed to develop the therapeutic strategy using siRNA to silence the expression
of the mutant GJB2 allele with ¢.148G>A variant, thus allowing the wildtype GJB2
allele to play a dominant functional role. However, whether keratinocytes with a single
wildtype GJB2 allele are able to maintain normal channel function is currently unclear.
To address this question, a keratinocyte cell line with mono-allelic GJB2 deletion
(GJB2"") was generated from a diploid normal human keratinocyte cell line using
CRISPR/Cas9 genome editing via the non-homologous end joining (NHEJ) pathway.

The Cx26 channel function was subsequently examined in this cell line.

3.21 Designed single guide sgRNAs generated mutations at target GJB2 loci

Three candidate sgRNAs, gl, g2 and g4, each complementary to a certain 20-
nucleotide GJB2 sequence upstream of the protospacer adjacent motif (PAM), were
designed using the Optimized CRISPR Design online tool (Section 2.8.1, Figure
3.2.1).

1 ATGGATTGGGGCACGCTGCAGACGATCCTGGGGGGTGTGAACAAACACTC 50
g2
51 CACCAGCATTGGAAAGATCTGGCTCACCGTCCTCTTCATTTTTCGCATTA 100
g2 PAM (g2) D50
101 TGATCCTCGTTGTGGCTGCAAAGGAGGTGTGGGGAGATGAGCAGGCCGAC 160

151 TTTGTCTGCAACACCSCTGCAGCCAGGCTGCAAGAACGTGTGCTACGATCA 200

gl PAM (g1)
201 CTACTTCCCCATCTCCCACATCCGGCTATGGGCCCTGCAGCTGATCTTCG 250
g4 PAM (g4)

251 TGTCCACGCCAGCGCTCCTAGTGGCCATGCACGTGGCCTACCGGAGACAT 300

Figure 3.2.1 Design of candidate GJB2-specific single guide RNAs

Single guide RNAs (g1, g2, g4), each complementary to a specific, 20-bp sequence (dark grey
or black line) immediately upstream of protospacer adjacent motif (PAM, with NGG sequence,
light grey lines), were designed within human GJB2 coding sequence. Upon target sequence
recognition by sgRNA, a Cas9-induced DNA double-strand break is predicted to occur around
3-bp upstream the PAM, initiating gene editing. The codon D50 (GAC) is underlined with the
nucleotide c.148G bolded (GAC). The nucleotide position is numbered and 50 bases are

shown in each line.
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The sgRNAs were individually cloned into the lentiviral vector, p.LeGO-167-Cas9-
iC-mCherry (see Section 2.8.1 for details), which encodes the Cas9 nuclease gene and
the mCherry reporter gene separated by an internal ribosome entry site (IRES).
Positive colonies were picked up and sequences of the insert were confirmed by Sanger
sequencing using the U6 primer (Appendix I). These recombinant plasmids with g1,

g2 or g4 inserted are hereafter referred to as gl-, g2- and g4-Cas9, respectively.

These sgRNA-encoding plasmids were first validated for GJB2 gene editing in HEK-
293T cells. Cells were transfected with any of the three plasmids (see Section 2.8.2)
and the transfection efficiency was examined 72h post-transfection by flow cytometry
for mCherry-positive cells. The transfection efficiency was similar across the three

plasmids, ranging from 57.6% to 62.8% (Figure 3.2.2).

293T 293T +g1-Cas9 293T +g2-Cas9 293T +g4-Cas9

SSC

mChery

Figure 3.2.2 High transfection efficiency with sgRNA-Cas9 plasmids in HEK-293T cells

HEK-293T cells (293T) were transiently transfected with any of three sgRNA-Cas9 plasmids
(gl-, g2-, g4-Cas9) using FuGene® 6, followed by flow cytometry analysis for transfection
efficiency 72h post-transfection. Untransfected cells (293T) cultured alongside were used as
a negative control. Transfection efficiency is represented as the percentage of mCherry-
positive cells, as shown by the flow cytograph. The transfection efficiency was around 60%

across all three transfected cell samples.

The GJB2-editing activity of the sgRNA-Cas9 plasmids, usually presented as
insertions or deletions in the GJB2 target sequence created by NHEJ, were measured
by SURVEYOR® nuclease assay and T-A cloning followed by sequencing (see Section
2.8.2).

A GJB2 region flanking estimated sgRNA-Cas9 target sites was PCR-amplified from
genomic DNA of gl-, g2- or g4-Cas9 plasmid-transfected HEK-293T cells using the
SURVEYOR-GJB2-F/R primers (Appendix I). The 539-bp amplicons were digested
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with the SURVEYOR® nuclease and then analysed by agarose gel electrophoresis. No
cleaved bands were detected at estimated sizes of around 260 and 280 bp for gl- and

g4-Cas9, and around 160 and 380 bp for g2-Cas9 (Figure 3.2.3).

Surveyor __g1-Cas9 __g2-Cas9 _ _ g4-Cas9
Nuclease . + . + j

650 -
500 -

300 -

¥

]a

100 -

Figure 3.2.3 SURVEYOR® assay failed to detect sgRNA-Cas9-induced mutations in
transfected HEK-293T cells

HEK-293T cells transfected with either of gl-, g2-, or g4-Cas9 plasmids were analysed for
GJB2-editing efficiency by SURVEYOR® assay. A GJB2 region flanking estimated sgRNA-
Cas9 target sites was PCR-amplified from genomic DNA of the transfected cells. PCR
products were reannealed to form heteroduplex and then treated (+) or not treated (-) with the
SURVEYOR® nuclease. The intact PCR product was detected at 539 bp in all samples
(asterisk). No cleaved bands were detected at the estimated sizes (260-280 bp for gl and g4;
160 bp and 380 bp for g2, the range is indicated by filled triangle).

The absence of cleaved bands could be due to low gene editing efficiency or relatively
low sensitivity of the agarose gel electrophoresis-based SURVEYOR® assay.
Therefore, the PCR amplicons were subcloned into the T-A cloning vector, pPGEM®-
T (see Section 2.8.2). Positive colonies were analysed by restriction enzyme digestion
using Ndel and Sacll, and those with positive insert were further confirmed by Sanger
sequencing. The results clearly showed that cells transfected with sgRNA-Cas9
plasmids had mutations in GJB2, including missense mutations, insertions and
deletions, adjacent to the sgRNA target sites (Figure 3.2.4). The GJB2-editing
efficiencies were 33.3% (3/9) for g1-Cas9, 10% (1/10) for g2-Cas9, and 30% (3/10)
for g4-Cas9.
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g1-Cas9

WT |TCTCCCACATCCGGCT:ATGGGCCCTGCAGCTIGATCTIICGTIG
g1-A [TCTCCCACATCCGGCTTATGGGCCCTGCAGCTGATCTICGTG * ins
g1-B [[TCTCCCACATCCGGC:::::::CC:TGCAGCTGATCTTICGTG * del
g1-C |[TCTCCCACATCCGGC:::::::::::::AGCTGATCTTICGTG * del
g1-D |[TCTCCCACATCCGGCT:ATGGGCCCTGCAGCTGATCTICGTG
g1-E [|[TCTCCCACATCCGGCT:ATGGGCCCTGCAGCTGATCTITICGTG
g1-F |TCTCCCACATCCGGCT :ATGGGCCCTGCAGCTGATCTTCGTG
91-G [[TCTCCCACATCCGGCT:ATGGGCCCTGCAGCTGATCTICGTG
g1-H [TCTCCCACATCCGGCT:ATGGGCCCTGCAGCTGATCTTICGTG
g1-1 |[TCTCCCACATCCGGCT :ATGGGCCCTGCAGCTGATCTTICGTG

g2-Cas9
WT JICTICATITTICGCATTATGATCCTCGTTGIGGCTGCARAGG
g2-A |[TCTTCATTTITT::::TT::::::::::::6TGGCTGCAAAGG * del

g2-B |[TCTTCATTTTITCGCATTATGATCCTCGTTGTGGCTGCAAAGE
g2-C |[TCTTCATTITTITICGCATTATGATCCICGTTIGTIGGCTGCARAGG
92-D [[TCTTCATTTTTCGCATTATGATCCTCGTTGTGGCTGCARAGE
g2-E [TCTTCATTTITTCGCATTATGATCCTCGTTGTGGCTGCAAAGGE
g2-F [TCTTCATTTTTCGCATTATGATCCTICGTTGTGGCTGCAAAGG
92-G [TCTTCATITTTCGCATTATGATCCTCGTTGTGGCTGCAAAGG
g2-H [|[TCTICATTITTTCGCATTATGATCCTCGTTGTGGCTGCAAAGG
g2-1 |[TCTTCATITTTICGCATTATGATCCTCGTIGTGGCTGCARAGG
g2-J |[TCTICATITTTCGEATTATGATCCTCGTTGTGGCTGCAAAGG

g4-Cas9

WT [TGTGCTACGATCACTACTICCCCATCICCCACATCCG:
g4-A |[TGTGCTACGATCACTACTTICCCCATCTICCCACATCC CTATGGG * ins
g4-B [TGTGCTACGATCACTACTICCCCATCTICCCACATCCG: ATGGG * mis
g4-C |[TGTGCTACGA::::::::::::z222323233:32:::::::CTATGGE *del
94-D [TGTGCTACBATCACTACTTCCCCATCTCCCACATCCG:GCTATGGG
g4-E |TGTGCTACGATCACTACTICCCCATCTCCCACATCCG:GCTATGGG
g4-F |TGTGCTACGATCACTACTTCCCCATCTCCCACATCCG:GCTATGGG
g4-G | TGTGETACGATCACTACTICCCCATCTICCCACATCCG: GCTATGGG
g4-H [ TGTGCTACGATCACTACTTCCCCATCTCCCACATCCG: GCTATGGG
g4-1 [TGTGCTACGATCACTACTICCCCATCICCCACATCCG: GCTATGGG
g4-J |TGTGCTACGATCACTACTICCCCATCICCCACATCCG:GCTATGGG

GCTATGGG

Figure 3.2.4 T-A cloning/sequencing confirmed GJB2 gene editing by all designed sgRNAs
HEK-293T cells transfected with either gl-, g2-, or g4-Cas9 plasmids were analysed for
GJB2-editing efficiency by T-A cloning and subsequent Sanger sequencing. PCR amplicons
of a genomic GJB2 DNA region spanning the estimated sgRNA-Cas9 target sites were
subcloned into the pGEM®-T vector for sequence analysis. Sequencing of the resulting
recombinant plasmids (g1-A to I, g2-A to J, g4-A to J) showed that all three designed sgRNAs
edited GJB2 gene at their predicted target sites. Sequences of T-A cloning recombinant
plasmids were aligned with the reference wildtype GJB2 sequence (WT), which revealed
different types of mutations (asterisks), including missense mutation (mis, red circle),

insertions (ins) and deletions (del).

These findings confirmed that all three sgRNAs could cleave their respective target
genomic DNA regions, generating various types of mutations via the NHEJ pathway.
The sgRNAs gl and g4, which displayed higher gene editing efficiency, were thus
favourable choices for editing GJB2 gene in keratinocytes. As these two sgRNAs had

target sites close to each other, only g4 was selected for further experiments.

3.2.2 Keratinocyte cell line with GJB2”~ generated by CRISPR/Cas9

Following validation of sgRNA-mediated GJB2 targeting in HEK-293T cells, a normal
diploid keratinocyte cell line, N/TERT (Dickson et al., 2000), was used for generating
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the GJB2"" cell line (see Section 2.8.3). N/TERT cells were transfected with g4-Cas9
and the transfection efficiency was examined 48 h later by flow cytometry for
mCherry-positive cells. Approximately 8% transfection efficiency was observed. The
mCherry-positive cells were sorted as single cells using FACS and then cultured for
clonal expansion. The GJB2 sequence of every expanded clone was examined by

Sanger sequencing to identify desired clones with GJB2™.

A total of 76 transfected N/TERT clones were grown (designated g4-B03—B23 and g4-
CO01-C55). Sequence analysis found 17/76 clones (22.37%) contained insertions or
deletions near the PAM site of g4 (Figure 3.2.5), confirming editing of GJB2 in the
N/TERT genome. Of the 17 positive clones, 15 (88.24%) had heterozygous mutations
and two (11.76%) had homozygous mutations. The two clones with homozygous

mutations are g4-C23 and g4-C36 (Figure 3.2.5).
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Figure 3.2.5 N/TERT clones with positive GJB2 gene editing

N/TERT cells were transiently transfected with g4-Cas9 and then subject to single-cell FACS
sorting for positive cells. Expanded clones (designated g4-B/C followed by clone number)
were analysed by sequencing of a GJB2 region spanning g4 target site. Sequence
chromatograms of 11 grown clonal cell lines and untransfected cells (N/TERT, as reference
sequence) are aligned. Different deletions (blue lines) were identified, which in most cases
were heterozygous. A homozygous 2-bp insertion (insCT, red box) was found in the g4-C36
clone. Note that 6 of total 17 identified gene-edited clones are not shown due to either noisy

sequence traces or gene editing occurring slightly outside the range of display.
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To further confirm the genotype of clones with heterozygous mutation, a GJB2
fragment containing the g4 target site was PCR-amplified from genomic DNA of five
selected clones (g4-B09, -B21, -B23, -C41, -C44) and then subcloned into the
pGEM®-T vector (Section 2.8.3). Plasmids from positive colonies were subject to
bidirectional sequencing using the GIB2-CRISPR-seq-F/R primers (Appendix I). The
results showed five different deletions in these clones, including two in-frame
deletions c.227 238dell2 for g4-C41 and c.218 226del9 for g4-C44; and three
frameshift deletions c¢.224delG for g4-B09, c.224 225del2 for g4-B21 and
c.227 233del7 for g4-B23 (Table 3.2.1). The frameshift mutations were predicted to
result in a premature termination codon, leading to truncation of Cx26 protein (Table
3.2.1). Clones g4-B09 and g4-B21, both heterozygous for GJB2 deletion, were chosen
for further studies. The clone g4-C36 with homozygous GJB2 deletion (GJB2"),

which served as a GJB2-null model, was also selected.

Table 3.2.1. Sequences of N/TERT clones with GJB2 gene editing

Clone Genomic DNA sequence (g4 target site — PAM) cDNA change aa change
N/TERT CCCCATCTCCCACATCCGGCTATGG Wildtype GJB2 Wildtype Cx26
24-B09 CCCCATCTCCCACATCCGGCTATGG  (het) c.224dell L76Yfs*6
g4-B21 CCCCATCTCCCACATCCGGCTATGG  (het) c.224 225del2 R75Pfs*26
24-B23 CCCCATCTCCCACATCCGGCTATGG  (het) ¢.227_233del7 L76Pfs*4
g4-C4l CCCCATCTCCCACATCCGGCTATGG... (het) c.227 238dell2 L76-L79del4
g4-C44 CCCCATCTCCCACATCCGGCTATGG  (het) c.218 226del9 H73-R75del3
24-C23 CCCCATCTCCCACATCCGGCTATGG... (homo) c.222 278del57 174-A92del19
24-C36 CCCCATCTCCCACATCCGGCTCTATGG (homo) ¢.227_228ins2 W77Yfs*6

e Deleted (del) sequences are shown in red alphabets and inserted (ins) sequences in blue alphabets.

o Frameshift (fs) mutation (bolded) is indicated in the format of fs*N. For instance, L76Yfs*6, where
frameshift occurs from residue L76 that is substituted for tyrosine (Y) and a stop codon is predicted to appear

6 amino acids downstream of L76Y.

e Het, heterozygous. Homo, homozygous. PAM: protospacer adjacent motif (e.g. TGG for g4).

3.23 Normal morphology of keratinocytes with GJB2"-

The morphology of clones g4-B09, -B21 and -C36 was examined using inverted light
microscopy. All clonal cell lines showed cobblestone-like appearance without obvious

morphological difference from the parental N/TERT cells (Figure 3.2.6a-d). The Cx26
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expression was also examined by immunostaining using the 13-8100 antibody (see
Section 2.7) and fluorescent images were recorded using a confocal microscope. The
results showed punctate Cx26 staining in both GJB2"" clones, g4-B09 and g4-B21,
with gap junction plaques formed at cell-cell junctions (Figure 3.2.6f-g). The pattern
of Cx26 staining in these GJB2"" clones was comparable to that in parental N/TERT
cells, albeit weaker in intensity. In contrast, no Cx26 expression was detected in the
GJB2" clone, g4-C36 (Figure 3.2.6h). These findings suggest that keratinocytes with
a single wildtype GJB2 allele had normal morphology, membrane trafficking and gap

junction plaque formation of Cx26 in vitro.

Figure 3.2.6 Morphology and Cx26 expression in N/TERT clones lacking GJB2

N/TERT clones with GJB2"" (g4-B09 and g4-B21) and GJB2" (g4-C36), along with their
parental GJB2"* cells (N/TERT) were examined for morphology (a-d) and Cx26 expression
(e-h). On light microscopy, no obvious morphological difference was seen among these cells.
Immunostaining for Cx26 (green) showed punctate staining with formation of gap junction
plaques at cell-cell junctions (f-g, arrows) in both GJB2"" clones, similar to that observed in
GJB2"* cells (e, arrows), despite a reduction in Cx26 fluorescence intensity in GJB2"" clones.
No Cx26 expression was detected in g4-C36 clone (h). Phalloidin (red) and DAPI (blue) were

used to visualise actin filaments and nuclei, respectively. Bar = 40 um.

3.24 Normal gap junction channel activity in keratinocytes with GJB2"

The function of gap junction channels, termed gap junction intercellular
communication (GJIC), mediates the exchange of ions and small molecules (< 1 kDa)

between the cytoplasm of adjacent cells. In general, studies of GJIC activity rely on
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measuring the intercellular dye transfer (dye coupling), electrical conductance
(electrical coupling) or metabolic cooperation (metabolic coupling) (Abbaci et al.,
2008). Among various methods, dye transfer approaches are widely employed because
these approaches, in general, do not require specialised equipment. By introducing a
gap junction-permeant dye (e.g. Lucifer Yellow, Cascade Blue, neurobiotin) into a cell,
the subsequent transfer of the dye to its neighbouring cell(s) through functional gap
junction intercellular channels can be traced and measured. The dye is usually
introduced by microinjection (Di et al., 2001b; Di et al., 2002), electroporation (De
Vuyst et al., 2008) or scrape-loading (Yum et al., 2007). The latter, also known as the
scrape-loading dye transfer assay (SLDT), is a rapid and less technically demanding
approach, allowing simultaneous measurement of GJIC among a relatively large
number of cells (el-Fouly et al., 1987). The SLDT assay was chosen in this study (see
Section 2.9.1), and was performed on N/TERT clones with GJB2"" (g4-B09, g4-B21).
The parental N/TERT cells, along with the g4-C36 clone with GJB2”", were also

assayed as controls.

Cascade Blue, an anionic, 548-Da fluorescent tracer known to pass Cx26 channels
(Marziano et al., 2003), was scrape-loaded into the cells using a pipette tip. This was
followed by incubation for 20 min to allow dye transfer between adjacent, gap
junction-coupled cells. Images of dye transfer were recorded and the area under
positive dye transfer regions, indicating the level of dye coupling, was quantified (see
Section 2.9.2). Dextran-Rhodamine B, another fluorescent tracer with a molecular

weight of 10 kD (beyond the size limit of gap junction), was used as a control.

The results showed that all tested clones transferred Cascade Blue to 3-5 cell layers
away from the scrape line (Figure 3.2.7a-d). Quantification of dye transfer area found
no statistical difference between GJB2" clones (g4-B09 or g4-B21) and parental
N/TERT cells (220277 + 48296 um? vs 213901 + 49620 um? vs 237137 + 36929 um?,
numbers of images = 31, 32, 35, p > 0.05, one-way ANOVA with Tukey's multiple
comparison test) (Figure 3.2.71). However, the g4-C36 cells with GJB2”~ showed a
reduced dye transfer area compared to the parental N/TERT cells (196874 + 84635
pum? vs 237137 + 36929 pm?, numbers of images = 40 and 35, p < 0.05).
Pharmacological blockade with carbenoxolone (CBX), a non-selective blocker of gap

junction channels and hemichannels (Djalilian et al., 2006; Verselis and Srinivas,

102



2013), significantly decreased the dye coupling in parental N/TERT cells (Figure
3.2.7e). There was no transfer of Dextran-Rhodamine B in all tested cell lines, where
the dye was confined to the primarily loaded cells along the scrape line (Figure 3.2.71f-
j), suggesting that Cascade Blue was transferred through functional gap junction

channels. This experiment was repeated three times and the results were consistent.

N/TERT g4-B09 g4-B21 g4-C36 N/TERT
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Figure 3.2.7 Normal dye coupling in GJB2"" keratinocytes

The Cascade Blue-based scrape-loading dye transfer assay was performed to assess dye
coupling through gap junction channels formed by N/TERT clones with GJB2"" (g4-B09 and
g4-B21), GJB2" (g4-C36), or parental GJB2""* N/TERT cells (N/TERT). Dextran-Rhodamine
B (Dex) with a size beyond the permeability of gap junction was used as control.
Carbenoxolone (CBX) was used to block gap junction channels. Representative images of
transfer of CB (a-e, k) and Dex (f-j) from the primarily-loaded cells along the scrape line are
shown. Note the absence of CB signals in unwounded N/TERT cells (k). Quantification of the
images showed no significant difference in dye coupling between GJB2"" cells and parental
cells (1), although slightly reduced dye coupling was seen in GJB2" cells. Data are mean +
SEM. *p < 0.05; ***p < 0.001; N.S. not significant.

These results indicate that keratinocytes with a single wildtype allele of GJB2 had
normally functioning gap junction channels. In contrast, keratinocytes lacking both
GJB2 alleles had a statistically significant reduction in dye coupling. Whether this
reduction is biologically significant remains to be confirmed by other GJIC assays, e.g.

double patch clamp electrophysiology for assessment of electrical coupling.
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3.25 The optimised ATP release assay did not specifically reflect hemichannel
activity in N/TERT cells

Cx26 also forms hemichannels that serve as a direct conduit between the cytoplasm
and the extracellular space by passing ions and signalling molecules across the
membrane (Retamal et al., 2015). Hemichannel activity can be determined by
measuring transmembrane electrical conductance (e.g. Na', K") or permeability to
hemichannel-permeant signalling molecules (e.g. ATP, Ca®") (Schalper et al., 2008).
Unlike GJIC assays, hemichannel assays are conducted on unopposed, solitary cells
which rule out the contribution of gap junction channels. Common methods include
patch clamp technique (Lee et al., 2009), dye uptake assay (Mese et al., 2011) and
measurement of intracellular Ca** and ATP release (Donnelly et al., 2012; Garcia et al.,
2015). The latter ATP release measurement, a sensitive, luciferin/luciferase-based

bioluminescent assay, was selected for measuring hemichannel activity in this study.

This approach, modified from previously published methods (Lohman and Isakson,
2014; Stout et al., 2002), was based on the conversion of luciferin into oxyluciferin by
the enzyme luciferase in the presence of ATP in culture medium, which results in the
emission of a photon (Ford et al., 1996). Photons can be detected using a luminometer.
The ATP release through open connexin hemichannels can be triggered by mechanical
stimuli (Zhao et al., 2005), certain peptidoglycans (Donnelly et al., 2012) and zero
extracellular Ca? challenge (Easton et al., 2012; Zhao et al., 2005). Prior to
measurement of ATP release from cultured cells, three parameters specific to the assay
were determined. These are: 1) the appropriate dilution for the luciferin/luciferase
solution, ii) the analytical sensitivity for the assay, and iii) the linear range of ATP

concentrations for optimal ATP measurement (see Section 2.10).

Firstly, the optimal dilution for the provided luciferin/luciferase solution (ATP Assay
Mix, referred to as ‘the assay mix’ thereafter) was determined as described previously
(Fukuda et al., 2015). Five dilutions of the assay mix, ranging from 1:400 to 1:10, were
reacted with 0 or 10 uM ATP standards, and the luminescence was measured using a
luminometer (see Section 2.10). The luminescence was plotted against the dilutions of
the assay mix (Figure 3.2.8). The results showed that the maximal displacement for

10 uM ATP occurred when the assay mix was diluted 1:10. Hence, this dilution was
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applied to further ATP experiments.
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Figure 3.2.8 Determination of the optimal dilution for the ATP Assay Mix

Different dilutions of ATP Assay Mix, ranging from 1:400 to 1:10, were reacted with 0 uM (o)
or 10 uM (e) ATP standards. Luminescence was measured and expressed in relative light unit
(RLU). The maximal displacement (dashed line) was found at 1:10 dilution of the ATP Assay
Mix.

Secondly, the analytical sensitivity (also known as lower limit of detection), which can
be calculated as the minimum concentration of standard sample (minus 2SD) that does
not overlap with the zero level plus 2SD (Li and Cassone, 2015), was determined for
two buffer systems DMEM and PBS. ATP standards at a range of low concentrations
(diluted in DMEM or PBS), along with zero concentration, were reacted with the assay
mix at 1:10 dilution, followed by luminescence measurement (see Section 2.10). The
analytic sensitivity was found to be 5 nM for DMEM and 2.5 nM for PBS (Figure
3.2.9). These concentrations of ATP standard can be used as the lowest point when

constructing a standard curve in further experiments.

DMEM Sensitivity Curve PBS Sensitivity Curve
Sensitivity ! 1000 Sensitivity
-9 -9
100l 5X10°M 25x10°M
b | '
5 5 ¢
2 = 100 [}
@ x
g 10 g
A T<=-=--- Zeroleve| + 28D ====== -  f emm-aa Zerolevel + 28D ======
L ] 10"
1 . . . 1 . . .
0 1.0x10¢  2.0x10®  3.0x10°® 0 5.0x10°  1.0x10®  1.5x10*
ATP concentration (M) ATP concentration (M)

105



Figure 3.2.9 Determination of analytical sensitivity for ATP assay

Different low concentrations of ATP standards (n = 10 each concentration), diluted in either
PBS or DMEM, were reacted with the assay mix at 1:10 dilution. Samples were measured for
luminescence, which is expressed in relative light unit (RLU). The analytical sensitivity was
determined as 5.0x10° M (5 nM) for samples diluted in DMEM and 2.5<10°° M (2.5 nM) for
samples diluted in PBS, where the concentrations minus 2SD did not overlap with the zero

concentration (zero level) plus 28D (n = 10).

Thirdly, a standard curve was generated from an appropriate concentration range of
ATP standard within which a linear correlation was present. To determine this range,
serially-diluted ATP standards (0—10 uM, in PBS or DMEM) were reacted with the
assay mix. A linear correlation was seen when the ATP concentration was between 2.5
nM to 3 uM for the PBS system (R*= 0.9955) and between 10 nM and 10 uM for the
DMEM system (R*= 0.996) (Figure 3.2.10). Saturation of luminescence signals was
seen when a sample contained ATP at a concentration beyond the upper limit, 10 uM.
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Figure 3.2.10 Standard curves of ATP assay

ATP standard was diluted in PBS (m) or DMEM (®) to a range of concentrations from 0 to
1x10° M. Serially-diluted ATP standard was reacted with the assay mix at 1:10 dilution. A
linear correlation between ATP concentration and luminescence was seen when ATP
concentration was 2.5 nM and 3 uM (PBS system) and between 10 nM and 10 uM (DMEM

system,).

The optimised method was tested in parental, GJB2** N/TERT cells cultured in a 24-
well plate, with connexin-null HeLa cells measured in parallel as a negative control.
The ATP concentration in the culture media was measured to be between 20 and 200
nM, which fell in the linear range of this assay. This testing was repeated three times
and similar data were obtained, suggesting that the optimised luminescence

measurement approach was reliable in measuring extracellular ATP in cultured cell
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samples. Thus, the hemichannel-dependent ATP release was carried out in these cells
(see Section 2.10). Cells were initially incubated in DMEM medium containing 1.8
mM Ca?* that inhibited hemichannels (Sanchez et al., 2014) and the extracellular ATP
was measured as baseline level. Cells were subsequently challenged with zero-Ca**
PBS to open hemichannels (de Wolf et al., 2016; Donnelly et al., 2012; Easton et al.,
2012; Verselis and Srinivas, 2008) and the ATP release via open hemichannels were

measured.

The results showed elevated ATP release in N/TERT cells upon zero-Ca>" challenge,
by an average of 63%, compared to the baseline level (Figure 3.2.11). This response
was blocked by CBX, indicating that the elevated ATP level was dependent on
connexin channels. This finding is consistent with previous results from mammalian
cells ectopically expressing Cx26 (Easton et al., 2012; Xu et al., 2017). However, a
similar ATP release response to zero-Ca®" challenge was seen in connexin-null HeLa
cells. Specifically, HeLa cells showed a 70% increase in ATP release when exposed to
zero-Ca*", compared to baseline level. Likewise, this response was potently inhibited
by CBX. The results from HeLa cells were consistent across three independent

experiments (Figure 3.2.11a).

The reason for the similar response between the above two cell types with highly
distinct connexin expression profiles is unknown. However, it is conceivable that this
assay can be confounded by the presence of gap junction intercellular channels,
pannexin channels (Lohman et al., 2012), or residual ATP in the medium. Furthermore,
this assay is highly sensitive that the results were affected easily by individual sample
preparation, as shown by variable data from N/TERT samples (Figure 3.2.11a). For
these reasons, the ATP release assay was not used in the study, but instead, two
alternative hemichannel assays were considered, i.e. patch clamp and dye uptake assay.

These assays are described in Section 3.4.
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Figure 3.2.11 Optimised ATP assay failed to distinguish hemichannel activity between HeLa
and N/TERT cells

Hela (connexin-null) and N/TERT cells (connexin-rich) were assayed for ATP release upon
zero-Ca’* challenge. Cultured cells were challenged with zero calcium (No Ca’") followed by
ATP measurement. For baseline measurement (baseline), DMEM containing 1.8 mM Ca’*
was used. For hemichannel blockade, 100 uM carbenoxolone (CBX) was used. This assay was
performed in three biological replicates (a), each with two technical replicates. For further
comparison, data from three independent experiments were pooled and shown in original
scale (b, left) and normalised scale to respective baseline levels (b, right). There was
indistinguishable zero-Ca’ -evoked ATP release between HeLa and N/TERT cells. Data are
mean £ SEM.

3.2.6 Section summary

Two GJB2" and one GJB2”" keratinocyte cell lines were generated using
CRISPR/Cas9. To my knowledge, this is the first attempt to delete GJB2 gene using
genome editing. These cell lines not only facilitate the evaluation of the outcome for
the proposed allele-specific siRNA therapy, but also act as excellent cell models for
studies of a variety of Cx26-involved biological processes, such as wound healing and
tumorigenesis. In vitro, both GJB2™" keratinocyte cell lines had morphology,
membrane trafficking, gap junction plaque formation and GJIC comparable to their
parental diploid cells. These findings strongly support that the proposed siRNA therapy
may serve as a feasible therapeutic strategy for KID syndrome without causing major
gap junction defects in keratinocytes, although future work is required to confirm the

hemichannel activity in these cell lines.
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33 S7 inhibited GJB2 ¢.148G>A mutant expression potently and specifically

In this section, a set of 19 candidate allele-specific sSiIRNAs were designed. Prior to
testing these siRNAs in the patient-derived KID-KCs, two cellular models stably
expressing exogenous wildtype or mutant GJB2 gene were generated. These models
allowed for screening of the siRNAs to discover a potent and specific siRNA against
the mutant GJB2. The functional effect of the mutation-specific siRNA was

subsequently assessed using qPCR, immunoblotting and flow cytometry.

3.3.1 Stable expression of wildtype and mutant GJB2-GFP in HeLa and
N/TERT cell lines

3.3.1.1 HeLa and N/TERT as suitable cell models for siRNA screening

A GJB2-GFP fusion reporter system was employed to achieve highly-efficient siRNA
screening due to its ability to monitor target gene expression in real-time. HeLa cells
without endogenous connexin expression (Elfgang et al., 1995) were used to express
the fusion transgene. Since these cervical epithelial cancer cells were of limited
relevance to KID syndrome theoretically, epidermal keratinocytes were also used. To
determine a suitable keratinocyte model for siRNA studies, RT-PCR for an endogenous
GJB2 region were carried out in four immortalised human keratinocyte cell lines (see
Section 2.11), including P6- and P8KC (keratinocyte lines generated in-house),
HaCaT and N/TERT (commercial keratinocyte lines) (Table 2.1). The GJB2
expression in HeLa and HT1080 (a human fibroblastoma cell line) cells was also

examined in parallel.

No GJB2 transcript was detected in HeLa cells (Figure 3.3.1), consistent with the
immunoblot results in an earlier section (see Section 3.1.4.3, Figure 3.1.9). GJB?2
expression was detectable in P6-, PBKC and N/TERT keratinocytes, but weakly in
HT1080 and absent in HaCaT cells. Endogenous GJB2 expression in HaCaT cells has
been controversial. One study detected GJB2 mRNA in HaCaT cells (Donnelly et al.,
2012), but others failed to detect Cx26 protein in these cells by immunoblotting (Aypek,
2015). Thus, N/TERT cells, instead of HaCaT cells, were selected to express the

transgene in subsequent siRNA studies. Connexin-null HeLa cells were also selected.
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Figure 3.3.1 Endogenous expression of GJB2 mRNA in cell lines

GJB2

GAPDH

Total RNA extracted from six different cell lines was analysed by semi-quantitative RT-PCR
for endogenous GJB2 expression using primers specific to a fragment of GJB2 cDNA.
GAPDH-specific primers were used as internal control. HeLa cells that did not express GJB2
endogenously and N/TERT cells that expressed GJB2 abundantly were selected for subsequent
SiRNA screening.

3.3.1.2 Ectopic expression of GJB2-GFP transgene in HeLa and N/TERT cells

A HIV-1 derived, self-inactivating lentiviral vector was used to allow stable expression
of GJB2-GFP transgene in the selected cell lines (see Section 2.12). The vector was
constructed to encode either wildtype GJB2-GFP or mutant GJB2-GFP containing the
c.148G>A mutation, whose expression was driven by the cytomegalovirus promoter
(Figure 2.3). Their protein products are hereafter referred to as wildtype and mutant
Cx26-GFP, respectively. Lentivirally-transduced HeLa and N/TERT cells were
enriched for GFP" populations using FACS. The transgene expression in sorted cells
was determined by RT-PCR using the GJB2-GFP-RT1 primers spanning GJB2 and
GFP cDNA (Appendix I, Section 2.5) and immunostaining using the in-house
antibody against Cx26 (Appendix II, Section 2.7).

The RT-PCR results showed a marked increase in the transcript of GJB2-GFP in
FACS-enriched HeLa cells compared to non-enriched cells (Figure 3.3.2). The FACS-
enriched HeLa and N/TERT cells also showed expression of Cx26 protein (Figure
3.3.3b, e, h, k) with the Cx26 staining co-localising with GFP signals (Figure 3.3.3c,
f, i, 1). For those transduced with wildtype lentiviruses, the Cx26-GFP fusion protein
expression was found predominantly in a punctate or linear pattern at cell-cell
interfaces with formation of gap junction plaques (Figure 3.3.3c, i). By contrast, the
mutant fusion protein showed a primarily perinuclear expression pattern, consistent
with previous reports (de Zwart-Storm et al., 2011a; Di et al., 2005; Donnelly et al.,
2012; Terrinoni et al., 2010). Gap junction plaques were observed at sites of cell-cell

contact in a small subset of mutant-expressing N/TERT cells, but these were not seen
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in mutant-expressing HelLa cells, indicating that endogenous wildtype connexins
expressed in N/TERT cells, but absent in HeLa cells, could partially rescue trafficking
of the mutant protein. Similar in vitro rescue has previously been reported in HeLa
cells co-transfected with wildtype and mutant GJB2 (de Zwart-Storm et al., 2011a;
Marziano et al., 2003). There was otherwise no difference in fusion protein expression
between HelLa and N/TERT cells. These results indicate that both HeLLa and N/TERT
cells can synthesise, fold and transport the exogenous wildtype and mutant Cx26-GFP

fusion proteins.

HelLa HelLa-WT HeLa-MUT
FACS: - - + % +

Figure 3.3.2 FACS enriched expression of GJB2-GFP transgene in HeLa cells

HelLa cells expressing wildtype (HeLa-WT) or mutant (HeLa-MUT) GJB2-GFP transgene
were enriched by FACS for GFP" cells. The enriched (+) or non-enriched (-) HeLa cells were
subject to RT-PCR analysis for GJB2-GFP expression. GAPDH was used as loading control.
There was increased GJB2-GFP transcript detected in both FACS-sorted WT and MUT cells,
compared to that in non-FACS-sorted cells. No GJB2 mRNA expression was detected in the
parental HelLa cells (HelLa).
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Figure 3.3.3 Expression of Cx26-GFP fusion protein in lentivirally-transduced, FACS-
enriched HeLa and N/TERT cells

Lentivirally-transduced, FACS-sorted Hela and N/TERT cells (bulk GFP" populations) were
examined for fusion protein expression by immunostaining using the in-house antibody
against Cx26 (b, e, h, k, ved) or by GFP signals (a, d, g, j, green). There was extensive co-
localisation of both signals (c, [, i, I, yellow). In cells expressing wildtype GJB2-GFP (WT),
punctate staining and gap junction plaques were primarily found at cell-cell junctions (c, i,
arrows). In cells expressing mutant transgene (MUT), by contrast, a perinuclear staining
pattern was observed (f, I, arrowheads) with markedly reduced gap junction plaques formation

at cell-cell junctions. Bar = 60um.

3.3.1.3  Successful isolation and expansion of single HeLa clones expressing full-

length GJB2

In the FACS-enriched GFP" N/TERT and HeLa cells, a subsequent RT-PCR analysis
using GJB2-GFP-RT2-F/R primers for a region spanning nearly full-length GJB2
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cDNA, the GJB2-GFP fusion region and the first 86 bp of GFP cDNA (Appendix I,
Figure 3.3.4b) surprisingly revealed two shorter forms of the GJB2-GFP transgene
(571 bp and approximately 700 bp), in addition to the full-length target band (766 bp)
(Figure 3.3.4a). Sequencing analysis of the 571-bp band revealed a 195-bp in-frame
deletion between positions 453—647 of the GJB2 cDNA, but the deletion did not affect
the GJB2-GFP fusion region (Figure 3.3.4b). The other shorter band (approximately
700 bp) was also isolated and purified for sequencing, but the sequence trace had high
background noises, perturbing base reading. The unsuccessful sequencing was

possibly due to low abundance of the 700-bp transcript.
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Figure 3.3.4 Identification of two shorter forms of GJB2-GFP transgene in bulk FACS-
enriched GFP" HeLa and N/TERT cells

RT-PCR analysis for a 766-bp, transgene-specific region found two additional, shorter forms
of amplicons (around 500 and 700 bp in length) in bulk FACS-enriched GFP' HeLa and
N/TERT cells expressing wildtype (WT) or mutant (MUT) transgene (a). Sanger sequencing
of the band sized around 500 bp identified an in-frame 195-bp deletion within GJB2 ¢cDNA
(b). The GFP sequence was intact. Sequencing of the other shorter band (around 700 bp) was
unsuccessful. Red boxes in (b) denote binding sites for the PCR primers. M, DNA marker.

This 195-bp deletion within GJB2 has not been reported elsewhere, nor detected earlier
in the native GJB2 cDNA sequence in control-KCs or KID-KCs (Section 3.1.4.2,
Figure 3.1.5). A possible cause of the deletion in the transgene was alternative splicing,
which may be attributed to certain lentiviral elements that had potentially affected

mRNA processing in the host cells (Cavazzana-Calvo et al., 2010; Heckl et al., 2012).
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To test whether a cryptic splice site was present within the exogenous GJB2-GFP
transgene sequence, the transgene sequence was submitted to the Berkeley Drosophila
Genome Project splice site predictor (www.fruitfly.org) (Reese et al., 1997). The start
site of the 195-bp deletion, i.e. GT dinucleotide at cDNA positions 453 and 454, was
predicted to be a cryptic donor splice site (with a score of 0.95; score range: 0—1),
favouring the above hypothesis. Although the alternative splicing issue may be
resolved by using codon optimised GJB2 sequence (Mauro and Chappell, 2014)
instead of using native GJB2 sequence, an alternative step to tackle the issue is
isolation of the full-length GJB2-expressing HeLa populations from the bulk
populations. To achieve that, single cell cloning was carried out from bulk FACS-
enriched, GFP" wildtype-expressing and mutant-expressing HeLa cells (see Section
2.12). Grown clones were analysed for transgene expression by RT-PCR using the
same primers followed by sequencing. The transgene expression at protein level was

examined using fluorescence microscopy (see Section 2.5 and 2.12).

A total of 5 wildtype-expressing and 79 mutant-expressing HeLa clones were grown
to confluence. RT-PCR analysis detected the full-length 766-bp band in all 5 (100%)
wildtype-expressing clones (referred to as W1-W5), of which W4 and W5 also showed
the 571-bp band (Figure 3.3.5a). Sequencing of these clones found full-length GJB2
sequence. In contrast, only 1 of the 79 (1.27%, referred to as M1 clone) mutant-
expressing clones showed the 766-bp band, while the others showed only the shorter
571-bp band (Figure 3.3.5a). Sequence analysis of the M1 clone confirmed expression
of full-length GJB2 sequence containing the c.148G>A mutation. There was no
remarkable morphological difference between these clonal cells and their parental
HelLa cells. Fluorescence microscopic examination of two wildtype (W1 and W3) and
two mutant clones (M1 and M2) showed expression of Cx26-GFP fusion protein
(Figure 3.3.5b); however, there were distinct expression patterns between those
mutant clones. The fusion protein in the M2 clone (expressing shorter transgene)
showed cytoplasmic localisation, while the M1 clone (expressing full-length transgene)
showed a punctate Cx26-GFP expression pattern, although the above cytoplasmic

localisation was observed in a small subset of M1 cells.
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Figure 3.3.5 Expression of Cx26-GFP transgene in clonal HeLa cell lines

Single cell cloning of bulk lentivirally-transduced, FACS-sorted Hela cells resulted in
expansion of 5 wildtype and 79 mutant GJB2-GFP expressing clones. All 5 wildtype clones
(WI1-W5) and 4 representative mutant clones (M1-M4) were first analysed by RT-PCR for
GJB2-GFP expression (a) with 2 clones from each group also examined using fluorescence
microscopy for Cx26-GFP expression (b). All 5 wildtype clones (W1-W35) expressed full-length
transgene (766-bp), with W4 and W5 clones also expressing weakly the shorter transgene
(571-bp) (a, left). Among mutant clones, only the M1 clone expressed full-length transgene,
whereas M2, M3, M4 clones expressed the shorter form (a, right). Both W1 and W3 clones
showed strong, punctate Cx26-GFP expression (b, left panels). Mutant Cx26-GFP protein in
the M2 clone (expressing shorter transgene) showed cytoplasmic localisation, while the
majority of M1 clonal cells (expressing full-length transgene) showed a punctate Cx26-GFP

expression pattern. Bar = 80um.

The W1 clone that expressed the full-length wildtype transgene at a moderate level
and proliferated at a comparable rate to the parental HeLa cells was selected for
subsequent siRNA screening. The M1 clone expressing full-length mutant transgene
was also selected. On the other hand, although bulk FACS-enriched GFP™ N/TERT
keratinocytes expressed the wildtype or mutant transgene with the 195-bp deletion, the
deletion did not affect the c.148G>A mutation at which the siRNAs were designed to
target (see below), and hence these cells were also used for siRNA screening to rule
out cell-type specific artefacts. The selected cells are hereafter referred to as HeLa-W1,

HeLa-M1, N/TERT-WT and N/TERT-MUT.

115



3.3.2 Discovery of siRNA S7 that selectively targeted the GJB2 ¢.148G>A
mutant over wildtype GJB2

3.3.2.1 Sequence walk for design of allele-specific siRNAs

The sequence walk method has proven effective in identifying siRNAs capable of
discriminating between mutant and wildtype alleles, leading to differential inhibition
(Hickerson et al., 2008; Trochet et al., 2015). By using this approach, 19 candidate
allele-specific siRNAs, S1-S19, were designed, with each spanning and including the
c.148G>A mutation in GJB2 (Figure 3.3.6). These siRNAs were designed in the
standard 19 + 2 format, i.e. a 19-nucleotide (-nt) targeting sequence followed by a
deoxythymidine dinucleotide overhang at the 3’ end. The latter overhang has been
shown to increase nuclease resistance of siRNAs within cells and in culture media
(Elbashir et al., 2001a) and included in routine siRNA design. In this study, an
irrelevant, non-targeting control siRNA (si-cont, against #HAS2), was used as a
negative control, and the Silencer® siRNA targeted to GFP (si-GFP) was used as a

positive control.

|

GJB2 wildtype 5’ -TGTGGGGAGATGAGCAGGCCGACTTTGTCTGCAACACCCTG—3"
GJB2 c.148G>A 57 -TGTGGGGAGATGAGCAGGCCAACTTTGTCTGCAACACCCTG—3’

GJB2 c¢.148G>A-S1 AACUUUGUCUGCAACACCC [AT] [dT]
GJB2 c.148G>A-S2 CAACUUUGUCUGCAACACC [dT] [dT]
GJB2 c.148G>A-S3 CCAACUUUGUCUGCAACAC [dT] [dT]
GJB2 c.148G>A-S4 GCCAACUUUGUCUGCAACA [AT] [dT]
GJB2 c.148G>A-S5 GGCCAACUUUGUCUGCAAC [dT] [dT]
GJB2 c.148G>A-S6 AGGCCAACUUUGUCUGCAA [dT] [dT]
GJB2 c.148G>A-S7 CAGGCCAACUUUGUCUGCA [AT] [dT]

GJB2 c.148G>A-S8 GCAGGCCAACUUUGUCUGC [dT] [dT]

GJB2 c.148G>A-S9 AGCAGGCCAACUUUGUCUG [dT] [dT]

GJB2 c.148G>A-S10 GAGCAGGCCAACUUUGUCU [dT] [dT]

GJB2 c.148G>A-S11 UGAGCAGGCCAACUUUGUC [dT] [dT]

GJB2 c.148G>A-S12 AUGAGCAGGCCAACUUUGU [AT] [dT]

GJB2 c.148G>A-S13 GAUGAGCAGGCCAACUUUG [dT] [dT]

GJB2 c.148G>A-514 AGAUGAGCAGGCCAACUUU [dT] [dT]

GJB2 c.148G>A-S15 GAGAUGAGCAGGCCAACUU [dT] [dT]

GJB2 c.148G>A-516 GGAGAUGAGCAGGCCAACU [dT] [dT]

GJB2 c.148G>A-517 GGGAGAUGAGCAGGCCAAC [dT] [dT]

GJB2 c.148G>A-S18 GGGGAGAUGAGCAGGCCAA [AT] [dT]

GJB2 c.148G>A-S19 UGGGGAGAUGAGCAGGCCA [dT] [dT]

Figure 3.3.6 Sequence walk for design of candidate specific siRNAs

19 siRNAs in 19 + 2 format (19-nt targeting sequence plus a deoxythymidine dinucleotide, or
dTdT) were designed using the sequence walk method. This method allowed screening of 19
possible siRNAs that specifically target the single-nucleotide substitution at cDNA position
148 (c.148G>A, arrow) of GJB2. These siRNA are referred to as GJB2 ¢.148G>A_S1-S19 (or
S1-S19 in short form). Wildtype and mutant GJB2 cDNA sequences are shown and aligned
with the 19 siRNAs, with the c.148G>A mutation underlined.
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3.2.2.2 Optimisation of siRNA transfection

Optimisation of transient siRNA transfection was carried out prior to siRNA screening
using si-GFP. Three parameters were optimised to enhance the transfection efficiency,
including transfection reagent, concentration of siRNA, and time point for knockdown
analysis. Various concentrations of si-GFP, ranging from 0.05, 0.5, 5 to 50 nM, were
tested in bulk FACS-enriched GFP" HeLa or N/TERT cells expressing wildtype GJB2-
GFP (HeLa-WT and N/TERT-WT, respectively). siRNA was delivered using either
Lipofectamine® 2000 (L2K) or Lipofectamine® RNAIMAX (RNAIMAX) (see
Section 2.14). The inhibition of GFP expression by si-GFP was analysed by flow
cytometry at 24h and 48h.

si-GFP was shown to inhibit the GFP expression in both HeLa- and N/TERT-WT cells
in a dose-dependent manner (Figure 3.3.7). Only mild Cx26-GFP inhibition (about
10%) was observed when cells were treated with 0.05 nM si-GFP. Stronger inhibition
was observed as si-GFP concentration was increased. At the highest si-GFP
concentration tested, 50 nM, transfection by RNAIMAX exhibited stronger GFP
inhibition than that by L2K in both HeLa-WT cells (86% vs 63%) and N/TERT-WT
cells (54% vs 42%) at 24h (Figure 3.3.7a, ¢). Similar inhibitory effects were observed
at a further time point of 48h (Figure 3.3.7b, d), suggesting that efficient Cx26-GFP
knockdown was achieved as early as 24h post-transfection. Since a lower
concentration of siRNA (< 50 nM) is generally recommended to avoid potential
cytotoxicity or off-target events (Fedorov et al., 2006), si-GFP concentrations higher
than 50 nM were not tested. No appreciable cytotoxicity was observed under a light

microscope in transfected cells over the period of 48h.
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Figure 3.3.7 Optimisation of siRNA transfection using si-GFP

SIRNA transfection was optimised on HeLa-WT and N/TERT-WT cells. These cells were
transiently transfected in duplicate with different concentrations of a siRNA against GFP (si-
GFP) using Lipofectamine® 2000 (L2K, blue) or Lipofectamine®™ RNAIMAX (RNAiIMAX, red).
24h (a, ¢) or 48h (b, d) post-transfection, cells were analysed by flow cytometry for GFP
expression, whose decrease directly correlates to the siRNA knockdown efficiency. Data were
normalised to mock control (transfection reagent without siRNA) levels. GFP was inhibited
by si-GFP in a dose-dependent manner. At the highest concentration (50 nM), transfection
with RNAIMAX induced stronger GFP inhibition than transfection with L2K in both cell lines
at 24h and 48h. Data are mean £ SD.

Since the si-GFP concentration of 50 nM delivered with RNAIMAX displayed the
most potent inhibition on Cx26-GFP without causing overt cell death, these
transfection conditions were used in subsequent siRNA studies. Similarly, the 24h time

point was used thereafter, unless otherwise stated.

3.3.2.3 Identification of S7 as a potent and mutation-specific siRNA

Transient transfection of sSiRNA S1-S19 into HeLa-W1 and HeLa-M1 cells, as well as
N/TERT-WT and N/TERT-MUT cells, was performed with the optimised conditions
and siRNA-mediated gene knockdown was determined by flow cytometry for Cx26-

GFP fusion protein expression 24h post-transfection (see Section 2.14).
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Differential inhibition was observed between mutant and wildtype Cx26-GFP in tested
cell lines (Figure 3.3.8). Although varying results were observed in several siRNAs
between HelLa and N/TERT cells, ten siRNAs demonstrated reproducible inhibitory
activity between the two cellular models. The siRNAs can be categorised into three
groups based on their targeting specificity: group 1: no effect on wildtype or mutant
Cx26, such as S1; group 2: inhibition of both wildtype and mutant Cx26 with poor
specificity, such as S3, S6, S12, S13, S15, S16, S19; and group 3: specific inhibition
of mutant Cx26 with little effects on wildtype Cx26, such as S7 and S10. The inhibition
efficiency of S7 and S10 was approximately 50% for both HeLLa-M1 and N/TERT-
MUT cells, while these siRNAs did not inhibit the expression of the wildtype protein.
These results indicated that S7 and S10 discriminated between the wildtype and mutant
GJB2 sequences. Since S7 showed high reproducibility in terms of specific inhibition

of mutant GJB2 across three independent screenings, this siRNA was selected for

further study.
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Figure 3.3.8 S7 — the most potent and specific inhibitor for mutant GJB2

Clonal Hela (a) and bulk N/TERT cells (b) expressing wildtype (W1 and WT) or mutant (M1
and MUT) GJB2-GFP transgene were transiently transfected with each of 19 candidate
SiRNAs (S1-S19), siRNA against GFP (si-GFP, positive control), or the irrelevant control
SiRNA (si-cont, negative control). Transfected cells were analysed by flow cytometry for GFP
expression. The decrease in GFP intensity represents the inhibition of GJB2 by siRNA. Data
were normalised to the si-cont levels. The bar charts show representative results from three
independent experiments. S7, the lead siRNA, potently and specifically inhibited the
¢.148G>A mutant, but did not inhibit the wildtype GJB2. Data are mean = SEM.
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333 Robust mutation-specificity of S7 confirmed by mRNA and protein

expression

The specificity of S7 for mutant GJB2 was further confirmed by examining the GJB2
gene expression at mRNA and protein levels in HeLa-W1 and -M1 cells transfected
with either S7 or the non-targeting control siRNA. The inhibition of the transgene was
assessed by qPCR using the GIB2-GFP-qPCR primers. The GAPDH primers were
used as internal calibrator (Appendix I, Section 2.5). At protein level, the efficacy of
S7 was examined using flow cytometry for GFP intensity (see Section 2.14) and

immunoblotting using the antibody 71-0500 against Cx26 (Appendix II, Section 2.6).

The qPCR results showed a reduction in GJB2-GFP transcript of 82% in HeLa-M1
cells treated with S7, compared to those treated with control siRNA (0.18 + 0.03 vs
1.00 + 0.14, n = 2 independent experiments each group, p < 0.05, Student’s t-test)
(Figure 3.3.9). There was no significant difference in GJB2-GFP mRNA between the
HeLa-W1 cells treated with either S7 or control siRNA (0.98 + 0.10 vs 1.00 £ 0.16, n

= 2 independent experiments each group, p > 0.05, Student’s t-test).
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Figure 3.3.9 Potent and specific mutation-targeting of S7 confirmed at mRNA level
HelLa-W1 and -M1 clones transiently transfected with either control siRNA (si-cont) or S7 was
analysed by qPCR 24h post-transection. Transgene-specific primers spanning the GJB2-GFP
border were used. GAPDH was used as an internal calibrator. The bar chart shows pooled
data from 2 independent experiments with each in triplicate. S7 inhibited the transgene mRNA
potently and specifically in HeLa-M1 cells, while leaving the wildtype unaffected. Data are
mean = SEM. *p < 0.05. N.S, not significant.

Flow cytometry analysis was also performed in siRNA-treated HeLLa-W1 and -M1

cells, where the knockdown efficiency in GJB2 was represented by the decrease of
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GFP intensity. The results showed that S7 caused a marked shift in the distribution of
GFP" HeLa-M1 populations towards the negative GFP gate (Figure 3.3.10a),
implying robust inhibition of Cx26-GFP expression. This shift was absent in HeLa-
MI cells treated with the control siRNA or HeLa-W1 cells treated with S7 or the
control siRNA. Quantification of fluorescence intensity found a significant reduction
in Cx26-GFP expression of 51% in HeLa-M1 cells treated with S7 compared to those
treated with the control siRNA (0.49 £+ 0.06 vs 1.00 = 0.02, n =4 each group, p <0.001,
Student’s t-test), consistent with the initial screening results. There was no significant
difference in Cx26-GFP expression between HeLa-W1 cells treated with either S7 or
control siRNA (0.97 £ 0.06 vs 0.93 = 0.07, n = 4 each, p > 0.05, Student’s t-test).
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Figure 3.3.10 Potent and specific mutation-targeting of S7 confirmed by flow cytometry
Clonal HelLa cells expressing wildtype (HeLa-W1) or mutant GJB2-GFP (HeLa-MI)
transfected with either S7 or the control siRNA (si-cont) were analysed by flow cytometry for
GFP expression. Non-transduced (UT) HeLa cells were used as a gating control. Prior to
siRNA transfection, approximately 90% untreated W1 and untreated M1 cells were GFP".
Treatment with S7 caused a left shift of GFP" HeLa-M]I cells towards negative GFP gate (a)
and this shift was not seen in HeLa-W1 cells. Quantification of GFP intensity (b) showed 51%
reduced GFP expression in the M1 cells treated with S7, compared to that in those treated with
si-cont. The bar chart is pooled data from four independent experiments. Data are mean +
SEM. ***p <0.001. N.S, not significant.

The results of Cx26 immunoblotting showed that, in both HeLa-W1 and -M1 cells, the
target band was detected at approximately 53 kDa, a size corresponding to the fusion

of Cx26 (26 kDa) and GFP (27 kDa), consistent with a previous report (Di et al., 2005).
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The 53-kDa band was not seen in parental HeLa cells. There was a clear reduction in
the target band intensity in HeLa-M1 cells treated with S7 compared to those
transfected with the control siRNA (Figure 3.3.11a). Densitometric analysis
confirmed that the reduction was 81.33% (n = 3 independent experiments) (Figure
3.3.11b). A minor reduction of 12.33% in Cx26 expression level was also found in
HeLa-W1 treated with S7 compared to those treated with control siRNA (n = 3
independent experiments); however, the reduction may have resulted from
experimental artefact as such reduction in the wildtype expression was not detected by

other assays. Future work will be required to verify this observation.
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Figure 3.3.11 Potent and specific mutation-targeting of S7 confirmed by immunoblotting

HelLa-W1 or -MI transfected with S7 or the control siRNA (si-cont) were analysed by
immunoblotting for Cx26 expression. p-actin was used as a loading control. The target band
was found in all samples except for non-transduced Hela cells (HeLa UT). Data were
normalised to the respective si-cont levels. A marked decrease in the band intensity was found
in S7-treated HelLa-M1 cells relative to that in si-cont-treated Hela-M1 cells (a), which by
densitometric analysis was found to be 81%. There was mild difference in band intensity
between HeLa-W 1 cells treated with either of siRNAs. The bar chart is pooled data from three

independent experiments. Data are mean £ SEM.

The duration of silencing effect of S7 was further evaluated in S7-treated N/TERT-
MUT keratinocytes at 24 h, 48 h and 72 h post-transfection using qPCR analysis for
transgene expression. The GJB2-GFP-qPCR primers were used for detection of the
transgene while avoiding detection of the endogenous GJB2 expression in N/TERT
keratinocytes. GAPDH primers were used as internal calibrator (Appendix I, Section

2.5).
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The levels of mutant transgene inhibition by S7 were 59.80 £ 2.68% (p < 0.001, n = 3)
at 24h, 53.76 + 3.82% at 48h (p < 0.01, n = 3) and 43.14 + 4.08% at 72h post-
transfection (p < 0.01, n = 3), compared to untreated cells harvested at the respective
time points (Figure 3.3.12). These findings suggested that the S7-mediated inhibition
of mutant GJB2 could last at least 72 h from the time of initial treatment in

keratinocytes in vitro.
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Figure 3.3.12 Duration of gene silencing action of S7 in keratinocytes

N/TERT-MUT cells were transiently transfected, or not transfected (U), with S7 and the
expression of GJB2-GFP transgene at different time points up to 72h was measured by gPCR.
The bar chart shows pooled transgene expression data from three independent experiments.
The results showed that the gene silencing efficiency of S7 at 24 h, 48 h and 72 h were 60%,
54% and 43%, respectively. Data are mean + SEM. **p <0.01 or ***p <0.001.

3.34 Section summary

In this section, two exogenous expression systems, HelLa and N/TERT, stably
expressing the wildtype or mutant GJB2-GFP fusion transgene were established. By
using these systems, S7, the potent siRNA against the commonest mutation linked to
KID syndrome, was identified and its robust inhibitory effect on the mutant was
confirmed at mRNA and protein levels, with a duration of at least 72 h. Strikingly, S7
did not inhibit the wildtype sequence which differed from the mutant sequence by a
single base, nor cause appreciable loss of cell viability in the tested skin and non-skin
models. This provides a sound context for further functional testing in cells treated

with this siRNA.
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3.4 S7 reversed aberrant Cx26 channel function in KID-KCs

S7 has been shown to specifically inhibit GJB2 mRNA with c.148G>A mutation,
leading to efficient knockdown of the mutant Cx26 protein. The Cx26 subunit forms
gap junction channels and hemichannels which mediate the communication between
neighbouring cells, or between the cytoplasm and extracellular space, by the passage
of ions and small molecules. Previous studies showed that the ¢.148G>A mutation in
GJB2 affected both hemichannel and gap junctional channel functions. Specifically,
the mutation causes enhanced hemichannel activity and impaired GJIC, as shown by
measurement of the electrical conductance (Lee et al., 2009; Lopez et al., 2013;
Sanchez et al., 2013; Xu et al., 2017), Ca*" influx (Terrinoni et al., 2010) and ATP
release (Donnelly et al., 2012; Garcia et al., 2015). However, those functional studies
used exogenous expression systems, such as transfected HeLa cells, which had limited
ability to model the heterozygous state of GJB2 mutations in KID syndrome. Thus,
KID-KCs, which expressed heterozygous c.148G>A endogenously, were used for
evaluating Cx26 channel function. This was followed by treatment with the mutation-

specific S7, and subsequent measurement of the change in channel function.

34.1 S7 selectively inhibited mutant GJB2 allele in KID-KCs

KID-KCs and control-KCs were treated with S7 or the non-targeting control siRNA at
50 nM. Twenty-four hours post-treatment, the endogenous GJB2 mRNA and Cx26
protein expression was examined by qPCR using the GJB2-endo-full primers spanning
full-length endogenous GJB2 c¢DNA (Appendix I, Section 2.5) and

immunoprecipitation using the IP?/IB? approach (Section 2.6 and Section 3.1.4.3).

No significant loss of viability in the treated cells was observed by light microscopy,
suggesting that the siRNAs had no cytotoxicity in vitro. The qPCR results showed a
significant reduction in total GJ/B2 mRNA of 41% in KID-KCs treated with S7,
compared to those treated with the control siRNA (0.59 £ 0.04 vs 1.00 £ 0.06,n =3, p
< 0.01, Student’s t-test) (Figure 3.4.1). In the control-KCs treated with S7, there was
slightly increased mRNA expression compared to cells treated with the control siRNA,
but the increase was not statistically significant (1.18 =£0.10 vs 1.00 + 0.10,n=3, p =
0.26, Student’s t-test). As the specificity of S7 for mutant GJB2 mRNA (instead of
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wildtype GJB2 mRNA) has been confirmed in Section 3.3, the observation of 41%
inhibition here indicated that the mutant allele in KID-KCs was potently suppressed
by S7.
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Figure 3.4.1 87 selectively inhibited mutant GJB?2 allele in KID-KCs

The expression of GJB2 mRNA in KID- or control-KCs treated, or not treated, with S7 or the
control siRNA (si-cont) were measured by qPCR using primers spanning full-length GJB2
cDNA. There was a significant reduction in total GJB2 mRNA expression in KID-KCs treated
with 87 compared to those treated with si-cont, whereas no reduction was detected in control-
KCs. The bar chat shows pooled data from three independent experiments. Data are mean +
SEM. **p < 0.01; N.S, not significant.

The expression of Cx26 protein in KID-KCs and control-KCs was further examined
by immunoprecipitation and immunoblotting. The results revealed an average decrease
of 56% (range 52—64%, n = 3) in endogenous Cx26 protein expression in KID-KCs
treated with S7, compared to those treated with the control siRNA (Figure 3.4.2). In
contrast, there was a mild increase of 11% (range 5—16%, n = 3) in Cx26 expression
in control-KCs treated with S7, compared to those treated with control siRNA. This
experiment was repeated three times and the results were consistent. These results
indicated that S7 had strong selectivity for the mutant GJB2 c.148G>A allele over the
wildtype GJB2 allele of the KID-KCs, which was confirmed at mRNA and protein

levels.
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Figure 3.4.2 Selective inhibition of mutant GJB2 allele by S7 confirmed at protein level
The total proteins in KID-KCs or control-KCs treated with S7 or the control siRNA (cont) were
immunoprecipitated for Cx26 and then measured for Cx26 expression using the IP*/IB’
approach (see Section 2.6). p-actin was used as loading control. Non-transduced HeLa cells
(HelLa) were used as negative control. Results from three independent experiments are shown
(a). The bar charts show expression level of Cx26, calculated as the Cx26/f-actin ratio, from
individual blots (b). There was a 56% reduction in Cx26 expression in KID-KCs treated with
S7, compared to those treated with control siRNA. There was only a mild difference in Cx26
expression in control-KCs treated with either of the siRNAs.

3.4.2 Aberrant hemichannel and gap junction functions in KID-KCs were

corrected following S7 treatment

The function of Cx26 in KID-KCs was further assessed by patch clamp (Section 2.15)
and dye uptake for hemichannel activity (Section 2.16), and the SLDT assay for GJIC
(Section 2.9).

3.4.2.1 Patch clamp revealed hyperactive hemichannels in KID-KCs, which

were corrected by S7 treatment

Patch clamp is the most sensitive and quantitative electrophysiological technique to
detect functional gap junction channels that conduct electrical signals (Abbaci et al.,
2008). This technique permits recording of whole-cell or single-channel currents

passing across the plasma membranes through the channels. The former recording
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configuration enables studies of electrical behaviour of the entire cell in response to
experimental conditions, e.g. membrane voltage and Ca’* concentration which are
known to regulate activity of hemichannels formed by Cx26 (Bargiello et al., 2012).
Therefore, the whole-cell recording was chosen as the starting functional assay for
Cx26. In general, this method requires an electrolyte-filled glass pipette, which is
placed in contact with a small patch of plasma membrane of a chosen cell. This is
followed by the application of gentle suction to establish a high-resistant (gigaohm,
GQ) seal between the pipette and the patch of membrane, a critical step that
significantly reduces the experimental noises. The patch of membrane is then ruptured
by application of further suction, allowing the detection of whole-cell membrane
currents. The zero-Ca®" recording condition for Cx26 hemichannels in keratinocytes
have been published previously (Levit et al., 2015) and the recorded membrane
currents under this condition represent the hemichannel activity. Solitary KID- and
control-KCs, with no contribution of gap junction intercellular channels, were

analysed for hemichannel activity by the above condition (Section 2.15).

KID-KCs and control-KCs were clamped at 0 mV and then stepped from -110 mV to
+110 mV in 20 mV increments and the membrane currents were measured (Figure
3.4.3a). Moderate membrane currents were recorded from control-KCs at both
depolarising and hyperpolarising membrane voltages (Figure 3.4.3b). In contrast,
markedly larger currents were elicited from KID-KCs, more prominently at
depolarising voltages (Figure 3.4.3b). The current density-voltage plot showed larger
current densities in KID-KCs at all tested voltages ranging from -110 mV to +110 mV
in comparison to those in control-KCs, with a statistical significance found between
+30 mV and +110 mV (Figure 3.4.3c). The maximum current density recorded from
KID-KCs was 80% greater than that in control-KCs (9.0 £ 1.3 pA/pF, n = 21 cells vs
5.0 £ 0.6 pA/pF, n = 14 cells, measured at +110 mV, p < 0.05, Student’s t-test). The
increase of whole-cell currents suggested that the heterozygous c.148G>A mutation

conferred an aberrant electrical property to the KID-KCs.
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Figure 3.4.3 Increased whole-cell membrane currents in KID-KCs

Whole-cell membrane currents were recorded from solitary KID- or control-KCs using whole-
cell patch clamp analysis with a voltage step protocol from -110 mV to +110 mV in 20 mV
increments (a). Modest currents were recorded from control-KCs (b, top) and large currents
were recorded from KID-KCs (b, bottom). Current density plotted against membrane voltage
showed greater whole-cell current density elicited from the KID-KCs (n = 21 cells) compared
to the control-KCs (n = 14 cells) (c). Comparison was made at individual membrane voltages.
Asterisks represent p < 0.05 in current density between two cell lines at the same membrane

voltage.

KID-KCs and Control-KCs were then treated with S7 or the control siRNA, and the
membrane currents were measured using the same patch clamp parameters described
above. When treated with the control siRNA, KID-KCs showed approximately 50%
larger whole-cell membrane current density compared to the control-KCs at all
depolarising membrane voltages tested (n =20 cells and 10 cells, respectively) (Figure
3.4.4b-d). This is in line with the records from their untreated counterparts, suggesting
little effects of the control siRNA on the whole-cell currents. In contrast to control
siRNA, the allele-specific siRNA, S7, demonstrated robust suppression in membrane
currents recorded from KID-KCs across all voltages tested, but it had negligible effects
on membrane currents from control cells (Figure 3.4.4b-d), confirming the allele-
specific action of S7. Statistical analysis of current density at the maximum tested
voltage revealed a significant reduction of 35% in KID-KCs treated with S7 in
comparison to those treated with control siRNA (9.02 + 1.16 pA/pF, n = 20 cells vs
5.86 = 0.43 pA/pF, n = 22 cells, measured at +110 mV, p < 0.05, Student’s t-test)
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(Figure 3.4.4d). No difference was found in the membrane current density between
control-KCs treated with S7 or control siRNA at any tested voltage (n =10 cells each
group, p > 0.05, Student’s t-test). Notably, the membrane current densities recorded
from S7-treated KID-KCs were comparable to those recorded from the control-KCs
(Figure 3.4.4d), indicating that potent suppression of the c.148G>A mutation by S7

corrected the aberrant electrical behaviour of KID-KCs.
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Figure 3.4.4 87 suppressed aberrantly enhanced whole-cell currents in KID-KCs

KID- or control-KCs were treated with S7 or control siRNA (si-cont) and whole-cell patch
clamp was performed using a voltage step protocol from -110 to +110 mVin 20 mV increments
(a). Representative membrane currents records from KID-KCs (b) and control-KCs (c), along
with the plot of current density against membrane voltage, are shown (d). Comparison was
made at individual membrane voltages. Larger current densities were found in KID-KCs
treated with si-cont at all tested voltages (black, n = 20), which were suppressed by S7 (ved, n
= 22) with statistical significances found between -30 mV and +110 mV. In contrast, no
difference in current density was detected between control-KCs treated with S7 (dark blue) or
control siRNA (light blue, n = 10 each). Data are mean £ SEM. *p <0.05, **p < 0.01, ***p <
0.001.

3.4.2.2 Dye uptake assay confirmed the reversal of aberrant hemichannel

activity by S7

Dye uptake is a simple and widely-used permeability assay for hemichannel
assessment, in which the cellular uptake of small molecular tracers under the ~1-kDa
size limit through open hemichannels is measured. These tracers do not enter cells with
intact plasma membranes but enter through open hemichannels. Commonly used
tracers are Lucifer Yellow (Polusani et al., 2016; Xu et al., 2017), propidium iodide
(Press et al., 2017b; Stong et al., 2006), and non-fluorescent tracer, neurobiotin (Aypek
et al., 2016; Mese et al., 2011). As neurobiotin with a positive charge appeared to be
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more permeant through homotypic Cx26 channels than anionic tracers such as Lucifer
Yellow (Kanaporis et al., 2011; Yum et al., 2007), this tracer was chosen to evaluate

its uptake by the keratinocytes.

KID-KCs and control-KCs were incubated for 10 min with neurobiotin diluted in a
Ca?*-free buffer (see Section 2.16), and then fixed and stained with Alexa Fluor 568-

streptavidin to visualise neurobiotin signals using a fluorescence microscope.

The results showed a lower level of neurobiotin uptake by the control-KCs, whereas
there was a much higher level of neurobiotin uptake in the cytoplasm of KID-KCs
(Figure 3.4.5). Quantification of images revealed a 40% increase of neurobiotin
uptake by KID-KCs compared to that by the control-KCs (1.40 = 0.10, n = 29 cells vs
1.00 £ 0.04, n = 34 cells, p < 0.001, Student’s t-test). These findings suggest that
hemichannels formed in KID-KCs had elevated permeability, indicating hyperactive

hemichannels.
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Figure 3.4.5 Increased neurobiotin uptake by KID-KCs
Solitary KID- (b) and control-KCs (a) were analysed for hemichannel permeability by

Normalised fluorescence intensity

Control-KC KID-KC

neurobiotin (NB) uptake assay. NB was diluted in zero-Ca’" buffer to open hemichannels and
signals of NB were visualised with Alexa Fluor 568-streptavidin (red, a, b). DAPI was used to
show the seeding density (blue, c, d). Representative NB uptake images (a, b) and the result of
quantification of the images (e) are shown. There was a marked enhanced dye uptake by KID-
KCs (n = 29 cells) compared to that by control-KCs (n = 34 cells). Data are the mean = SEM.
Each dot represents the NB uptake level of a single cell. ***p < 0.001.
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KID-KCs and control-KCs were then treated with the control siRNA and S7.
Treatment with the control siRNA did not alter neurobiotin uptake in these
keratinocytes, but treatment with S7 selectively inhibited neurobiotin uptake in KID-
KCs (Figure 3.4.6a-d). Quantification of the images showed significantly decreased
neurobiotin uptake in S7-treated KID-KCs compared to those treated with control
siRNA (1.01 £0.15, n =21 images vs 1.31 £ 0.30, n =27 images, p < 0.001, Student’s
t-test) (Figure 3.4.6¢, d, i). No difference was seen between neurobiotin uptake by
control-KCs treated with either of the siRNAs (n = 18 images each, p > 0.05). Three

independent experiments were performed and the results were consistent.
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Figure 3.4.6 S7 inhibited the abnormally enhanced neurobiotin uptake by KID-KCs

Solitary KID- and control-KCs treated with S7 or control siRNA (si-cont) were analysed for
hemichannel permeability by neurobiotin (NB) uptake assay. NB was diluted in a zero-Ca’"
buffer to open hemichannels and signals of NB uptake were visualised with Alexa Fluor 56§-
streptavidin (red, a-d). DAPI was used to show the seeding density (blue, e-h). Representative
dye uptake images (a-d) and the result of quantification of the images (i) are shown. There was
a significantly reduced NB uptake by KID-KCs treated with S7 (n = 21 images) compared to
those treated with si-cont (n = 27 images), while the reduction was not observed in control-
KCs (n = 18 images). Data are mean = SEM. Each dot represents the average NB uptake level
from a single image taken from each of three independent experiments. ***p < 0.001. N.S. not

significant.
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These findings indicate that, in addition to inhibiting the conductance of electrical
signals, S7 also corrected the aberrantly enhanced permeability in KID-KCs. These

results were consistent with the patch clamp results.

3.4.2.3 S7 treatment restored gap junction intercellular communication in

KID-KCs

GJIC in KID- and control-KCs was measured using the SLDT assay. In addition to
using the negatively-charged Cascade Blue as a tracer (Marziano et al., 2003), the
positively-charged neurobiotin was also used. Confluent cultures of KID-KCs and
control-KCs were scrape-loaded with either Cascade Blue or neurobiotin, and then
incubated to allow dye transfer (see Section 2.9.1). Cells were fixed and images were

recorded using a fluorescence microscope.

In control-KCs, both Cascade Blue and neurobiotin tracers diffused from the initially
scrape-loaded cells to the neighbouring cells, with neurobiotin diffusing more
extensively (Figure 3.4.7a, f), indicating the presence of functional gap junction
channels. In contrast, the diffusion of both tracers decreased markedly in KID-KCs
(Figure 3.4.7b, g), particularly that for Cascade Blue, which was almost confined to
the first line of the scrape-wounded cells. Negative control cells without scrape-
wounding (unwounded) showed little or no dye uptake (Figure 3.4.7¢-d, h-i), although
slightly enhanced uptake of neurobiotin by KID-KCs was seen compared to that by
control-KCs. Quantification of the images after thresholding out unwounded
background signals (see Section 2.9.2) revealed a reduction of 75% for Cascade Blue
transfer and of 58% for neurobiotin transfer in KID-KCs, compared to the levels in
control-KCs (for Cascade Blue: 0.25 = 0.01, vs 1.00 = 0.25, n = 2, p = 0.09; for
neurobiotin: 0.42 +0.03,n=3 vs 1.00+0.10,n=2, p <0.01, Student’s t-test) (Figure
3.4.7e, j).
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Figure 3.4.7 Impaired gap junction intercellular communication in KID-KCs

The scrape-loading dye transfer assay was performed to assess dye coupling through gap
Jjunction channels formed by KID- or control-KCs. Both anionic tracer, Cascade Blue (CB,
blue), and cationic tracer, neurobiotin (NB, red), were used. Representative images of transfer
of CB (a-b) and NB (f-g) from the primarily-loaded cells along the scrape are shown. The
uptake of the tracers by unwounded cells is also shown to indicate background level (c-d, h-
i). The total area under the regions of positive transfer of CB (e) or NB (j) was quantified by
ImageJ. The results showed markedly reduced transfer of both dyes with statistical
significance found in NB. Data were normalised to the level of control-KCs from 2-3 images

in a single experiment. Each bar represents the mean = SEM.

KID-KCs and control-KCs were subsequently treated with control siRNA or S7, and
intercellular transfer of neurobiotin was measured using the same SLDT settings.
When treated with control siRNA, KID-KCs displayed markedly reduced neurobiotin
transfer compared to control-KCs (Figure 3.4.8a, c), resembling that observed in
untreated cells. In contrast, treatment with S7 enhanced neurobiotin transfer in KID-
KCs (Figure 3.4.8d). Quantification of the images showed significant improvement in
neurobiotin transfer of 24% in KID-KCs treated with S7, compared to those treated
with the control siRNA (1.24 + 0.03, n = 34 images vs 1.00 = 0.02, n = 37 images, p <
0.01, Student’s t-test) (Figure 3.4.8f). There was no statistical difference in
neurobiotin transfer between control-KCs treated with either S7 or control siRNA

(1.00 £ 0.03, n = 30 images vs 1.00 £ 0.03, n = 35 images, p > 0.05, Student’s t-test)
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(Figure 3.4.8¢). These results suggest that S7 restored the function of gap junction
channels formed by KID-KCs.

Control-KC KID-KC
si-cont S§7 si-cont
e f
N.S. >

:‘:’ 1.5 E 20
7] @ A
c Cecer s A
£ 00° £ s A
% ©0456%00° el @ e t“‘
% 10 o L L % AAAA A AA
s b '.:.s.’ g 10 als Slal
E] 0° .. « Aspfpnd
° . - Y
o 0.5 @
2 2 05
® ©
E E
S oo 2 oo

Control-KC Control-KC KID-KC KID-KC

+ si-cont +87 + si-cont + 87

Figure 3.4.8 S7 restored gap junction coupling between KID-KCs

The scrape-loading dye transfer assay was performed to assess diffusion of neurobiotin (red)
via gap junction intercellular channels between KID-KCs or control-KCs following treatment
with S7 or control siRNA (si-cont). Representative images of neurobiotin transfer (a-d) from
the primarily-loaded cells along the scrape are shown. Quantification of the images showed
that S7 restored dye coupling in KID-KCs, but it had negligible effects on control-KCs. The
dot plots represent pooled data from three independent experiments and each symbol
represents average dye transfer from a single image. Data are mean = SEM. **p < 0.01. N.S,

not significant.

343 Section summary

This is the first functional characterisation of keratinocytes derived from a KID
syndrome patient. The data show that the presence of the heterozygous mutation
c.148G>A in GJB2 was sufficient to induce an aberrant functional channel behaviour
in patient keratinocytes, including enhanced hemichannel activity and defective GJIC.
Subsequent treatment with S7, the potent and specific inhibitor of the GJB2 ¢.148G>A
mutation, successfully corrected the aberrant channel function in patient keratinocytes
without altering the channel function in normal keratinocytes. These findings provide
an important proof-of-concept that the allele-specific siRNA approach can be a

potentially effective treatment for KID syndrome.
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3.5 RNA-Seq confirmed allele-specific targeting of S7 with few off-target effects
in KID-KCs

While S7 has shown therapeutic potential by inhibiting the mutant GJB2 allele
expression and reversing the aberrant Cx26 channel function in KID-KCs, two key
issues needed to be addressed are i) whether the effectiveness and specificity of S7
could be confirmed at mRNA level by a second method (allele-specific on-target
effects), and ii) whether there were off-target effects in other regions of the
transcriptome. In the last decade, RNA-sequencing (RNA-Seq) has become a key
technology to study the transcriptome of cells. This technique harnesses high-
throughput sequencing to obtain genome-wide expression profiles from samples,
followed by bioinformatics analysis to identify unprecedented gene expression details

in relation to the experimental condition (Wang et al., 2009).

In addition, the possibility of gathering preliminary data on the downstream changes
(e.g. signalling pathways or molecular interactions) of the on-target and off-target
effects was considered a useful by-product of using this technique, although the
experiment was not designed specifically for this purpose. These data would therefore

be gathered as a basis for future work.

KID-KCs were treated in triplicate with 50 nM S7 (see Section 2.14). Untreated KID-
KCs, also in triplicate, were run in parallel as control. Twenty-four hours post-
treatment, total RN A was extracted from the cells and subject to RNA-Seq experiments

(see Section 2.17).

3.5.1 Generation of RNA-Seq data with high reliability

The integrity of total RNA samples extracted from the cells was examined using the
Agilent Bioanalyser. The results showed that RNA integrity numbers (RINs), the index
for RNA integrity, were between 9.8 and 9.9 across all six samples, indicating highly-
intact RNA samples with little signs of degradation (Figure 3.5.1a). Each of the total
RNA samples was enriched for mRNA using poly-T beads, which were then used for
cDNA library preparation. All six libraries were subject to high-throughput sequencing,
which yielded an average of 73.5 + 7.6 million of 43-bp reads, totalling approximately
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three Giga-bases of cDNA sequence per library. Sequence reads from each library were
evaluated for quality using FastQC software, which showed high read quality across
all bases at each sequenced position in all libraries (Figure 3.5.1b). There was no

contamination of adapter sequences.
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Figure 3.5.1 Quality control for intact RNA samples and sequence data generated from
high-throughput sequencing

Prior to sequencing, the RNA integrity was first analysed by an Agilent Bioanalyser (a). The
first lane shows RNA ladder, followed by six total RNA samples extracted from KID-KCs
untreated (UI1-U3) or treated with S7 (S1-S3). The RNA integrity number (RIN, range: 1-10,
with 10 being the most intact and 1 being the most degraded) was determined by the presence
or absence of degraded products from the entire electrophoretic trace of RNA samples. After
sequencing, FastQC analysis was performed on the sequence data at each base along the 43-
bp length of reads. A representative result from each group is shown (U2 and S2). The x axis
shows the position in read (in bp) and the y axis shows the quality score. Quality scores over
28 (green zone) are considered good quality calls. The blue lines represent the mean score and

the whiskers represent 10% and 90% points.

Raw sequence reads were mapped to the latest human reference genome (UCSC
Genome Browser assembly ID: hg38). Approximately 15 million reads out of total 75
million reads per library were mapped to 26485 genes, among which 6818 genes
(25.74%) had null read counts and were excluded from further analysis, leaving 19667
remainders to be further analysed. The sequence reads mapped to the GJB2 ¢.148 locus
were first examined to confirm the on-target effect of S7. Subsequently, the 19667
genes were normalised using the DESeq2 package on R software to take into account

the sample variations introduced by the experimental steps, and then subject to
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differential expression analysis to identify genes whose expression level differed in
S7-treated cells from untreated cells (referred to as differentially expressed genes, or
DEGs). As this analysis employed multiple statistical testing, a process known to result
in increased false positive rates (Love et al., 2015), two steps were taken to control for
this issue. First, genes with negligible expression levels (counts < 10) were removed
to reduce sampling errors, leaving 10683 genes on the dataset. Second, each p-value
given by multiple testing was corrected using the Benjamini-Hochberg method
(Benjamini et al., 2001; Love et al., 2015), which generated an adjusted p-value (p-
adj). The dataset was filtered with a widely used threshold, i.e. p-adj < 0.05 and fold
change > 2 (Huang et al., 2017b; Rath et al., 2017; Speranza et al., 2017; Zhang et al.,
2015b). Genes that had passed the filter were considered as DEGs, which were further
analysed by bioinformatics tools to identify potential off-target effects and associated

pathways/networks.

For off-target effects, the Genome-wide Enrichment of Seed Sequence matches (GESS)
analysis (Yilmazel et al., 2014) was carried out to confirm whether the differential
expression of the DEGs resulted from sequence matches between siRNA seed region
(positions 2—8 from 5’ end) and mRNA sequences of the DEGs (Jackson et al., 2006;
Seok et al., 2017; Shang et al., 2015). For pathway/network analysis, the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) and Ingenuity® Pathway
Analysis (IPA®) were used. By these analyses, DEGs and/or any genes of interest were
connected into an interactive network and associated with biological pathways
documented in curated databases such as the Gene Ontology (GO) database
(Chowdhury and Sarkar, 2015; Jin et al.,, 2014). It should be noted that those
programmes leverage gene co-expression network analysis or enrichment analysis
(Kramer et al., 2014), in which a very small number of analysed DEGs (as detected in
this study, see below) is not recommended (Huang et al., 2017a). As per the official
guidance of IPA® that recommends using a set of 100—3,000 genes for analysis, a lower
threshold (p-adj < 0.05, fold change > 1.3) was applied to the raw RNA-Seq dataset,
which generated a new DEG set, known as DEG-2.

By using the above combined workflow for RNA-Seq data acquisition, processing and
analysis, the on-target and off-target effects of S7 as well as pathways/networks in

relation to S7 treatment were comprehensively studied.
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3.5.2 S7 inhibited the mutant allele in KID-KCs

The allele-specificity of S7 in KID-KCs was confirmed indirectly using qPCR and
immunoblotting, in which the primers or antibodies detected overall GJB2 expression
without the ability to discriminate between different alleles (Section 3.4.1). As the
RNA-Seq technique is able to detect gene expression directly in an allele-specific
manner, this allows for direct assessment of the effectiveness and specificity of S7 on

the mutant allele containing the G-to-A substitution on ¢.148 locus in GJB2.

At the c.148 locus, the heterozygous A/G allele was seen in KID-KCs, where both G
(wildtype) and A (mutant) alleles were co-expressed as transcripts. Of note, the ratio
of G to A in untreated KID-KCs at baseline was not 50:50, but 60:40 in percentage
(Figure 3.5.2a). Following S7 treatment, there was a 30% decrease in frequency of
the mutant A allele in treated cells compared with untreated cells (Figure 3.5.2a-b).
An increase of 20% in the wildtype G allele frequency was also detected in S7-treated
cells, compared to untreated cells (Figure 3.5.2a-b). Quantification of the above data
showed statistical significance (p < 0.05, n = 3 for both the decrease in mutant allele
frequency and increase in wildtype allele frequency, Student’s t-test) (Figure 3.5.2b).

This confirmed the effectiveness of the mutant allele knockdown.
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Figure 3.5.2 RNA-Seq confirmed specificity of S7 for GJB2 c.148G>A mutant allele
RNA-Seq sequence reads mapped to the GJB2 c.148 locus in untreated (U) or S7-treated (S7)
KID-KCs were analysed. The wildtype allele (c.148G) and mutant allele (c.148G>A) are
displayed as G and A, respectively. The count and frequency for each allele are shown and
expressed as mean = SEM (a). Quantification of the allele frequency data showed that S7
treatment resulted in a decrease in the mutant allele frequency and an increase in the wildtype
allele frequency (b). *p < 0.05.
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3.5.3 Low-level off-target effects of S7 treatment on KID-KCs

A major issue for RNA interference-based studies are unintended alterations in
unrelated gene expression, resulting from off-target events. To understand the potential
off-target effects of S7 in KID-KCs, the differential expression profiles between S7-
treated and untreated KID-KCs were analysed. The statistically significant DEGs were
further subject to the GESS analysis for oft-target prediction (see Section 2.17).

First, the distribution of transcript read counts (i.e. expression level) for the 19667 non-
zero genes before and after normalisation was plotted (Figure 3.5.3). It can be seen
that, after normalisation, there was very little variation in distribution of read count
among three biological replicates of each group, suggesting high data reproducibility.
On the other hand, no remarkable differences in count distribution were found across
all six libraries regardless of S7 treatment, suggesting that this therapeutic siRNA
induced only very mild global effects, if any, on the transcriptome of KID-KCs.
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Figure 3.5.3 Mild global effects of S7 on the KID-KC transcriptome

Distribution of sequence read count (expression level) of non-zero genes in libraries obtained
from KID-KCs treated with S7 (KIDS, shown as replicates KIDSI—KIDS3, blue boxes) or
those untreated (KIDU, shown as replicates KIDUI1—KIDUS3, red boxes) before normalisation
(left panel) and after normalisation (right panel). For visibility reason, log: (count +1) instead

of log> (count) was used. All 6 libraries had similar distribution of gene expression globally.
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Second, when the widely-used threshold (fold change > 2, p-adj < 0.05%) was applied
to the RNA-Seq dataset, only six significant DEGs were identified (Table 3.5.1). The
range of fold change for these DEGs was 2.01—-2.32, with the maximum fold changes
seen in genes MMP1 and GLBIL?.
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Table 3.5.1 Differentially expressed genes (fold-change > 2 and adjusted p-value < 5%)

Gene Protein Fold change p-value adj p-value
MMPI10 Matrix metalloproteinase-10 2.05, up 2.12E-32  4.19E-30
MMPI Matrix metalloproteinase-1 2.24, up 8.45E-24  9.50E-22
NSA2 Ribosome biogenesis homolog 2.16, down 2.05E-71 1.99E-68
AFAPILI Actin filament-associated protein 1-like I ~ 2.01, down 1.21E-29  1.99E-27
GLBIL2 Galactosidase beta 1 like 2 2.32, down 312E-16  2.17E-14
GPR137 G protein-coupled receptor 137 2.01, down 1.06E-10  3.96E-09

Third, the GESS analysis of the six DEGs predicted only GPR137 as an off-target of
S7, among a total of 180 genes that were predicted to have sequence matches between
their coding sequences and S7 seed sequence genome-wide (Appendix III). Further
sequence comparison found that both 3’-untranslated region and coding sequence of
the GPR137 gene were complementary to the seed region of either the passenger or
guide strand of S7. These sequence matches implied that the 2.01-fold down-
regulation of GPRI37 was likely to result from seed region-dependent off-target
effects. The other five DEGs were not predicted by GESS analysis, and were therefore

more likely to be on-target downstream alterations.

Taking these results together, S7 had low-level off-target effects on the patient
keratinocytes. The change in expression level of the DEGs, with the exception of
GPR137, was likely to result from on-target effects, in other words, GJB2-related
biological processes. To investigate the possible functional connection between GJB2

and the DEGs, the RNA-Seq data were subject to further bioinformatics analyses.

3.54 S7 activated matrix metalloprotease signalling in KID-KCs

Two powerful bioinformatics tools, STRING and IPA®, were subsequently used for
pathway/network analysis. STRING analyses protein-protein interaction based on
factors such as previous experimental findings, text-mining and co-expression data
(Franceschini et al., 2013; Szklarczyk et al., 2015), whereas IPA® analyses the input
genes by associating them with documented pathways and molecular functions. The
DEG-2 dataset composed of 344 DEGs (see Appendix IV) was analysed by these

programmes.
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The 344 DEGs consisted of 249 down-regulated genes and 95 up-regulated genes. By
STRING analysis, an interactive network containing 112 genes was identified (Figure
3.5.4), with 2 major clusters of genes connected to each other. These include a MMP
network (MMP1, MMP9, MMP10, TIMP2, PLAU, TFPI2, COL4A1, HBEGF, CXCLY)
and an immune network (7LR2, ILIRI, ILIRAP, MYDS8 and IKBKG). Among six
most differentially expressed genes from the earlier analysis (Table 3.5.1), four
(MMP1, MMP10, NSA2 and AFAPILI) were found in this network. The GJB2 gene
was only connected to SPRR2A4 (encoding small proline rich protein 2A) based on
previous indirect interaction data (Djalilian et al., 2006), but not connected to any other
genes. This may be due to an unknown limitation of the STRING algorithm, and/or
the fact that Cx26 protein is not known to be directly located on any signalling
pathways (although it regulates other pathways via the exchange of second

messengers).
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Figure 3.5.4 Interactive network of DEGs generated in the DEG-2 dataset

Functional network of the DEG-2 set of 344 genes (see Appendix IV). The nodes represent
genes (filled, crystal structure known, unfilled, crystal structure unknown). Among 344 genes,
112 genes were connected to form a big network consisting of several clusters. Lines with
different colours represent 7 different types of evidence for interaction (see legend on the top

left). Gene with red arrows are up-regulated and otherwise down-regulated.

When known interactors of GJB2, namely GJB6 (Cx30, up-regulated by 14.5%) and
GJAI (Cx43, down-regulated by 8%), as well as their known interactors, including
TJPI (tight junction protein-1, or zonula occludens-1, up-regulated by 14.2%) and
CDH|1 (E-cadherin, up-regulated by 14.5%), were included in the STRING analysis
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with the above MMP and immune clusters, a new network more relevant to the
epidermis was constructed, with GJB2 connected to the MMP cluster through GJAI,
TJPI and CDH1 (Figure 3.5.5). Three GO terms from the molecular function category
were significantly enriched, including “metalloendopeptidase activity (GO:0004222)”,
“interleukin (IL)-1 receptor activity (GO:0004908)” and “endopeptidase activity
(GO:0004175)” (p = 0.012, 0.012 and 0.046, respectively, corrected by false discover

rate).
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Figure 3.5.5 Interactive network between selected DEG-2 genes and interactors of GJB2
GJB2 and its known interactors (GJB6, GJAI, TJP1, CDHI), along with genes from two
selected epidermis-relevant clusters from DEG-2 set were subject to STRING analysis. The
nodes represent genes (filled, crystal structure known, unfilled, crystal structure unknown).
Lines with different colours represent 7 different types of evidence for interaction (see legend
on the top left).

The 344 DEGs were also analysed by IPA®. A summary with top five enriched
canonical pathways and cellular functions is shown in Table 3.5.2. The MMP
signalling pathway was significantly enriched (p = 0.000207) by these DEGs and this
pathway was predicted to be activated, consistent with the STRING results. For the
other four enriched pathways, no clear directional data (activation or inhibition) were

given by the analysis.
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Table 3.5.2 Top five enriched pathways given by IPA® Canonical Pathway Analysis

Activation /
Name p-value Overlap*

Inhibition

Semaphorin Signalling in Neurons (CFL271,

1.33 x10*  11.3% (6/53)  Not available
DPYSL3|, MET|, PAK4], RHOC), HOV|)

Inhibition of Matrix Metalloproteases (MMPI7,

2.07 x 10 12.8% (5/39) Inhibition
MMP91, MMP101, TFPI21, TIMP2))
Glycerol-3-phophate Shuttle (GPDIL|, GPD2]) 1.30 x 107 50% (2/4) Not available

Oncostatin M Signalling (MMP11, PLAUY, ELK1 |,

1.58 x 10°  11.8% (4/34) Neither
OSMR))

Serine Biosynthesis (PSAT1|, PSPH)) 2.15 x 1073 40.0% (2/5)  Not available

* Pathway overlap: the ratio of DEGs on the pathway to total genes documented on the pathway

3.5.5 Section summary

The RNA-Seq analysis provided the first direct evidence of allele-specific targeting of
S7 at transcriptional level. A surprising finding in this experiment was that S7
treatment not only significantly inhibited the mutant GJB2 allele, but also resulted in
up-regulation of the wildtype GJB2 allele. The exact mechanism is not clear, but it can
be suspected that these dual effects could be responsible for the substantial phenotypic
reversal in KID-KCs, as presented in the last section. On the other hand, key to
assessing the potential usefulness of any siRNA therapy is an RNA-Seq analysis for
potential off-target effects. Importantly, the expression of only six other genes genome-
wide was found to be significantly altered by S7, with only one of these predicted as
an off-target by GESS. This is an important result as it implies a comparatively low

rate of off-target whole genome effects of S7 in KID-KCs.
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CHAPTER 4: DISCUSSION
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4.1 Establishment of a patient-derived keratinocyte cell line that displayed

aberrant channel phenotype

The most important cell model generated in this study was KID-KC, a keratinocyte
cell line derived from KID syndrome patient keratinocytes harbouring a heterozygous
mutation at ¢.148G>A (p.D50N) in GJB2. Functional studies in this cell model have
shown abnormal channel function, suggesting its usefulness to investigate the efficacy

and specificity of the siRNA therapy.

Previous studies largely relied on the exogenous expression of GJB2 with ¢.148G>A
mutation in different cell types, including Xenopus oocytes, HeLa, SAOS2 cells,
HaCaT and primary corneal epithelial cells (Di et al., 2005; Donnelly et al., 2012;
Gudmundsson et al., 2017; Lopez et al., 2013; Press et al., 2017b; Sanchez et al., 2013;
Shurman et al., 2005; Terrinoni et al., 2010; Xu et al., 2017). Despite providing
valuable functional insights of the mutant protein, those systems have several
limitations when used for preclinical evaluation of new treatment. First, some of those
cells are irrelevant to KID syndrome, such as Xenopus oocytes and HeLa cells. Second,
vectors can only deliver GJB2 gene with a homozygous mutation which does not
represent the genetic state in KID patients who are heterozygous for a GJB2 mutation.
Third, those systems lack physiological control of gene expression due to the use of
non-human promoters, such as viral promoters. There has been a report of in vitro
functional assessment using primary patient keratinocytes heterozygous for mutation
c.42C>G (p.N14Y) in GJB2, which showed impaired GJIC (Arita et al., 2006).
However, since primary keratinocytes have short lifespan in in vitro culture (Kaur and
McDougall, 1988) and patient cells are in general of low accessibility due to the rarity
of the condition, it would be unrealistic to use primary keratinocytes for research or
preclinical studies. Therefore, generation of a disease-relevant, immortalised cell

model that maintains features of their normal counterparts is necessary.

In this study, primary keratinocytes from a patient with KID syndrome were
successfully immortalised using human papilloma viruses. The immortalised cells,
KID-KCs, maintained keratinocyte morphology and other features such as
differentiation. These cells can be cultured and propagated in vitro for at least four to

five months (at least 40 passage) without losing the morphology of keratinocytes or
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the expression of ¢.148G>A mutation. Phenotypically, KID-KCs displayed altered
subcellular localisation, gap junction plaque formation and aberrant function of Cx26.
These results suggest that immortalised KID-KCs are a useful disease model that can

represent primary patient keratinocytes.

The defective gap junctional coupling in KID-KCs observed in the SLDT assay may
have resulted from altered inter-connexon interaction and connexon docking conferred
by the p.D50ON substitution (Sanchez et al., 2013). Consistent with this notion,
immunostaining of KID-KCs revealed reduction of gap junction plaque formation at
sites of cell-cell contact. Since Cx26 gap junctions allow the exchange of small
molecules including Ca*", impaired gap junctional coupling in keratinocytes may
influence the intracellular Ca®>" concentration, which is essential for keratinocyte
differentiation (Blaydon and Kelsell, 2014; Tu and Bikle, 2013). Disruption of the Ca**
concentration in the epidermis may significantly impact the epidermal barrier function,
causing the skin phenotype (Bosen et al., 2015; Garcia et al., 2015; Srinivas et al.,
2017).

KID-KCs were also found to have aberrant hemichannel behaviour, including
enhanced conductance of electrical signals (patch clamp) and increased permeability
to small cationic molecules (neurobiotin uptake). The crystallography-based three-
dimensional structural data of Cx26 showed that D50 is a pore-lining residue (Maeda
et al., 2009). The substitution of the negatively-charged aspartic acid for uncharged
asparagine at this residue is likely to impact the biophysical property of Cx26
hemichannels, such as permeability/selectivity (Maeda et al., 2009) and gating
regulation by extracellular Ca** (Lopez et al., 2013; Sanchez et al., 2013). As a
consequence, ‘leaky’ mutant Cx26 hemichannels, with a large aqueous pore allowing
permeation of various ions and metabolites, may adversely impact the cellular
homeostasis by releasing ATP to extracellular space, activating purinergic signalling
(Martin et al., 2014), and/or by altering the entry of electrolytes (Levit and White,
2015).

Consistent with the above theory, profound cell death in cells transiently transfected
with the p.D5SON mutant in vitro has also been reported (Common et al., 2004; Lee et
al., 2009; Press et al., 2017b; Terrinoni et al., 2010). However, no overt cell death was
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observed in cultured KID-KCs throughout this study. This can be explained by the
possibility of rescuing effects of the co-expressed endogenous wildtype Cx26 or other
connexins in the keratinocytes. The RNA-Seq data appear to support the hypothesis,
in which the KID-KCs had a wildtype-to-mutant GJB2 transcript ratio of 60:40 (not
50:50) at baseline, indicating possible self-rescuing down-regulation of the mutant
allele. Future studies are required to determine a ‘threshold” wildtype-to-mutant ratio

above which cell death/mutant phenotype can be reversed.

4.2 Differential Cx26 expression between the epidermis and cultured

keratinocytes of patient KID-1

Immunostaining of patient KID-1 skin sections revealed normally-appearing gap
junction plaques, along with enhanced overall Cx26 expression, which was in stark
contrast to in vitro cultured KID-KCs where significantly reduced Cx26 expression
was detected. In KID-1 epidermis, Cx26 was predominantly detected in upper
suprabasal keratinocyte layers and was barely detectable in proliferating basal
keratinocytes. Thus, it is conceivable that our culture conditions, which render
keratinocytes more proliferative than differentiating, may contribute to lower Cx26
expression in KID-KCs. Such low Cx26 expression may have impeded detection of
gap junction plaques in cultured KID-KCs. On the other hand, co-expressing wildtype
connexins have been shown to rescue defective trafficking in certain Cx26 mutants
(Marziano et al., 2003). While such rescuing effects by other wildtype connexins are
likely to have occurred in keratinocytes in culture and in the epidermis, the latter in
vivo condition might have provided additional rescue to mutant Cx26, possibly
through more complex interaction with connexins and/or non-connexin molecules.
Similar observation has been reported previously on Cx30.3, which displayed
membrane trafficking in the epidermis, but had clearly altered subcellular localisation

in culture (D1 et al., 2005).

In KID-1 epidermis, Cx26 was found to extensively co-localise with Cx30, consistent
with previous double-immunostaining results in patient skin with the p.G12R mutation
(Richard et al., 2002). These data provide further evidence of interaction between these
compatible connexins in the epidermis (Di et al., 2005; Di et al., 2001c; Yum et al.,

2007). Simultaneous detection of Cx26 and Cx43 in KID-1 epidermis also found focal
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expression overlaps; however, preliminary data of stacked Cx26 and Cx43 confocal
microscopic images taken from cultured KID-KCs did not show clear superimposition
(unpublished data), reminiscent of confocal imaging data reported elsewhere (Gemel
et al., 2004). As trans-dominant effects of mutant Cx26 on Cx43 have been linked to
the pathogenesis of hyperkeratotic skin disorders (Churko et al., 2010; Garcia et al.,
2015; Shuja et al., 2016), whether the residue D50 acts as an oligomerisation
compatibility checkpoint, as do other Cx26 residues including G12, N14, S17, H73
and S183 (Garcia et al., 2015; Shuja et al., 2016), requires future in vitro functional

studies to confirm.

4.3 S7 has strong selectivity for the mutant GJB2 mRNA with few off-targets,
effectively reversing aberrant phenotype in KID-KCs

The action of previously reported strategies to inhibit connexins, including synthetic
peptide mimetics and monoclonal antibodies, is mediated by either modulating the
interaction between target connexins and their binding partners or altering the
biophysical property of target connexin channels (Becker et al., 2012; Grek et al., 2015;
Xu et al., 2017). In contrast, the therapeutic siRNA in this study silences target gene
expression at transcriptional level by degrading mRNA with a matched sequence,
thereby blocking the translation of target protein (Jackson and Linsley, 2010). This
naturally-occurring mechanism is endowed with high sequence specificity (Trochet et
al., 2015), and its advantage in treating dominant disorders is the ability to discriminate
mutant and wildtype mRNA sequences differing by even a single base, leading to
differential gene silencing, as seen in this work centred on S7. This siRNA exhibited
strong specificity towards the GJB2 allele with ¢.148G>A mutation, rather than the
wildtype allele in HeLa, N/TERT and KID-KC models, confirmed by qPCR,
immunoblotting, flow cytometry. As a result, multiple functional assays showed clear
reversal of hemichannel and gap junction functionality in KID-KCs, while the channel

function in normal keratinocytes was not altered.

The allele-specificity of S7 with few off-targets in KID-KCs was directly confirmed
by RNA-Seq, the transcriptomic analysis with high sensitivity and single-base
resolution (Tang et al., 2010). Only six genes (GLBIL2, NSA2, GPRI137, AFAPILI,
MMPI, MMP10) in the KID-KC transcriptome were significantly altered, of which
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only GPR137 was predicted as an off-target by GESS, whereas the other five genes
may have resulted from transfection-related events (e.g. immune response) or events
secondary to allele-specific GJB2 inhibition. NSA2 and GPR137 are involved in cell
proliferation (Zhang et al., 2010; Zong et al., 2014), with GPR 137 also associated with
migration of prostate cancer cells (Ren et al., 2016), a role shared with AFAPILI and
the MMP genes (Takahashi et al., 2014). GLBIL2 encodes a member of galactosidase
with currently unclear physiological function (Bansho et al., 2017). Future work is
required to validate the altered expression of these genes as well as to understand the

biology related to the alteration in keratinocytes.

siRNA technology has been previously attempted in one study to treat hearing loss in
a PPKD mouse model, which was generated by in vivo transfection with a plasmid
vector encoding a dominant GJB2 mutant p.R75W (human sequence) (Maeda et al.,
2005). The authors used a siRNA designed against wildtype human GJB2, rather than
wildtype mouse Gjb2 or mutant human GJB2. The results showed efficient inhibition
of the exogenous, mutant human GJB2 mRNA in vivo, successfully preventing the
onset of hearing loss in treated mice. Although the siRNA did not inhibit endogenous
Gjb2 in the mice (due to two mismatches between human and mouse sequences), in
the context of human PPKD treatment, the siRNA would be likely to inhibit the
wildtype GJB2. Such non-specific targeting may limit its clinical application. In
contrast, we harnessed the sequence walk method, whereby 19 designed siRNAs have
perfect base-paring with the c.148G>A mutant mRNA sequence but have a single-base
mismatch with the wildtype sequence, minimising non-specific effects on the wildtype
mRNA. Consistent with the concept, 12 out of 19 siRNAs displayed preferential
silencing of the mutant allele over the wildtype allele, with S7 showing the most robust

selectivity for the mutant.

A possible concern regarding allele-specific therapy is haploinsufficiency, in which the
expression of the remaining wildtype allele is not sufficient to maintain gene function.
This scenario can be ruled out by results from CRISPR-Cas9-edited, GJB2*" N/TERT
clones, g4-B09 and g4-B21, which had normal morphology, proliferation, as well as
normally-functioning gap junction channels. The toleration to the lack of Cx26 favours
the presence of functional redundancy and compensation among connexin members in

keratinocytes (Bedner et al., 2012; Blaydon and Kelsell, 2014). A similar example is
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given by ODDD patients heterozygous or homozygous for loss-of-function mutation
in GJAI (Cx43) gene, who develop abnormalities in multiple organs but rarely in the
skin (Laird, 2014; Richardson et al., 2006). These findings provide a sound basis for
future clinical translation of the siRNA S7. On the other hand, the N/TERT clones
GJB2 deletion will be useful in future mechanistic studies involving GJB2, including
epidermal barrier formation (Djalilian et al., 2006), wound healing (Polusani et al.,
2016), carcinogenesis (Natsuga et al., 2011; Nyquist et al., 2007), along with cancer

stem cell maintenance, a process recently linked to Cx26 (Thiagarajan et al., 2018).

4.4 Activation of MMP signalling in S7-treated KID-KCs

The central finding in the network analysis is up-regulation of multiple MMP genes
(MMP1, MMP9, MMP10 and MMPI14) in KID-KCs by S7. The protein products of
MMP genes function to proteolytically degrade different types of extracellular matrix
proteins and basement membrane components such as collagen, gelatin, laminin and
E-cadherin (Caley et al., 2015). MMP proteins are reported to be activated during
inflammation (Gan et al., 2001; Nissinen and Kahari, 2014) and wound healing
(Krampert et al., 2004). A number of MMP-regulating genes, including those coding
for tissue inhibitors of metalloproteinases-2 (7IMP2), heparin-binding EGF-like
growth factor (HB-EGF), urokinase-type plasminogen activator (PLAU), type IV
collagen (COL4A41, as MMP substrate) and cyclooxygenase 2 (COX-2, encoded by
PTGS?2), were significantly altered, with an overall effect favouring activation of MMP
signalling. The molecular mechanism by which the activation was initiated remains
unknown. Due to the cost of RNA-Seq, normal control keratinocytes were not included
in this experiment; however, qPCR analysis is currently under way to examine the

above alteration of gene expression in both normal and patient cells.

Although MMP signalling has not been linked to KID syndrome pathogenesis, the
association between Cx26 and MMP proteins has been reported (Kalra et al., 2006;
Yano and Yamasaki, 2001). Using HepG2 cells (human hepatoma cell line) stably
expressing Cx26, Yano and Yamasaki found that antisense oligonucleotide-mediated
Cx26 knockdown led to decreased expression of E-Cadherin, causing enhanced cell
invasion and migration capacity and MMP-9 activity in vitro (Yano and Yamasaki,

2001). Similarly, Kalra et al. reported that MDA-MB-435 cells (breast cancer cell line)
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overexpressing either of three forms of Cx26 (wildtype, GFP-Cx26 fusion and p.D66H
mutant) migrated slower with different invasion capacities, and all three strains had
reduced MMP-9 activity and increased TIMP-1 activity (Kalra et al., 2006). Both
studies suggested that Cx26 may function to reverse tumour phenotype through
reducing MMP-9 expression and/or activity. Since KID syndrome is a skin tumour-
predisposing disorder (Mazereeuw-Hautier et al., 2007), investigation of the interplay
among Cx26, E-cadherin and MMPs in KID-KCs will provide clues for future tumour

treatment in clinical settings.

On the other hand, the activation of MMPs has been associated with higher motility in
keratinocytes (Krampert et al., 2004). In fact, using time-lapse microscopy, KID-KCs
were observed to have markedly reduced motility, compared to control-KCs
(unpublished data). In support of this, keratinocytes isolated from transgenic KID
syndrome mice with the p.S17F mutation showed reduced migration in vitro in
response to scratch wounding (Press et al., 2017a). Paradoxically, delayed wound
healing does not appear to be a major issue in clinical management of KID syndrome
patients, with only few studies reporting poor wound closure post-operatively (Smyth
et al., 2012). It is noteworthy that GJIC, which was found impaired in KID-KCs, may
have also contributed to their reduced motility (Polusani et al., 2016). Thus, future
work is warranted to assess whether S7 can improve motility of patient keratinocytes.
Also, whether wound healing defects in KID syndrome patients have been under-

reported or are just subclinical is to be confirmed by careful dermatological assessment.

4.5 Prospect of allele-specific siRNA therapy for KID syndrome

The present study has shown that, in KID syndrome patient keratinocytes, aberrant
Cx26 channel activity resulting from the hotspot mutation c.148G>A can be effectively
and specifically targeted by siRNA S7, leading to marked reversal of channel function
in patient cells with low-level off-target effects. These data provide proof-of-concept
for the use of S7 in targeted therapy for KID syndrome. In the context of patient skin,
the S7-mediated reversal of connexin channel function could potentially reverse the
disturbed epidermal Ca®' gradient (Bosen et al., 2015), leading to improved
hyperkeratotic phenotype. Moreover, since enhanced hemichannel activity has been

linked to release of inflammatory cytokines when exposing c.148G>A-expressing

152



keratinocytes to peptidoglycans from an opportunistic pathogen, Staphylococcus
aureus (Donnelly et al., 2012), S7 is also likely to contribute towards control of skin
infection and inflammation. Furthermore, the c.148G>A mutation has been found in a
substantial percentage (71—86%) of patients with KID syndrome. Thus, the siRNA S7
targeting the mutation would serve as an important step towards personalised therapy

for KID syndrome, which currently has no effective specific treatment options.

The main challenge for translational development of the siRNA therapy is in vivo
delivery into keratinocytes. Two common delivery routes, i.e. systemic and topical
delivery, are feasible options for KID syndrome and the choice depends on distribution
of skin lesions in individual cases. For those with generalised skin lesions, systemic
delivery may be considered; however, this route of administration requires careful bio-
distribution and safety assessment. In contrast, topical delivery may presumably avoid
significant systemic effects. Nonetheless, the water-impermeable epidermal barrier is
often a hurdle against this transdermal delivery route (Kikuchi et al., 2008). In a
pioneering phase 1b clinical trial, intradermal injection of a siRNA, called TD101, into
pachyonychia congenita patient foot lesions has shown therapeutic potential
(Leachman et al., 2010), but repetitive intradermal injection, which causes intense pain,
could preclude this method as a long-term, viable treatment option. Also, ‘naked’
siRNA is unstable in vivo due to the presence of serum nucleases or phagocytes, and
its size (approximately 13 kDa) and negative charge may also affect cell uptake
(Bumcrot et al., 2006; Miele et al., 2012; Whitehead et al., 2009). To overcome the
obstacles and to achieve non-invasive, pain-free topical delivery, several groups have
developed nanoparticle-based methods using spherical siRNA-gold nanoparticle
conjugates (Zheng et al., 2012) or cationic liposome-siRNA nanocomplexes (Hattori
et al., 2013; Jose et al., 2017). Those nanocarriers not only confer protection to their
siRNA cargo against nuclease degradation, but also can be flexibly engineered to allow
targeted delivery, controlled release and enhanced cellular uptake of siRNA (Miele et
al., 2012). Other strategies, including the use of “self-delivery” modified siRNA
(Hegde et al., 2014) and cell-penetrating peptides (Aufenvenne et al., 2013; Desai et
al., 2010; Desai et al., 2013; Ruan et al., 2016), have also been attempted to enhance
transdermal delivery efficiency. More effective siRNA delivery options are on the

horizon.
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4.6 Future studies

Future work will be directed to optimising nanoparticle delivery methods to facilitate
efficient transdermal delivery of siRNA. A human-murine chimeric KID syndrome
mouse model has been generated in our laboratory (unpublished data). This model was
constructed by grafting the organotypic-cultured KID-1 skin (composed of KID-1
keratinocytes and fibroblasts) onto an immunodeficient mouse, and the engrafted
region displayed hyperkeratotic lesions on histological examination, resembling the
skin lesions in human patients. Due to the transient silencing effect of siRNA which
lasts for approximately seven days in vivo (Tagalakis et al., 2018), repeated siRNA
dosing would be necessary in future application. On the other hand, since siRNA-
related off-target effects (Caffrey et al., 2011; Fedorov et al., 2006; Jackson et al., 2003)
and immune response (Judge et al., 2005) have been reported to be dose-dependent,
future work will also determine the lowest concentration of S7 that produces maximal
on-target silencing effects. A chemically-modified (e.g. 2’-O-methyl-modified) siRNA
may be used to reduce potential immune response (Judge et al., 2006) and/or increase

the potency and duration of silencing in vivo (Kenski et al., 2012; Wu et al., 2014).

Finally, as an alternative strategy to siRNA-based therapy, CRISPR/Cas genome
editing may be a feasible option for KID syndrome treatment. Other than the NHEJ
pathway that often causes disruption of a target gene, the homology-directed repair
(HDR) strategy of CRISPR/Cas allows for site-specific correction of the ¢.148G>A
mutation into a wildtype GJB2 sequence in the target genome, theoretically leading to
‘normalisation’ of the gene function (Hsu et al., 2014). The efficiency of HDR has
been significantly improved over the recent years (Chu et al., 2015; Maruyama et al.,
2015; Paquet et al., 2016), and the identification of g4, the GJB2-specific sgRNA, in
this study serves as important preliminary data for the additional CRISPR/Cas9 work.

The work will be carried out in the near future.

4.7 Conclusion

This study employs the allele-specific siRNA technology to silence the mutant GJB2
allele without affecting the wildtype GJB2 allele. The siRNA screening identified S7
as the most potent and specific siRNA against the mutant allele with ¢.148G>A
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mutation. The potent inhibition of the mutant allele resulted in significant reversal of
both aberrant hemichannel and gap junction channel activity in patient keratinocytes,
indicating functional correction of Cx26 following the siRNA treatment. Moreover,
RNA-Seq analysis demonstrated that S7 treatment did not significantly affect the
global gene expression profile in the patient keratinocytes, suggesting very mild off-

target effects of S7.

Collectively, this proof-of-concept study suggests that allele-specific siRNA serves as
potentially effective and safe therapeutic intervention for KID syndrome — a
debilitating condition without specific treatment option available at present.
Development of topical delivery platform for chemically-modified siRNA is under
way. If successful, the allele-specific siRNA technique can be adapted to other skin

conditions with dominant mutations.
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Appendix I: Primers

Primers Sequence Temp °C  Product size
GJB2-endogenous-F 5’-AGAGACCCCAACGCCGAG-3’ 60 472 bp
GJB2-endogenous-R 5’-GGAGCCTTCGATGCGGAC-3’

GJB2-endo-full-F 5’-CTCCCGACGCAGAGCAAA-3’ 60 771 bp
GJB2-endo-full-R 5’-GGTTGCCTCATCCCTCTCAT-3’

GJB2-GFP-RT1-F 5’-CTGTGGACTGCTTTGTGTCC-3 60 339 bp
GJB2-GFP-RT1-R 5’-CGGTGGTGCAGATGAACTTC-3’

GAPDH-F 5’-CCCATCACCATCTTCCAGGA-3’ 60 473 bp
GAPDH-R 5’-CCAGTGAGCTTCCCGTTCAGC-3’

GJB2-GFP-RT2-F 5’-GTGTGAACAAACACTCCACC-3* 60 766 bp
GJB2-GFP-RT2-R 5’-CTGAACTTGTGGCCGTTTAC-3’

GJB2-CRISPR-seq-F 5’-CACGTTCAAGAGGGTTTGG-3’ 60 648 bp
GJB2-CRISPR-seq-R 5’- AGATGCTGCTTGTGTAGG-3’

Primers for gPCR

GJB2-GFP-qPCR-F 5’-AAGCCAGTTGTCGACGGTA-3’ 60 131 bp
GJB2-GFP-qPCR-F 5’-CTGAACTTGTGGCCGTTTAC-3’

Primers for SURVEYOR® nuclease essay

GJB2-SURVEYOR-F  5’-CCTGTGTTGTGTGCATTCG-3’ 60 539 bp
GJB2-SURVEYOR-R  5’-ATGGAGAAGCCGTCGTAC-3’

Primers for sequencing

GJB2-genomic-start 5’-ATGGATTGGGGCACGCTG-3’ N/A N/A
SP6 (for T-A cloning) 5-ATTTAGGTGACACTATAG-3' N/A N/A
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Appendix II: Antibodies

Antibody Species Cat # Epitope . o o WB
clonality (tissue) (cells)

Cx26 Rabbit  In-house CL N/A 1:100 N/A

In-house* pAb  (Dietal, (Cx26-GFP

(IP! condition) 2001a) fusion)

(Rb-pAb-in-house)

Cx26 Rabbit ~ 71-0500 CL N/A N/A 1:1,000

Life Tech? pAb (Cx26-GFP

(IP? condition) fusion)

(Rb-pAb-71-0500)

Cx26 Mouse  13-8100 CL 1:50% 1:50 1:1000 (KC;

Life Tech mAb IB!

(Mo-mAb-13-8100) condition)

Cx26 Mouse MABTI198 Proprictary, N/A N/A 1:1000 (KC;

Merck mAb details not IB?

(Mo-mAb-MABT198) available condition)

Cx26 Mouse  33-5800 CT N/A N/A 1:1000, MB

Life Tech mAb

(Mo-mAb-33-5800)

Cx26 Rabbit NBP1- ™2 N/A N/A 1:1000, MB

Novus pAb 51235

(Rab-pAb-NBP151235)

Cx30 Mouse 700258 CT 1:50% N/A N/A

Life Tech mAb

Cx43 Rabbit C6219 CT 1:500 N/A N/A

Sigma pAb

E-cadherin Rabbit  ab40772  5thdomain  N/A 1:100 N/A

Abcam mAb

B-actin Mouse A5441 N-terminal ~ N/A N/A 1:20,000

Sigma mAb

* represents an additional step of probing with biotinylated secondary antibody required.
# represents antibodies used for immunoprecipitation pull-down of Cx26.

- Abbreviations: Life Tech, Life Technologies; TM2: transmembrane domain-2; CL, cytoplasmic loop;

CT, carboxyl-terminal domain; KC, keratinocyte; MB, multiple bands
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Appendix III: List of 180 genes predicted to have seed sequence match with S7

ABCA1
ABCC3
ADAMTS7
ADCK4
ADCY1
ADCY10
ADH4
AFP
AGBL1
ANKRD28
APOB
ARHGAP44
ASHI1L
ATP13Al
BCAN
BIRC6
BPIFB4
C12orf55
C12o0rf63
C160rf62
C5
C6orfl132
CACNA1B
CAND2
CDS2
CNOT1
COL15A1
COL20A1
COL4A2
COPA

CRB2
CREBBP
CSPG4
CTNNAI
CULY
CYP2S1
DAGLA
DMBTI
DSG2
DTNA
DZANK]I
EDC4
ERNI
ESPLI
FBXW?2
FCGBP
FLTI
FOCAD
FRASI
GALNTS
GJAI0
GNRHR
GPRI112
GPRI137
GRM3
GRMS
GSG2
GTPBP2
HLCS
HLTF

IFT88
IGF2R
IGSF9B
INTS10
10GAP3
KANSL?2
KANSL3
KATS
KCNH4
KCNHS
KCNKI6
KDR
KIAA0556
KIAA1671
KIAA1755
KIDINS220
KNTCI
LAMAI
LAP3
LIM?2

LLGL2

LOC101929274

LOC400499

LRPIB

LTBP4

LTNI

LY75

LY75-CD302

MAGEL?
MAP7

MEDI3L
MEDI17
MEGF$
MSTIR

MTF2
MYOI6
NATI0

NAV3

NBEAL?
NCOAI

NEURL4
NLRCS5
NLRPS8

NODI

NOS2

0CA42
OR51E]
PCDHI9

PCDHBI3
PCDHBI6

PCDHGA6

PCNXL3
PI4KA
PIGV
PIWIL2
PKDI
PKHDI

PLCB3

PLEKHG?
PLEKHM?

PLXNBI
PPP4R]
PPRCI
PRKCQ
PRRI4L
PRSS21
PRX
PSD3
PTPRB
RABIIFIPS
REGIA
RINTI
RNF17
RREBI
RTTN
RYR3
SCN24
SCN34
SEC234
SEC31B
SEMA4A
SLCI2A1
SLC2646
SLC3045
SLC35B1
SLC3742
SLC44A43
SLC4543
SLC4A44
SLC549

SLC6A48
SMCR7
SON
SPEN
STRBP
SVIL
SYNE?2
SZT2
TAFI
TAFSL
TBCD
TEK
TENM1
TENM4
TEPI
TLE2
TLRS
TMPRSS4
TRAK2
TRIM60
17C3
TUBGCP6
UNC134
URBI
UTRN
VPS13D
14/42
WNK?2
WRN

ZSWIMS

* Only the expression of GPR137 (underlined, bolded) is significantly altered by S7 in KID-KCs
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Appendix IV: List of the DEG-2 set of 344 genes analysed by IPA®

Adjusted Adjusted
Gene ID Fold change Gene ID Fold change

p-value p-value
DSG3 0.639 1.43E-135 CCDC6 0.700 3.07E-30
ARHGDIA 0.519 2.75E-135 RCOR1 0.719 3.08E-30
LINC00707 0.548 8.21E-124 MMP10 2.054 4.19E-30
ATP1A1 0.597 3.91E-122 TMEM64 0.564 2.12E-29
F11R 0.572 2.93E-119 TOM1L2 0.695 3.63E-29
TUBBG6 0.642 1.84E-99 SRP72 0.762 4.10E-29
MET 0.647 2.87E-85 SPAG1 0.524 6.44E-29
PXDN 0.596 1.46E-82 ACSL1 0.752 2.39E-28
RHOC 0.592 1.03E-75 CCND3 0.565 2.96E-28
HMGAZ2 1.535 3.31E-69 ANGPTL4 1.927 3.57E-28
NSA2 0.463 1.99E-68 HEG1 1.354 4.23E-28
RPL15 0.709 5.78E-66 TMEM2 1.414 1.23E-27
HYOU1 0.581 1.24E-65 AFAP1L1 0.499 1.99E-27
MMP9 1.951 4.90E-65 ILIRAP 1.508 2.24E-27
NPLOC4 0.579 7.75E-65 TNC 1.330 3.04E-27
PLAU 1.404 2.30E-61 RFWD3 0.691 9.42E-27
PEA15 0.678 9.41E-56 OSMR 0.699 3.52E-26
CBX5 0.670 1.52E-54 UBE2A 0.674 9.42E-26
SH3PXD2A 0.740 1.02E-51 TOP1 1.317 2.11E-25
TMEM109 0.516 3.92E-47 TPP1 0.634 2.42E-25
GLTP 0.575 7.44E-46 PSAT1 0.687 2.74E-25
SERPINB7 0.739 8.06E-46 CAPZB 0.755 3.38E-25
CAPNS1 0.682 1.30E-45 SLC31Al 0.633 5.18E-25
CXCL5 1.742 6.26E-45 ELK3 0.751 1.57E-24
HMCES 0.529 2.37E-44 UQCRQ 0.566 5.66E-24
LRP11 0.683 1.77E-42 GPD2 0.698 9.53E-24
CD2AP 0.621 2.09E-42 CHST3 0.636 1.20E-23
NRBP1 0.573 4.77E-42 TTPAL 0.725 1.34E-23
ANXAl1 0.710 6.27E-41 HAS2 1.530 2.89E-23
GIPC1 0.712 2.31E-39 LRRC58 0.711 1.51E-22
EFHD2 0.624 3.64E-39 LBR 1.372 2.32E-22
ENDOD1 0.688 1.02E-36 RAP2B 0.715 6.39E-22
HDHD1 0.525 6.38E-36 RRP1B 0.715 6.48E-22
OSBPL10 0.626 1.12E-34 PLCD1 0.670 6.97E-22
MYD88 0.604 8.37E-34 MMP1 2.243 9.50E-22
YARS 0.678 1.76E-33 ARHGEF37 0.632 2.33E-21
ALCAM 0.717 2.26E-33 SLC25A23 0.616 2.56E-21
SLC5A3 0.659 7.48E-33 GHITM 0.757 4.68E-21
PTGS2 0.564 1.07E-32 LRRC16A 0.681 1.04E-20
NUP160 0.659 3.74E-32 CDK®6 0.755 3.15E-20
G3BP2 0.724 1.14E-31 PRPSAP1 0.611 9.15E-20
KHDRBS1 0.733 5.26E-31 GRB7 0.547 2.61E-19
TNRC6A 1.436 6.48E-31 ANPEP 1.501 9.24E-19
EIF1AX 0.689 1.86E-30 MED1 0.748 1.28E-18
TINAGL1 1.352 1.86E-30 PMEPA1 0.742 3.80E-18
NCEH1 1.539 2.07E-30 MUM1L1 0.522 3.83E-18
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Adjusted Adjusted
Gene ID Fold change Gene ID Fold change

p-value p-value
CARNMT1 0.556 4.06E-18 DAB2IP 0.759 1.95E-11
PLAGL2 0.645 4.23E-18 DAP 0.732 2.05E-11
NDC1 0.754 4.38E-18 CXADR 0.744 2.13E-11
OSTM1 1.561 3.47E-17 SLC35A2 0.636 2.44E-11
FYCO1 0.706 4.88E-17 GYS1 0.749 2.74E-11
RRAD 0.708 6.52E-17 PAK4 0.669 3.30E-11
TFPI2 1.334 1.29E-16 CDK19 0.633 3.80E-11
RALGAPAL 0.596 1.45E-16 FSCN1 0.709 5.90E-11
TRIM14 0.643 1.63E-16 THBD 0.712 6.15E-11
CFL2 1.393 2.59E-16 PRKCH 0.707 9.03E-11
ADRBK2 0.618 3.06E-16 C50RF24 0.714 1.01E-10
NBEAL2 0.752 7.75E-16 WBP1L 0.690 1.12E-10
STC2 0.615 7.94E-16 KIF3B 0.763 1.36E-10
MTHFD2 0.765 1.11E-15 PDS5B 0.750 1.47E-10
KCTD20 1.316 1.23E-15 SKAP2 0.735 1.67E-10
JOSD1 0.741 3.61E-15 PCK2 0.686 2.07E-10
GOLT1B 0.702 4.98E-15 RPS6KB2 0.715 2.30E-10
TMEM181 0.740 5.91E-15 AP1M1 0.693 3.62E-10
USP40 0.645 1.22E-14 SAMDS8 1.349 3.70E-10
COL4Al 1.307 1.42E-14 PLEKHM?2 0.766 3.75E-10
HBEGF 1.367 1.69E-14 PTGES 0.767 4.39E-10
WIPF2 0.689 1.75E-14 MOB1B 0.748 5.25E-10
GLB1L2 0.431 2.17E-14 RRM2B 0.698 5.46E-10
FAM110C 1.358 3.22E-14 TNIP2 0.645 9.03E-10
ABHD17C 0.698 5.52E-14 DDAH1 1.475 9.44E-10
CDR2L 0.592 5.54E-14 NADK 0.729 1.32E-09
GXYLT1 1.534 5.97E-14 ZFYVE16 0.764 1.49E-09
CHD7 1.360 7.66E-14 ANAPC15 0.607 1.70E-09
LDLRAP1 0.648 1.12E-13 PRSS22 1.535 1.77E-09
NEDDA4 1.309 1.61E-13 C60RF120 1.507 2.04E-09
SRXN1 0.726 3.27E-13 MGRN1 0.652 2.32E-09
ALDH1L2 0.697 6.19E-13 TIMP2 0.752 3.53E-09
727273 0.723 7.10E-13 B4GALT4 0.753 3.88E-09
DCP2 1.462 9.78E-13 GPR137 0.498 3.96E-09
INTS9 0.529 1.12E-12 ENTPD7 1.449 4.48E-09
SUN2 0.715 1.20E-12 DGCR2 0.722 5.02E-09
FAM3C 1.429 1.99E-12 GAS5 0.761 7.90E-09
RP2 1.429 3.05E-12 GPD1L 0.688 8.19E-09
PPP2R1B 0.767 3.61E-12 NOB1 0.738 8.19E-09
SMIM13 0.679 5.35E-12 POLD3 0.737 9.06E-09
PPRC1 0.752 6.85E-12 ERAL1 0.738 1.49E-08
NABP1 1.360 6.86E-12 EPB41 0.751 1.59E-08
ATP11A 0.753 7.21E-12 MAD2L2 0.573 1.67E-08
LEMD3 0.760 7.76E-12 TCF7L1 0.611 2.42E-08
CCNYL1 1.322 1.44E-11 VPS18 0.711 2.85E-08
QTRTD1 0.711 1.75E-11 GNPDA1 0.668 2.94E-08
INHBA 1.453 1.76E-11 PCTP 0.644 3.38E-08
TMTC3 0.766 1.77E-11 RASSF5 0.706 3.50E-08
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Adjusted Adjusted
Gene ID Fold change Gene ID Fold change

p-value p-value
IL1IR1 1.458 3.57E-08 ANKRDA46 1.553 2.19E-05
FOXRED2 0.584 4.15E-08 PSPH 0.713 2.22E-05
FAM160B1 1.318 4.97E-08 SPRR2A 1.300 2.61E-05
DUSP1 0.767 8.45E-08 IGFL2 0.702 4.58E-05
LINC00294 0.643 1.01E-07 RGP1 0.745 5.21E-05
MDK 0.688 1.13E-07 SLC35B4 1.300 5.63E-05
PLEKHAS8 1.367 1.24E-07 RNF146 0.692 8.77E-05
VSNL1 0.711 1.47E-07 SIDT2 0.671 1.01E-04
SREK1IP1 0.760 1.54E-07 ZSWIM4 1.374 1.04E-04
TMEM167B 0.687 2.90E-07 CSGALNACT1 0.609 1.24E-04
TBC1D13 0.654 3.71E-07 ARL15 0.717 1.31E-04
TRAPPC1 0.759 3.86E-07 STRADB 1.405 1.39E-04
SMIM14 0.538 3.88E-07 TMEM255A 0.617 1.45E-04
BTG2 0.657 3.96E-07 NLE1 0.710 1.45E-04
SERPINB9 1.353 4.18E-07 SLC46A3 1.311 1.46E-04
TARSL2 0.709 5.93E-07 EPS8 0.693 1.57E-04
CAl12 0.749 7.91E-07 HLA-C 0.694 1.59E-04
DOCK4 1.308 9.37E-07 CCNA1 0.710 1.59E-04
EFS 0.741 9.98E-07 MB21D1 0.737 2.54E-04
DENND4B 0.715 1.09E-06 GLCE 0.766 2.88E-04
AKAP12 1.334 1.20E-06 CA9 0.542 3.10E-04
DMWD 0.683 1.20E-06 NUPR1 0.639 3.19E-04
POU2F1 0.760 1.27E-06 RN7SL1 0.634 4.09E-04
SNHG3 0.753 1.34E-06 TIFA 0.733 4.37E-04
FTO 0.768 1.49E-06 TTC31 0.745 4.43E-04
UBE2F 0.728 1.84E-06 LBH 0.762 4.77E-04
SLC30A7 1.304 2.19E-06 RPS6KAG 0.663 9.13E-04
ZNF367 1.300 2.20E-06 IGSF9 0.755 9.85E-04
CDH16 0.667 2.41E-06 BAMBI 0.665 1.08E-03
INAFM2 1.401 2.42E-06 ATG2A 0.760 1.09E-03
MAML1 0.769 2.61E-06 BEND3 0.754 1.14E-03
IFITM2 0.708 2.65E-06 VPS28 0.755 1.20E-03
SLC6A9 0.746 2.77E-06 PPP2R2B 0.650 1.20E-03
LRRC20 0.596 2.95E-06 AKNA 0.678 1.31E-03
SNX4 1.305 4.10E-06 NLRX1 0.762 1.33E-03
DPYSL3 0.644 5.00E-06 LCORL 1.392 1.34E-03
ELK1 0.736 6.52E-06 MED20 0.763 1.41E-03
C120RF43 0.673 7.74E-06 KBTBDS8 1.382 1.44E-03
NHLRC3 1.575 9.22E-06 LOC284454 0.682 1.48E-03
RHOV 0.683 9.61E-06 CHAC1 0.644 1.52E-03
LINC00958 0.746 1.02E-05 PODXL 0.620 1.65E-03
FAIM 0.636 1.02E-05 HDHD?2 1.311 1.84E-03
TPPP 0.701 1.06E-05 TSPYL5 0.758 2.19E-03
MRPS6 0.769 1.44E-05 LSM11 1.314 2.20E-03
HCAR2 1.426 1.58E-05 ADAMTS15 0.762 2.45E-03
ZBTB34 1.392 1.63E-05 CNEP1R1 1.346 2.89E-03
SEP3 0.564 2.06E-05 WNT9A 0.721 2.97E-03
CRNN 1.561 2.15E-05 SNHG12 0.705 3.27E-03
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Adjusted FOLD Adjusted
Gene ID Fold change Gene ID

p-value CHANGE p-value
PRTFDC1 0.738 3.41E-03 CRNDE 0.751 3.21E-02
PSRC1 1.383 3.52E-03 MBD5 1.301 3.35E-02
HCARS3 1.597 3.87E-03 IKBKG 0.676 3.70E-02
MAMDC?2 1.505 4.15E-03 NR4Al 0.677 3.80E-02
LETMD1 0.768 4.16E-03 STYK1 1.444 3.88E-02
TRIMG68 0.696 4.17E-03 WFDC5 1.451 3.97E-02
C170RF51 0.714 4.25E-03 PKIA 1.525 4.17E-02
CDC42EP2 1.303 4.35E-03 MED30 1.345 4.48E-02
NRCAM 1.377 4.39E-03 NEFM 1.306 4.65E-02
ZC3HAV1L 0.685 4.78E-03 DDN 0.697 4.68E-02
LIN28B 1.462 5.30E-03 NANOS1 1.384 4.88E-02
ARMCX1 1.322 6.68E-03 ZNF624 1.456 4.91E-02
TLR2 1.330 6.83E-03
CBX2 0.712 7.19E-03
DNAJBS 1.367 7.21E-03
CI90RFI1 0.722 7.34E-03
HSPBS 0.751 7.34E-03
GOLGATB 0.746 7.40E-03
NCKAP5 1.363 7.89E-03
ATF3 0.721 8.04E-03
FUCA1 1.341 8.29E-03
ANKLE1 0.711 8.98E-03
CTH 0.694 9.32E-03
SNHG5 0.767 1.01E-02
MAL 1.511 1.02E-02
PRSS27 1.479 1.09E-02
WTIP 0.737 1.14E-02
EPB41L4A 1.314 1.16E-02
POLL 0.765 1.37E-02
RN7SL2 0.533 1.55E-02
PAQRS5 0.766 1.56E-02
TMPPE 1.547 1.61E-02
CYSRT1 1.362 1.64E-02
SNHG15 0.760 1.79E-02
TRAF5 0.712 1.94E-02
CD99L2 0.697 1.98E-02
PNMAL1 0.740 2.02E-02
MIR100HG 1.335 2.02E-02
RGMA 0.663 2.12E-02
TMC7 1.322 2.14E-02
USP30 0.715 2.14E-02
FLVCR2 0.733 2.21E-02
KIAA1467 1.346 2.21E-02
ZNF738 1.385 2.25E-02
ZNF138 1.364 2.42E-02
RPL36A 0.711 2.49E-02
ACTR3B 0.656 2.84E-02
LINC00472 1.370 2.99E-02
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