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Abstract

Persistent infection with high-risk human papillomaviruses (HPVs) is the causal
factor in multiple human malignancies, including >99% of cervical cancers and a
growing proportion of oropharyngeal cancers. Prolonged expression of the viral
oncoproteins E6 and E7 is necessary for transformation to occur. Although some
of the mechanisms by which these oncoproteins contribute to carcinogenesis are
well-characterised, a comprehensive understanding of the signalling pathways

manipulated by HPV is lacking.

This study demonstrates that the targeting of a host ion channel by HPV can
contribute to cervical carcinogenesis. Through the use of pharmacological
activators and inhibitors of ATP-sensitive potassium ion (Kate) channels, we
reveal that these channels are active in HPV-positive cells and that this activity is
necessary for HPV oncoprotein expression. Further, expression of SUR1, which
forms the regulatory subunit of the multimeric channel complex, was found to be
upregulated in a manner dependent on the E7 oncoprotein and likely involving
the host transcription factor SP1. Importantly, knockdown of Karte channel
subunits significantly impeded cell proliferation via induction of a G1 phase cell
cycle arrest. This was confirmed both in vitro and in in vivo tumourigenicity
assays. However, Katp channel activity was not found to be critical for the survival
of HPV+ cancer cells. Mechanistically, it is proposed that the pro-proliferative
effect of Katp channels is mediated via the activation of a MAPK/AP-1 signalling
axis. Finally, the significance of Katp channels in HPV+ oropharyngeal cancers
was assessed. Surprisingly, it was discovered that, in contrast to cervical cancer,
depletion of Katp channel subunits had little impact on HPV gene expression or

cell proliferation.
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Further research to undertake a complete characterisation of the role of Karp
channels in all HPV-associated diseases is now warranted in order to determine

whether the clinically available inhibitors of these channels could represent an

effective therapeutic option.
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Chapter 1 Introduction

1.1 Papillomaviridae

The Papillomaviridae is an ancient family of non-enveloped viruses consisting of
a double-stranded DNA genome [1]. To date, over 400 papillomavirus (PV)
isolates have been reported in a wide variety of fish, reptiles, birds and mammals,
including over 200 different human papillomaviruses (HPVS) [1, 2]. Classification
of PVs is based upon comparisons of the nucleotide sequence of the L1 gene,
encoding the major capsid protein, as this is the most well-conserved between
types. A genome-based classification system, which differs from that of the
International Committee on Taxonomy of Viruses (ICTV), is used for PVs due to
the difficulties in establishing culture systems to propagate the viruses. Further,
PVs fail to induce a robust antibody response, thus precluding a serology-based
classification [3]. Within the Papillomaviridae, PVs are first classified into genera
(of which there are over 50) and then into species groups which share similar
biological properties. To be classified as a new ‘type’, the DNA sequence of a
new L1 ORF must differ by at least 10% from any other PV type [3, 4]. In
comparison, types from different genera within the Papillomaviridae share <60%
L1 sequence identity, whilst types in different species within the same genus can

display up to 70% sequence similarity [4, 5].

The PVs which infect humans are classified into five different genera: Alpha (a),
Beta (B), Gamma (y), Mu (u) and Nu (v) (Fig 1.1). Of these, the y-genus is the
largest (containing 98 HPV types), whilst both the a- and B-genera contain over
50 types [5]. HPV types of the a-genus are the most well-studied as they have
the highest clinical significance. These viruses mainly infect mucosal epithelial
sites and include the 15 virus types (such as HPV16, 18 and 31) associated with

a risk of developing anogenital and oropharyngeal cancers [6]. These viruses are
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therefore designated as ‘high-risk’. The genus also contains ‘low-risk’ viruses
(such as HPV6 and 11, members of the aPV-10 species) that are associated with
benign hyperproliferative lesions in the mucosal epithelium [7]. HPVs of the B-
genus typically infect cutaneous epithelia and are linked to the development of
benign warts, although are suspected to be associated with the development of
non-melanoma skin carcinoma in combination with ultraviolet (UV) radiation [8].

HPVs of the remaining three genera generally only cause benign disease.

L
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Figure 1.1 Phylogenetic tree displaying the currently-recognised HPV
types. Alpha, beta, gamma, mu and nu papillomaviruses are presented in
red, green, blue, orange and grey colours respectively. Phylogeny is based
upon sequence identity of the L1 gene. Taken from [5].



1.2 HPV transmission

HPV is one of the most common sexually transmitted infections in the world [9].
The primary route of mucosal infection is via sexual intercourse. Direct skin-to-
skin contact is required, although penetration is not necessarily a prerequisite [7].
The use of condoms is thought to reduce the risk of infection, although
transmission can still occur via contact with unprotected genital skin areas [10].
Further, indirect transmission has also been reported, such as that caused by
sharing towels with infected individuals [11]. Indeed, non-sexual transmission can
also occur by kissing or genital scratching [12]. Vertical transmission of HPV from
mother to child, either in utero via the placenta or perinatally during delivery, is
also possible [12]. For an infection to then be established, the virus must gain

access to the basal layer of the epithelium via microlesions [13].

Transmission of cutaneous HPV occurs via shedding of the virus with
desquamated epithelial cells. For a new infection to be established, either direct
person-to-person contact or indirect contact with contaminated surfaces such as
flooring, socks and shoes is required [14]. Transmission is particularly common
in children and adolescents, perhaps due to increased physical contact and
poorer handwashing practice [11]. The presence of rough surfaces, such as those
near swimming pools, can increase shedding of infected keratinocytes and thus
promote transmission [11]. As with mucosal HPVs, the virus must gain access to

the basal epithelial layer in order to establish an infection.

1.3 HPV-associated disease

1.3.1 Cutaneous infections

The majority of cutaneous infections are caused by HPVs of the 3- and y-genera

which are widely present on the skin of normal individuals [11]. Some HPVs from
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the a-genus (such as HPV2, 3 and 10) have also been shown to infect the
cutaneous epithelium. Infections with these viruses can result in the development
of benign warts, particularly in young children and immunosuppressed individuals
[13]. The warts are characterised by hypertrophy of all layers of the epithelium,
which results in thickening (acanthosis) and folding (papillomatosis) of the skin

as well as an increased thickness of the cornified layer (hyperkeratosis) [11].

Common warts can occur at multiple sites but are most often found on fingers
and on the back of hands. They are most commonly caused by HPV types 2, 4
and 7. In contrast, flat warts (caused by infection with HPV3, 10 and 28) are much
smaller and most often occur on the face and the backs of hands. Plantar warts
(also known as verrucas) are frequently caused by HPV1, 2 and 4 and are located
on the sole of the foot. As with other cutaneous infections, plantar warts are most
commonly found in children and adolescents, with infection often occurring after
barefoot activities. In the majority of cases, cutaneous warts only prove to be a
minor inconvenience with spontaneous regression seen in 80% of cases within

two years [15].

Interestingly, the rare autosomal recessive disorder epidermodysplasia
verruciformis (EV) results in an increased susceptibility to infection with a subset
of B-HPVs, particularly HPV5 and HPV8 [8]. The disease is characterised by
cutaneous lesions resembling pityriasis versicolor which can progress to
squamous cell carcinoma (SCC) at sites exposed to sunlight in a large proportion
of individuals [8]. 75% of patients with the condition possess loss-of-function
mutations in one of two genes (EVER1 and EVERZ2, also known as TMC6 and
TMCS8 respectively) located on chromosome 17925 [16]. The genes encode
transmembrane channel-like proteins which are localised to the endoplasmic

reticulum (ER) [17]. The exact function of the EVER proteins remains unclear,
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although it has been suggested that they may aid in the regulation of intracellular
zinc homeostasis, with the excess cytoplasmic zinc resulting from non-functional
EVER proteins leading to the activation of the transcription factor AP-1 and
increased viral replication [16]. Further, EV patients commonly display impaired
T cell responses, perhaps indicating the EVER genes have additional immune-

related functions.

Recent studies have also identified a potential role of 3-HPVs in the development
of SCC in non-EV individuals. Indeed, multiple studies have shown that viral DNA
and antibodies specific for the L1 capsid protein are more frequently present in
SCC patients compared to the general population [8]. Further, a meta-analysis
demonstrated a significant association between the presence of five B-HPVs,
including HPV5 and HPV8, and the development of SCC [18]. It is thought that
B-HPVs act during the early stages of skin carcinogenesis, as HPV DNA is not
always found in SCC lesions but is relatively common in actinic keratosis, the
precursor lesion of SCC [19]. The current hypothesis is therefore that the actions
of the E6 and E7 oncoproteins in promoting cell cycle progression during a
productive infection in order to achieve viral DNA replication permits the
accumulation of UV-induced DNA damage, thus leading to the inactivation of

tumour suppressors or activation of host oncoproteins [8].

1.3.2 Mucosal infections

Infections at mucosal epithelial sites with a-HPVs are significantly more common
than those at cutaneous sites, yet the majority are asymptomatic [11]. Anogenital
warts (also known as condyloma acuminata) are the most common manifestation
of a mucosal infection, over 90% of which are caused by HPV types 6 and 11
[20]. Indeed, it is estimated that 1% of the sexually active population present with

clinically-apparent warts [21]. Productive virus replication is less efficient than in
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cutaneous HPV infections but the virus is still highly transmissible, with the
transmission rate between sexual partners estimated to be as high as 60% [11].
Spontaneous resolution of warts is common, with around 30% showing complete
regression within four months but in cases of persistence, surgical removal of

warts is often necessary [21].

HPV types 6 and 11 are also associated with the majority of recurrent respiratory
papillomatosis (RRP) cases. This is a chronic disease characterised by the
presence of benign lesions within the aerodigestive tract (most commonly in the
larynx) which can occur in both adults and children [22]. The clinical course of the
disease is unpredictable, varying from spontaneous regression to multiple cycles
of recurrence. Infections in children and those with HPV11 are associated with
increased disease severity and are more likely to require repeated rounds of
surgery to remove lesions and prevent obstruction of the airway [22]. In rare

cases, malignant transformation of the papillomas can occur [23].

Focal epithelial hyperplasia (FEH, also known as Heck’s disease) is a similarly
rare HPV-associated disorder found most frequently in women and children. It is
thought that over 90% of cases are due to infection with either HPV13 or 32. The
disease is characterised by the presence of multiple benign lesions on the oral
mucosa, tongue or lips, with most cases displaying spontaneous regression in an

average of 18 months [24].

In contrast, infection with a high-risk mucosal HPV can result in the development
of malignant neoplasms at several anatomical sites. Indeed, HPV infection has
been shown to be the contributing factor in almost all cancers of the cervix, anus
and vagina; a subset of cancers of the vulva, penis and oropharynx; and a small

proportion of laryngeal and oral cavity cancers (Fig 1.2) [6]. Currently, there are
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15 HPV types considered to be high-risk — HPV16, 18, 31, 33, 35, 39, 45, 51, 52,
56, 58, 59, 68, 73, 82 — although HPV types 16 and 18 are responsible for the
majority of malignancies [25]. Of the HPV-attributable cancers, cervical cancer
has been by far the most widely-studied, with the causal link between HPV and
cervical cancer first being established almost 40 years ago by Prof Harald zur
Hausen, for which he was awarded the Nobel Prize in Physiology or Medicine
[26]. Over 99% of cervical cancer cases are associated with high-risk HPV
infection, with HPV16 responsible for ~55%, HPV18 for ~15%, and the remainder

caused by the other high-risk HPVs [6].
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Figure 1.2 Number of HPV-attributable cancer cases worldwide per annum.
Data is taken from [27] and listed by anatomical site.

However, carcinogenesis is not the default result of a high-risk HPV infection. In
the vast majority of cases (~85%), high-risk HPVs will only cause a subclinical
transient infection which is cleared over a period of a few months by the immune
system [7]. Only in the event of a persistent infection, where the host immune
response fails to detect and clear the virus efficiently, can transformation take
place. Although even in this situation, cancer is a rare event and takes several

years to occur.
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Cervical disease, termed cervical intraepithelial neoplasia (CIN), is classified
using a three-stage system based on the proportion of epithelium displaying
abnormalities. More rarely, a two-stage system, consisting of low-grade and high-
grade squamous intraepithelial lesions (LSIL and HSIL respectively), is also
used. CIN1 (or LSIL) represents mild cervical dysplasia and indicates a transient
HPV infection with a very low risk of progression [11]. In contrast, CIN2 and CIN3
(corresponding to HSIL) represent a persistent, abortive HPV infection with
abnormal cells present more widely or throughout the cervical epithelium.
Although some CIN3 lesions may still regress spontaneously, this represents the

precursor to an invasive carcinoma [6].

Cervical cancers can also be classified by the anatomical site from which they
arise. Around 80% of cervical cancers are SCCs and arise from cells within the
transformation zone, whilst those associated with endocervical glands are known
as adenocarcinomas and make up ~20%. Interestingly, HPV16 is more closely
associated with SCC and HPV18 with adenocarcinomas, although the reasons

for this apparent type-specific tropisms are poorly understood [28].

As stated above, high-risk HPVs can also cause cancers at other anogenital sites.
This includes 25% of vulvar, almost 80% of vaginal, half of penile and close to
90% of anal cancers [27]. Compared to cervical cancer, a greater proportion of

all of these anogenital malignancies are due to infection with HPV16.

HPV infection is also associated with the development of head and neck
squamous cell carcinomas (HNSCCs). HNSCCs are a diverse group of tumours,
and those which occur in the oropharynx, oral cavity and larynx can be linked to
HPV infection. The proportion of HNSCCs attributable to HPV varies with

anatomic site however, with over 30% of oropharyngeal cancers attributable to
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HPV, but only ~2% of laryngeal and oral cavity cancers [27]. The other major
aetiological agents of HNSCCs are smoking and excessive alcohol consumption,
although the overall proportion of HPV-negative (HPV-) HNSCCs has decreased
in recent years. The overwhelming majority (>95%) of HPV-positive (HPV+)
HNSCCs are due to HPV16 infection, but HPV types 18, 31, 33 and 35 can also

be detected [29].

1.4 HPV epidemiology

The global prevalence of HPV infection at any one time is considered to be
approximately 11-12%, although there is significant regional variation [30]. In
general, less well-developed countries display higher rates of HPV infection, with
particularly high prevalence observed in Eastern Africa and the Caribbean where
infection rates can exceed 30%. Furthermore, it is thought that over 80% of both
men and women will contract HPV during their lifetimes [31]. As such, HPV-
associated diseases have a high impact worldwide. Indeed, it has been estimated

that 4.5% of all cancers worldwide can be attributed to HPV [27].
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Figure 1.3 Estimated global incidence and mortality of cancers in females.
Taken from [32].
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Of the cancers associated with HPV infection, cervical cancer is by far the most
prevalent. Cancer of the cervix is the fourth most common malignancy in women
worldwide and the fourth leading cause of cancer-related deaths in women (Fig
1.3) [32]. As such, it represents a major global health challenge. In 2020, it is
estimated that in excess of 600,000 people were diagnosed with cervical cancer
and almost 350,000 deaths worldwide could be attributed to the malignancy [32].
Indeed, cervical cancer is the leading cause of cancer death in 36 countries [32].
The vast majority of both cases and deaths occur in sub-Saharan Africa and
Southeast Asia (Fig 1.4), likely due to the lack of vaccination and screening
programmes. Additionally, the high incidence of HIV infections in sub-Saharan
Africa further contributes to the number of cervical cancer cases as infection has
been shown to increase the risk of both HPV infection and cervical cancer [33].
In contrast, incidence and mortality rates in many other populations worldwide
have decreased in recent decades due to the advent of highly effective screening

and vaccination programmes [32].

In addition to cervical cancer, a significant proportion of other anogenital cancers
are attributable to HPV. Of these, cancer of the anus is most frequent, with
approximately 35,000 HPV-attributable cases per annum which are split equitably
between the sexes [27]. Cancers of the vulva, vagina and penis are rarer, with
only around 10,000 HPV-associated cases per annum [27]. Whilst the incidence
of these cancers is still relatively high in sub-Saharan Africa, many countries in

the Americas and western Europe also have high numbers of cases [27].
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Figure 1.4 Age-standardised incidence and mortality rates of cervical
cancer. Incidence (blue), mortality (red). Data shown includes females of all
ages. Data taken from [34].

Collectively, HNSCCs are the sixth most common malignancy worldwide and the
seventh leading cause of cancer-related deaths [34]. Historically, HNSCC
prevalence has been highest in countries in Asia, Eastern Europe and South
America associated with high tobacco use [35]. Whilst the overall incidence of
HNSCC has decreased in most countries (consistent with declines in tobacco
use), the incidence of oropharyngeal cancers has rapidly increased in the last 20
years, which has been attributed to HPV [35]. Indeed, the prevalence of HPV in
oropharyngeal cancers has been reported to exceed 70% in some countries

currently [29]. The increase in HPV+ oropharyngeal cancers has primarily
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occurred in the developed countries of Europe and North America, with HPV-

HNSCCs still predominating in Asian countries.

1.5 Prevention and treatment of HPV-associated diseases

1.5.1 Prevention

The primary method of preventing HPV-associated disease is via prophylactic
vaccination. Three vaccines are currently available, all of which consist of
recombinant self-assembling L1 virus-like particles (VLPs) which induce a strong
neutralising antibody response [36]. The first, Cervarix, is bivalent and offers
protection against the most common causes of HPV-associated malignancy,
HPV types 16 and 18. Gardasil is quadrivalent and is effective in preventing
infection with HPV types 6 and 11, the causal factors in ~90% of genital warts, in
addition to HPV16 and 18 [20, 37]. Both of these vaccines display near 100%
efficacy levels in preventing HPV infection and associated disease [36]. More
recently, a 9-valent vaccine has been developed to cover five additional
oncogenic types (HPV31, 33, 45, 52 and 58) which together account for ~20% of
cervical cancer cases, whilst maintaining the high efficacy of the other vaccines

[38].

As a result of this, around 100 countries worldwide have introduced HPV
vaccination programmes to date [39]. For example, in the UK girls aged 12-13
have been receiving the vaccine since 2008 and this has been extended to
include boys of the same age in recent years. A recent meta-analysis has
demonstrated that, as a result of these vaccination programmes, HPV16/18
prevalence and diagnoses of anogenital warts and CIN2+ lesions have
significantly decreased in girls and young women by up to 80% in multiple high-

income countries [39]. Interestingly, anogenital wart diagnoses in boys and young
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men have also decreased significantly in recent years, likely due to substantial
population-level herd effects limiting HPV transmission [39]. This trend is
expected to continue in future years as vaccination programmes are more widely

extended to include boys.

Despite the widespread introduction of HPV vaccination in developed countries,
a significant lag exists in its introduction in low- and middle-income countries
(LMICs) [40]. This is important as ~90% of cervical cancer-related deaths occur
in LMICs [34]. Significant challenges in the implementation of vaccination in these
countries exist, such as the difficulties in reaching girls for multiple doses where
school attendance may be low, as well as logistical issues and the need for cold
storage [40]. The prohibitively high cost of vaccination has been overcome
somewhat with the introduction of novel financing mechanisms [41]. Promisingly
however, significant progress is being made, with over 20 LMICs expected to

introduce HPV vaccination programmes in the next four years [42].

As the vaccines are ineffective in older individuals already infected with HPV and
there is an absence of effective anti-viral drugs targeting the virus, screening
methods to identify cervical disease prior to progression to cancer is necessary.
Cervical screening was introduced in the UK in 1988, whereby a Papanicolaou
(Pap) smear was used to collect cells of the cervical epithelium and examine them
for the presence of CIN. Since 2003, liquid-based cytology screening has been
performed due to reported increases in sensitivity and a reduction in the number
of inadequate samples [11]. The current guidance in the UK states that screening
should be performed every three years for women aged 25-49 and every five
years for women aged 50-64 [43]. The impact of cervical screening has been
profound: an estimated 70% of cervical cancer-related deaths have been

prevented as a result of the programme in the UK [44]. However, the efficacy of
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high-risk HPV-based screening has been found to significantly exceed that of
conventional cytology-based cervical screening in detecting CIN2+ lesions,
resulting in a gradual transition worldwide to this method for women aged over
30 where the probability of transient HPV infection is lower [45, 46]. In the UK,
this was expected to be completed by the end of 2019 [47]. A potential side-effect
of this is an increase in false-positive rates, whereby HPV is present yet the
individual displays normal cervical cytology, which could cause significant
psychological and physical harm if unnecessary treatment is undertaken [48].
Liguid-based cytology triage is therefore still recommended in the case of a

positive HPV test [47].

1.5.2 Treatment

Treatment of cutaneous HPV lesions is not usually necessary due to their
tendency to resolve spontaneously. In the event of persistence, the application of
salicylic acid solutions at home is effective in the majority of cases. Cryotherapy
with dry ice or liquid nitrogen should be reserved for the most recalcitrant of

lesions [11].

Multiple treatment possibilities exist for anogenital warts which predominantly
focus on removal of the wart rather than the underlying viral infection. Application
of creams containing either podophyllotoxin or imiquimod, which induce necrosis
of the wart and an inflammatory immune response respectively, can be performed
easily in the home [21]. Both treatments have been demonstrated to have
moderate clearance rates. Alternatively, cryotherapy or surgical excision may be

used to remove the abnormal tissue [21].

The treatment method used for cervical disease will depend on the CIN grade

assigned. CIN1 lesions present a very low risk of progression to cancer and so
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no treatment is necessary [11]. As CIN2/3 lesions present a higher risk of
progression, removal of the abnormal cells is normally recommended. This is
most commonly performed by large loop excision of the transformation zone
(LLETZ), whereby cells are removed using a thin wire loop heated with an electric
current. In more severe cases or those of recurrent cervical disease,
hysterectomy may be necessary. If, however, screening identifies evidence of
cancerous tissue, hysterectomy with concomitant radiotherapy or chemotherapy

will be required [49].

1.6 Papillomavirus virology

1.6.1 Genome organisation

Papillomaviruses possess a circular double-stranded DNA genome of
approximately 8 kb in size which is packaged into non-enveloped, icosahedral
virions of ~60 nm in size (Fig 1.5) [50]. The genome can be organised into three
major regions: an upstream regulatory region (URR), an early region, and a late
region. These are separated by two polyadenylation sites: early (PAE) and late
(PAL) [6]. The URR contains the virus origin of replication (ori) as well as multiple
binding sites for host transcription factors such as SP1, Octl and YY1, as well as
viral early proteins, and as such plays an important role in regulating viral gene
expression [51]. The early region encompasses over half of the viral genome and
harbours six open reading frames (ORFs) for the E1, E2, E4, E5, E6 and E7
proteins. Some papillomaviruses, such as HPV16, HPV31 and bovine
papillomavirus 1 (BPV1), have an additional E8 ORF resulting in the production
of a spliced E8"E2 transcript [52]. The late region lies downstream of the early
region and consists of the L1 and L2 ORFs encoding the major and minor

structural proteins respectively. The genome contains two well-characterised
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promoters: the early promoter (p97 for HPV16, p105 for HPV18) located within
the URR which regulates almost all early gene expression, and a late
differentiation-dependent promoter (p670 for HPV16, p811 for HPV18) found in

the E7 ORF that controls expression of the structural proteins [53].

E6 E7
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URR _ p670 W

L2

E8"E2

Figure 1.5 HPV genome organisation. The genome of the high-risk a-PV
HPV16 is displayed, although other high-risk HPVs have highly similar
genomes. The position of each ORF is indicated around the genome. The
locations of the early and late promoters (p97 and p670 respectively) are
marked with arrowheads. URR, upstream regulatory region. Adapted from
[50].

1.6.2 Life cycle

The most widely studied HPV subtypes are those that can cause cervical cancer,
and as such the events that occur during an a-PV infection are best understood
(Fig 1.6). Far less is known about infections involving other HPV types and at
other epithelial sites, although it is reasonable to assume that the same broad
principles will apply. For a productive viral infection to be established, virions must
gain access to the basal lamina of the stratified epithelium via microlesions [13]

or, in the case of high-risk HPV types, by entering cells at the squamo-columnar

junction [54].
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Figure 1.6 HPV replication in the cervical epithelium. Stages of the life cycle
and temporal regulation of viral gene expression are outlined. The majority
of cervical cancers arise from infections within the transformation zone.
Adapted from [6].

The first stage in establishment of infection is host cell entry, which is mediated
by interactions between the viral L1 capsid protein and multiple cellular proteins
(discussed further in 1.7.2). Briefly, primary attachment involves binding to
heparin sulphate proteoglycans (HSPGs) on the basement membrane or on the
surface of basal keratinocytes [55]. This induces conformational changes in the
capsid structure, resulting in the exposure of the minor capsid protein L2 and
binding to secondary receptors. Subsequently, endocytosis is triggered. In the
case of HPV16, endocytosis occurs via a clathrin-, caveolin-, cholesterol-, lipid
raft- and dynamin-independent mechanism [56]. Rather, a novel ligand-induced

pathway similar to micropinocytosis is used by the virus.

After internalisation, HPV virions are trafficked via the endosomal pathway where
acidification in the late endosome triggers capsid disassembly. During this, the
majority of L1 dissociates from the L2/viral DNA complex and remains within the

late endosome to be subsequently targeted for degradation. The L2/viral DNA
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complex, alongside the remaining L1, traffics first towards the trans-Golgi network
(TGN) and then to the nucleus in a microtubule-dependent manner [57]. This
ensures evasion of immune detection by cyclic GMP-AMP synthase (cGAS) and
stimulator of interferon genes (STING) [58]. Nuclear entry is critically dependent

upon breakdown of the nuclear membrane which occurs upon mitotic onset [59].

Following nuclear entry, the virus genome undergoes an initial phase of
amplification and is subsequently maintained as an episome, with around 50-100
copies per cell [6]. HPV does not encode a polymerase and therefore must rely
upon host factors for genome replication. The infected basal cells then acts as a
viral episome reservoir: after cell division one daughter cell remains in the basal
layer whilst the other begins to migrate up through the epithelial layers. As
suprabasal cells begin to differentiate, expression of the viral early proteins E5,
E6 and E7 prevents cell cycle exit, providing a suitable environment for further
genome amplification to take place using the host replication machinery in
concert with the viral E1 and E2 proteins. As such, the virus is said to uncouple
proliferation from differentiation. The E5, E6 and E7 proteins do not possess any
intrinsic enzymatic activity, so this must be achieved by interacting with and

modulating the activity of host cellular factors.

The virus life cycle is completed in the upper epithelial layers after cell cycle exit
has occurred and requires expression of the viral capsid proteins L1 and L2 from
the late promoter. The mechanism associated with the switch from early to late
promoter use is poorly understood, but likely involves the differentiation-
dependent increase in expression of host transcription factors such as c-MYB
and NFL1 [60]. Virion assembly requires recruitment of the capsid proteins by E2
to the site of genome replication — PML (promyelocytic leukaemia) bodies [61,

62]. Virus maturation occurs in the uppermost layer of keratinocytes, where
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oxidisation of the cellular environment allows formation of disulphide bonds
between adjacent L1 proteins, producing stable and infectious virions [63].
Finally, virus particles are shed from the epithelial surface to permit infection of

nearby cells.

1.7 HPV proteins

1.7.1 E1 and E2 regulatory proteins

The E1 protein is the one of the most conserved proteins encoded by PVs and
functions as a hexameric DNA helicase [64]. As such, it is the only PV protein
which possesses enzymatic activity. E1 proteins are ~600 amino acids in size
and consist of three distinct regions: a regulatory region at the N-terminus; a
central DNA-binding domain; and a C-terminal enzymatic domain [64]. The N-
terminal region is dispensable for in vitro DNA replication but is essential in vivo
[65]. The region contains multiple sequence motifs including nuclear localisation
and export signals (NLS and NES respectively) and a cyclin binding motif (CBM).
The DNA-binding domain permits association of E1 with the viral ori located within
the URR. The ori contains six E1 binding sites; association with which permits the
assembly of E1 double-trimers, an important intermediate in the formation of
replication-competent double-hexamers [66, 67]. The C-terminal enzymatic
domain can be divided into three subdomains (an oligomerisation region, an
AAA+ ATP-binding site and a C-terminal brace) which together cooperate to form
an active helicase [64]. The flexible C-terminal brace is thought to aid in
maintaining E1 oligomer stability during conformational changes induced by DNA

unwinding and ATP hydrolysis [68].

E1l is required throughout the virus life cycle, firstly in order to increase the copy

number of viral episomes in proliferating basal cells, and subsequently for
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genome amplification in differentiating keratinocytes. Surprisingly however,
maintenance of episomes in suprabasal keratinocytes is thought to be E1-
independent [69]. The switch in activities of E1 is thought to be regulated in part
by HPV-induced host caspase cleavage, given that mutations to remove
cleavage motifs in E1 prevent episome amplification in differentiated
keratinocytes [70]. E1 is also tightly regulated by other post-translational
modifications, including phosphorylation, ubiquitination and SUMOylation [64].
For example, phosphorylation of E1 by extracellular signal-regulated kinase 1
(ERK1), JNK2 and CDK2 at sites within the N-terminus promote its nuclear

retention and thus viral replication [71, 72].

The E2 protein is encoded by all PVs and has essential roles in the regulation of
viral transcription, DNA replication and episome maintenance [73]. The protein
forms stable dimers which display primarily nuclear organisation. All E2 proteins
consist of an N-terminal transactivation domain and a C-terminal DNA
binding/dimerisation domain separated by a flexible hinge region which varies in
length between PV types. This hinge region possesses various auxiliary
functions: a-PV E2s contain a motif which promotes nuclear localisation, whilst
the B-PV E2 hinge region can be phosphorylated by protein kinase A (PKA) thus
stabilising the protein and permitting binding to host chromatin [74, 75]. E2
proteins bind to conserved ACCNeGGT sequence motifs found within the URR,

of which a-PVs possess four [76].

A key function of E2 is in regulating the assembly of DNA replication machinery
at the PV ori. E2 firstly acts as a molecular tether by binding to the ori and E1
simultaneously in order to recruit E1 [77]. This permits the formation of E1 double-
trimers and the ATP-dependent local unwinding of DNA [78]. The binding and

hydrolysis of ATP leads to the dissociation of E2 and the assembly of E1 double-
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hexamers, permitting further unwinding. Host factors required for DNA synthesis,
including topoisomerase | and replication protein A, are then co-opted via direct

interactions with E1 [79, 80].

Additionally, E2 is required for genome maintenance by ensuring the faithful
segregation of viral episomes into daughter cells after mitotic cell division. This is
achieved by simultaneous binding of E2 to the viral genome and host chromatin
[81, 82]. The identity of the host chromatin-associated protein required for this
remains controversial: evidence indicates that whilst BRD4 is essential for BPV1
tethering, it does not colocalise with the E2 proteins of a-PVs on mitotic chromatin
[83-85]. Rather, recent evidence indicates that TopBP1 may be the elusive
tethering agent for high-risk HPV types: it does colocalise with E2 on mitotic

chromatin and was found to be critical for E2-mediated segregation [86, 87].

E2 proteins also have a major role in regulating the transcription of viral genes
[73]. This is achieved via the recruitment of cellular transcriptional machinery to
the viral promoter in order to either activate or suppress gene expression. The
effect on transcription is thought to reflect the occupancy of different E2 binding
sites: association of E2 with its promoter-proximal binding sites was shown to
sterically hinder the binding of cellular factors such as SP1 and TBP, resulting in
transcriptional silencing [88]. An interaction between E2 and BRD4 (shared by all
PVs) is essential for this transcriptional repression, highlighting the numerous
roles BRD4 has during the virus life cycle [84]. Binding of E2 to BRD4 abrogates
recruitment of the transcriptional elongation factor p-TEFb, thus inhibiting
transcription [89, 90]. In contrast, occupation of distal binding sites by E2 has
been shown to activate early gene expression [91]. The shorter forms of E2
encoded by some PVs, such as E8”E2, invariably act as transcriptional

repressors [52].



22
Importantly, the E2 ORF is often disrupted during integration of the viral genome
into host DNA. This is a common event during carcinogenesis; indeed the
majority of HPV16-associated cervical cancer cases and almost all HPV18-
associated cases contain an integrated genome, as do 70% of HPV+ HNSCC
cases [13, 92]. Integration prevents E2 acting as a negative regulator of early
gene expression and therefore leads to increased oncoprotein expression and

hence a growth advantage [93].

1.7.2 L1 and L2 structural proteins

PV capsids consist of two proteins, the major capsid protein L1 and the minor
capsid protein L2. The capsid structure consists of 360 L1 monomers arranged
into 72 pentameric capsomeres [13]. The number of L2 proteins within capsids is
ill-defined, although up to 72 have been reported [94]. Disulphide bonds connect
neighbouring L1 capsomeres, formation of which occurs during desquamation
and is essential for virion stability [63]. L2 is only minimally exposed on the

surface of virions.

As L1 is the only major surface-exposed capsid protein, it plays a vital role in
mediating cell entry. Initial attachment of PV virions involves interactions between
the L1 protein and HSPGs on the extracellular basement membrane and cell
surface [55]. This interaction is mediated by two lysine residues on the top of L1
pentamers [95]. Virions may also bind to laminin-332 in the extracellular matrix,
although this interaction is currently unconfirmed in vivo [96]. Binding to HSPGs
induces a conformational change in the capsid which facilitates cleavage of L1
by the trypsin-like serine protease kallikrein-8 (KLK8) [97]. Subsequently, the
capsid undergoes a cyclophilin B-dependent conformational change. Together,
these act to expose the N-terminus of the minor capsid protein L2 [98]. This

allows L2 to be cleaved by the host protease furin which, although dispensable
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for viral entry, is required for L2-mediated endosome escape after initial
endocytosis [99]. These cleavage events permit association of HPV capsids with
a secondary receptor, which is essential for infectious uptake. However, the
identity of the secondary receptor remains elusive. Multiple host proteins have
been proposed, including a6 and B4 integrins, the tetraspanins CD63 and CD151,

as well as annexin A2 [100].

After endocytic entry and capsid disassembly in the late endosome, the viral
genome must be trafficked towards the nucleus, a process absolutely dependent
on L2. However, viral DNA is firstly trafficked in complex with L2 towards the TGN
[101]. Critically, L2 possesses a C-terminal cell-penetrating peptide and a
transmembrane-like domain, conferring the ability to span the endocytic
membrane [102, 103]. This permits direct interactions with components of the
retrograde transport machinery, including the retromer complex, SNX17 and
SNX27, to ensure appropriate sorting [104]. Indeed, mutation of the retromer
binding sites within L2 abrogates binding and results in the accumulation of
L2/viral DNA complexes in early endosomes [105]. Onward trafficking to the
nucleus is critically dependent upon nuclear envelope breakdown associated with
mitosis [59]. Fragmentation of the TGN during the early stages of mitosis allows
L2/viral DNA complexes to associate with microtubules and migrate towards
condensed chromosomes [106]. A central chromosome-binding region of L2
allows complexes to remain attached to chromatin throughout mitosis before

moving to PML bodies during G1 phase [107].

The capsid proteins are then required during the latter stages of the life cycle for
the assembly of progeny virions within the nucleus. Restriction of capsid protein
expression to the uppermost layers of the epithelium has been hypothesised to

aid in immune evasion by preventing contact between the highly immunogenic
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virion and immune cells. L1 proteins assemble into pentameric capsomeres in
the cytoplasm before undergoing karyopherin-dependent nuclear import [108].
Karyopherin binding has also been implicated in restricting virion assembly to the
nucleus by preventing premature association of pentamers in the cytoplasm
[109]. Import of L2 meanwhile requires complex formation with the chaperone
protein Hsc70 in addition to karyopherins [110]. However, the mechanisms
regulating assembly of L1 and L2 once in the nucleus and those ensuring
appropriate incorporation of viral genomes into capsids are poorly understood.
The SUMOylation of L2, as well as binding of L2 to nucleophosmin may play a
role [111, 112]. Ultimately, capsid maturation is achieved via formation of
disulphide bonds between L1 proteins due to the oxidising environment in the

uppermost epithelial layer [63].

1.7.3 E4 protein

In comparison to other PV proteins, the role of E4 in the infectious life cycle of
the virus is less well understood. In HPVs, the E4 gene product is produced from
a spliced mRNA in which the initiation codon and the first five amino acids are
derived from the E1 ORF, and as such is often termed E17°E4 [113]. Although
historically E4 was classified as an early gene as the ORF lies entirely within the
early region of the genome (Fig 1.5), no function of E4 during the early stages of
the virus life cycle have yet been identified. Rather, E4 has been found to be
expressed highly in the middle and upper layers of the epithelium during a
productive infection, coinciding with the onset of genome amplification and prior
to the induction of L1 and L2 expression [114]. Indeed, organotypic raft cultures
have confirmed that the absence of a functional E4 ORF prevents efficient
genome amplification and late gene expression [115]. Interestingly however,

HPV16 is thought to have a greater dependence on E4 functionality than HPV18
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[116]. The importance of E4 for genome amplification is likely associated with its
ability to induce a G2 arrest via binding CDK1l/cyclin B complexes and
sequestering them in the cytoplasm [117]. E4 may also modulate the activity of
cellular mitogen-activated protein kinases (MAPKSs) in order to facilitate E1

nuclear translocation and hence viral DNA replication [116].

The activities of E4 are tightly regulated by phosphorylation: members of the
MAPK family as well as PKA have been shown to target the protein [113].
Phosphorylation of E4 by ERK1/2 is thought to increase its stability and ability to
bind cellular keratin filaments [118]. This leads to a reorganisation of the
cytokeratin network towards the cell periphery. Additionally, cleavage of the N-
terminus of E4 by calpain in the uppermost epithelial layers promotes its self-
association and the formation of amyloid-like fibres, further disrupting the
cytoskeleton [119]. The significance of this is as yet uncertain, although it has

been hypothesised to facilitate the transmission of newly-synthesised virions.

1.7.4 E5 protein

In contrast to the well-characterised E6 and E7 oncoproteins (discussed in 1.7.5
and 1.7.6 respectively), the functions of E5 remain to be fully elucidated. This is
likely to be in part because, to date, only two E5 proteins have been studied in
detail (those encoded by BPV1 and HPV16), although the lack of available
antibody reagents and difficulties in achieving recombinant expression have
prevented us from gaining a more thorough understanding of the roles of E5 in
the life cycle of HPV and carcinogenesis [120]. Despite sharing little sequence
similarity, the E5 proteins of BPV1 and HPV16 display highly overlapping cellular
targets, suggesting that the functions of E5 proteins may be conserved between

papillomaviruses and play a significant role in the replicative cycle [120].
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E5 is a small, highly hydrophobic, membrane-associated protein which
possesses three transmembrane domains (TMDs) and localises to the ER and
Golgi apparatus [121]. Like the other oncoproteins, E5 possesses no enzymatic
activity and must therefore manipulate the cellular environment by binding host
factors and modulating their activity. Interestingly, sequence analysis reveals that
several HPV types (B, y and p) lack a recognisable E5 ORF, perhaps suggesting
that the functions of E5 are carried out by other viral proteins in these types [121].
Significantly however, all high-risk mucosal HPVs possess a conserved E5
oncoprotein which is termed E5a [121]. Indeed, HPV16 E5 has been
demonstrated in vivo to contribute to carcinogenesis, both alone or in combination
with another HPV oncoprotein [122]. In contrast, low-risk HPV types encode two
E5 proteins (termed E5A and E5B), but these show little sequence conservation

with E5a and are only weakly transforming [120].

An important characteristic of HPV16 E5 is its ability to oligomerise both in vitro
and in vivo, resulting in the formation of hexameric channel structures [123]. The
protein has therefore been added to a growing group of virus-encoded membrane
proteins known as ‘viroporins’ [124]. Viroporin activity of E5 can be inhibited
through the use of both rimantadine and alkyl-imino sugars [123, 125]. Blockade
of channel activity prevents E5-mediatied activation of MAPK signalling and
reduces cyclin B1 expression, indicating that E5 may be a potential drug target in

the treatment of HPV infection [125].

In order to understand the role of E5 in the life cycle of HPV, organotypic raft
cultures using keratinocytes containing the genomes of HPV16, 18 and 31 which
lack a functional E5 ORF have been used [126-128]. These studies have shown
that E5 is not required for genome establishment in undifferentiated cells, but

rather plays a key role in the differentiation-dependent stages later in the HPV life
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cycle. Indeed, loss of E5 expression prevents the cell cycle re-entry in
differentiating suprabasal cells which is required for a productive HPV infection,
as demonstrated by a reduction in cyclin B1 expression and host DNA synthesis
[126-128]. Despite this, E5 is thought not to be required for the expression of late
viral proteins, as no changes in the levels of L1 or E4 could be detected [126,

128].

One of the most important functions of the E5 oncoprotein is in targeting the
epidermal growth factor receptor (EGFR) signalling pathway. Indeed, the majority
of cervical cancers demonstrate increased EGFR expression, perhaps indicating
that E5 modulation of this pathway is necessary for transformation [121]. Indeed,
studies in mice have shown that the transforming ability of E5 is attenuated by
the expression of a dominant-negative EGFR [129]. However, the mechanism by
which E5 targets EGFR remains unclear. Initial studies suggested that an
interaction between E5 and the 16K subunit of the vacuolar H*-ATPase (v-
ATPase) was key. This would decrease the rate of EGFR degradation by
inhibiting the endosomal acidification process; rather the receptors would be
recycled back to the plasma membrane. However, more recent evidence
indicates that the level of E5 binding to v-ATPases would be insufficient to induce
the observed changes in endosome acidification [130]. It is now thought that E5
prevents EGFR degradation by inhibiting the membrane fusion required for
endosomal maturation. Additionally, E5 has been show to promote EGFR
signalling in other ways. These include binding to EGFR directly, promoting the
phosphorylation of EGFR and also preventing its degradation by disrupting the
interaction between EGFR and the E3 ubiquitin ligase c-CBL (casitas B-lineage

lymphoma) [121].
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Activation of EGFR-mediated signalling results in increased keratinocyte
proliferation, but HPV E5 also manipulates host differentiation by modulating the
activity of the keratinocyte growth factor receptor (KGFR). In uninfected
keratinocytes, KGFR protein levels increase in the suprabasal layers of the
stratified epithelium, suggesting that KGFR-driven signalling may promote the
transition from proliferation to differentiation. However, HPV16 E5 has been
shown to reduce the expression of KGFR (via an unknown mechanism), resulting
in a delay in differentiation [131]. However, recent studies of the HPV18 life cycle
have revealed an unexpected interplay between the EGFR and KGFR pathways
and identified a potential mechanism for KGFR downregulation. The activation of
EGFR by E5 and the ensuing MAPK activity was shown to contribute towards the
suppression of KGFR expression and downstream AKT signalling, thus impairing

keratinocyte differentiation [128].

E5 proteins have also been shown to be capable of modulating the immune
response to infection. The E5 oncoprotein does this by interfering with antigen
presentation to cytotoxic T lymphocytes by the host major histocompatibility
(MHC) class | protein complex. This is achieved by preventing the trafficking of
MHC class | complexes to the plasma membrane, resulting in them being
retained within the Golgi apparatus [132]. Indeed, a reduction in surface
expression of MHC class | complexes can be observed in cervical carcinomas
[133, 134]. This intracellular retention is achieved through a direct interaction
between E5 and the heavy chain of MHC class | [135]. An association between
E5 and the chaperone B-cell-associated protein 31 (BAP31) as well as its binding
partner A4 is also thought to play a role [136, 137]. Interestingly, only the human
leukocyte antigen (HLA)-A and HLA-B MHC class | complexes are targeted as

these are associated with T-cell activation; the alternative HLA-C and HLA-E
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molecules are not affected by E5. HPV16 E5 is also able to modulate MHC class
Il expression by inhibiting endosomal processing of the invariant chain chaperone
and hence blocking the loading of peptides and trafficking to the plasma
membrane [138]. The evolution of multiple mechanisms to interfere with antigen
presentation perhaps reflects the importance of evading the host immune
response during a productive infection. Indeed, cells expressing HPV16 E5 are

poorly-recognised and able to evade killing by CD8+ T cells [139].

1.7.5 EG6 protein

The E6 ORF is located immediately downstream of the URR which when
transcribed results in the production of a protein ~150 amino acids in length [140].
Interestingly, a small number of PVs which lack a recognisable E6 ORF have
been identified, including BPV types 3, 4 and 6 as well as HPV types 101 and
103; presumably the functions of E6 are either not required by these viruses or
are performed by an alternative viral or host protein [141]. Unlike the E7
oncoprotein, expression of E6 alone does not result in immortalisation of
keratinocytes, but co-expression of both is highly efficient in immortalising cells
[142]. E6 has been reported to localise to both the nuclear and cytoplasmic
compartments of the cell [140]. Alternative splicing of high-risk HPV E6 transcripts
can result in the production of a truncated protein termed E6*, but the functions
of this protein remain poorly understood. E6 proteins do not possess any
enzymatic activities and thus all of its functions must be mediated by protein-

protein interactions (summarised in Fig 1.7).
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Figure 1.7 Summary of HPV EG6 activities which contribute towards host-cell
transformation. The host proteins and pathways reported to be modulated
by HPV EG6 are displayed, as well as the functional impact these have on the
host cell. Taken from [50].

One of the best-studied functions of the EG6 is in blocking pro-apoptotic signalling
mediated by p53 (Fig 1.8). This is necessary to protect cells from apoptosis
and/or growth arrest in response to HPV oncoprotein-mediated cell cycle re-entry
in suprabasal cells. HPV possesses multiple mechanisms of interfering with p53
function [143]. Firstly, high-risk HPV EG6 is able to interact with the host E6-
associated protein (E6AP), a HECT domain-containing E3 ubiquitin ligase, by
binding to its leucine-rich LXXLL consensus sequence [144, 145]. The resulting
E6-E6AP complex recruits and ubiquitinates p53, subsequently leading to its
degradation via the proteasome. This however does not totally deplete the host
cell of p53 and low-risk and B HPVs do not demonstrate any ability to degrade
p53. E6 proteins have therefore evolved additional degradation-independent
mechanisms to inhibit p53 signalling. Indeed, E6 proteins interact with p53
directly and thus inhibit its DNA-binding activity, hence preventing it from
transactivating the transcription of target genes [146]. Further, E6 has the ability
to inhibit the acetylation of p53 by the related acetyltransferases p300 and CBP

(CREB-binding protein) via the formation of a p53-E6-p300/CBP complex; an
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activity common to both high-risk and low-risk E6 proteins [147, 148]. E6 also
inhibits the function of ADA3, which similarly promotes p53 acetylation and thus
stabilisation; although in contrast to p300/CBP, this is achieved via degradation
[149]. Together, this prevents the transcriptional activation of pro-apoptotic p53
target genes. Finally, E6 proteins of both high-risk and low-risk HPVs are also
able to sequester p53 in the cytoplasm via binding to its C-terminus and masking
its NLS [140]. Whilst the primary aim of this is to abrogate pro-apoptotic signalling,
in the context of a persistent infection, the prolonged loss of p53 function will allow

the accumulation of genetic mutations and thus contribute to cancer progression.
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Figure 1.8 Regulation of p53 by HPV E6. A) HPV E6 in complex with EGAP
targets p53 for proteasomal degradation. B) Association of E6 inhibits the
DNA-binding of p53. E6 inhibits the acetylation of p53 and neighbouring
histones and induces the degradation of the coactivator ADA3. C) E6
binding to the C terminus of p53 leads to sequestration in the cytoplasm.
Figure created using BioRENDER.com.

E6 is also able to inhibit apoptosis via other mechanisms. The intrinsic pathway,
whereby intracellular stimuli induce apoptotic signalling, can be blocked by both
high-risk and low-risk HPV EG6 proteins. This is primarily achieved through binding

to the host pro-apoptotic protein Bak, leading to its degradation by the
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proteasome [150, 151]. This in turn prevents the release of cytochrome c from
the mitochondria and hence cleavage of effector caspases cannot occur. In
contrast, blocking of the extrinsic pathway, which transmits extracellular apoptotic
stimuli from the cell surface, can occur at multiple stages. Firstly, HPV16 E6 has
been shown to be capable of binding directly to the C-terminus of tumour necrosis
factor receptor 1 (TNFR1), a cell surface transmembrane death receptor, thus
preventing the formation of the death-inducing signalling complex and
transduction of pro-apoptotic signalling [152]. Additionally, HPV16 EG6 is able to
bind to the adaptor protein Fas-associated protein with death domain (FADD) and
the effector caspase caspase-8 and induce their degradation [153, 154]. As these
proteins are required to potentiate signalling from all death receptors, this allows
the virus to inhibit extrinsic signalling from multiple receptors at once, including

Fas and TNF-related apoptosis-inducing ligand (TRAIL).

A property unique to the E6 oncoproteins of high-risk HPVs is the presence of a
C-terminal PDZ (PSD-95/DLG/Z0O-1) binding motif (PBM). This motif permits
binding to a range of host proteins which possess PDZ domains of ~90 amino
acids in length. An interaction with E6 has been confirmed for at least 19 PDZ
proteins to date, although this represents only a small fraction of the ~200 host
PDZ proteins [155]. Despite this, the range of proteins possessing PDZ domains
clearly allows E6 to target multiple aspects of the host cell environment.
Significantly, p53 degradation-defective high-risk E6 proteins are still capable of
immortalising cells, but those defective in binding PDZ partners are unable to
induce epithelial hyperplasia, underlining the importance of modulating the
activity of host PDZ proteins [156, 157]. Interestingly, several of the PDZ proteins
confirmed to bind HPV EB6, including SCRIB, DLG1 and the MAGI family of

proteins, are regulators of cell polarity and cell-cell contacts [158-161]. The
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interaction with E6 results in the proteasomal degradation and/or mislocalisation
of the PDZ proteins, hence disrupting cell polarity, a common characteristic of
malignant cells. E6 also targets the host factor sorting nexin 27 (SNX27) utilising
its PDZ domain, this results in dysregulation of trafficking of proteins such as
glucose transporter 1 (GLUTL1), essential for glucose uptake and hence cellular
homeostasis and proliferation [162]. Furthermore, it was recently demonstrated
that high-risk E6 proteins promote host cell proliferation and survival in a PBM-
dependent manner via the activation of cJun N-terminal kinase 1/2 (JNK1/2)
signalling [163]. Taken together, these observations have led to the hypothesis
that targeting of PDZ proteins contributes significantly to HPV-induced
transformation [164]. Indeed, the number of PDZ proteins bound by E6 correlates
strikingly with the potential for oncogenicity: although binding to DLGL1 is shared
by all high-risk E6 proteins, only those of HPV16 and 18 are capable of binding
SCRIB [165]. Binding of E6 to PDZ proteins is abrogated by phosphorylation of a
threonine residue within the PBM [166]. Surprisingly however, there is the
potential for subtle differences in the regulation mechanisms between HPV types:
HPV16 E6 displays a higher susceptibility to phosphorylation by AKT, whilst

HPV18 EG6 is more readily phosphorylated by PKA [166].

In addition to its activities in regulating p53 and PDZ protein activity, recent
evidence suggests E6 is capable of modulating a multitude of host signalling
pathways regulating cell proliferation and survival. For example, E6-induced
increased STAT3 phosphorylation has been reported to be required for both
episomal maintenance in undifferentiated keratinocytes and the continued
proliferation of suprabasal cells in the context of the HPV life cycle [167]. Further,
STAT3 phosphorylation is also increased in HPV+ cervical cancer; this is

achieved via E6-dependent upregulation of NFkB signalling and subsequent
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autocrine/paracrine activation of STAT3 by IL6 [168]. Importantly, this STAT3
activity, as well as that of the upstream kinase JAK2, is essential for the
proliferation and survival of HPV+ cancer cells [169]. Additionally, HPV16 EG6 is
capable of inducing the prolonged phosphorylation of receptor tyrosine kinases
such as EGFR, resulting in activation of downstream mitogenic signalling via the
PI3K and MAPK pathways [170]. Induction of Wnt signalling by HPV E6 has also
been reported in HPV+ cancer cells: the combined effect of upregulated forkhead
box protein M1 (FOXM1) expression, which promotes the nuclear translocation
of B-catenin, and a decrease in seven in absentia homologue 1 (SIAH1)
expression, a [-catenin-targeting E3 ubiquitin ligase, leads to increased
expression of Wnt-dependent genes [171, 172]. Finally, dysregulation of the
Hippo pathway has also been reported. E6 prevents proteasomal degradation of
the transcription factor yes-associated protein 1 (YAP1), the major downstream
effector of the Hippo pathway, whilst E6 and E7 coordinate in downregulating
expression of the upstream serine/threonine-protein kinase 4 (STK4) via a novel

miRNA-mediated mechanism [173, 174].

A key target of high-risk E6 proteins which contributes towards host cell
immortalisation is the telomerase enzyme [175]. Activation of telomerase allows
replication of host telomeric DNA, thus preventing excessive shortening of
telomeres at the 3’ end of chromosomes during DNA replication and the
subsequent induction of senescence. Activation is achieved by promoting
transcription of TERT (telomerase reverse transcriptase), which encodes the
catalytic subunit of telomerase, although the mechanisms involved are complex
and yet to be fully understood [140]. It is thought that binding of c-MYC and SP1
to the TERT promoter mediates the E6-induced increases in expression, but

formation of the E6/E6AP complex was also found to be critical for the activation
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of TERT expression [176, 177]. It was later discovered that EG/E6AP induces the
proteasomal degradation of the transcriptional repressor NFX1-91, and that the
increased c-MYC binding is due to E6-mediated dissociation of the transcriptional

repressors USF1 and USF2 from the TERT promoter [178, 179].

Evidence also suggests that E6 is capable of modulating the immune response
to infection. High-risk E6 proteins interact with a component of the innate immune
response: interferon regulatory factor 3 (IRF3) [180]. This interaction is thought
to prevent the transactivation of IFN-B expression and hence the induction of
interferon-stimulated genes (ISGs). Further, HPV18 E6 has been demonstrated
to directly interact with and impair activation of the non-receptor tyrosine kinase
2 (TYK2), thus inhibiting the induction of JAK-STAT signalling [156]. Disruption
of the immune response can also be achieved via disruption of the RIG-I pathway:
E6 proteins from several high-risk types bind to TRIM25 and USP15, two key
activators of RIG-I, promoting the ubiquitination and degradation of TRIM25 and
ultimately inhibiting the activation of RIG-I signalling [181]. Finally, E6 silences
expression of the keratinocyte-specific interferon IFNk to prevent activation of

antiviral ISGs and pattern recognition receptors (PRRs) [182].

1.7.6 E7 protein

The E7 protein is the major transforming protein of high-risk HPVs and its
continued expression is essential for carcinogenesis [2, 50, 183, 184]. The protein
is ~100 amino acids long and possesses two conserved regions (CR1 and CR2)
in its N-terminus which show significant similarity to other oncoproteins encoded
by DNA viruses including adenovirus E1A and simian virus 40 (SV40) T antigen
[50]. The C-terminus of E7 is less well-conserved except for two CXXC zinc-

binding motifs [184]. E7 possesses both an NLS and an NES, suggesting that it
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shuttles between the cytoplasm and nucleus and has functions in both

compartments [185]. These functions are summarised in Fig 1.9.
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Figure 1.9 Summary of HPV E7 activities which contribute towards host-cell
transformation. The host proteins and pathways reported to be modulated
by HPV E7 are displayed, as well as the functional impact these have on the
host cell. Taken from [50].

The most well-characterised function of E7 is in regulating the G1/S phase
transition in order to promote increased proliferation through disruption of E2F
transcription factor activity (Fig 1.10). This is achieved via binding of E7 to the
retinoblastoma protein (pRb) and the related pocket proteins p107 and p130 [186-
188]. Evidence suggests that the binding of E7 to p130, which is highly expressed
in differentiated keratinocytes, is the most important of these interactions for
triggering S phase re-entry in the squamous epithelium [189]. A conserved
LXCXE motif located within the CR2 domain of E7 is necessary for its interaction
with the pocket proteins [187]. Some evidence indicates that sequences within
the C-terminus of E7 may also be required for pRb binding [190]. Binding of E7
disrupts complexes formed between pRb and E2F transcription factors, the
release of which permits expression of E2F-dependent genes associated with

cell cycle progression such as cyclins A and E, contributing towards S phase re-
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entry in differentiating subrabasal keratinocytes [143]. Concurrently, binding of
HPV E7 to p107 and p130 leads to disruption of the dimerization partner, pRb-
like, E2F and multi-vulval class B (DREAM) repressor complex, permitting a
further enhancement in the expression of proliferative genes [191, 192]. E7-
pocket protein binding and S phase entry is significantly enhanced by casein
kinase Il phosphorylation of serine-32 and -34 residues within the CR2 domain
[189, 193]. Additionally, high-risk E7 proteins can target Rb family members for
proteasomal degradation via a mechanism that requires binding to the cullin 2
ubiquitin ligase complex by E7 [194-196]. E7-induced degradation also requires
cleavage of pRb by the protease calpain-1; this unmasks a C-terminal
unstructured region of pRb which acts as an efficient initiation region for
degradation by the proteasome [197, 198]. In contrast, low-risk E7 proteins have
a significantly weaker affinity for the pocket proteins and only p130 is targeted for
degradation, which perhaps contributes to their lack of transforming activity [187,

199].
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Figure 1.10 Dysregulation of cell-cycle checkpoints by HPV E7. E7 binds to
and induces the degradation of the retinoblastoma protein (pRb) in a cullin
2 (CUL2) ubiquitin ligase-dependent manner. This releases the E2F1
transcription factor from inhibitory complexes, permitting the expression
of genes associated with S-phase progression. Degradation of the related
pocket proteins p107 and p130 prevents inhibition of G1 progression by the
DREAM complex. HPV E7 also binds directly to cyclins A and E,
potentiating cyclin-dependent kinase 2 (CDK?2) activity. Further, HPV E7 can
suppress the activity of the CDK inhibitors p21 and p27, allowing increased
cyclin/CDK phosphorylation of pRb and enhanced E2F1-dependent
transcription. Adapted from [50].

E7 proteins are also able to dysregulate the G1/S phase checkpoint in other
ways. A direct interaction between E7 and E2F1 has been reported, leading to a
further increase in E2F-dependent gene expression [200]. Further, HPV16 E7 is
capable of binding and inactivating the non-canonical E2F family member E2F6,
which acts as a transcriptional repressor of E2F-responsive promoters via the
recruitment of polycomb group (PcG) complexes [201]. Similarly, the activity of
CDK2, a kinase crucial for S phase entry and progression, is maintained via an
interaction between its cognate cyclins (cyclin E and cyclin A) and E7 [202].
Additionally, the activities of the CDK2 inhibitors p21¢P* and p27X'"1, which are
implicated in mediating keratinocyte differentiation via inducing a G1 cell cycle
arrest, are suppressed by E7 binding [203-205]. Together these mechanisms act
to ensure the efficient S phase re-entry of differentiating suprabasal epithelial

cells.
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In addition to its roles in driving proliferation, emerging evidence indicates that E7
may also play a role in impairing cellular differentiation. A diverse range of E7
proteins possess the ability to bind the non-receptor protein tyrosine phosphatase
PTPN14, with high-risk E7 proteins additionally able to target it for proteasomal
degradation using the UBR4 ubiquitin ligase [206, 207]. This loss of PTPN14 is
critical in both delaying the epithelial differentiation programme and for cellular
transformation, although evidence that this is achieved via modulation of Hippo
pathway signalling remains controversial [208, 209]. Interestingly, mutational
analyses indicate that this constitutes one of the as yet poorly-defined pRb-
independent functions of E7: regions in both CR1 and the C-terminus are
necessary for formation of the E7/PTPN14/UBR4 complex. Additionally, high-risk
E7 proteins are able to suppress the differentiation-dependent increase in
expression of the microRNA miR-203 [210]. This, in turn, contributes to increased
protein levels of ANp63, a key driver of proliferation in epithelial tissue which is

commonly overexpressed in SCCs of the head and neck and cervix.

The E7 oncoprotein also plays a role in immune evasion by HPV. Indeed, recent
evidence suggests that expression of both E6 and E7 is necessary to repress the
host innate immune response [211]. A key target for HPV is the host PRRs: direct
binding of HPV18 E7 to STING, in a manner dependent on its LXCXE pRb-
binding motif, results in inhibition of the cGAS-STING signalling axis, a major
pathway involved in the recognition of exogenous DNA [212]. Signalling is further
repressed in HPV+ cervical cancer cells via E7-induced upregulation of the
H3K9-specific DNA methyltransferase SUV39H1, leading to the suppression of
cGAS and STING expression [213]. The histone demethylases KDM5B and
KDM5C also participate in STING silencing by promoting removal of the

activatory histone marker H3K4me3 [214]. Indeed, expression of KDM5B and
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STING are negatively correlated in HPV+ cancers [214]. Additionally, HPV16 E7
is able to promote the epigenetic silencing of the dsDNA sensor Toll-like receptor
9 (TLR9) [215]. Together, these measures act to prevent production of type |
interferons. The interferon response is also suppressed via binding of E7 to IRF9,
abrogating the expression of ISGs [216]. Further, mouse models have
demonstrated that HPV16 E7 expression results in a locally immunosuppressive
environment where cytotoxic T lymphocyte function is significantly suppressed
[217]. Mechanistically, this could be associated with reduced expression of the
chemokine CXCL14, observed in both cervical cancer and HPV+ HNSCC tissue,
due to E7-dependent promoter hypermethylation. Importantly, reintroduction of
CXCL14 results in increased immune cell infiltration and suppresses tumour
growth [218]. HPV E7 may also interfere with MHC class | surface expression, in
addition to the role played by E5, in order to prevent NK cell-mediated killing

[219].

The E7 oncoprotein likely has an additional key function in modulating DNA
damage response (DDR) signalling. Activation of both the ATM (Ataxia
telangiectasia mutated) and ATR (Ataxia telangiectasia and Rad3-related)
kinases, crucial regulators of the DDR, is necessary for productive viral replication
which occurs in a G2-arrested environment of differentiated epithelial cells [220-
223]. In uninfected cells, the ATM and ATR kinases become activated in
response to DNA double-strand breaks and replication stress respectively
resulting in a cell cycle arrest, suggesting that activation of these pathways by
HPV may contribute towards the observed G2 arrest. It has been postulated that
arrest in a G2-like environment, following host DNA replication, permits exclusive
access to the cellular factors and DNA replication machinery required for genome

amplification. What remains unclear however, is whether DDR activation is simply
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a result of the replication stress caused by E7-induced unscheduled proliferation
which the virus has grown to tolerate [224, 225], or rather whether the virus has
evolved specific strategies to target DDR signalling. Some mechanistic details
have been proposed: ATM activation is thought to be accomplished via a non-
canonical route involving E7-driven STATS5 signalling and the acetyltransferase
Tip60 [226, 227]. STATS5 is also implicated in driving the ATR-DDR response:
high-risk E7-induced constitutive STAT5 phosphorylation drives transcription of
TopBP1, which subsequently binds and stimulates the kinase activity of ATR
[223]. Whilst the exact mechanism by which the DNA repair machinery
contributes towards virus replication also remains unknown, it is clear that
inhibition of either ATM or ATR signalling suppresses HPV genome amplification
[222, 223]. Viral hijacking of ATR signalling is hypothesised to be associated with
ensuring a sufficient supply of dNTPs for productive replication, which would
otherwise be in short supply in a G2 environment of differentiated cells.
Expression of RRM2, the small subunit of the ribonucleotide reductase complex
required for de novo synthesis of nucleotides and a key downstream target of
ATR-DDR signalling, is significantly upregulated in HPV+ cells [228]. Intriguingly,
a recent study suggests that DNA repair factors may be recruited away from host
DNA towards viral genomes [229]. Indeed, several ATM signalling components,
including ATM, yH2AX, Chk2 and BRCA1, are localised to the sites of viral
replication during an infection [230]. This has led to the hypothesis that HPV
episomes are shielded from the DNA damage ensuing from oncogene-induced
replication stress, and that this may contribute to DNA lesions and genetic

instability in the host genome necessary for progression to cancer [229].
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1.8 ATP-sensitive potassium ion (Katp) channels

1.8.1 Overview of potassium ion (K*) channels

Potassium ion (K*) channels are cell membrane-localised protein complexes that
facilitate movement of K* both into and out of cells and across intracellular
membranes. Over 70 mammalian K* channels have been identified to date which
can be broadly categorised into three major classes: voltage-gated, inward-
rectifying (Kir) and two-pore domain (K2P) channels (Fig 1.11) [231]. These
classes of channel differ in both their structure and their functions within the cell.
The voltage-gated family, consisting of the Kv, KCNQ and ether-a-go-go (Eag)
subfamilies, is by far the largest group of K* channels with around 40 members,
all of which possess six TMDs and a single pore-forming domain. Kir family
subunits possess two TMDs flanking their pore-forming domain and assemble
into tetramers to produce a functional channel. The K2P family of channels differs
from others in that the subunits possess four TMDs and assemble into dimers. A
smaller fourth group of a further eight channels has been described: the calcium
(Ca?*)-activated K* channels (Kca). This class can be subdivided into two
subfamilies: the six TMD small conductance Ca?* -activated (SKCa) channels,
and the four members of the Slo channel family which possess either six or seven
TMDs [232]. All K* channels can be broadly divided into two parts: a pore-forming
domain to permit ion flux, which varies little between the classes; and a regulatory
domain to control channel gating. All K* channels share a signature sequence: a
conserved eight amino acid motif (TXGXG) which confers exclusive conductance

to K* ions [233].
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Figure 1.11 Diversity of mammalian potassium ion (K*) channels. A) K*
channel families arranged by subunit structure. B-D) Expanded
phylogenetic trees displaying members of the inward-rectifying (Kir), two-
pore domain (K2P) and voltage-gated families respectively constructed
using sequence alignment tools. Adapted from [231].

1.8.2 Katp channel structure, assembly and tissue expression

ATP-sensitive K* (Katp) channels are hetero-octameric plasma membrane
complexes consisting of four inwardly-rectifying pore-forming subunits (either

Kir6.1 or Kir6.2) surrounded by four regulatory sulphonylurea receptor (SUR)
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subunits [234-236]. As such, they are unlike many other K* channels in that the
pore-forming and regulatory functions are split between different subunits.
Multiple isoforms of the sulphonylurea receptor exist: SUR1 (encoded by
ABCCS8), and SUR2A and SUR2B, which are produced via alternative splicing of
the ABCC9 transcript [237]. The existence of analogous Karte channels in the
mitochondrial membrane remained controversial until the recent unequivocal
identification of the genes encoding the mitoKatp, termed MITOK and MITOSUR
[238]. Despite being encoded by different genes, these channels are similarly

composed of pore-forming and regulatory subunits.

The Kir6.x subunits are typical of the inward-rectifying family of channels in that
they possess intracellular N- and C-termini and two TMDs (referred to as M1 and
M2) separated by a pore-forming hairpin loop containing the K* signature
sequence (Fig 1.12) [236]. Cloning techniques led to the identification of two
Kir6.x isoforms, Kir6.1 and Kir6.2, which display ~71% amino acid conservation
[239, 240]. The SURs are unusual in that they are members of a subgroup of the
ATP-binding cassette (ABC) superfamily of transporters (ABCC) which lack any
intrinsic transport activity [241]. SURs possess 17 membrane-spanning helices
grouped into three domains comprising five (TMDOQ) or six (TMD1 and TMD2)
helices respectively (Fig 1.12) [236]. The extracellular N-terminus and TMDO are
connected to the other domains via an intracellular loop LO. Additionally, LO
provides the physical interaction with Kir6.x. Two nucleotide binding domains
(NBD1 and NBD2) containing Walker A and Walker B motifs are located on the
cytosolic side of the plasma membrane in the TMD1-TMD2 linker region and C-
terminal region respectively. These Walker motifs confer the ability to bind and
hydrolyse ATP. Importantly, only when Kir6.x subunits are co-expressed with an

SUR subunit can the properties of the Kate channel be fully recapitulated [240,
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242]. The recent advancement in cryo-electron microscopy (cryo-EM) has led to
the publication of multiple Karp channel structures in recent years and these
promise to allow a greater understanding of the molecular details of Kate channel

assembly, gating and pharmacological inhibition [243-251].

K* channel Sulfonylurea receptor
Kir6x SURx
N [tmpo] [TmD1] [TmD2]
RS i | EEE '
L gm

Figure 1.12 Structure of the ATP-sensitive potassium ion (Katp) channel.
Hetero-octameric channels consist of four pore-forming subunits (Kir6.x)
and four sulphonylurea receptor subunits (SURx). TMD, transmembrane
domain; NBD, nucleotide binding domain; LO, linker region; A and B
represent Walker A and B motifs respectively. Taken from [236].

Katp channels have been found to be expressed in multiple tissues, including
cardiac myocytes, pancreatic B cells, skeletal muscle and epithelial cells [236].
Interestingly, the composition of Katp channels varies between tissue types: the
pancreatic B cell channel consists of Kir6.2 and SUR1, whilst Kir6.1 and SUR2B
constitute the smooth muscle Karp channel [236, 252]. Indeed, this structural
heterogeneity is likely responsible for the diverse range of functions displayed by

Katp channels (discussed in 1.8.4).

Surprisingly little is known surrounding the mechanisms by which Karp channel

gene expression is controlled. Regulation of KCNJ11 (Kir6.2) and ABCCS8
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(SUR1) is perhaps best understood; these genes encode pancreatic 3 cell Katp
channel and their promoters were successfully cloned and analysed in 1998
[253]. Both putative promoters were found to contain several SP1 binding sites
and enhancer (E)-box motifs, regions which permit binding of basic helix-loop-
helix (bHLH) transcription factors such as c-Myc and HIF1a, perhaps indicating a
degree of transcriptional co-regulation. Subsequent cloning of the mouse ABCC8
promoter confirmed that SP1 was able to bind and activate its transcription, and
the pancreatic B cell-expressed transcription factors NeuroD/Beta2 and FOXA2
may also participate in its regulation [254-256]. Interestingly, ABCC8 expression
has been shown to be upregulated in response to hypoxia via a mechanism in
which HIF1 drives expression of SP1 [257]. FOXA2 has also been demonstrated
to participate in the activation of KCNJ11 transcription, further supporting the
hypothesis of overlapping transcription regulatory networks [256]. Whilst data
regarding transcriptional regulation of the other Kate channel genes (KCNJ8 and
ABCC9) is scarce, there is some indication that, at least in the context of cardiac

myocytes, Forkhead family transcription factors may have a significant role [258].

Functional expression of Karp channels requires trafficking to the plasma
membrane, a process which can only occur upon correct assembly of the hetero-
octameric complexes within the ER. Indeed, when either subunit is expressed
alone, ER exit is prevented by arginine-based localisation motifs (RKR) which are
present in both subunits and act as ER retention/retrieval signals due to
recognition by COPI vesicle coat protein complexes [259, 260]. Truncation of the
C-terminus of Kir6.2 can enable the formation of functional channels in the
absence of SURXx subunits, illustrating that the Kir6.2 RKR motif is located within
this portion of the protein [261]. Appropriate channel assembly results in the

masking of these signals, thus it is thought to be a mechanism to ensure only
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appropriately assembled channels can progress through the secretory pathway
[259]. Other cellular proteins have also been reported to be associated with Katp
channel trafficking. Whilst the Kir6.2 RKR motif is fully masked by binding of
SUR1, the corresponding motif possessed by SUR1 remains partially exposed in
the fully assembled octamer. Complete masking of these RKR motifs requires the
recruitment of cytosolic 14-3-3 proteins to the Katp complex [260, 262]. Indeed,
many ion channels and plasma membrane proteins have subsequently been
found to possess COPI interaction motifs and require 14-3-3 proteins for efficient
trafficking, indicating that this is a key cellular control mechanism [263]. Further,
onward trafficking of Katp channels can be promoted by phosphorylation of the
Kir6.2 C-terminus by PKA, at least in the context of cardiac myocytes, which leads
to decreased COPI binding and hence silencing of the RKR motif [264]. Other
cellular factors associated with the progress of Karp channels through the
secretory system include the heat-shock protein Hsp90, which promotes the
efficient folding of SURx subunits, and Derlin-1, a protein involved in ER-
associated degradation of misfolded proteins including Kir6.x and SURXx [265,

266].

1.8.3 Kate channel regulation

The mechanisms regulating Kare channel gating are numerous and highly
complex (Fig 1.13). A defining property of Karp channels is that they link the
metabolic activity of cells to their membrane potential: a fall in cytoplasmic ATP
leads to increased channel opening and thus K* efflux. Expression of a C-
terminally truncated Kir6.2 which is able to form functional channels in the
absence of SURXx subunits revealed that sensitivity to ATP is conferred by the
Kir6.x subunit [261]. However, co-expression with SUR1 markedly enhanced

ATP inhibition, indicating that the SURx subunits also contribute towards ATP
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sensitivity possibly due to allosteric effects [261]. Further mutagenesis studies
subsequently identified key amino acids within both the N- and C-termini of Kir6.2
that are required for ATP binding [267, 268]. More recent cryo-EM crystal
structures have confirmed that residues 182-185 and 332-335 of Kir6.2 form
positively-charged binding pockets for ATP, whilst the N48 and R50 residues of
the neighbouring Kir6.2 subunit form hydrogen bonds with the adenine base [243,
244, 246]. Each Kir6.x subunit possesses one ATP binding site, thus creating a
total of four potential binding sites per channel, although binding of one ATP

molecule has been shown to be sufficient to induce channel closure [269, 270].
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Figure 1.13 Mechanisms regulating the gating of Katp channels. A defining
property of Karp channels is their inhibition by ATP, thus linking cellular
metabolism to membrane potential. Conversely, channel opening is
promoted via binding of ADP, in complex with Mg?*ions, to SURX subunits.
Membrane lipid composition also regulates gating: the presence of
phosphatidyl-inositol 4,5-bisphosphate (PIP2) promotes K* flux. Kinase
activity is an important regulator of Kate activity: phosphorylation of Kir6.1
by protein kinase C (PKC) can inhibit channel activity, but phosphorylation
of Kir6.2 subunits promotes channel opening. Phosphorylation by protein
kinase A (PKA) promotes channel activity. Multiple pharmacological
activators (diazoxide, nicorandil, pinacidil) and inhibitors (glibenclamide,
tolbutamide) have also been described. Figure created using
BioRENDER.com.
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Conversely, binding of ADP to Katp channels has a stimulatory effect on gating.
Sensitivity to ADP is conferred by the SURXx subunit, and activation by ADP
required complex formation with Mg?* [261, 271, 272]. In the absence of either
Mg?* or SURX subunits, ADP has an inhibitory effect presumably due to binding
to the ATP-binding pocket present in Kir6.x subunits [261, 273]. MgADP binds to
Walker A and B motifs located within the NBDs of SUR subunits [274, 275].
Although MgATP is also able to stimulate Kate channel activity via binding to the
SUR NBDs, it is ~10 fold less efficient than MgADP and this ability is normally
masked by the potent inhibitory effects of ATP discussed above [268, 276]. Like
many members of the ABC transporter family, SUR subunits possess one
catalytically active (i.e. capable of ATP hydrolysis) nucleotide binding site (NBS2)
and one unable to hydrolyse ATP (NBS1, the degenerate site); these are formed
upon dimerisation of the NBDs, giving a total of eight NBSs per fully-assembled
channel [277]. The dimers are antiparallel in nature and as such each NBS
contains the Walker A and B motifs of one NBD and the so-called ABC signature
sequence (typically LSGGQ) of the other NBD. Given that MgADP is able to
activate Kartp channels, it is clear that the hydrolytic activity of NBS2 is not
required for channel opening; yet it remains possible that MgGATP must first be
hydrolysed to MgADP in order to activate the channels [277]. More recently,
fluorescence resonance energy transfer has been used to measure in real time
the binding of nucleotides to SUR1, revealing that whilst Mg?* is not required for
initial binding of ADP, it is necessary for SUR1 conformational changes, NBD

dimerisation and channel activation [278].

In addition to nucleotides, it is clear that Kater channel gating is also dependent
on the lipid composition of the plasma membrane. Application of phosphatidyl-

inositol 4,5-bisphosphate (PIP2) has been shown to result in increased K* flux
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and can even overcome channel inhibition by high ATP concentrations [279].
Despite PIP2 only being a minor phospholipid component of cell membranes, it
has been shown to activate all inward-rectifying K* channels [280]. Mutagenesis
studies have identified potential residues within the C-terminus of Kir6.2 that may
be required for PIP2 binding [280], although the significance and mechanism of
regulation by PIP2 remain unclear. One possibility is that it may ensure Karp
channels remain inactive until they reach the cell surface as intracellular
membrane compartments possess much lower concentrations of PIP2 [281].
Recent cryo-EM structures indicate that the inhibitory ATP binding site may be
located adjacent to the putative PIP2 binding site on Kir6.2, leading to the
hypothesis that binding of these molecules may at least in part be mutually
exclusive [246]. Moreover, a recent study has implicated S-palmitoylation, the
covalent attachment of fatty acids to cysteine residues, in the regulation of Katp
channel opening [282]. It was discovered that Kir6.2, but not SUR1, was
palmitoylated at a conserved C166 residue found in several Kir channels.
Palmitoylation was found to positively regulate Katp channels by increasing their

sensitivity to PIP2.

Furthermore, Kate channel opening is also regulated by kinase activity. The Katp
channels found in smooth muscle cells of the vasculature, composed of Kir6.1
and SUR2B, can be phosphorylated by PKA [283, 284]. This is the mechanism
by which vasodilators such as adrenaline promote relaxation of vascular smooth
muscle; PKA acts downstream of the classical cAMP-dependent pathway
induced upon binding of a vasodilator to its cognate G protein-coupled receptor
(GPCR). Evidence indicates that direct phosphorylation at residues S385 of
Kir6.1 and T633, S1387 and S1465 in SUR2B by PKA significantly enhances

channel opening [285, 286]. Given that the phosphorylation sites on SUR2B are
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situated adjacent to the NBDs, it is conceivable that phosphorylation promotes
channel opening via enhancing MgADP binding. PKA phosphorylation sites have
also been identified in other Kartp subunits, S372 and T224 of Kir6.2 and S1571
of SURL1, indicating this is likely a general method of Katp channel regulation [287,
288]. Conversely, binding of vasoconstrictors such as noradrenaline to their
GPCRs leads to the closure of Kartp channels via the induction of the
phospholipase C (PLC) — protein kinase C (PKC) pathway [289]. Whilst this
signalling pathway involves the hydrolysis of PIP2, this is not thought to
significantly affect channel gating [236]. Rather, PKC phosphorylates a cluster of
residues in the C-terminus of Kir6.1 in order to promote channel closure [290].
Mechanistically, PKC phosphorylation likely inhibits Katp channels by facilitating
their internalisation in a caveolin-1-dependent manner [291]. Paradoxically,
phosphorylation by PKC has been shown to activate the cardiac Kate channel
[292]. These channels consist of Kir6.2 subunits which lack the inhibitory
phospho-sites of Kir6.1; rather phosphorylation occurs at an alternative threonine
residue, indicating tissue-specific modes regulation exist [293]. However, under
conditions of prolonged PKC activation, these Kir6.2-containing Katp channels
may undergo internalisation; suggesting the presence of a negative feedback
mechanism that likely evolved to prevent excessive Katp channel activity [294].
Clearly, the regulation of Kate channels by PKC is highly complex and warrants

further investigation.

Numerous pharmacological inhibitors and activators of Kare channels have been
described. One such group is the sulphonylurea class of drugs, which act to
inhibit Katp channel activity. Multiple compounds in this class have been
developed, including tolbutamide and glibenclamide, a second-generation drug

which displays increased binding affinity [236]. These compounds have been



52
used widely for the treatment of type two diabetes mellitus since the 1960s [295],
but it was not until much later that their mechanism of action was elucidated [296].
Sulphonylureas induce Kate channel closure by binding to SURXx subunits which,
in the context of pancreatic 3 cells, promotes insulin release. Improvements in
electron microscopy have permitted further understanding of this mechanism: it
is now thought that the glibenclamide binding pocket is formed from residues in
both TMD1 and TMD2 of SURL1 [245]. Functional confirmation was provided by
mutagenesis of the residues lining the binding pocket; this diminished
glibenclamide-induced channel inhibition [245]. Two of these residues are not
conserved in SUR2A, which may account for slight differences in the binding
affinities of sulphonylureas [297]. Further, in structures in which the SUR1 NBDs
are bound by nucleotides, the pocket becomes too small to accommodate
glibenclamide, leading to the hypothesis that association of glibenclamide
interferes with conformational changes occurring upon MgADP stimulation [247].
Other agents are also able to inhibit Katp channel opening, such as the broadly-

acting K* channel modulator tetraethylammonium [298].

Additionally, a diverse range of pharmacological agents, including diazoxide,
nicorandil and pinacidil, are able to activate Karp channels. Significantly, some of
these compounds (e.g. nicorandil, pinacidil) are selective for SUR2A/SUR2B-
containing channels, whilst others (e.g. diazoxide) are more specific for SUR1-
containing channels [236]. Given the structural diversity of Katp openers, it is
highly likely that multiple binding sites on the SURX subunits exist. Studies
indicate that regions within TMD1 of SUR1 and TMD2 of SUR2A/SUR2B may be
necessary for binding of channel openers [299]. It is thought that channel
activation may be induced by promoting and stabilising the NBD dimers formed

upon MgADP binding to SUR1 [278]. The first cryo-EM structure of SUR1 in
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complex with NN414, a diazoxide-type channel opener, was recently published;
this confirmed the interaction of channel activators with both TMD1 and TMD2 of

SUR1 [251].

1.8.4 Biological functions of Katp channels

The most well-understood function of Kate channels is in regulating insulin
secretion by pancreatic B cells (Fig 1.14A) [236]. Insulin promotes the uptake of
glucose by skeletal muscle, the liver and adipose tissue and is therefore crucial
in maintaining blood glucose homeostasis. After increases in the blood glucose
concentration, glucose uptake and subsequent oxidative metabolism leads to an
increase in the cellular ATP concentration. Katp channel activity is hence
reduced, resulting in a depolarisation of the plasma membrane and the opening
of voltage-dependent Ca?* channels. This then leads to the secretion of insulin-
containing vesicles from the cells. An update to this ‘canonical’ signalling
mechanism has recently been proposed whereby the initial increase in cellular
ATP that drives Katp channel closure is instead driven by plasma membrane-
localised pyruvate kinase, with oxidative metabolism-derived ATP subsequently
ensuring the maintenance of signalling [300, 301]. Paradoxically, Katp channels
are also implicated in the regulation of glucagon secretion by pancreatic a cells,

although this is less well characterised [302].

Katp channels also have important functions in the heart (Fig 1.14B).
Interestingly, whilst the ventricular Katp channel is composed of Kir6.2 and
SURZ2A subunits, the atrial channel instead contains the SUR1 regulatory subunit
[303]. Although the role of Kate channels in the heart is less well understood than
in the pancreas, mouse studies indicate that channels may be required for
adaptation to stress since Kir6.2") mice have reduced tolerance to high-intensity

exercise [304]. Further, cardiac Katp channels are implicated in protection from
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ischaemia-induced injury [236]. Opening of channels in response to ischaemia is
thought to stabilise the plasma membrane potential and shorten action potentials,
thus reducing cell contractility and hence the energy demands of myocytes.
Indeed, overexpression of SUR2A in mice renders them resistant to both hypoxia-
and ischaemia-induced injury [305]. Similarly, Kir6.2-containing Kate channels in
skeletal muscle cells are implicated in preventing muscle damage during
strenuous or prolonged exercise [236]. Though the mechanism is unknown, it is

reasonable to assume it would be analogous to that described in cardiac muscle.

Biological functions of Kate channels in smooth muscle cells of the vasculature,
composed of Kir6.1 and SUR2B subunits, have also been described (Fig 1.14C).
Evidence indicates that the channels may be necessary in blood pressure
regulation: both SUR2(") and Kir6.1) mice demonstrate significant hypertension
[306, 307]. Mechanistically, as in pancreatic B cells, Katp channel closure results
in membrane depolarisation and influx of Ca?* via voltage-dependent channels.
This ultimately causes contraction and hence increased blood pressure. Karp
channels are also expressed in non-vascular smooth muscle cells of the
gastrointestinal tract, bladder and respiratory tract. The role of these channels is
poorly understood, but application of Kare channel inhibitors can induce
contraction, thus pointing towards mechanistic similarities with vascular smooth

muscle cells [236].
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Figure 1.14 Biological functions of Kare channels. A) Glucose uptake into
pancreatic beta cells promotes oxidative metabolism and hence an
increase in cellular ATP levels. This results in Katp closure and membrane
depolarisation. Opening of voltage-gated Ca?* channels and Ca?* influx
leads to insulin secretion. B) Cardiac Kate channels provide protection from
iIschaemia. In response to metabolic insult, Kate channels open. This
stabilises the membrane potential, shortens action potentials and reduces
Ca?* influx, hence conserving energy stores and preventing calcium
overload. C) Katrchannels in the vascular smooth muscle are implicated in
vascular tone and blood pressure regulation. Binding of vasodilators (e.g.
adrenaline) to cognate receptors induces activatory protein kinase A
signalling. This causes membrane hyperpolarisation, Ca?* channel closure
and ultimately smooth muscle relaxation. Conversely, vasoconstrictors
(e.g. noradrenaline) induce inhibitory protein kinase C signalling, resulting
in Katp channel closure. Membrane depolarisation, Ca?* channel opening
and smooth muscle contraction ensues. Figure created using
BioRENDER.com.

1.8.5 Katpchannelopathies
The importance of Kare channels in a wide variety of tissues, and indeed the
diverse range of functions associated with the channels, is reflected in the

multiple diseases linked to improper Karp channel activity (so-called

channelopathies). Given the crucial role of Kate channels in regulating insulin

release, it is unsurprising that many of these pathologies are associated with
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impaired pancreatic B cell function [308]. One such channelopathy is congenital
hyperinsulinism (CHI), a disease in which inappropriately high levels of insulin
secretion from pancreatic B cells result in low blood glucose and ultimately a
potential loss of consciousness and neurological damage. Whilst a variety of
genetic causes have been reported, loss-of-function mutations in either ABCC8
or KCNJ11 (Kir6.2) inherited in a recessive manner are the most common cause
[309]. Loss of Katp channel activity can occur due to trafficking mutations in
ABCCS8 which reduce cell surface expression, likely due to misfolding, an inability
to associate with Kir6.x subunits or indeed rapid endocytosis upon reaching the
plasma membrane [236]. Alternatively, the channel may be trafficked correctly
but mutations render the SUR1 subunit insensitive to MgADP stimulation [310].
Promisingly, pharmacological chaperones have recently been shown to be able

to rescue trafficking mutations and restore Kate channel surface expression [311].

Conversely, mutations in ABCC8 and KCNJ11l that lead to Karp channel
hyperactivity can result in the rare disorder neonatal diabetes mellitus (NDM)
[312, 313]. As with CHI, although mutations in several genes can be the cause of
NDM, those in Katp channel genes are the most common. Whilst mechanistically
the mutations can act in a variety of ways, all are activating mutations which
prevent channel closure in the presence of elevated ATP:ADP ratios and hence
result in insufficient insulin secretion by pancreatic B cells [314]. Interestingly, a
remarkable genotype-phenotype correlation exists between the degree to which
ATP sensitivity of the channel is reduced and the clinical severity presented in
the patient [314]. Furthermore, a common polymorphism in KCNJ11, which
results in a modest reduction in ATP sensitivity, has been linked with the

development of type two diabetes mellitus in later life [315]. Management of NDM
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typically involves oral sulphonylurea therapy which greatly improves quality of life

[308].

Another such channelopathy is Cantu syndrome (CS), a very rare disease first
described in 1982 characterised by gain-of-function mutations in ABCC9 or, less
commonly, in KCNJ8 (Kir6.1) [316-320]. The disorder is typically diagnosed in
childhood and a multitude of disease manifestations have been reported:
hypertrichosis (excessive hair growth) and facial dysmorphology are present in
all individuals, with many additionally suffering from several heart and
cardiovascular abnormalities as well as migraines [321]. However, a mechanistic
understanding of how Katp channel over-activity leads to such diverse
phenotypes remains to be elucidated. Of particular interest is a recent study
demonstrating, using a mouse model of CS, that many of the cardiovascular
phenotypes CS patients present with can be reversed through administration of
the Katp channel inhibitor glibenclamide, opening up a potential new avenue for

therapeutic intervention [322].

1.8.6 Role of Katp channels in the control of cell proliferation

The importance of ion channels in the regulation of the cell cycle and cell
proliferation has become increasingly recognised in recent years [323-325]. A
model has been proposed in which the plasma membrane potential of cells
undergoes a rapid hyperpolarisation during progression through the G1-S phase
checkpoint, followed by a more prolonged period of depolarisation during G2 and
mitosis [325]. It is thought that K* channels are particularly important for the initial
hyperpolarisation as a number of K* efflux channels have been observed to be
increased in expression and activity during G1 [324, 325]. Interestingly,

observations in a variety of cell types indicate that K* channel expression may
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increase in response to mitogens, opening up the possibility of bidirectional

signalling networks [324].

Given the number of ion channel genes reportedly dysregulated during
carcinogenesis, it has been argued that cancer could be classified as a
channelopathy [326]. Significantly, ion channels may represent ideal candidates
for novel cancer therapeutics given the abundance of licensed and clinically
available drugs targeting the complexes which could be repurposed if
demonstrated to be effective [327]. K* channel activity has been observed in a
wide variety of cancer cells [323], and Katp channels are no exception to this:
expression in multiple neoplasms has been reported, including breast, gastric
and cervical cancer, as well as hepatocellular carcinoma and glioma cells [328-
332]. Not unsurprisingly, channel inhibition using the pharmacological inhibitors
glibenclamide or tolbutamide was shown to result in a G1 phase arrest, consistent
with the hypothesis that Kartp channels are required for the G1/S-phase
associated hyperpolarisation of the plasma membrane potential [329, 330, 333].
Additionally, some reports indicate Kate channel inhibition in cancer cells can lead
to the induction of apoptosis [328, 330, 331], although other investigations have
found no evidence of this [329, 332]. This may potentially reflect the cell type-
specific roles Katp channels, or perhaps may be a result of differing subunit
compositions in the cell types analysed. Despite this, the mechanism by which
Katp channel activity promotes proliferation remains to be elucidated. One study
has suggested that signalling may proceed via the MAPK-ERK1/2 pathway:
stimulation of Katp channels using diazoxide promoted ERK1/2 phosphorylation,
whilst treatment with the MEK1/2 inhibitor U0126 prevented any diazoxide-
induced increase in cell proliferation [333]. However, this remains an area of

active research.
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Interestingly, two recent studies have suggested that the SUR1 subunit may have
additional oncogenic functions in cancer independent of Katp channels. A direct
interaction between SUR1 and the p70S6K kinase was reported, which
subsequently led to increased activation of the mammalian target of rapamycin
complex 1 (mTORCL1) signalling pathway [334, 335]. However, given the lack of
supporting evidence for channel-independent SURXx functions and the current
paradigm for Kate channel assembly, in which neither subunit is trafficked beyond

the ER in the absence of the other, these findings remain highly controversial.

1.9 Aims of the project

Despite the availability of highly effective vaccines against HPV, there are
currently no specific anti-viral therapies for the treatment of HPV infection or HPV-
induced malignancies. Therefore, a greater understanding of the mechanisms by
which HPV modulates the host cell environment in order to drive transformation
is required such that novel therapies can be identified. Preliminary studies in the
Macdonald lab have recently identified a potentially key role for host Karp
channels in regulating oncogene expression in primary keratinocytes harbouring
the HPV18 genome. Host ion channels represent excellent candidates for novel
therapies given the abundance of licensed and clinically available drugs targeting
the complexes which could be repurposed if shown to be effective. This PhD will
build upon these initial findings, aiming to undertake a complete assessment of
the role of Kate channels in HPV+ cervical cancer cells, before extending this to

reveal the impact of inhibiting Katp channels in HPV16+ HNSCC cells.
Specifically, the aims of this thesis are:

1) To reveal the importance of host Karp channel activity for HPV gene

expression in cervical cancer cells.
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2) To understand the role of Karp channels in key cellular phenotypes
including proliferation, cell cycle progression, epithelial to mesenchymal
transition (EMT) and apoptosis.
3) To investigate the importance of Kate channels in HPV+ and HPV- HNSCC

cell lines.
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Chapter 2 Materials and Methods
2.1 Bacterial cell culture

2.1.1 Preparation of chemically competent bacteria

DH5a Escherichia coli cells were streaked out onto Luria-Bertani (LB) agar plates
(10 g tryptone, 10 g NaCl, 5 g yeast extract, 15 g agar, ddH20 upto 1 L, pH 7.0)
in the absence of antibiotics and incubated at 37°C overnight. A single colony
was selected and inoculated into 20 mL 2xYT media (16 g tryptone, 10 g yeast
extract, 5 g NaCl, ddH20 up to 1 L, pH 7.0) and grown with shaking for 6 hours.
The starter culture was then used to inoculate 200 mL 2xYT media, which was
grown at 18°C with shaking until the OD reached 0.6-0.8. The culture was
incubated on ice for 10 min, then centrifuged at 2500 x g for 10 min at 4°C to
pellet cells. Cells were resuspended in 80 mL ice-cold transformation buffer (10
mM PIPES-KOH pH 6.7, 15 mM CacClz, 250 mM KCI, 55 mM MnClz) and
incubated on ice for 10 min. Cells were centrifuged as above and the resulting
pellet resuspended in 18.6 mL ice-cold transformation buffer. 1.4 mL DMSO was
then added slowly with gentle stirring, followed by a further incubation period on
ice for 10 min. Cells were aliquoted and snap frozen in dry ice before storing at -
80°C. Preparation of chemically competent bacteria was performed by Mr Diego

Barba Moreno.

2.1.2 Bacterial cell growth

Chemically competent DH5a E.coli cells (see 2.1.1) were used to prepare
plasmid DNA. Cells were grown in LB liquid medium (10 g tryptone, 10 g NaCl, 5
g yeast extract, ddH20 up to 1 L, pH 7.0) with shaking or on solid LB agar at 37°C
overnight. The appropriate antibiotics were added to the media to allow for

selection (100 pg/mL ampicillin or 50 pg/mL kanamycin).
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2.1.3 Transformation of bacteria

50 pL chemically competent DH5a cells were thawed on ice before incubating
with 1 puL plasmid DNA for 20 min on ice. Cells were heat-shocked at 42°C for 45
sec before returning to ice for 5 min. 950 uL LB media was added and cells
incubated at 37°C with shaking for 1 hour. Transformed cells were spread onto
LB agar plates containing the appropriate antibiotic and incubated overnight at

37°C. The plasmids used in this thesis are detailed in Appendix Table 1.

2.1.4 Plasmid DNA preparation

For small-scale preparation of plasmid DNA, 10 mL LB media containing the
appropriate antibiotic was inoculated with a single colony from an LB agar plate
and incubated overnight at 37°C with shaking. Cells were harvested by
centrifugation (4000 x g, 30 min, 4°C) and plasmid DNA purified using the
Monarch® Plasmid Miniprep Kit (T1010, New England Biolabs (NEB)). DNA was

eluted in 30 pL nuclease-free water.

To prepare plasmid DNA on a larger scale, a starter culture of 20 mL LB media
containing the appropriate antibiotic was inoculated with a single colony from an
LB agar plate and incubated at 37°C for 8 hours with shaking. This culture was
added to 80 mL LB media containing appropriate antibiotic and grown at 37°C
overnight with shaking. Cells were harvested by centrifugation (4000 x g, 30 min,
4°C) and plasmid DNA purified using the QIAGEN Plasmid Maxi Kit (12163,
Qiagen) following the provided protocol. DNA was eluted in 200 — 600 pL

nuclease-free water as appropriate.

Plasmid DNA concentration was determined using a NanoDrop™ One

Microvolume UV-Vis Spectrophotometer (ND-ONE-W, ThermoFisher Scientific).
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2.1.5 Preparation of glycerol stocks

For long-term storage of transformed bacteria, 500 pL of 50% (v/v) glycerol
solution was added to 500 pL of an overnight bacterial culture and mixed by

pipetting. Glycerol stocks were frozen immediately at -80°C.

2.2 Site-directed mutagenesis

Mutagenesis was performed using the Q5® Site-Directed Mutagenesis Kit
(E0554, NEB). Plasmid DNA was mutated via a PCR reaction using the cycling
conditions outlined in the kit protocol. Custom primers (Appendix Table 2) were
designed using NEBaseChanger™ software (NEB) and purchased from

Integrated DNA Technologies (IDT).

To confirm successful amplification, PCR products were separated by agarose
gel electrophoresis using 1% agarose gels (1% (w/v) agarose in TAE buffer (40
mM Tris base, 20 mM acetic acid, 1 mM EDTA)). Bands were visualised through
the addition of SYBR™ Safe DNA gel stain (S33102, Invitrogen) to gels. 2 uL 6X
gel loading dye (B7025S, NEB) was added to 10 puL PCR product and samples
run at 100 V for 1 hour in TAE buffer alongside 1 kb Plus DNA Ladder (N3200S,
NEB). Agarose gels were imaged using an InGenius gel documentation system

(Syngene).

Subsequently, 1 pL of the remaining PCR products were used in KLD treatments
as outlined in the kit protocol to degrade template DNA and ligate PCR products.
Chemically competent bacteria were then transformed with 5 pL of each KLD mix

as described in 2.1.3 and plasmid DNA prepared as before (2.1.4).

Sanger sequencing was performed by GENEWIZ to confirm successful
mutagenesis using vector-specific sequencing primers. The resulting

chromatograms were analysed using BioEdit 7.2 software.
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2.3 Mammalian cell culture

2.3.1 Cell lines and maintenance

The mammalian transformed cell lines used in this thesis are detailed in
Appendix Table 3. All cells were maintained in either Dulbecco’s Modified Eagle
Medium (DMEM; D6429, Sigma-Aldrich) supplemented with 10% foetal bovine
serum (FBS; 10500064, Gibco) and 50 U/mL penicillin-streptomycin (15070063,
Gibco), or Eagle's Minimum Essential Medium (EMEM; M4655, Sigma-Aldrich)
supplemented with 20% FBS, 1% non-essential amino acids solution (NEAA;
11140068, Gibco) and 50 U/mL penicillin-streptomycin. These are henceforth
referred to as complete media. Cells were grown in T75 flasks (Sarstedt) kept in
a humidified incubator at 37°C and 5% CO:2 (Sanyo). All cell culture work was

carried out in a Class Il biological safety cabinet.

Upon reaching ~80-90% confluency, cells were passaged. Media was aspirated,
cells washed once with sterile phosphate-buffered saline (PBS) and detached by
applying 1X trypsin-EDTA solution (0.05% trypsin, 0.02% EDTA in sterile PBS).
Cells were returned to the incubator until they appeared rounded. Once detached,
trypsin was inactivated via the addition of complete media. Cells were then either
reseeded at a 1:2-1:10 cell suspension:complete media ratio as appropriate for
further culture or counted manually using a haemocytometer and seeded as

necessary for future experiments.

2.3.2 Freezing and thawing of cell lines

In order to freeze cells for long term storage, cells were counted manually using
a haemocytometer after routine passaging and pelleted by centrifugation at 700
x g for 5 min at 4°C. Cells were resuspended in an appropriate volume of freezing

media (10% DMSO, 90% complete media) to give a 1 x 10° cells/mL suspension.
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This was aliquoted into cryotubes and placed in a Mr Frosty™ Freezing Container
(5100-0001, ThermoFisher Scientific) overnight at -80°C before transferring to

liquid nitrogen.

To revive frozen cells, cryotubes were removed from liquid nitrogen and placed
on ice before transferring to a 37°C water bath until defrosted. The 1 mL cell
suspension was placed into a cell culture flask with 9 mL complete media and
returned to the incubator overnight. Growth media was replaced with fresh media
the following morning. A minimum of two passages were performed before using

cells in experiments.

2.3.3 Serum starvation

Where necessary, serum starvation was performed prior to further experimental
procedures to lower the basal level of activation of signalling pathways of interest.
For this, complete media was removed and cells washed thoroughly with sterile
PBS. DMEM supplemented with 50 U/mL penicillin-streptomycin only (i.e. 0%
FBS) was added and cells incubated under the described conditions for 24 hours

before performing the required experimental procedures.

2.3.4 Transfection of plasmid DNA

The plasmids used in this thesis are detailed in Appendix Table 1. For
transfection of plasmid DNA, cells were seeded into six-well plates at an
appropriate density and incubated overnight as described. The required amount
of DNA was added to 200 yL Opti-MEM™ | Reduced Serum Media (11058021,
Gibco). In a separate tube, the required volume of Lipofectamine™ 2000
Transfection Reagent (11668019, Invitrogen) to give a 1:2.5 DNA:Lipofectamine
ratio was added to 200 pL Opti-MEM. After incubating for 5 min at RT, the diluted

Lipofectamine was added to the diluted DNA, mixed gently by pipetting and
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incubated for a further 20 min. Culture media was removed from cells and
replaced with Opti-MEM after washing once with sterile PBS, before adding the
transfection mix dropwise. Cells were incubated overnight before replacing the
Opti-MEM with complete media. Cells were returned to the incubator until the

experiment endpoint.

2.3.5 Transfection of siRNA

The siRNAs used in this thesis are outlined in Appendix Table 4. For transfection
of siRNA, cells were seeded into six-well plates at an appropriate density and
incubated overnight as described. The required amount of siRNA was added to
200 pL Opti-MEM, whilst in a separate tube, the required volume of Lipofectamine
to give a 1:2 siRNA:Lipofectamine ratio was added to 200 uL Opti-MEM. After
incubating for 5 min at RT, the diluted Lipofectamine was added to the diluted
siRNA, mixed gently by pipetting and incubated for a further 20 min. Culture
media was removed from cells and replaced with Opti-MEM after washing once
with sterile PBS, before adding the transfection mix dropwise. Cells were
incubated overnight before replacing the Opti-MEM with complete media. Cells

were returned to the incubator until the experiment endpoint.

2.3.6 Production of 2"d generation lentivirus

To prepare lentiviruses, HEK293TT cells were seeded at a density of 4.5 x 10°
cells/well into six-well culture plates overnight. At 24 hours post-seeding, cells
were co-transfected with 0.8 ug pCRV1-NLGP, 0.4 ug pCMV-VSV-G and 0.8 ug
of either pZIP-hEF1a-zsGreen-Puro-shNTC or one of three pZIP-hEF1a-
zsGreen-Puro-shSUR1 constructs using the described protocol for transfection
of plasmid DNA (2.3.4). Successful transfection was confirmed by

immunofluorescent visualisation of ZsGreen expression. At 48 hours post-
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transfection, virus-containing supernatant was harvested from cells and passed
through a 0.45 pm Minisart™ NML Syringe Filter (10109180, Sartorius) to remove
cell debris. Sequence information for the shRNAs is detailed in Appendix Table

5.

2.3.7 Lentivirus transduction

For transduction of lentiviruses, cells were seeded at an appropriate density in 60
mm culture dishes and incubated as described for 24 hours. Media was removed
and replaced with filtered virus-containing culture media prepared as described
(2.3.6). Cells were incubated overnight at 37°C in the presence of viral vectors,
before removing viral supernatant and replacing with fresh media after washing

cells once in sterile PBS. Cells were then returned to the incubator.

2.3.8 Selection of transduced cells

At 48 hours post-transduction, cells were split as necessary using the described
protocol (2.3.1). To select for successfully transduced cells, complete media was
supplemented with 1 pg/mL puromycin (ant-pr-1, InvivoGen) and cells cultured
for 3-6 days. Selection was considered to be complete once non-transduced cells
displayed complete cell death upon visual inspection. Surviving cells were

returned to media lacking puromycin and expanded into T75 flasks.

2.3.9 Production of monoclonal cell lines

After transduction and selection as described (2.3.7, 2.3.8) monoclonal cell lines
were generated through fluorescence-activated cell sorting (FACS). Upon routine
passaging, cells were counted manually using a haemocytometer before pelleting
by centrifugation at 300 x g for 5 min at 4°C. The supernatant was discarded, and
cells resuspended in an appropriate volume of sorting buffer (sterile PBS

containing 25 mM HEPES and 2% (v/v) FBS) to give a 1 x 108 cells/mL
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suspension. Cells were sorted using a FACS Melody (BD Biosciences) running
FACS Chorus software (BD Biosciences) by gating for single cells expressing
zsGreen. Non-transduced cells were also prepared as described and used as a
negative control. For each starting population, one cell was sorted per well of a
96-well plate containing complete DMEM. Cells were then incubated as
described and expanded into monoclonal populations. FACS was performed by
Dr Sally Boxall and Dr Ruth Hughes (FBS Bioimaging and Flow Cytometry

Facility, University of Leeds).

2.4 Protein biochemistry

2.4.1 Cell lysis

Cell culture media was aspirated and cells washed once in PBS. Cells were then
scraped into an appropriate volume of radioimmunoprecipitation assay (RIPA)
buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% (v/v) Triton X-100, 0.5% (w/v)
sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulphate (SDS), 10 mM NaF,
1X cOmplete™ EDTA-free Protease Inhibitor Cocktail (PI; 11873580001,
Roche)). Cells were incubated on ice for 20 min or snap-frozen at -80°C overnight
to aid lysis. Lysates were then transferred to Eppendorf tubes and centrifuged at

17,000 x g for 10 min at 4°C to pellet cell debris.

2.4.2 Bicinchoninic acid (BCA) assay for protein concentration

The protein concentration of whole cell lysates was determined using a Pierce™
BCA Protein Assay Kit (23225, ThermoFisher Scientific) following the provided
protocol for microplates. After a 15 min incubation at room temperature (RT),
absorbance at 562 nm was determined using a PowerWave XS2 Microplate

Spectrophotometer and Gen5 1.11 software (BioTek Instruments Inc.). Standard
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curves were generated in Excel (Microsoft) using the absorbance values in order

to determine sample protein concentration.

2.4.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were resolved by molecular weight using Mini-PROTEAN Tetra cells
(Bio-Rad). 8-15% SDS-polyacrylamide gels were prepared according to desired
resolution (resolving gel: 8-15% (v/v) acrylamide, 375 mM Tris-HCI pH 8.8, 0.1%
(wiv) SDS, 0.1% (w/v) APS, 0.1% (v/v) TEMED; stacking gel: 6% (v/v)
acrylamide, 125 mM Tris-HCI pH 6.8, 0.1% (w/v) SDS, 0.1% (w/v) APS, 0.1%
(v/v) TEMED). 2X Laemmli sample buffer (125 mM Tris-HCI pH6.8, 4% (w/v)
SDS, 20% (v/v) glycerol, 0.004% (w/v) bromophenol blue, 1% (v/v) 2-
mercaptoethanol) was added to whole cell lysates containing 20 - 50 ug protein
and boiled for 10 min. Samples were loaded alongside BLUeye Pre-Stained
Protein Ladder (S6-0024, Geneflow). Electrophoresis was carried out at 80 - 160
Vin 1 x SDS running buffer (25 mM Tris base, 192 mM glycine, 0.1% (w/v) SDS)

until proteins were resolved.

2.4.4 Western blotting

Separated proteins were transferred to Amersham™ Protran™ NC Nitrocellulose
membranes (10600002, GE Healthcare) using a Trans-Blot® Turbo™ Transfer
System (Bio-Rad) setto 1 A, 25 V for 30 min. The composition of transfer buffer
used was as follows: 25 mM Tris base, 192 mM glycine, 20% (v/v) methanol.
Membranes were then blocked by incubating in blocking solution (5% (w/v)
skimmed milk powder in TBS-T (25 mM Tris-HCI pH 7.5, 138 mM NaCl, 0.1%
(v/v) Tween 20)) for 1 hour at RT. Primary antibodies (Appendix Table 6) were
diluted in either blocking solution or 5% (w/v) bovine serum albumin (BSA) in

TBS-T as necessary and incubations performed overnight at 4°C on a rocker.
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After washing four times for 5 min with TBS-T, membranes were incubated with
the appropriate horseradish peroxidase-conjugated secondary antibody
(Appendix Table 6) diluted 1:5000 in blocking solution for 2 hours at RT. Another
four washes with TBS-T for 5 min were performed to remove unbound secondary
antibody. Blots were visualised by the enhanced chemiluminescence (ECL)
method: membranes were briefly incubated in equal volumes of Molly Brew™
solution A (100 mM Tris-HCI pH 8.5, 2.5 mM luminol, 0.4 mM p-coumaric acid)
and solution B (100 mM Tris-HCI pH 8.5, 0.02% (w/w) H20:2) before being placed
in a protective sleeve and exposed to CL-XPosure™ film (34090, ThermoFisher
Scientific). Films were developed using an Xograph Compact X4 machine. To
allow reprobing, membranes were incubated with ReBlot Plus Strong Antibody

Stripping Solution (2504, Sigma-Aldrich) for 10 min at RT.

2.5 lon channel modulators and small molecule inhibitors

The chemical compounds used in this study are detailed in Table 2.1. The
concentration used for each drug compound was optimised to ensure minimal
off-target effects.

Table 2.1 lon channel modulators and small molecule inhibitors used in this
study. Drugs were used at the concentrations listed here unless stated

otherwise. Stock solutions, typically at 1000X concentration, were prepared
in all cases.

Drug Function Source Dlss_olved Final .
in concentration
Sigma-
TEA Aldrich H20 25 mM
Broad spectrum | (T2265-25G)

K* channel Sigma-
o inhibitor Aldrich

Quinine (145904- DMSO 100 pM

10G)
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Drug Function Source DISS.ONEd Final ,
in concentration
Sigma-
Quinidine Aldrich DMSO 100 pM
(Q3625-5G)
Sigma-
Glibenclamide Aldrich DMSO 10 uM
Kare channel | (G0639-5G)
inhibitor Sigma-
Tolbutamide Aldrich DMSO 200 pM
(T0891-25G)
Sigma-
Diazoxide KA;;?:;Z':G' Aldrich DMSO 50 UM
(D9035)
. , N Active Motif
Mithramycin A | SP1 inhibitor (14129) DMSO 50 nM
Inhibits DNA .
synthesis; Sigma-
Thymidine caZses R Aldrich H20 2 mM
(T9250-5G)
arrest
CDK1 inhibitor; i’lg?;
RO3306 ca:freesstGZ (217699- DMSO 9 uM
5MG)
Inhibits
microtubule Stratech
Nocodazole | polymerisation; | (A8487-APE- DMSO 100 nM
causes mitotic 10mg)
arrest
Cell
MEK1/2 Guidance
12 - DM 20 uM
U0126 inhibitor Systems SO ou
(SM106-5)
Broad spectrum | Cambridge
. kinase inhibitor; | Bioscience
Staurosporine indUCes (CAY81590- DMSO 1uM
apoptosis 500 ug)
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2.6 Reverse transcription-quantitative PCR (RT-gPCR)

2.6.1 Cell lysis and RNA extraction

Cells were lysed by aspirating culture media, washing once with PBS and
scraping cells into an appropriate volume of TRK lysis buffer (Omega Bio-tek).
Cells were incubated on ice for 20 min or snap-frozen at -80°C overnight to aid
lysis. Total RNA was extracted from cells using the E.Z.N.A.® Total RNA Kit |
(R6834-02, Omega Bio-Tek) following the provided protocol for cultured cells.
RNA was eluted in 40 pL nuclease-free water and the concentration determined
using a NanoDrop™ One Microvolume UV-Vis Spectrophotometer. RNA was
aliquoted and diluted to 50 ng/pL before storing at -80°C until required in

downstream analysis.

2.6.2 Quantitative PCR (qPCR)
gPCR was performed using the GoTag® 1-Step RT-gPCR System (A6020,

Promega) following the manufacturer’s protocol. Reactions were performed in 96-
well plates with each consisting of: 50 ng RNA, 5 pL GoTaq® gPCR Master Mix,
0.2 pL GoScript™ RT Mix, 500 nM each of forward and reverse primers, and
nuclease-free water up to a total volume of 10 pL. gPCR reactions were
performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad)
with the following cycling conditions: reverse transcription for 10 min at 50°C,
reverse transcriptase inactivation/polymerase activation for 5 min at 95°C,
followed by 40 cycles of denaturation (95°C for 10 sec) and combined annealing,
extension and data collection (60°C for 30 sec). This was followed by a melt curve
analysis consisting of 5 sec each at 0.5°C increments between 65°C and 95°C.
Data was examined using CFX Maestro software (Bio-Rad) before exporting to
Excel for analysis via the AACt method to determine relative expression levels

[336].
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The primer sequences used in this thesis are detailed in Appendix Table 7; with
U6 used as a normalising gene. Where necessary, primers were designed using
Primer-BLAST software (NIH) to ensure primers were gene-specific and spanned
an exon-exon junction. OligoAnalyzer (IDT) was used to ensure primers
displayed minimal complementarity and lacked internal secondary structures. All

primers were purchased from IDT.

2.7 Chromatin immunoprecipitation (ChlP)

2.7.1 Preparation of chromatin

Three 100 mm culture dishes of cells at 80-90% confluency were used per
experimental condition. Following treatment as required, cells were fixed via
addition of formaldehyde solution (8187081000, Sigma-Aldrich) directly to culture
media at a final concentration of 1% (v/v) and incubated for 10 min at RT. Fixation
was quenched by adding glycine at a final concentration of 125 mM and cells
incubated for a further 5 min. Cells were washed twice in ice-cold PBS, before
scraping into 15 mL PBS and pelleting by centrifugation at 700 x g for 5 min at
4°C. Cells were lysed with 2 mL lysis buffer 1 (10 mM Tris-HCI pH 8.0, 10 mM
NaCl, 0.2% (v/v) NP-40, 50 pg/mL phenylmethylsulphonyl fluoride (PMSF), 1X
P1) on ice for 10 min and nuclei pelleted by centrifugation at 700 x g for 5 min at
4°C. The supernatant was removed, and nuclei lysed in 1 mL lysis buffer 2 (50
mM Tris-HCI pH 8.1, 10 mM NaCl, 1% (w/v) SDS, 50 pg/mL PMSF, 1X PI).
Chromatin was sheared immediately following lysis by sonication using a
Soniprep 150 (MSE). Sonication was performed for 10 bursts of 15 sec at 50%
amplitude, with 1 min on ice between bursts. Cell debris was pelleted by

centrifugation at 1200 x g for 10 min at 4°C.
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2.7.2 Immunoprecipitation (IP)

To perform the IP, 400 uL chromatin was diluted five-fold in dilution buffer (20
mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA, 0.01% (w/v) SDS, 0.1% (v/v)
Triton X-100, 50 ug/mL PMSF, 1X PI) to give a total volume of 2 mL. Chromatin
was precleared to reduce non-specific binding by incubating with 10 pL Pierce™
Protein A/G Magnetic Beads (88802, ThermoFisher Scientific), prewashed in
dilution buffer three times, for 30 min at 4°C with gentle rotation. Beads were
collected using a 12-tube magnet (36912, Qiagen). A 40 uL aliquot of the
supernatant was taken to use as a 2% input sample and stored at -80°C until
required. 7.5 pL of cJun antibody (9165, Cell Signalling Technology (CST)), or an
equivalent amount of isotype-matched rabbit IgG antibody (ab37415, Abcam),
was added to the remaining chromatin and incubated overnight at 4°C with gentle

rotation.

The following day, 25 yL Pierce™ Protein A/G Magnetic Beads were added to
each IP and samples incubated for 2 hours at 4°C with gentle rotation. Beads
were collected as before using a 12-tube magnet. Beads were sequentially
washed twice with 750 pL low salt wash buffer (20 mM Tris-HCI pH 8.0, 50 mM
NaCl, 2 mM EDTA, 0.1% (w/v) SDS, 1% (v/v) Triton X-100), twice with 750 pL
high salt wash buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 2 mM EDTA, 0.01%
(wiv) SDS, 1% (v/v) Triton X-100), once with 750 pL LiCl wash buffer (10 mM
Tris-HCI pH 8.0, 250 mM LIiCIl, 1 mM EDTA, 1% (v/v) NP-40, 1% (w/v) sodium
deoxycholate), and twice with 750 pL TE buffer (10 mM Tris-HCI pH 8.0, 1 mM

EDTA). Beads were collected using a magnetic rack between each wash.

DNA was eluted by adding 100 pL elution buffer (0.1 M NaHCOs, 0.1% (w/v)
SDS) and incubating at 37°C for 15 min with vortexing. Beads were collected and

the supernatant transferred to a fresh tube. This was repeated and eluates
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combined. Beads were washed with 200 pL TE buffer and collected as before,
and the supernatant combined with previous eluates to give a total volume of 400
uL. The 2% input sample taken prior to the IP was defrosted and the volume

adjusted to 400 pL by adding 200 uL elution buffer and 160 uL TE buffer.

To reverse crosslinking and to degrade RNA, 2 pL RNase A (EN0531,
ThermoFisher Scientific) and 24 uL 5 M NaCl were added to each tube, and
samples incubated overnight at 65°C with vortexing. The following day, 10 uL
proteinase K (K1037, ApexBio Technology) was added and samples incubated

at 55°C for 2 hours with vortexing to degrade proteins.

2.7.3 DNA purification

DNA was purified via phenol-chloroform extraction. One volume (~450 pL) of
phenol:chloroform:isoamyl alcohol 25:24:1 (P3803, Sigma-Aldrich) was added to
each sample and tubes were shaken vigorously for at least 1 min. Tubes were
centrifuged at 17,000 x g for 5 min at RT to separate the phases. The upper
agueous phase containing DNA was transferred to a fresh tube. To this, 2
volumes (~900 puL) of ethanol, 1/10 volume (~45 pL) 3M sodium acetate pH 5.2,
and 1 pL glycogen (R0551, ThermoFisher Scientific) were added and the
samples vortexed to mix. Tubes were incubated at -80°C for ~1 hour and then
centrifuged at 17,000 x g for 10 min at 4°C to pellet DNA. The supernatant was
removed, and the pellet washed twice in 500 pL 70% (v/v) ethanol before
centrifuging at 17,000 x g for 5 min at 4°C. The pellet was air-dried, then

resuspended in 30 pL nuclease-free H20.

2.7.4 Quantitative PCR (qPCR)
gPCR was performed using the GoTag® gPCR System (A6001, Promega)

following the manufacturer’s protocol. Reactions were performed in 96-well plates
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with each consisting of: 1 uL purified DNA, 5 uL GoTag® gPCR Master Mix, 500
nM each of forward and reverse primers, and nuclease-free water up to a total
volume of 10 pL. gPCR reactions were performed using a CFX Connect Real-
Time PCR Detection System (Bio-Rad) with the following cycling conditions:
polymerase activation for 3 min at 95°C, followed by 40 cycles of denaturation
(95°C for 15 sec) and combined annealing, extension and data collection (60°C
for 1 min). This was followed by a melt curve analysis consisting of 5 sec each at
0.5°C increments between 65°C and 95°C. Data was examined using CFX
Maestro software (Bio-Rad) before exporting to Excel for analysis by calculating
fold enrichment over IgG. The primer sequences used for gPCR analysis of ChIP

DNA are detailed in Appendix Table 8.

2.8 Electrophysiology

HelLa cells were seeded on coverslips in 12-well culture plates at 10-20%
confluency to prevent cell-cell contact. Following attachment, cells were treated
with DMSO, 10 pM glibenclamide, 50 uM diazoxide, or with both channel
modulators in combination for 16 hours. Following treatment, patch pipettes (2—
4 MQ) were filled with pipette solution (5 mM HEPES-KOH pH 7.2, 140 mM KClI,
1.2 mM MgCI2, 1 mM CaCl2, 10 mM EGTA, 1 mM MgATP, 0.5 mM NaUDP) and
culture media removed from cells and replaced with external solution (5mM
HEPES-KOH pH 7.4, 140 mM KCI, 2.6 mM CacCl2, 1.2 mM MgCI2). Whole cell
patch clamp recordings were performed using an Axopatch 200B
amplifier/Digidata 1200 interface controlled by Clampex 9.0 software (Molecular
Devices). A series of depolarising steps, from -100 to +60 mV in 10-mV
increments for 100 ms each, was applied to cells and the K* current measured.

Offline analysis was performed using the data analysis package Clampfit 9.0
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(Molecular Devices). Electrophysiology was performed by Dr Holli Carden

(University of Leeds).

2.9 Flow cytometry

2.9.1 Cell cycle analysis

Cells were harvested at the appropriate experimental endpoint and fixed
overnight in 70% ethanol at -20°C. Ethanol was removed by centrifugation at 500
x g for 5 min and cells washed twice in PBS containing 0.5% (w/v) BSA. Cells
were resuspended in 500 pL staining buffer (0.5% (w/v) BSA, 0.25% (v/v) RNase
A/T1 mix and 16 pg/mL propidium iodide (PI; P4864, Sigma-Aldrich) in PBS) and
samples incubated at RT for 30 min protected from light. Samples were
processed using a CytoFLEX S flow cytometer (Beckman Coutler) and data
analysed using CytExpert software (Beckman Coulter). An excitation wavelength

of 561 nm and a band pass filter of 561_585-42A was used.

2.9.2 Annexin V assay

Annexin V apoptosis assays were performed using the TACS® Annexin V-FITC
Kit (4830-01-K, R&D Systems) following the manufacturer’s protocol. After
treatment as required, cells were harvested by aspirating and retaining culture
media (to collect detached apoptotic cells) with the remaining cells detached by
trypsinisation. The retained media and trypsin cell suspension was combined and
centrifuged at 300 x g for 5 min to pellet cells before washing once in cold PBS
and pelleting again. Cells were resuspended in 100 yL Annexin V reagent (10 pL
10X binding buffer, 10 uL PI, 1 yL Annexin V-FITC (pre-diluted 1:25 in 1X binding
buffer), 79 yL ddH20) and incubated for 15 min at RT protected from light. 400
ML of 1X binding buffer was then added and samples processed immediately

using a CytoFLEX S flow cytometer and CytExpert software. Excitation
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wavelengths of 488 nm and 561 nm, and band pass filters of 488 _525-40A and
561 585-42A were used. Annexin V-FITC positive cells were designated as early
apoptotic, whilst dual Annexin V-FITC/PI positive cells were designated as late
apoptotic. Cells negative for both Annexin V and PI staining were considered to
be healthy. Treatment of cells with the broad-spectrum kinase inhibitor
staurosporine (Table 2.1) was used to induce apoptosis as a positive control for

this assay.

2.9.3 DIBAC4(3) assay to measure membrane potential

At the appropriate experimental endpoint, the membrane potential-sensitive dye
Bis-(1,3-Dibutylbarbituric Acid) Trimethine Oxonol (DiBAC4(3); B438, Invitrogen)
was added directly to culture media at a final concentration of 200 nM. Cells were
incubated in the presence of the dye for 20 min at 37°C in the dark. Culture media
was then removed, cells washed once in sterile PBS and harvested by scraping
into sterile PBS. Cells were pelleted by centrifugation at 300 x g for 5 min, and
the pellet resuspended in 500 L sterile PBS for flow cytometry analysis. Analysis
was performed using a CytoFLEX S machine and CytExpert software. An

excitation wavelength of 488 nm and a band pass filter of 488 525-40A was used.

2.10 Luciferase reporter assays

Cells were seeded into 12-well culture plates at an appropriate density. After 24
hours, cells were co-transfected with plasmids expressing firefly luciferase under
the control of the relevant promoter and a constitutively expressing Renilla
luciferase construct (an internal control for transfection efficiency) in a 10:1
firefly:Renilla ratio. Transfection of luciferase reporter constructs was performed
using the described protocol for transfection of plasmid DNA (2.3.4). The reporter

constructs used in this study are detailed in Appendix Table 1. At the
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experimental endpoint, culture media was aspirated, cells washed once in PBS
and lysed in an appropriate volume of passive lysis buffer (Promega) for 15 min
at RT with gentle rocking. Samples were then frozen at -80°C to aid lysis.
Luciferase activity was measured using the Dual-Luciferase® Reporter Assay
System (E1910, Promega). Luciferase Assay Reagent Il (LAR Il) and Stop &
Glo® Reagent were prepared as outlined in the manufacturer’s protocol and then
diluted 1:4 in ddH20 prior to use. Assays were performed using opaque, white
96-well plates (655074, Greiner Bio-One) and all reagents were warmed to RT
before use. 50 yL LAR Il was added to 10 pL lysate and firefly luciferase activity
measured, before adding 50 pyL Stop & Glo® Reagent and measuring Renilla
luciferase activity. For each sample, luminescence readings were performed in
triplicate and values measured at 0.5 sec intervals for a period of 5 sec, before
calculating an average value. Data was collected using a FLUOstar OPTIMA
Microplate Reader (BMG Labtech) and associated software, before exporting to
Excel for analysis. Relative firefly luciferase activity for each sample was
determined by normalising against the corresponding Renilla luminescence

readings.

2.11 Proliferation assays

2111 Growth curve assay

After treatment as necessary, cells were detached by trypsinisation and reseeded
at a density of 2 x 104 cells/well (HeLa, HN8) or 5 x 10*cells/well (SiHa, UM-SCC-
47, UM-SCC-104) in 12-well plates. Cells were subsequently harvested daily by
trypsinisation for a period of five days and manually counted using a

haemocytometer.
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2.11.2 Colony formation assay

After treatment as necessary, cells were detached by trypsinisation and reseeded
at 500 cells/well in six-well plates. Cells were examined daily by microscopy until
visible colonies were observed (~10-14 days). At this stage, culture media was
aspirated and cells washed once in PBS. Colonies were fixed and stained in
crystal violet staining solution (1% (w/v) crystal violet (CHE1680, Scientific
Laboratory Supplies (SLS)), 25% (v/v) methanol in ddH20) for 15 min at RT.
Plates were washed thoroughly with water to remove excess crystal violet and

colonies counted manually.

Where colonies could not be counted accurately (UM-SCC-47 cells), plates were
destained by incubation in 500 pL 10% (v/v) acetic acid solution for 15 min at RT
with gentle agitation. 200 uL of the resulting samples were transferred to a 96-
well plate and absorbance at 562 nm determined using a PowerWave XS2
Microplate Spectrophotometer and Gen5 1.11 software (BioTek Instruments
Inc.). Background absorbance was subtracted from each reading and relative

absorbance calculated.

2.11.3 Soft agar assay

For soft agar assays, 60 mm cell culture dishes were coated with a layer of
complete media containing 0.5% (w/v) TopVision Low Melting Point Agarose
(RO801, ThermoFisher Scientific) and allowed to set at 4°C for 30 min.
Simultaneously, cells were detached by trypsinisation after treatment as required
and counted manually using a haemocytometer. Cell suspensions of 1000
cells/mL in complete media containing 0.35% (w/v) agarose were added to the
bottom layer of agarose and again allowed to set. Plates were then overlaid with
complete media and incubated for 14-21 days until visible colonies could be

observed. Colonies were counted manually.
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2.12 In vivo tumourigenicity assay

In vivo experiments were performed using monoclonal HeLa cell lines stably
expressing either a non-targeting shRNA (shNTC) or an SUR1-specific ShRNA
(shSURL1 A), generated as described in 2.3.6-2.3.9. Upon routine passaging, the
cell suspension was retained and cells counted manually using a
haemocytometer. Approximately 4 x 10° cells per cell line were pelleted by
centrifugation at 700 x g for 5 min at 4°C. The cells were then washed twice in
ice-cold sterile PBS and pelleted as before. Cells were resuspended in a total

volume of 500 uL sterile PBS.

Female 6-8 week old SCID mice (Charles River Laboratories) were used for the
in vivo experiment. Five mice were used per experimental group, with each
injected subcutaneously with 50 uL cell suspension (=5 x 10° cells). Once
palpable tumours had formed, measurements for all groups were taken thrice
weekly. After tumours reached 10 mm in either dimension, mice were monitored
daily. Mice were sacrificed once tumours reached 15 mm in any dimension. No
toxicity, including significant weight loss, was seen in any of the mice. Upon
sacrifice, tumours were excised and stored in 4% (w/v) formaldehyde solution in
PBS for later analysis. Injection of cells and all subsequent animal work was
performed by Ms Debra Evans (University of Leeds). Tumour volume was

calculated with the formula V = 0.5*L*W?2.

2.13 Immunohistochemistry (IHC)

Fixed tumours from 2.12 were washed three times in PBS for 10 min each to
remove the formaldehyde fixative. Tumours were then placed in bijoux tubes
containing 70% (v/v) ethanol and sent for paraffin embedding and sectioning

(performed by Ms Gemma Hemmings (Faculty of Medicine and Health, University
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of Leeds)). Tissue sections were adhered to SuperFrost Plus™ microscope slides

(Fisher Scientific).

To perform immunohistochemistry (IHC), slides were first heated to 70°C on a
heat block for ~10 min to melt the paraffin wax. Following this, antigen retrieval
was performed by placing slides in MenaPath Access Revelation buffer (MP-607-
X500, A. Menarini Diagnostics) and heating to 110°C for 15 min in a Decloaking
Chamber™ NxGen (DC2012-220V, Biocare Medical) containing 500 mL distilled
water. Subsequently, slides were transferred firstly to wash buffer (20X TBS-T
with Tween 20 (ab64204, Abcam) diluted in ddH20) and then rinsed under gently
running tap water for ~2 min. Residual water was removed from slides and
sufficient BLOXALL® Endogenous Blocking Solution (SP-6000-100, Vector
Laboratories) was added to cover the tissue sections in order to block
endogenous peroxidase activity. Following incubation for 15 min at RT, blocking
reagent was removed and slides washed in wash buffer. Residual wash buffer
was removed and sufficient 2.5% normal horse serum added and slides were
again incubated for 15 min. Slides were washed once in wash buffer, before
incubating in primary antibodies specific for either SUR1 (PA5-50836, Invitrogen)
or Ki-67(M724029-2, Agilent) diluted 1:100 in Antibody Diluent (003218,

ThermoFisher Scientific) for 1 hour at RT.

To remove unbound primary antibody, slides were washed thrice in wash buffer
for 3 min each. The appropriate secondary antibody was then added (either
IMMPRESS® HRP Horse Anti-Mouse IgG Polymer Detection Kit or ImmPRESS®
HRP Horse Anti-Rabbit IgG Polymer Detection Kit (MP-7401-50 and MP-7402-
50 respectively, Vector Laboratories)) and slides incubated for 30 min at RT. A
secondary antibody only control was also performed alongside. Slides were again

washed thrice in wash buffer before incubating in 150 yL ImmPACT® DAB
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reagent (SK-4105, Vector Laboratories) for 5 min at RT. Residual DAB solution
was removed and slides placed in wash buffer and then under gently running tap
water. To counterstain, slides were placed in Mayer's haematoxylin solution
(51275-500mL, Sigma-Aldrich) for 1 min and then Scott’s tap water substitute

(S5134-100mL, Sigma-Aldrich) for 2 min, before rinsing under cold tap water.

Prior to mounting, tissue sections were dehydrated by incubating in increasing
concentrations of ethanol (75% (v/v) ethanol for 15 sec, 95% (v/v) for 2 min, 100%
for 3 min twice) and then xylene (three times for 3 min each). To mount slides, a
small amount of BioMount DPX Low (BML-500, BioGnost) was added to a
coverslip (COV12450, Solmedia) and the slide placed atop, ensuring all air

bubbles were removed by pressing firmly.

Once mounted, slides were scanned at 20X magnification using an AxioScan Z.1
Slide Scanner (Zeiss); this was performed by Dr Ruth Hughes (FBS Bioimaging
and Flow Cytometry Facility, University of Leeds). Images were examined using
ZEN software (Zeiss) and exported as TIF files. Quantification of staining was
performed in an automated manner using ImageJ software and the IHC Profiler
plug-in [337, 338]. Histology scores (H-score) were calculated based on the
staining intensity and the percentage of positively stained cells [339]. Staining
intensities were classified into four categories: 0, no staining; 1, low positive
staining; 2, positive staining; 3, strong positive staining. The H-score was

calculated using the following formula:
H-score = (3 x % strong positive) + (2 x % positive) + (% low positive)

thus giving a range of 0-300.



84

2.14 Analyses of publicly available datasets

RNA-sequencing data for head and neck squamous cell carcinomas and normal
healthy controls was downloaded from The Cancer Genome Atlas (TCGA) using
cBioPortal (https://www.cbioportal.org/) [340]. Expression values were
transformed using the logz(x + 1) method, where x represents the raw RSEM
output for each sample. Gene expression data obtained using microarrays was
downloaded from the Gene Expression Omnibus (GEO; accession GSE6791)

[341, 342].

2.15 Statistical analysis

Preparation of graphs and all statistical analysis was performed using Prism 9.2.0
software (GraphPad). Data was analysed using a two-tailed Student’s t-test
unless indicated otherwise. Kaplan-Meier survival data was analysed using the
log-rank (Mantel-Cox) test. Differential gene expression between normal, HPV-

and HPV+ tumour tissue was analysed using the Wilcoxon rank sum test.


https://www.cbioportal.org/
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Chapter 3 Kate channel activity is upregulated by the HPV E7

oncoprotein and is necessary for efficient viral gene expression

3.1 Introduction

High-risk HPVs are the causal factor in over 5% of all human cancers, including
>99.7% of cervical cancers, a significant proportion of those at other sites in the
anogenital region, as well as a growing number of oropharyngeal cancers [6, 50].
The main drivers of HPV-associated pathologies are the oncoproteins E5, E6 and
E7 which together act to prolong the proliferation, and delay differentiation, of the
host keratinocyte [50, 143]. Many of the mechanisms by which this is achieved
have been widely studied: HR-HPV E7 drives S-phase re-entry via binding to and
inducing degradation of pRb and the related pocket proteins p107 and p130 [186-
188, 194, 343], whilst E6 concurrently targets p53 for proteasome-mediated
degradation, inhibiting pro-apoptotic signalling in response to DNA damage
caused by the abnormal S-phase entry [145, 344]. Additionally, E6 modulates a
multitude of host signalling pathways, including the Hippo, JNK1/2 and JAK/STAT
pathways, to further promote proliferation and delay differentiation [163, 167, 168,
174]. Whilst the role of HPV E5 is not well understood, it has been shown to drive

cell proliferation by promoting EGFR-induced signalling [345-347].

Critically, a comprehensive understanding of the host factors modulated by HPV
during transformation is still lacking. It is therefore necessary to identify novel
HPV-host interactions and to establish whether they may constitute potential new
therapeutic targets. This is particularly important as, despite the availability of
prophylactic vaccines, there are currently no effective anti-viral drugs for use
against HPV. Current therapeutics rely on the widely used yet non-specific DNA-
damaging agent cisplatin in combination with radiotherapy [348, 349]. However,

resistance to cisplatin, either intrinsic or acquired, is a significant problem [350].
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Although this issue can be somewhat alleviated through the use of combination
therapy involving cisplatin alongside paclitaxel, there is an urgent need to develop
more targeted therapies for the treatment of HPV-associated malignancies [351].
lon channels represent ideal candidates for novel HPV-specific therapeutics due
to the abundance of licensed and clinically-available drugs targeting the
complexes which could be repurposed if demonstrated to be effective. Indeed,
approximately 20% of all current FDA-approved drugs act upon ion channels

[327].

Preliminary findings from the Macdonald group have highlighted a potential
importance of potassium ion (K*) channels for efficient HPV gene expression. In
particular, a pharmacological screen performed in primary keratinocytes
containing the HPV18 genome indicated that the activity of host Karp channels
may be of particular importance [352]. These channels are hetero-octameric
plasma membrane complexes consisting of four inwardly-rectifying pore-forming
subunits (Kir6.x) surrounded by four regulatory SURXx subunits [236]. No previous
link has been established between HPV and Kate channels, but the channels
have been shown to be expressed highly in some cancers, and channel inhibition
can result in decreased proliferation [328-332]. The aim of this chapter is to
assess the importance of host Katp channels for efficient HPV gene expression
in cervical cancer cells and to determine if, and by what means, HPV enhances

expression of Katp channel subunits.
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3.2 Results

3.2.1 Broadly acting inhibitors demonstrate the importance of K*

channels for HPV

Preliminary findings from the Macdonald group have highlighted a potential
importance of K* channels for efficient HPV gene expression. To validate this,
HPV18+ HelLa cells (derived from a cervical adenocarcinoma) were treated with
increasing doses of broadly acting K* channel inhibitors, with E7 protein
expression used as a readout. Treatment with tetraethylammonium (TEA), a
quaternary ammonium compound which binds both internally and externally to
almost all K* channels to obstruct K* flow, resulted in a dose-dependent decrease
in expression of the E7 protein (Fig 3.1A) [353]. These findings were replicated
when cells were treated with increasing, but sub-lethal, doses of a second broad

spectrum K* channel blocker quinine (Fig 3.1B).

To further confirm these results, the K* gradient across the plasma membrane of
cells was disrupted via the addition of K* salts to the culture media. The cytosolic
K* concentration is typically ~140 mM, whilst the external concentration is
distinctly lower (~5 mM) (Fig 3.1C). The external K* concentration was raised
through addition of differing concentrations of potassium chloride (KCI) up to a
concentration of 140 mM, equal with the cytosol concentration, thus totally
collapsing the K* potential. This resulted in a concentration-dependent reduction
in HPV18 E7 protein levels (Fig 3.1D). To illustrate that this effect was specific to
K* ions, cells were also treated with increasing concentrations of sodium chloride
(NaCl): although a reduced impact on E7 protein levels was observed, there was
still a significant loss of expression at the highest concentration (Fig 3.1D). Given
the dramatic reduction in E7 levels observed between 50 and 100 mM KCI,

additional doses at smaller intervals were used. This revealed that when the
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external K* concentration was steadily raised above 50 mM, reductions in HPV
protein expression began to occur, to a much greater extent than with NaCl (Fig
3.1E). To exclude the possibility that the addition of Cl-ions to the media could
be affecting oncoprotein expression, HelLa cells were treated with a single dose
(70 mM) of a second K* salt potassium sulphate (K2S0Qa4), alongside KCl and NacCl
as before; the stark decrease in E7 protein levels with both KCI and K2SOa4
confirmed the high sensitivity of HPV oncoprotein expression to disrupted K* flux
(Fig 3.1F). Finally, HeLa cells were treated with the full panel of broadly acting
K* channel blockers used here, all of which greatly reduced E7 protein levels,

whilst NaCl had minimal impact (Fig 3.1G).
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Figure 3.1 Broadly acting inhibitors illustrate the importance of K* channels
for HPV gene expression. A-B) Representative western blots of E7
expression in HelLa cells treated with increasing doses of (A) TEA or (B)
quinine. GAPDH served as a loading control. C) Schematic illustrating the
cytosolic and external K* ion concentrations. Figure created using
BioRENDER.com. D-E) Representative western blots of E7 protein
expression in HelLa cells treated with increasing doses of KCI or NacCl.
GAPDH served as aloading control. F) Representative western blot of HeLa
cells treated with 70 mM KCI, NaCl or K2SO4. GAPDH served as a loading
control. G) Representative western blot of HelLa cells treated with the full
panel of K* channel blockers (25 mM TEA, 100 pyM quinine (Qn), 100 pM
quinidine (Qd), 70 mM KCI) or 70 mM NaCl. GAPDH served as a loading
control. A minimum of three biological repeats were performed.
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3.2.2 Katep channel activity is important for HPV oncoprotein

expression

An initial pharmacological screen performed in primary human keratinocytes
containing the HPV18 genome by the Macdonald group indicated that the effects
observed above with broad-spectrum K* channel inhibitors may be specifically
due to the activity of Karp channels [352]. To explore whether this was also the
case in HPV+ transformed cell lines, HeLa (HPV18+) and SiHa (HPV16+) cells
were treated with increasing concentrations of glibenclamide, an inhibitor of Karp
channels. A significant decrease in expression of both HPV oncoproteins was
observed at both the mRNA level (Fig 3.2A) and the protein level (Fig 3.2B) at
concentrations as low as 10 uM. In order to ensure that the effect of glibenclamide
treatment on viral oncoprotein expression was due to the inhibition of Karp
channel activity rather than off-target effects, we first analysed the membrane
potential of cells using the fluorescent dye Bis-(1,3-Dibutylbarbituric Acid)
Trimethine Oxonol (DIBAC4(3)) [354, 355]. The ability of this dye to enter cells is
proportional to the polarisation of the plasma membrane, with the dye more
readily entering cells when the membrane becomes depolarised (Fig 3.2C). The
dose-dependent increase in fluorescence observed after glibenclamide treatment
therefore indicates an increasing level of depolarisation, consistent with a
reduction in Kate channel opening and hence retention of positively-charged K*
ions within the cell (Fig 3.2D). To further exclude the possibility of off-target
effects, cells were treated with tolbutamide, a second member of the sulfonylurea
class of drugs which inhibit Kate channels. Significantly, this also resulted in a
dose-dependent decrease in oncoprotein expression at the mRNA (Fig 3.2E) and

protein level (Fig 3.2F), with a similar corresponding increase in DiBACa4(3)
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fluorescence (Fig 3.2G). Together, these data demonstrate that Karp channels

are important for HPV gene expression in cervical cancer cells.
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Figure 3.2 Katp channel activity is important for HPV oncoprotein
expression. A) Expression levels of E6 and E7 mRNA in HeLa and SiHa cells
treated with glibenclamide (10 pM) measured by RT-gPCR. Samples were
normalised against U6 mRNA levels. B) Representative western blots of E6
and E7 expression in HeLa and SiHa cells treated with increasing doses of
glibenclamide. GAPDH served as a loading control. C) Schematic
illustrating the plasma membrane permeability of DiBAC4(3). Figure created
using BIoORENDER.com. D) Mean DIiBAC4(3) fluorescence levels in HeLa and
SiHa cells treated with increasing dose of glibenclamide. Samples were
normalised to DMSO controls. E) Expression levels of E6 and E7 mRNA in
HelLa and SiHa cells treated with tolbutamide (200 pM) measured by RT-
gPCR. Samples were normalised against U6 mRNA levels. F)
Representative western blots of E6 and E7 expression in HeLa and SiHa
cells treated with increasing doses of tolbutamide. GAPDH served as a
loading control. G) Mean DIBAC4(3) fluorescence levels in HeLa and SiHa
cells treated with increasing dose of tolbutamide. Samples were normalised
to DMSO controls. Bars represent means * standard deviation (SD) of a
minimum of three biological replicates with individual data points
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displayed. Ns not significant, *P<0.05, **P<0.01, **P<0.001, ***P<0.0001
(Student’s t-test).

3.2.3 Activation of Karp channels promotes HPV oncoprotein

expression

To confirm the effects on oncoprotein expression observed with Katp channel
inhibitors, HPV+ cervical cancer cells were also treated with diazoxide, an
activator of Karp channels that preferentially acts upon SURI1-containing
complexes [236]. This resulted in a significant dose-dependent increase in HPV
oncoprotein expression at both the mRNA level (Fig 3.3A) and the protein level
(Fig 3.3B). As before, analysis of DIBAC4(3) fluorescence was performed to
assess the impact of diazoxide treatment on the plasma membrane potential. A
dose-dependent decrease in fluorescence, particularly apparent after application
of 50 uM diazoxide was observed, indicating increasing levels of membrane
hyperpolarisation, consistent with increased Katp channel activity (Fig 3.3C).
Importantly, treatment of HPV+ cervical cancer cells with either channel blocker
(glibenclamide or tolbutamide) abolished the diazoxide-induced increase in HPV
oncoprotein expression. (Fig 3.3D). Finally, in order to assess the impact of
modulating Katp channel activity in a more direct manner than studying the
plasma membrane potential using DIBAC4(3), electrophysiological analysis was
performed in HelLa cells. A clear outward K* current was observed in the DMSO-
treated cells, which was greatly increased upon application of the activator
diazoxide (Fig 3.3E). Importantly, addition of the channel inhibitor glibenclamide
completely prevented the diazoxide-induced increase in K* current, whilst
glibenclamide treatment alone significantly reduced basal K* currents (Fig 3.3E).
Taken together, these data confirm that Kate channels are present and active in
cervical cancer cells, and that their activity is important in the regulation of HPV

gene expression.
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Figure 3.3 Activation of Katp channels promotes HPV oncoprotein
expression. A) Expression of E6 and E7 mRNA in HeLa (n = 2) and SiHa
cells treated with diazoxide (50 pM) measured by RT-gPCR. Samples were
normalised against U6 mRNA levels. B) Representative western blots of E6
and E7 expression in HeLa and SiHa cells treated with increasing doses of
diazoxide. GAPDH served as a loading control. C) Mean DiBAC4(3)
fluorescence levels in HeLa and SiHa cells treated with increasing dose of
diazoxide. Samples were normalised to DMSO control. D) Representative
western blots of E6 and E7 expression in HeLa and SiHa cells treated with
diazoxide (50 uM) alone or in combination with glibenclamide (10 pM) or
tolbutamide (200 uM). E) Mean current density-voltage relationships for K*
currents in HelLa cells treated with DMSO, diazoxide (50 uM), glibenclamide
(10 pM), or both diazoxide and glibenclamide for 16 hours, measured by
whole cell patch clamping (n = 5 for all treatments). Patch clamping
performed by Dr Holli Carden (University of Leeds). Data shown represents
means + standard deviation (SD) of a minimum of three biological replicates
(unless stated otherwise) with individual data points displayed where
appropriate. Ns not significant, *P<0.05, **P<0.01, **P<0.001, ****P<0.0001
(Student’s t-test).

3.2.4 Depletion of the SUR1 subunit of Karp channels impairs HPV

gene expression

Given the importance of Kate channels for HPV oncoprotein expression illustrated

here, it was hypothesised that HPV may regulate expression of channel subunits.
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However, multiple isoforms of both Kate channel subunit types (Kir6.x and SURX)
exist. Therefore, in order to understand both which particular subunit isoforms are
expressed in cervical tissue, and to reveal whether HPV is capable of
upregulating subunit expression, the mRNA levels of all subunits was quantified
in a panel of cervical cancer cell lines by RT-gPCR. This revealed that expression
of the SURL1 subunit was significantly higher in all four of the HPV+ cancer cell
lines examined, compared to HPV- C33A cells and primary keratinocytes [352].

We therefore focussed on the SUR1 subunit for the purposes of this study.

Accordingly, the effects of suppressing SUR1 expression on HPV gene
expression were investigated. Knockdown of SUR1 using a pool of specific
siRNAs in both HPV16+ (SiHa) and HPV18+ (HelLa) cervical cancer cells was
performed and silencing efficiency measured by RT-qPCR (Fig 3.4A). DIBAC4(3)
fluorescence was used to ascertain the effect of SIRNA depletion of SUR1 on the
plasma membrane potential (i.e. to ensure a functional impact on channel
activity); we observed a ~2 fold increase in fluorescence after siRNA treatment,
indicating a significant membrane depolarisation characteristic of a reduction in
Katp channel activity (Fig 3.4B). After confirming a successful knockdown, we
then analysed the impact on E6 and E7 expression. This revealed a significant
decrease in HPV oncoprotein expression, measured both at the transcript and
protein level, following suppression of SUR1 expression (Fig 3.4C-D). Finally, to
confirm that the effect of SUR1 depletion on HPV gene expression was due to a
direct impact on transcription, luciferase reporter constructs containing the
HPV16 or HPV18 upstream regulatory regions (URRs) were employed. We
observed a significant decrease in relative luciferase activity after SUR1

knockdown with both URR reporter plasmids (Fig 3.4E). Together, these data
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indicate that Katp channels are critical for HPV oncoprotein expression and have

a direct impact on transcription from the URR.
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Figure 3.4 Depletion of SUR1 impedes HPV gene expression in cervical
cancer cells. A) Relative expression of ABCC8 mRNA in HeLa and SiHa cells
transfected with a pool of SUR1-specific siRNA measured by RT-qPCR.
Samples were normalised against U6 mRNA levels. B) Relative mean
DIBAC4(3) fluorescence levels in HeLa and SiHa cells transfected with SUR1
siRNA. C) Relative expression of E6 and E7 mRNA in HeLa and SiHa cells
transfected with SUR1 siRNA measured by RT-qPCR. Samples were
normalised against U6 mRNA levels. D) Representative western blots of E6
and E7 expression in HeLa and SiHa cells transfected with SUR1 siRNA.
GAPDH served as a loading control. E) Relative firefly luminescence in
HelLa and SiHa cells co-transfected with SUR1 siRNA and either a HPV18 or
HPV16 URR reporter plasmid as illustrated. Luminescence values were
normalised against Renilla luciferase activity and data is displayed relative
to scramble controls. Figure created using BioRENDER.com. Bar graphs
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represent means £ SD of a minimum of three biological replicates with
individual data points displayed. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001
(Student’s t-test).

3.2.5 Kir6.2 knockdown similarly reduces HPV gene expression

In order to confirm that the effects on HPV gene expression observed following
SUR1 knockdown were Kartp channel-dependent, rather than a channel-
independent function of SURL1, the levels of Kir6.2 (the pore-forming subunit of
Katp channels) were also depleted using a pool of specific SIRNAs. As before,
silencing efficiency was measured by RT-qPCR, revealing a >50% knockdown in
both cell lines used (Fig 3.5A). Similarly, the impact of Kir6.2 depletion on the
plasma membrane potential was also analysed. The ~2 fold and ~1.5 fold
increases in DIBAC4(3) fluorescence detected in HelLa and SiHa cells
respectively were broadly in line with the changes observed following SUR1
knockdown (Fig 3.5B). The impact of Kir6.2 suppression on HPV oncoprotein
expression was then investigated. This revealed a significant reduction in both
MRNA and protein levels of E6 and E7 (Fig 3.5C-D), thus confirming that the
impacts of SUR1 depletion observed previously are indeed Karp channel-

dependent.
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Figure 3.5 Depletion of Kir6.2 also impedes HPV gene expression in cervical
cancer cells. A) Relative expression of KNCJ11 mRNA in HeLa and SiHa
cells transfected with a pool of Kir6.2-specific sSiRNA measured by RT-
gPCR. Samples were normalised against U6 mRNA levels. Performed by Dr
Ethan Morgan. B) Relative mean DiBAC4(3) fluorescence levels in HeLa and
SiHa cells transfected with Kir6.2 siRNA. C) Relative expression of E6 and
E7 mRNA in HeLa and SiHa cells transfected with Kir6.2 siRNA measured
by RT-gPCR. Samples were normalised against U6 mRNA levels. Performed
by Dr Ethan Morgan. D) Representative western blots of E6 and E7
expression in HeLa and SiHa cells transfected with Kir6.2 siRNA. GAPDH
served as a loading control. Bar graphs represent means + SD of three
biological replicates with individual data points displayed. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001 (Student’s t-test).

3.2.6 SUR2 knockdown has no impact on HPV gene expression

When analysing the expression of Kate channel subunits in a panel of cervical
cancer cell lines, it was noted that despite observing a consistent increase in
SURL1 expression across the HPV+ cell lines, there was no increase in mRNA
levels of the SUR2 subunit in any of these cell lines when compared to primary

keratinocytes [352]. Seemingly this indicates that, although present within the



100
cell, SUR2-containing Katp channels may not be necessary for HPV gene
expression. To test this, SUR2 levels were depleted using a pool of specific
siRNAs. The knockdown efficiency was in line with that following transfection of
SUR1- or Kir6.2-specific siRNAs (Fig 3.6A). When investigating the impact on
plasma membrane potential, we observed a small increase in DIBACa4(3)
fluorescence indicative of depolarisation), suggesting that a small minority of Katp
channels in HPV+ cervical cancer cells may be composed of the SUR2 subunit
(Fig 3.6B). Importantly however, SUR2 knockdown had no impact on HPV
oncoprotein expression in either HPV16+ or HPV18+ cervical cancer cells, in line
with data demonstrating that HPV does not upregulate expression of the SUR2

subunit of Katp channels (Fig 3.6C-D) [352].
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Figure 3.6 Depletion of SUR2 has no impact upon HPV gene expression in
cervical cancer cells. A) Relative expression of ABCC9B mRNA in HeLa and
SiHa cells transfected with a pool of SUR2-specific sSiRNA measured by RT-
gPCR. Samples were normalised against U6 mRNA levels. Performed by Dr
Ethan Morgan. B) Relative mean DiBAC4(3) fluorescence levels in HeLa and
SiHa cells transfected with SUR2 siRNA. C) Relative expression of E6 and
E7 mRNA in HeLa and SiHa cells transfected with SUR2 siRNA measured
by RT-gPCR. Samples were normalised against U6 mRNA levels. Performed
by Dr Ethan Morgan. D) Representative western blots of E6 and E7
expression in HeLa and SiHa cells transfected with SUR2 siRNA. GAPDH
served as a loading control. Bar graphs represent means = SD of three
biological replicates with individual data points displayed. Ns not
significant, *P<0.05, **P<0.01, **P<0.001 (Student’s t-test).

3.2.7 Expression of the SUR1 subunit of Kate channels is
upregulated by HPV E7

Next, the mechanism behind the observed HPV-induced increase in SUR1
expression was explored. It was hypothesised that SUR1 upregulation could be
occurring in an oncoprotein-dependent manner, given that HPV E6 and E7 are

known to interact with, modulate the activity of, or indeed alter the expression of
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a multitude of host factors in order to drive proliferation of the host cell [50]. To
test this, expression of both E6 and E7 was repressed using siRNA in HPV+
cervical cancer cell lines. We observed a ~70% decrease in ABCC8 (SUR1)
MRNA levels following knockdown of oncogene expression, indicating that
oncoprotein expression is likely necessary to upregulate SUR1 expression (Fig
3.7A). In order to gain an understanding of which particular oncoprotein drives
the increase in SUR1 expression, the E6 and E7 oncoproteins of HPV18 were
overexpressed in turn and in combination in HPV- C33A cells. HPV18 E6 did not
induce any significant change in ABCC8 mRNA levels, but expression of HPV18
E7 led to a ~2.5 fold increase in ABCC8 expression (Fig 3.7B). Although co-
expression of E6 alongside E7 also increased ABCC8 mRNA levels, the degree
to which expression was increased was less than with HPV18 E7 alone,
indicating that the E7 oncoprotein is the sole driver of SUR1 expression. To
confirm this, C33A cell lines stably expressing HA-tagged HPV18 oncoproteins
were generated as previously described [174]. In agreement with the transient
overexpression data, a significant upregulation of ABCC8 mRNA levels was only

observed in cells expressing HA-E7 (Fig 3.7C).

To confirm that the observed changes in SUR1 expression resulted in functional
effects on Karp channel activity, the plasma membrane potential of cells was
assayed following silencing of E7 in HPV+ cervical cancer cells. This resulted in
a ~2 fold increase in DIBACa(3) fluorescence (Fig 3.7D), indicative of membrane
depolarisation and consistent with a reduction in Kare channel opening.
Additionally, overexpression of HPV18 E7 was performed in HPV- cervical cancer
cells. A significant decrease in DIBAC4(3) fluorescence, indicative of membrane
hyperpolarisation, was detected (Fig 3.7E-F). This was entirely abolished both by

treatment with glibenclamide or siRNA-mediated knockdown of SURI,
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suggesting that the hyperpolarisation was due to an E7-dependent increase in

Katp channel activity.

Finally, we wanted to understand to what extent this upregulation of SUR1
expression and Karp channel activity contributed to the increase in proliferation
induced by the E7 oncoprotein. To test this, the colony forming ability of the C33A
cells stably expressing HPV18 E7 described here was examined, revealing a
significant increase in the relative number of colonies compared to the vector only
control (Fig 3.7G). This was as expected given the vast array of host cell factors
E7 is known to manipulate in order to promote cell growth [50]. Interestingly, upon
SUR1 knockdown in the E7-expressing cells, a significant decrease in colony
forming ability was observed, indicating that modulation of Katp channel activity
could perhaps be an important mechanism by which the E7 oncoprotein
stimulates proliferation (Fig 3.7G). However, this reduction in colony number was
not complete (~1.15 fold relative to vector only control), confirming that Katp

channels are not the sole mechanism by which E7 promotes proliferation.

In summary, these data indicate that the E7 oncoprotein, rather than EB6, is the

major factor regulating HPV-induced increases in SUR1 expression.
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Figure 3.7 Expression of the SUR1 subunit of Kate channels is upregulated
by HPV E7. A) Relative ABCC8 mRNA expression measured by RT-gPCR in
HeLa and SiHa cells co-transfected with E6- and E7-specific siRNA.
Samples were normalised against U6 mRNA levels. Successful knockdown
was confirmed by analysing E6 and E7 mRNA levels. Performed by Dr Ethan
Morgan. B) Expression levels of ABCC8 mRNA measured by RT-gPCR in
C33A cells transfected with GFP-tagged HPV18 oncoproteins. Samples
were normalised against U6 mRNA levels. Successful transfection was
confirmed by immunofluorescence and analysis of GFP mRNA expression.
C) Relative expression of ABCC8 mRNA in C33A cells stably expressing
HA-tagged HPV18 oncoproteins measured by RT-qPCR. Samples were
normalised against U6 mRNA levels. Expression of oncoproteins was
confirmed by western blot. D) Mean DIBAC4(3) fluorescence levels in HelLa
and SiHa cells after transfection of HPV E7-specific sSiRNA. Samples were



105

normalised to the scramble control. Successful knockdown was confirmed
by western blot (not shown). E) Mean DIBAC4(3) fluorescence levels in
C33A cells after transfection of FLAG-tagged HPV18 E7 and treatment with
either DMSO or glibenclamide (10 pM). Samples were normalised to the
pcDNA3-transfected control. Expression of FLAG-E7 was confirmed by
western blot. F) Mean DiBAC4(3) fluorescence levels in C33A cells after co-
transfection of FLAG-tagged HPV18 E7 and SUR1-specific sSiRNA. Samples
were normalised to the pcDNA3/scramble-transfected control. G) Colony
formation assay of C33A cells stably expressing HA-tagged HPV18 E7
transfected with either non-targetting or SUR1-specific SiRNA. Bars
represent means = SD of three biological replicates with individual data
points displayed. Ns not significant, *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001 (Student’s t-test).

3.2.8 Mutations in HPV18 E7 prevent upregulation of SUR1

expression

Next, we wanted to gain an understanding of how HPV E7 upregulates SUR1
expression. In order to do this, a series of mutants was generated at key residues
in a plasmid encoding a codon-optimised and GFP-tagged version of HPV18 E7
(Fig 3.8A). Two mutations within the LXCxXE motif, critical for pRb binding, were
engineered: a deletion of 4 residues (A24-27) and a single amino acid substitution
(C27S), both of which have been previously shown to abrogate binding to pRb
[193]. The A24-27 mutant additionally fails to bind the related Rb family member
p107 [193]. A double mutant at the casein kinase Il (CKIl) phospho-acceptor sites
was also generated (SS32/34AA), these alanine substitutions completely abolish
CKIlI phosphorylation, which has been shown to significantly enhance binding to
Rb family members and the stimulation of cell proliferation [189, 193, 356].
Although the E7 L74R mutation generated here has not been previously
characterised, the same mutation at the conserved L67 residues of HPV16 and
HPV31 E7 abrogates binding to histone deacetylases (HDACS), and in the case
of HPV31, prevents episome maintenance [357, 358]. Further, HPV16 E7 L67R
displays reduced ability to stimulate the transcriptional activity of hypoxia

inducible factor 1a (HIF-1a), which is known to drive ABCC8 transcription [257,
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359]. Finally, a C-terminal C98S mutant, located within one of the two CxxC zinc-

binding sites, was also constructed.

After generating the panel of E7 mutants, their impact on ABCC8 mRNA
expression was assessed following transfection into HPV- C33A cells. Somewhat
surprisingly, none of the mutants were able to recapitulate the profound increase
in ABCC8 mRNA levels induced by WT E7 (Fig 3.8B). The two pRb binding
domain mutants (A24-27 and C27S), as well as the CKII phosphorylation site
mutant, resulted a small increase in SUR1 expression of ~1.5 fold, but no change

in ABCC8 mRNA levels was detected with HPV18 E7 C98S.
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Figure 3.8 Mutations in HPV18 E7 prevent upregulation of SUR1 expression.
A) Structure of HPV18 E7 with mutations generated herein highlighted in
red. B) Expression level of ABCC8 measured by RT-gPCR in C33A cells
transfected with GFP or GFP-tagged HPV18 E7 (wild-type or mutated).
Samples were normalised against U6 mRNA levels. Successful transfection
was confirmed by immunofluorescence (not shown) and western blot
(right). Bars represent means = SD of three biological replicates with
individual data points displayed. **P<0.01 (Student’s t-test).

3.2.9 HPV E7 may upregulate SUR1 expression via the transcription
factor SP1

In order to further elucidate the mechanism of E7-induced upregulation of SUR1
expression, the promoter region of ABCC8 was analysed. The promoter of
ABCCS8 is known to harbour binding sites for the host transcription factor SP1;
enhancer (E)-box motifs, which permit binding of basic helix-loop-helix (bHLH)
transcription factors such as c-Myc; and hypoxic response elements (HRES) to

allow HIF1a binding [253, 254, 257]. To confirm this, and to identify other potential
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transcriptional regulators, an online transcription factor binding site prediction tool
(AliBaba 2.1) was employed using a ~600 bp section of sequence lying
immediately upstream of the ABCCS8 transcription start site (TSS) [360]. This
revealed a total of 68 potential binding sites, 32 of which were for SP1 (Fig 3.9A).
SP1 is a ubiquitously expressed, 785 amino acid transcription factor shown to
regulate the expression of thousands of genes implicated in a diverse array of
cellular functions including proliferation, differentiation and angiogenesis [361].
To narrow down candidate binding sites, the same ~600 bp region of the ABCCS8
promoter was analysed for exact sequence matches to the core SP1 consensus
binding sequence 5-GGGCGG-3’ in the forwards orientation [362]. This revealed
the presence of four putative binding sites for SP1 (Fig 3.9B). Indeed, one of
these sites exactly matched the full SP1 consensus sequence of 5'-
(GIT) GGGCGG(G/A)(G/A)(CIT)-3', illustrating that it is potentially a high affinity

SP1 binding site [362].

In order to experimentally validate the association of SP1 with these candidate
binding sites, chromatin immunoprecipitation (ChiP) was performed, followed by
gPCR utilising primers flanking the region containing the putative SP1 binding
sites. This demonstrated a significant enrichment for SP1 at this region over the
IgG isotype control in HelLa cells (Fig 3.9C). Further, a luciferase reporter
construct containing the ABCC8 promoter region upstream of firefly luciferase
was employed. This confirmed that the ABCC8 promoter is highly active in both
HPV16+ and HPV18+ cervical cancer cell lines (Fig 3.9D). To validate the
importance of SP1 for the expression of ABCC8 in HPV+ cervical cancer cells,
the four putative SP1 binding sites identified herein were deleted in turn. Relative

ABCCS8 promoter activity was significantly reduced upon deletion of any of these



109
four SP1 binding sites, highlighting the critical role of the transcription factor for

ABCCS8 expression in HPV+ cancer cells (Fig 3.9E).

To further confirm the importance of SP1 for efficient ABCC8 expression, a
selective small molecule inhibitor of was used. Mithramycin A (MithA) binds to
GC-rich DNA sequences, thus displacing SP1 from target gene promoters [363].
Treatment of HelLa cells with MithA resulted in a significant decrease in ABCC8
(SUR1) mRNA expression of greater than 50% (Fig 3.9F). The transcript levels
of two other genes whose expression is reported to be SP1 dependent were also
analysed [364-367]. mMRNA expression of CCND1 (cyclin D1) and EGFR were
reduced to an even greater extent than ABCC8 following MithA treatment,
perhaps suggesting other factors may also have a role in regulating ABCC8
expression. Given the potential off-target effects of small molecule inhibitors, cell
lines stably expressing SP1-specific ShRNA were generated. Two distinct ShRNA
sequences were utilised; these resulted in a 55% and 30% reduction in SP1
MRNA expression respectively (Fig 3.9G). The expression of ABCC8 was then
analysed, revealing marked decreases in mRNA levels in comparison to the
SshNEG control cell line. Together, these data indicate that SP1 is critical for

efficient ABCCS8 expression in HPV+ cancer cells.
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Figure 3.9 The host transcription factor SP1 is critical for ABCC8 promoter
activity in HPV+ cancer cells. A) Identification of transcription factor
binding sites within the ABCC8 promoter using AliBaba 2.1 [360]. B)
Schematic displaying the four consensus SP1 binding sites within the
ABCCS8 promoter. Figure created using BioRENDER.com. C) ChIP-gPCR
analysis of SP1 binding to the ABCC8 promoter region in HeLa cells. SP1
binding is presented as a percentage of the input sample (n =1). D) Relative
firefly luminescence in HelLa and SiHa cells transfected with a reporter
plasmid containing the ABCC8 promoter. Luminescence values were
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normalised against Renilla luciferase activity. E) Relative firefly
luminescence in HeLa and SiHa cells transfected with an ABCC8 promoter
reporter construct (either wild type (WT) or containing a deletion at one of
the four SP1 binding sites (ASP1)). Luminescence values were normalised
against Renilla luciferase activity. F) mRNA expression of ABCC8, CCND1
and EGFR in HelLa cells treated with DMSO or the indicated concentration
of mithramycin A (MithA) for 24 hours, measured by RT-qPCR. Samples
were normalised against U6 mRNA levels and data is displayed relative to
the DMSO control. G) mRNA expression of ABCC8 and SP1 in HelLa cells
stably expressing either a non-targetting shRNA (shNEG) or one of two
SP1-specific shRNAs (shSP1), measured by RT-qPCR. Samples were
normalised against U6 mRNA levels and data is displayed relative to the
SshNEG control (n = 2). Bars represent means + SD of three biological
replicates, unless stated otherwise, with individual data points displayed.
*P<0.05, *P<0.01, **P<0.001, ****P<0.0001 (Student’s t-test).

Thus far, it has been demonstrated that the E7 oncoprotein drives SUR1
expression, and that SP1 is required for efficient transcription from the ABCC8
promoter. It was therefore hypothesised that E7 may be regulating SUR1
expression via altering the expression and/or activity of SP1. To initially test this,
an siRNA knockdown strategy was taken to silence expression of the HPV
oncoproteins and the impact on SP1 levels analysed. This revealed significant
decreases in SP1 expression following E6/E7 knockdown at both the mRNA and
protein level (Fig 3.10A-B), suggesting that the oncoproteins may be regulating
SP1 expression. Importantly, this data does not exclude a potential role for E6 in
the regulation of SP1. Therefore, SP1 expression was analysed in HPV- C33A
cell lines stably expressing HA-tagged versions of either HPV18 E6 or E7.
Surprisingly, this demonstrated a small, albeit non-significant, decrease in the
MRNA expression of SP1 in cells in which HPV18 E6 was present, and no change
in SP1 levels in the E7-expressing cells (Fig 3.10C). Analysis of the protein levels
of SP1 by western blot validated these findings (Fig 3.10D). This suggests that,
although the oncoproteins are necessary for SP1 expression, they are not

sufficient to induce its upregulation.
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Figure 3.10 HPV E7 is necessary but not sufficient for the expression of the
host transcription factor SP1. A) mRNA expression of E6, E7 and SP1 in
HeLa and SiHa cells co-transfected with E6 and E7-specific SiRNA,
measured by RT-gPCR. Samples were normalised against U6 mRNA levels
and data is displayed relative to the scramble controls. B) Representative
western blots of SP1, E6 and E7 expression in HelLa and SiHa cells
transfected with E6 and E7 siRNA. GAPDH served as a loading control. C)
MRNA expression of SP1in C33A cells stably expressing HA-tagged HPV18
oncoproteins measured by RT-gPCR. Samples were normalised against U6
MRNA levels. D) Representative western blot of SP1 in C33A cells stably
expressing HA-tagged HPV18 oncoproteins. GAPDH served as a loading
control. Bars represent means + SD of three biological replicates with
individual data points displayed. Ns not significant, *P<0.05, **P<0.01,
***P<0.001, ***P<0.0001 (Student’s t-test).
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3.3 Discussion

It is vital to identify novel virus-host interactions that are critical for HPV-mediated
transformation as, despite the availability of prophylactic vaccines, there are
currently no effective anti-viral treatments for HPV-associated disease. Here, this
study identifies a novel host factor, the ATP-sensitive potassium ion (Katp)
channel, as a crucial regulator of HPV gene expression in cervical cancer cells.
Inhibition of Kate channel activity, via either pharmacological means or through
siRNA-mediated knockdown, significantly impedes HPV oncoprotein expression.
The use of luciferase reporter constructs illustrates that this is due to a direct
effect on transcription from the viral URR. Furthermore, we reveal that HPV
upregulates expression of the SURL regulatory subunit of Katp channels in an

E7-dependent manner, potentially involving the host transcription factor SP1.

A growing number of viruses have been shown to modulate or require the activity
of host ion channels [368]. Indeed, several viruses encode their own ion
channels, termed ‘viroporins’, including the HPV ES5 protein [123, 125]. Together,
this underlines the importance of regulating host ion channel homeostasis during
infection. Importantly, this study is the first to our knowledge to explicitly
demonstrate modulation of ion channel activity by HPV, and that this is important
for HPV gene expression. Previous studies have identified increased expression
of a voltage-gated sodium channel (Nav1.6) in cervical cancer biopsy samples,
but no attempt was made to attribute this to HPV [369]. Further, although a
previous publication has analysed the expression of Karp channels in cervical
cancer cell lines, again no attempt was made to analyse the contribution of HPV
to this [332]. More widely, few reports exist of a dependence on host Karp channel
activity for viral replication. One study identified that inhibition of Katp channels

via glibenclamide treatment precludes HIV cell entry but, in contrast, cardiac Katp
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channel activity was found to be detrimental to Flock House virus (FHV) infection
of Drosophila [370, 371]. Significantly however, no evidence exists to suggest
that either of these viruses actively modulate the gating and/or expression of

these channels, as has been demonstrated for HPV here.

This study identified the critical importance of Karp channel activity for efficient
HPV gene expression by analysing both the mRNA and protein levels of the viral
oncoproteins. Further, this was shown to be mediated via direct impacts on HPV
early promoter activity, rather than alterations to mRNA stability for example,
through the use of luciferase reporter assays. However, a key remaining issue is
the question of how Katp channel activity impacts upon viral transcription. The
HPV URR is known to contain binding sites for multiple host factors, including
AP-1, Octl, SP1 and YY1, which serve to regulate HPV transcription [88, 372-
376]. This therefore raises the possibility that Katp channel opening could regulate
the activity of some of these host transcriptional regulators. Alternatively, the viral
chromatin is known to be under exquisite epigenetic regulation via post-
translational modifications to histone proteins and CpG DNA methylation,
involving a plethora of host epigenetic regulators [377]; the activity of these host
factors could also be modulated by Karp channels. Beyond this, it would also be
of interest to extend these studies to assess the importance of these ion channels

in the differentiation-dependent life cycle of the virus.

In order to confirm that the effects on HPV oncoprotein expression observed
during this study following SUR1 knockdown or glibenclamide treatment were
due to decreased Karp channel activity, silencing of the pore-forming Kir6.2
subunit was also performed. We felt this pertinent as recent studies concluded
that the oncogenic activities of SUR1 in non-small cell lung carcinoma (NSCLC)

were independent of Katp channels [334, 335], and SURL1 is reported to have a



115
supplementary role in regulating activity of an ATP-sensitive, non-selective ion
channel in astrocytes [378, 379]. However, we observed almost identical effects
on HPV oncoprotein expression following Kir6.2 knockdown, leading us to
conclude that SUR1 does not act in a Karp channel-independent manner in
cervical cancer. This fits with the current assembly hypothesis for Katp channels,
whereby neither subunit can be trafficked beyond the ER unless fully assembled
into hetero-octameric channels, suggesting that knockdown of either subunit

should be sufficient to disrupt Kate channel activity [259, 260, 262].

To understand how HPV upregulates SUR1 expression, we decided to initially
focus on the roles of the oncoproteins E6 and E7 as they are known to bring
about a multitude of changes within the host cell in order to drive proliferation [50,
143]. Our analyses revealed that the E7 oncoprotein, rather than E6, was
responsible for promoting Katp channel activity. This was the case for both HPV16
and HPV18. The extent to which Katp channels contribute to the ability of E7 to
promote proliferation was then analysed. This revealed that although SUR1
knockdown led to a reduction in the E7-mediated increase in colony-forming
ability, the reversal was not complete, consistent with the wealth of data
highlighting the numerous mechanisms E7 possesses to drive cell growth [50].
Following this, to understand the underlying mechanism behind the E7-induced
increase in SUR1 expression, a series of mutants was generated targetting key
attributes of E7, such as its ability to degrade pRb. Surprisingly, none of the
mutants were able to upregulate SUR1 expression to a similar extent as the wild
type protein, perhaps suggesting that these mutations could be disrupting the
overall structure of the protein. As an alternative approach, it would be useful for

future studies to determine whether the upregulation of SUR1 is a property



116
exclusive to the high-risk HPV types associated with cancer development, or

shared among all HPV types.

In addition to looking at the HPV oncoproteins, the ABCC8 promoter sequence
was also analysed to help unravel the mechanism of HPV-mediated upregulation.
Previous reports have identified SP1 binding sites within both the mouse and
human ABCCS8 promoters, findings that were confirmed by this study [253, 254].
To validate that SP1 was able to activate ABCC8 transcription in the context of
HPV+ cervical cancer cells, ChlP and luciferase reporter assays were performed.
This revealed that SP1 readily associates with the ABCC8 promoter and that
deletion of any of the SP1 binding sites significantly reduces promoter activity. To
further confirm these findings a small molecule inhibitor, which displaces SP1
from target gene promoters [363], and SP1 knockdown cell lines were employed.
Although both of these approaches led to a loss of ABCC8 mRNA expression, a
significant caveat is the presence of an SP1 binding site within the HPV URR that
is critical for promoter activation [88, 373, 374]. Therefore, it will be important for
future studies to answer the question of whether this loss of expression is due to
a direct loss of SP1 binding to the ABCC8 promoter, or rather a reduction in
transcription directed by the HPV URR, thus preventing E7-mediated
upregulation of ABCC8 transcription via an as-yet-undefined mechanism. To this
end, overexpression of E7 could be performed following SP1 knockdown or
inhibition, to analyse to what extent the decrease in SURL expression can be

rescued.

Given the clear role of SP1 in regulating SUR1 expression in HPV+ cancer cells
we identified, the impact of the HPV oncoproteins on SP1 expression was then
analysed. Surprisingly, given the critical importance of SP1 to the host cell, this

aspect of HPV biology is thus far poorly understood. Although SP1 is vital for HPV
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oncoprotein expression [88, 373, 374], the inverse relationship (i.e. the impact of
HPV on SP1 expression) is not well-characterised. SP1 protein levels have been
reported to be increased in cervical cancer, but the underlying mechanism
remains unclear, with both stabilisation of the protein and downregulation of an
SP1-targetting miRNA having been reported [380, 381]. Importantly, neither
study assessed the contribution of HPV to these mechanisms. Herein, we
identified that although E6 and E7 are necessary for SP1 expression, they are
not sufficient to induce the upregulation of SP1 in a HPV- cell line. Significantly,
this study did not analyse the relative expression of SP1 in HPV- and HPV+ cell
lines: it may be the case that, given the role of SP1 in regulating proliferation,
C33A cells, as a transformed cell line, already possess increased SP1 levels.
Alternatively, the oncoproteins could also be impacting upon the activity of SP1.
A recent report has suggested that, when exogenously expressed, HPV16 E7 is
capable of binding SP1, potentially enhancing its binding to target promoters
[382]. Further, the transcription factor can be phosphorylated at residues
including T278, T453 and T739, which together act to stabilise and enhance the
transactivation potential of SP1 [383-385]. Thus, the potential regulation of SP1

phosphorylation by HPV E7 may warrant further investigation.

In summary, this analysis reveals that host Kate channels play a crucial role in
regulating HPV gene expression in cervical cancer cells. Upregulation of the Katp
channel regulatory subunit SUR1 by HPV E7 contributes towards increased Katp
channel activity, which in turn drives a feed forward loop enhancing HPV
oncoprotein expression. The mechanism behind the enhanced SUR1 expression
was also investigated, revealing a potentially important role for the host
transcription factor SP1. A further characterisation of Karp channels in HPV-

associated disease is now warranted in order to determine their impact on cell
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proliferation and key host signalling networks (Chapter 4), and to reveal whether

Katp channels play a similar role in other HPV-associated cancers (Chapter 5).
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Chapter 4 Kate channels activate MAPK and AP-1 signalling to

drive proliferation in cervical cancer cells

4.1 Introduction

HPV is the causal factor in almost all cases of cervical cancer [50]. There are
currently 15 HPV types considered to be high-risk due to their association with
the development of malignancies, although HPV types 16 and 18 are responsible
for the majority of these, with 55% and 15% of cervical cancers cases positive for
HPV16 and HPV18 respectively [6, 25]. Highlighting its importance, cancer of the
cervix is the fourth most common malignancy in women worldwide and the fourth
leading cause of cancer-related deaths in women: in 2018, around 570,000
people were diagnosed with cervical cancer and over 300,000 deaths worldwide

could be attributed to the disease [386].

The main drivers of HPV-associated pathologies are the oncoproteins E5, E6 and
E7 [50, 143]. Together, they act to delay differentiation, inhibit apoptosis and drive
proliferation of the host keratinocyte. Many of the mechanisms by which these
oncoproteins contribute to carcinogenesis are well characterised, including
disruption of the G1/S cell cycle checkpoint by E7 via inhibition and degradation
of pRb [186-188, 194, 343], and blockade of pro-apoptotic signalling mediated by
p53 in response to replication stress by the E6 oncoprotein [145, 344]. Importantly
however, a comprehensive understanding of the signalling pathways
manipulated by HPV is lacking, and novel mechanisms by which the virus

stimulated cell proliferation continue to be identified.

The importance of ion channels in the regulation of the cell cycle and cell
proliferation has become increasingly recognised [323-326, 387]. Cells undergo
a rapid hyperpolarisation during progression through the G1-S phase checkpoint,

which is then reversed during G2 [325]. It is thought that K* channels are
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particularly important for this initial hyperpolarisation, with a number of K* efflux
channels having been observed to be increased in expression and activity during
G1 [324, 325]. Of these, Katp channels have been shown to be expressed highly
in some cancers, and channel inhibition can result in decreased proliferation [328-

332].

A small number of studies have investigated the impact of host Karp channels on
key mitogenic signalling pathways. The MAPK cascades are key networks that
regulate a wide variety of processes, including cell proliferation and survival, and
culminate in the phosphorylation of extracellular signal-regulated kinase 1/2
(ERK1/2), c-Jun N-terminal kinase 1/2 (JNK1/2), and p38 MAP kinase [388].
Investigations into the role of Kate channels in glioma cell proliferation identified
a reduction in ERK1/2 signalling following Kartp channel blockade or siRNA
knockdown of the Kir6.2 subunit, whilst increased ERK1/2 phosphorylation was
observed with diazoxide treatment [333, 389]. Furthermore, treatment of THP-1
monocyte cells with either of two Katp channel activators (diazoxide and pinacidil)
enhanced ERK1/2 activation in a MEK1/2-dependent manner [390]. In contrast,
Katp channel inhibition via glibenclamide treatment was found to enhance JNK1/2

activation in a gastric cancer cell line model [328].

The data in the previous chapter highlight a critical role for host Katp channels in
regulating HPV gene expression in cervical cancer cells. The aim of this chapter
is to extend this by examining the effect of inhibiting Katp channels on key cellular
phenotypes including proliferation, cell cycle progression and apoptosis. Further,
the mechanism by which HPV gene expression is regulated by Katp channels is

unknown; this will be investigated in this chapter.
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4.2 Results

4.2.1 Stable knockdown of SUR1 negatively affects cervical cancer

cell proliferation

In order to understand whether Katp channels have a role in driving the
proliferation of HPV+ cervical cancer cells, stable knockdown cell lines were
generated using shRNAs specific for SUR1. HelLa cells were transduced with
lentiviruses harbouring a vector which upon integration into the cellular genome,
express either a non-targetting sShRNA or a SUR1-specific ShRNA, as well as a
fluorescent marker (ZsGreen) and a puromycin resistance gene. To select for
cells that had been successfully transduced, puromycin treatment was used,
followed by fluorescence-associated cell sorting (FACS) to isolate individual cells
(Fig 4.1A). These cells were then expanded to generate monoclonal cell lines,
which were subsequently screened for ABCC8 (SUR1) mRNA expression by RT-
gPCR to confirm successful knockdowns. This revealed a ~50% reduction in
ABCC8 mRNA expression compared to a non-targetting shRNA control (shNTC),
consistent across two monoclonal knockdown lines with differing shRNA
sequences (Fig 4.1B). This is concordant with the level of knockdown observed
following transfection of SUR1-specific siRNA in the preceding chapter (Fig
3.4A). To confirm that stable suppression of SUR1 expression had the same
impact on HPV gene expression as both glibenclamide treatment and transient
SUR1 knockdown, the mRNA and protein levels of E6 and E7 were analysed.
This revealed a ~50% decrease in E6 and E7 mRNA expression, consistent
across both knockdown lines, findings that were validated at the protein level by

western blot (Fig 4.1C-D).

Following establishment of the knockdown cell lines, their proliferative capacity

was analysed. A profound decrease in the growth rate of shSUR1-expressing
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cells was recorded (Fig 4.1E). Consistent with this, the anchorage-dependent
and anchorage-independent colony forming ability of these cells was also greatly
reduced, to approximately 40% and 25% of the ability of the shNTC control
respectively (Fig 4.1F-G). Together, these data indicate that Karp channels

promote proliferation in HPV+ cervical cancer cell lines.
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Figure 4.1 Stable knockdown of SUR1 negatively affects cervical cancer cell
proliferation. A) Schematic illustrating the process of generating stable
SUR1 knockdown cell lines. Figure created using BioRENDER.com. B-C)
Relative expression of ABCCS8 (B) and E6 and E7 (C) mRNA in monoclonal
HeLa cell lines stably expressing either non-targetting (ShNTC) or SUR1-
specific sShRNA measured by RT-qPCR. Samples were normalised against
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U6 mRNA levels. D) Representative western blots of E6 and E7 expression
in HeLa SUR1 knockdown cell lines. GAPDH served as a loading control. E-
G) Growth curve analysis (E), colony formation assay (to measure
anchorage-dependent growth) (F) and soft agar assay (to measure
anchorage-independent growth) (G) of HeLa SUR1 knockdown cell lines.
Data shown is means + SD of a minimum of three biological replicates with
individual data points displayed where appropriate. *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001 (Student’s t-test).

4.2.2 Kir6.2 knockdown similarly inhibits proliferation of cervical

cancer cells

In order to strengthen the findings above that indicate Kate channels have a role
in driving proliferation, and to eliminate the possibility of Karp channel-
independent SUR1 functions, the growth rate of cervical cancer cells was
monitored following transient knockdown of Kir6.2, the pore-forming subunit of
Katp channels. In both HPV16+ and HPV18+ cells, a significant decrease in
proliferation was observed in cells with reduced Kir6.2 expression (Fig 4.2A).
Further, a significant reduction in anchorage-dependent (~30% in HelLa and
~60% in SiHa) and anchorage-independent (~40% across both cell lines) colony
forming ability was also recorded following Kir6.2 knockdown (Fig 4.2B-C). This
therefore confirms that knockdown of either Katp channel subunit is sufficient to

inhibit the proliferation of HPV+ cervical cancer cells.
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Figure 4.2 Kir6.2 knockdown similarly inhibits proliferation of cervical
cancer cells. Growth curve analysis (A), colony formation assay (B) and soft
agar assay (C) of HeLa and SiHa cells after transfection of Kir6.2-specific
siRNA. Data represent means = SD of three biological replicates with
individual data points displayed where appropriate. *P<0.05, **P<0.01,
***P<0.001, ***P<0.0001 (Student’s t-test). Parts (A) and (C) performed by
Dr Ethan Morgan.

4.2.3 SUR2 knockdown has no impact on cervical cancer cell

proliferation

In the preceding chapter it was identified that unlike SUR1, expression of the
alternative regulatory subunit SUR2B was not increased in any of the HPV+
cervical cancer cell lines, and SUR2B knockdown did not have an impact on HPV
gene expression. It was therefore hypothesised that SUR2B knockdown would
similarly have no effect on the proliferation of HPV+ cervical cancer cells. In line
with this, we observed no significant reduction in the proliferation of either HeLa
or SiHa cells following transfection of SUR2-specific siRNA (Fig 4.3A).
Furthermore, no effect on either the anchorage-dependent or anchorage-
independent colony forming ability of SUR2 knockdown cells was recorded in

comparison to the scramble siRNA control (Fig 4.3B-C). This therefore suggests
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that SUR1-containing, rather than SUR2-comprised, Katp channels are required

for the proliferation of HPV+ cervical cancer cells.
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Figure 4.3 SUR2 knockdown has no impact on cervical cancer cell
proliferation. Growth curve analysis (A), colony formation assay (B) and
soft agar assay (C) of HeLa and SiHa cells after transfection of SUR2-
specific siRNA. Data represent means + SD of three biological replicates
with individual data points displayed where appropriate. Ns not significant
(Student’s t-test). Parts (A) and (C) performed by Dr Ethan Morgan.

4.2.4 Kate channel inhibition arrests cells in G1 phase of the cell
cycle

To gain an understanding of how the proliferation defect following Kate channel
knockdown is manifested, the cell cycle distribution of HPV+ cervical cancer cells
was assessed using DNA staining and flow cytometry. We felt this to be
particularly pertinent as Katp channel inhibition has been shown to result in a G1
cell cycle phase arrest in glioma and breast cancer cell lines [329, 330]. Initially,
in order to optimise the flow cytometry assay, HelLa cells were treated with a
panel of inhibitors known to induce arrests at various stages of the cell cycle.

Thymidine treatment interrupts the deoxynucleotide metabolism pathway, thus
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preventing DNA synthesis and arresting cells at the G1/S phase transition.
Addition of RO3306, a specific CDK1 inhibitor, or nocodazole, a microtubule
depolymerising agent, results in a G2 or M phase arrest respectively (Fig 4.4A)
[391, 392]. These expected effects were observed in this assay: thymidine
treatment increased the proportion of cells in the G1 phase, with a corresponding
decrease in the proportion of cells in G2/M (Fig 4.4B). Conversely, both RO3306
and nocodazole caused a significant increase in the number of cells in G2 or M
phase, with a large reduction in the proportions in G1 (Fig 4.4B). As this assay
determines the cell cycle phase only via measuring the DNA content of cells, cells
in the G2 and M phases are indistinguishable due to both having a 4N

chromosome number.

Following optimisation of the assay, it was used to analyse the cell cycle
distribution of bulk, asynchronously dividing populations of cells following either
Katp channel inhibition or sSiRNA-mediated knockdown of SUR1. This revealed a
significant increase in the proportion of cells in G1 phase after both treatments,
consistent across both HPV16+ and HPV18+ cervical cancer cells (Fig 4.4C-D).
Interestingly, a corresponding decrease in the percentage of cells in S phase was
noted following siRNA knockdown of SUR1, but this was not seen after

glibenclamide treatment.
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Figure 4.4 Kate channel inhibition arrests cervical cancer cells in G1 phase
of the cell cycle. A) Schematic depicting stages of the cell cycle and the
stage at which thymidine, RO3306 and nocodazole arrest cells in. Figure
created using BioRENDER.com. B) Flow cytometry analysis of cell cycle
phase distribution of HeLa cells treated with DMSO, 2 mM thymidine, 9 uM
RO3306 or 100 nM nocodazole for 16 hours. C-D) Cell cycle analysis of HeLa
and SiHa cells following (C) treatment with either DMSO or glibenclamide
(25 pM) for 48 hours or (D) transfection of SUR1-specific siRNA. Bars
represent means = SD of three biological replicates with individual data
points displayed. Ns not significant, *P<0.05, **P<0.01, ***P<0.001
(Student’s t-test).

4.2.5 Katp channel inhibition results in a reduction in expression of

cyclins D1 and E1

As cyclins are key regulators of cell cycle progression via their control of cyclin
dependent kinase (CDK) activity, the expression of a panel of key cyclins was
measured after glibenclamide treatment or suppression of SUR1 levels. A

significant decrease in expression of cyclin D1 (CCND1) and cyclin E1 (CCNE1)
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of approximately 30-50% was observed at the mRNA level (Fig 4.5A-B). Both of
these cyclins regulate progression through G1 and into S phase via binding to
and activating CDK4/6 and CDK2 respectively [393]. These effects were
consistent across both HeLa and SiHa cell lines and across both treatments.
Furthermore, western blot analysis of the protein expression of cyclins D1 and E1
validated these findings (Fig 4.5C-D). In contrast, only minimal changes in cyclin
A2 (CCNAZ2) levels and no significant effect on cyclin B1 (CCNB1) expression
was observed at the mRNA level (Fig 4.5A-B), with similar observations for
protein expression recorded by western blot (Fig 4.5C-D). Taken together with
the cell cycle distribution experiments, these data suggest that Kare channels
drive proliferation via promoting commitment to the cell cycle and stimulating

progression into S phase.
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Figure 4.5 Katp channel inhibition results in a reduction in expression of
cyclins D1 and E1. A-B) mRNA expression of CCNA2, CCNB1, CCND1 and
CCNEL1 in HeLa and SiHa cells following (A) treatment with either DMSO or
glibenclamide (10 pM) for 24 hours or (B) transfection of SUR1-specific
siRNA measured by RT-gPCR. Samples were normalised against U6 mRNA
levels and data is displayed relative to DMSO or scramble controls. C-D)
Representative western blots for the expression of cyclins A2, B1, D1 and
El in HeLa and SiHa cells following (C) treatment with either DMSO or
glibenclamide (10 pyM) for 24 hours or (D) transfection of SUR1-specific
siRNA. GAPSH served as a loading control. Bars represent means + SD of
three biological replicates with individual data points displayed. Ns not
significant, *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).
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4.2.6 Katp channels are not required for the survival of HPV+

cervical cancer cells

After characterising the effect of Karp channel activity on cell cycle progression,
we also wanted to investigate the impact of channel inhibition on the survival of
HPV+ cervical cancer cells, in order to see whether this also contributed to the
proliferation defect observed. Interestingly, increased levels of apoptosis, a form
of programmed cell death, has been reported in some cancer types after Katp
channel blockade [328, 330, 331]. To determine whether Katp channels are
required for the survival of HPV+ cervical cancer cells, the activation of caspase-
3, an executioner caspase that is activated in response to cell death stimuli and
is critical in mediating apoptotic signalling, was investigated following
glibenclamide treatment [394]. Caspase-3 is activated via proteolytic processing
by caspase-9 [394]. Interestingly however, no cleavage of caspase-3 was
detected following Katp channel inhibition for the duration of time used routinely
throughout this study (24 hours) (Fig 4.6A). To determine whether prolonged
inhibition of Katp channels would result in the induction of apoptosis, HeLa and
SiHa cells were also treated with glibenclamide for 48 and 72 hours. Even
following these longer treatment durations, no caspase-3 cleavage was observed
(Fig 4.6A). To validate these findings, the proteolytic cleavage of poly(ADP)
ribose polymerase (PARP), a downstream target of caspase-3 was investigated
[395]. Concordant with the absence of caspase-3 cleavage, nho PARP cleavage
could be detected at any time point (Fig 4.6A). To confirm that apoptosis could
be successfully induced in these cell lines and that the cleaved forms of caspase-
3 and PARP could be detected by western blot, treatment with staurosporine

(STS) was used. STS is a non-selective protein kinase inhibitor that readily
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induces apoptosis in a wide variety of cell lines. Treatment of both HeLa and SiHa

cells with STS for 6 hours was sufficient to induce the caspase cleavage cascade.

To confirm these findings using an orthogonal approach, Annexin V assays were
performed. An early event during apoptosis is the exposure of phosphatidylserine
(PS) residues on the outer surface of the plasma membrane [396]. This can be
detected by Annexin V, a phospholipid binding protein with a high affinity for PS
[396]. Flow cytometry assays were carried out in which cells were co-stained with
fluorescein isothiocyanate (FITC)-labelled Annexin V and Pl following
glibenclamide treatment. Katp channel blockade did not result in an increase in
the percentage of cells in either early apoptosis (FITC+, Pl-) or late apoptosis
(FITC+, PI+) at any of the time points investigated (Fig 4.6B). Taken together,
these data confirm that Kate channel inhibition does not impact upon the survival

of HPV+ cervical cancer cells.
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Figure 4.6 Katp channels are not required for the survival of HPV+ cervical
cancer cells. A) Representative western blots of PARP and caspase 3
cleavage in HeLa and SiHa cells treated with DMSO or glibenclamide (10
MM) for the indicated durations. Staurosporine treatment (STS, 1 uM for 6
hours) served as a positive control for apoptosis induction. GAPDH served
as a loading control. B) Flow cytometry analysis of Annexin V assay using
HeLa and SiHa cells treated with DMSO or glibenclamide (10 pM) for the
indicated durations. Bars represent means + SD of three biological
replicates. Ns not significant (Student’s t-test).

4.2.7 Katep channel activity does not regulate epithelial to

mesenchymal transition (EMT)

Epithelial to mesenchymal transition (EMT) is a collective term for the acquisition
of a mesenchymal cell phenotype by epithelial cells. EMT is a common
occurrence during tumour progression and allows solid tumours to increase their
invasiveness and metastatic potential [397]. EMT has been shown to play an
important role in cervical cancer progression and metastasis via increasing
tumour cell invasion and motility [398]. The key mediators of EMT are the so-
called EMT-activating transcription factors (EMT-TFs), which include Snail, Slug,
TWIST1 and ZEB1 [397]. To initially investigate whether Katp channels may be
promoting EMT in HPV+ cervical cancer, the expression of these key EMT-TFs

was analysed by RT-gPCR following stable SUR1 knockdown. Surprisingly, no
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decrease in the mRNA expression of SNAI1 (Snail), TWIST1 or ZEB1 was
observed in either of the knockdown cell lines in comparison to the shNTC control
(Fig 4.7A). In fact, an increase in relative expression of SNAI2 (Slug) of over two
fold was seen, suggesting that Kate channels may not be critical for the regulation
of EMT in HPV+ cervical cancer cells. However, this analysis does not discount
any potential changes in the activity of these EMT-TFs, or indeed alterations to
the target gene promoters to which they are binding. To attempt to resolve this
issue, the mMRNA expression of an additional panel of genes was examined. Key
biomarkers for EMT were analysed, including the mesenchymal markers
vimentin, N-cadherin and fibronectin, the expression of which has been shown to
increase in response to EMT-TF activity [397]. However, no change in VIM
(vimentin) or FN1 (fibronectin) mMRNA expression was detected, whilst a small
~1.5 fold increase in CDH2 (N-cadherin) expression was observed, following loss
of Katp channel activity (Fig 4.7B). Furthermore, upon analysis of the expression
of two matrix metalloproteases (MMPs), which act to degrade components of the
extracellular matrix (ECM) thus facilitating migration and invasion, no change in
MMP2 and an increase in MMP9 mRNA expression was found in the SUR1
knockdown cell lines (Fig 4.7B). Finally, expression of tight junction protein 1
(TJP1), a marker of an epithelial cell phenotype which is typically downregulated
during EMT was analysed. Although a small but significant increase in TJP1
MRNA was identified in one of the SUR1 knockdown cell lines, this was not

replicated in the second (Fig 4.7B).

To validate these findings at the protein level, western blot analysis of a selection
of the EMT markers described here was performed. This revealed no change in
the protein levels of Snail or vimentin and an increase in Slug expression,

concordant with prior analysis of the mRNA expression of these biomarkers (Fig
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4.7C). In summary, these data suggest that, although linked to the proliferative
capacity of HPV+ cervical cancer cells, Katp channel activity is not involved in

regulating the migratory potential of these cells via promotion of EMT.
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Figure 4.7 Katp channel activity does not regulate epithelial to
mesenchymal transition (EMT). A) mRNA expression of EMT-activating
transcription factors (EMT-TFs) — SNAI1, SNAI2, TWIST1, ZEB1 - in HeLa
cells stably expressing one of two SUR1-specific ShRNAs measured by RT-
gPCR. Samples were normalised against U6 mRNA levels and data is
displayed relative to the shNTC control. B) mRNA expression of EMT
markers (VIM, CDH2, FN1, MMP2, MMP9, TJP1) in HelLa cells stably
expressing one of two SURI1-specific shRNAs measured by RT-qPCR.
Samples were normalised against U6 mRNA levels and data is displayed
relative to the shNTC control. C) Representative western blots of Snail, Slug
and vimentin expression in HelLa cells stably expressing one of two SUR1-
specific shRNAs. GAPDH served as a loading control. Bars represent
means + SD of three biological replicates with individual data points
displayed. Ns not significant, *P<0.05, **P<0.01, ***P<0.001 (Student’s t-
test).

4.2.8 Kate channels drive proliferation and oncoprotein expression

by activating a MAPK/AP-1 signalling axis

We next wanted to gain an understanding into the underlying signalling

mechanisms by which Kartp channels promote proliferation in HPV+ cervical
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cancer cells. Katp channel opening can lead to the activation of ERK1/2 signalling
[333, 389] and MAPK signalling is known to be a crucial driver of cell proliferation
[399], so we therefore analysed the phosphorylation levels of the MAP kinase
ERK1/2 after stimulation of cells with diazoxide. This revealed a significant
increase in ERK1/2 phosphorylation post-stimulation which was reversed
following the addition of the specific MEK1/2 inhibitor U0126 (Fig 4.8A) [400].
Additionally, an increase in HPV18 E7 protein levels was observed, consistent
with experiments in the previous chapter; this was also reduced with U0126
treatment. Interestingly, an increase in both the phosphorylation and total protein
expression of the AP-1 family member cJun was also observed (Fig 4.8A). AP-1
transcription factors are composed of dimers of proteins belonging to the Jun,
Fos, Maf and ATF sub-families, and can regulate a wide variety of cellular
processes, including proliferation, survival and differentiation [401]. This indicates
that cJun/AP-1 could be a downstream target of ERK1/2 following Katp channel

stimulation.

To confirm these observations, overexpression of both Katp channel subunits in
combination was performed. This similarly resulted in increased ERK1/2
phosphorylation, increases in both cJun phosphorylation and total protein levels,
as well as enhanced E7 expression (Fig 4.8B). As before, these increases were
reversed, in part, by the addition of U0126. In order to confirm that the changes
in expression and phosphorylation of cJun observed corresponded to alterations
in AP-1 activity, we employed a luciferase reporter construct containing three
tandem AP-1 binding sites [163, 402]. Katp channel overexpression led to a ~4
fold increase in relative AP-1 activity, which was significantly reduced in the
presence of U0126 (Fig 4.8C), suggesting that Kate channels can promote the

activation of AP-1.
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Following this, we performed assays to answer the question of whether the
activation of this MAPK/AP-1 signalling axis is necessary for the pro-proliferative
effects of Katp channels. To examine this, the proliferation rate and colony-
forming ability of HeLa cells was analysed following Karp channel subunit
overexpression, in the presence and absence of U0126. As expected, an
increase in both proliferation and colony-forming ability was observed following
overexpression of Kartp channel subunits, but this was entirely reversed via
MEKZ1/2 inhibition (Fig 4.8D-E). Together, these data illustrate that Katp channels
activate ERK1/2 and AP-1 signalling, and that this is required for the pro-

proliferative effects of Katp channels.
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Figure 4.8 Katp channels drive proliferation by activating a MAPK/AP-1
signalling axis. A-B) Representative western blots of phospho-ERK1/2,
ERK1/2, phospho-cJun, cJun and E7 in HeLa cells either A) serum starved
for 24 hours prior to treatment with diazoxide (50 pM), with and without the
MEK1/2 inhibitor U0126 (20 pM), for 24 hours or B) transfected with
plasmids expressing HA-tagged Kir6.2 and SUR1, with and without U0126
treatment (20 puM). * denotes the presence of a non-specific band. GAPDH
served as a loading control. C) Relative firefly luminescence in HelLa cells
co-transfected with plasmids expressing HA-tagged Kir6.2 and SUR1 and
an AP-1-driven reporter construct. Cells were also treated with DMSO or the
MEK1/2 inhibitor U0126 (20 uM) for 24 hours. Luminescence values were
normalised against Renilla luciferase activity. Performed by Ms Molly
Patterson. D-E) Growth curve analysis (D) and colony formation assay (E)
of HelLa cells after co-transfection with plasmids expressing HA-tagged
Kir6.2 and SUR1 and treatment with DMSO or U0126 (20 uM) for 24 hours.
Bars represent means + SD of a minimum of three biological replicates with
individual data points displayed when appropriate. Ns not significant,
*P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).

To validate the above findings using an orthogonal approach, the impact of Karp
channel blockade on AP-1 activity was next analysed. Using the same AP-1

luciferase reporter construct as before, a ~30% reduction in AP-1 activity was
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observed in both HeLa and SiHa cells following glibenclamide treatment (Fig
4.9A). Consistent with this, a highly similar reduction in the mRNA expression of
JUN was also detected by RT-gPCR in both cell lines after treatment with the
Kartp channel inhibitor (Fig 4.9B). Further, transfection of SUR1-specific SIRNA in
HelLa cells also decreased AP-1 activity, measured by luciferase reporter, by
~40% (Fig 4.9C). Finally, to investigate whether this loss of AP-1 transactivational
potential following modulation of Kate channel activity was due to the recruitment
of cJun/AP-1 to target binding sites being affected, ChlIP-gPCR assays were
performed. For illustrative purposes, the binding of cJun to two consensus AP-1
sites located within the HPV18 URR, one in the enhancer and one in the
promoter-proximal region, was analysed [163]. Many HPV types possess AP-1
binding sites within their respective URRs, and the integrity of both HPV18 AP-1
sites has been shown to be critical for efficient early gene expression [376, 403-
405]. This revealed that SUR1 knockdown using siRNA profoundly reduced cJun
recruitment to both binding sites within the viral URR, relative to the scramble
control (Fig 4.9D). Together, these data highlight the critical role Kate channels

may have in regulating AP-1 activity and oncoprotein expression.
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Figure 4.9 Inhibition of Katp channels reduces AP-1 expression, activity and
recruitment to target gene promoters. A) Relative firefly luminescence in
HelLa and SiHa cells transfected with an AP-1-driven reporter plasmid and
treated with glibenclamide (10 uM) for 24 hours. Luminescence values were
normalised against Renilla luciferase activity. B) mRNA expression of JUN
in HeLa and SiHa cells treated with glibenclamide (10 pM) for 24 hours,
measured by RT-qPCR. Samples were normalised against U6 mRNA levels.
C) Relative firefly luminescence in HelLa cells co-transfected with an AP-1-
driven reporter plasmid and SUR1-specific siRNA. Luminescence values
were normalised against Renilla luciferase activity. D) ChIP-gPCR analysis
of cJun binding to two AP-1 sites within the HPV18 URR in HelLa cells
transfected with SUR1-specific siRNA. cJun binding is presented as a fold
increase over IgG binding (n = 2). Figure created using BioRENDER.com.
Bars represent means + SD of a minimum of three biological replicates with
individual data points displayed, unless stated otherwise. Ns not
significant, *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).

To further confirm our observations highlighting the importance of AP-1 in Karp
channel-induced proliferation and oncoprotein expression, the impact of inhibiting
AP-1 activity following Katp stimulation was analysed. To this end, we employed
a dominant-negative JunD construct (AJunD): this encodes a truncated form of
JunD which is able to dimerise with other AP-1 family members yet lacks a
transcriptional activation domain [406]. Previous studies in our lab have validated

that AJunD expression almost completely abolishes AP-1 activity [163].



141
Transfection of this construct resulted in a reversal of the diazoxide-induced HPV

oncoprotein expression (Fig 4.10).
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Figure 4.10 Blockade of AP1 activity prevents Katp channel-induced HPV
gene expression. Representative western blots for JunD, E6 and E7
expression in HelLa cells treated with diazoxide (50 uM), with and without
transfection of a plasmid expressing AJunD. Cells were serum-starved for
24 hours prior to treatment. GAPDH served as a loading control.

4.2.9 Reintroduction of cJun restores proliferation and oncoprotein

expression in SUR1 KD cells

Next, to further confirm the importance of AP-1 for Karp channel-induced
proliferation, we wanted to investigate whether restoration of cJun/AP-1 signalling
to HelLa cells following SUR1 knockdown would be able to rescue their
proliferative defect. To this end, an expression vector for a constitutively active
mutant of cJun was employed [407-410]. This mutant, S63/73D, consists of two
serine to aspartic acid mutations at the key S63 and S73 residues, whose
phosphorylation by the MAPKs ERK1/2 and JNK1/2 is required for cJun activation
[411-414]. S63/S73 phosphorylation is thought to facilitate the interaction of cJun
with the coactivator CPB/p300, thus permitting transcriptional upregulation of
target genes [415, 416]. As noted previously, transfection of SUR1-specific
SiRNA resulted in a significant reduction in the proliferation and colony-forming
ability of HeLa cells (Fig 4.11A-B). However, when active cJun was reintroduced,

a small but significant restoration of proliferation was observed (Fig 4.11A-B).
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This suggests that cJun phosphorylation on S63 and S73 is required to promote

HPV+ cervical cancer cell proliferation.

Next, we tested whether a similar rescue to the expression of the HPV
oncoproteins was also observed. Western blot analysis demonstrated a reduction
in E7 protein levels following SUR1 knockdown, as expected, which was fully
restored via active cJun overexpression (Fig 4.11C). Together, these data

suggest that cJun is important for driving proliferation downstream of Kartp

channels.
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Figure 4.11 Reintroduction of cJun following SUR1 knockdown restores
proliferation and HPV oncoprotein expression. A-B) Growth curve analysis
(A) and colony formation assay (B) of HeLa cells co-transfected with SUR1-
specific siRNA and a plasmid expressing a constitutively-active form of
cJun (S63/73D). C) Representative western blots for HA and E7 expression
in HeLa cells treated as above (n = 2). GAPDH served as a loading control.
Data shown represents means + SD of three biological replicates (unless
stated otherwise) with individual data points displayed where appropriate.
Ns not significant, *P<0.05, **P<0.01, ***P<0.001 (Student’s t-test).



143

4.2.10 Katp channels contribute to the activation of AP-1

signalling and HPV transcription by E7

Data in the preceding chapter identified that the HPV E7 oncoprotein was
responsible for upregulating expression of SUR1, thus enhancing Kartp channel
activity. Therefore, the impact of expressing E7 in a HPV- cell line on AP-1 activity
was analysed, in the presence and absence of a Kare channel modulator. It has
previously been reported that HPV16 E7 is capable of interacting with AP-1
transcription factors, enhancing their transactivational potential [417].
Unsurprisingly therefore, expression of HPV18 E7 resulted in a ~1.5 fold increase
in AP-1 activity, as measured by luciferase reporter assay (Fig 4.12A).
Significantly, this increase in activity was reversed, in part, via glibenclamide
treatment, suggesting that E7-mediated activation of Katp channels may be one
of multiple mechanisms by which the oncoprotein promotes AP-1 activity. To
ensure that this was not an artefact due to off-target effects of glibenclamide, the
experiment was repeated using SUR1-specific siRNA. Knockdown of SUR1
expression led to a highly similar partial reversal of the E7-induced upregulation
of AP-1 activity (Fig 4.12B). To further confirm this, the impact on AP-1
transactivity was also investigated in C33A cells stably expressing HPV18 E7. As
expected, a ~1.7 fold increase in AP-1 driven luciferase activity was detected in
the E7-expressing cells, which was reduced by half following Katep channel
inhibition (Fig 4.12C). Together, these data suggest that Kate channels may be

an important mechanism by which E7 promotes AP-1 activity.

The experiments described above analyse the activity of AP-1 following E7
expression. However, they do not address the question of whether E7 is capable
of modulating the expression of AP-1 subunits via activation of Kate channels. To

resolve this, the protein levels of the prototypical AP-1 family members cFos and
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cJun were analysed in C33A cells transiently expressing GFP-tagged HPV18 E7,
in the presence and absence of glibenclamide. Interestingly, we observed an
increase in protein levels of cJun in the presence of HPV18 E7 which was
reversed by glibenclamide treatment, but no alterations to cFos expression (Fig
4.12D). This suggests that E7 activation of Karp channels may be specifically
upregulating the expression of particular AP-1 subunits. Further, this is in
agreement with data earlier in the chapter highlighting changes in the expression

of cJun following Katp channel modulation in HelLa cells.

Next, the extent to which Karte channels contribute towards E7-mediated
upregulation of HPV early gene expression was analysed. AP-1 activity is critical
for HPV gene expression [163, 376, 403-405], so it was hypothesised that
overexpression of E7 would promote HPV URR activity via its activation of AP-1.
In line with this, a ~2.5 fold increase in transcription driven by the HPV18 URR
was detected, via luciferase reporter assay, following expression of E7 in HPV-
C33A cells (Fig 4.12E). This was reduced, partially albeit significantly, with Katp
channel inhibition, suggesting the presence of a feedback loop in which E7 drives
its own transcription through activation of Kate channels. To confirm this, an
siRNA knockdown strategy was employed. As before, a greater than 2 fold
increase in URR activity was observed in the presence of E7, which was partially
reduced with SUR1 knockdown (Fig 4.12F). Together, these data suggest that
HPV E7 expression is sufficient to promote AP-1 URR promoter activity via its

upregulation of Kartp channels.
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Figure 4.12 Activation of AP-1 signalling and HPV transcription by E7
occurs via Kare channels. A-C) Relative firefly luminescence in C33A cells
transfected with an AP-1-driven reporter plasmid and A) co-transfected with
a GFP or GFP-18E7 expression vector and treated with DMSO or
glibenclamide (10 uM) for 24 hours, B) co-transfected with a GFP or GFP-
18E7 expression vector and scramble or SUR1-specific siRNA (n = 1), or C)
stably expressing HA-tagged HPV18 E7 and treated with DMSO or
glibenclamide (10 uM) for 24 hours. Luminescence values were normalised
against Renilla luciferase activity. D) Representative western blot of cFos
and cJun expression in C33A cells transfected with a GFP or GFP-18E7
expression vector and treated with DMSO or glibenclamide (10 uM) for 24
hours (n = 1). GAPDH served as a loading control. E-F) Relative firefly
luminescence in C33A cells transfected with an HPV18 URR-driven reporter
plasmid and treated as in (A-B). Luminescence values were normalised
against Renilla luciferase activity. Bars represent means + SD of three
biological replicates with individual data points displayed, unless stated
otherwise. Ns not significant, *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001
(Student’s t-test).

4.2.11 Katp channels drive proliferation in an in vivo mouse

model

Finally, in order confirm the earlier in vitro observations which indicate that Katp

channels are critical in driving proliferation in HPV+ cervical cancer cells, in vivo
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tumourigenicity experiments using SCID mice were performed. Animals were
subcutaneously injected with HPV18+ Hela cells stably expressing either a non-
targetting shRNA (shNTC) or a SUR1-specific ShRNA (cell lines described in
4.2.1), and tumour growth was monitored over a period of ~6 weeks. All mice
developed tumours and no toxicity, including significant weight loss, was seen in
any of the animals. Critically, a significant delay in the growth of tumours in all
mice injected with SUR1 knockdown cells was observed in comparison to the
shNTC controls (Fig 4.13A). To quantify this delay in growth, the period of time
between injection of tumours and growth to a set volume (250 mm?3) was
calculated. This revealed that the SUR1-depleted tumours took an additional 11
days on average to reach an equivalent volume (Fig 4.13B). Further, animals
bearing SUR1-depleted tumours displayed prolonged survival, with one mouse
remaining alive at the conclusion of the study (Fig 4.13C). Together, these data
demonstrate that Katp channels drive the growth of HPV+ cervical cancer cell

xenografts.

Following sacrifice of the animals, tumour tissue was collected, fixed and
sectioned to allow for probing for the expression of proliferation markers by IHC.
Staining was performed on sections from the same five mice from each
experimental group that were included in the tumour growth analyses. Staining
was undertaken for Ki67, an antigen present during all active phases of the cell
cycle but absent in quiescent and senescent cells. Surprisingly, this revealed
highly similar protein levels of Ki67 in tumours taken from both shNTC-injected
mice and shSUR1-injected mice, suggesting similar levels of proliferation at the
time of sacrifice (Fig 4.13D). To confirm that the knockdown of SUR1 was
maintained throughout the in vivo experiment, IHC staining for SUR1 protein

levels was also carried out. Unexpectedly, there was no reduction in staining
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intensity in tumours taken from the shSUR1 A group of mice, indicating that the
knockdown had been lost at some point between injection of the cells and animal

sacrifice (Fig 4.13D).

To confirm these observations, staining was quantified using ImageJ and the IHC
Profiler plugin, allowing the calculation of H-scores based on the percentage of
positively stained tumour cells and the staining intensity [337-339]. This
confirmed that there was no difference in the staining for either SUR1 or Ki67
between the two experimental groups (Fig 4.13E). Importantly, no staining was
detected with either of the secondary antibody only controls, indicating that the

staining was specific to the protein of interest in both cases.



148

Tumour volume Tumour volume
1500 1500
— — shNTC — - shNTC
£ — ShSURTA £ - shSUR1A
® 1000 ‘s 1000
g g
2 =
S S
5 500 5 500
o o
: :
IS =
0 0
0 10 20 30 40 50 0
Days Days
B C Survival
Tumour growth delay
50 * 100 — shNTC

e i 3 | — shSUR1A
£ 40+ £

Q 5

3 2]

Kl 30_ ‘E 50_

g g

q, e

= 204 @

o #

)

® 40 *%
5‘ 10 0 T T T T 1
[a) 0 10 20 30 40 50

0- Days
SshNTC  shSUR1A

D Ki67 E Ki67

shSUR1TA

shSUR1A

Figure 4.13 Katp channels drive proliferation in an in vivo mouse model. A)
Tumour growth curves for mice implanted with HelLa cells stably
expressing either a non-targetting (ShNTC) or an SUR1-specific shRNA
(shSUR1 A). Tumour volume was calculated using the formula V=0.5*L*W?2.
Individual curves for each replicate (left) and curves representing mean
values + SD of five mice per group (right) are displayed. B) Tumour growth
delay, calculated as the days taken to reach a volume of 250 mm?3, for mice
implanted with HeLa cells stably expressing either a non-targetting (shNTC)
or an SUR1-specific shRNA (shSUR1 A). Bars represent means + SD of five
biological replicates with individual data points displayed. *P<0.05
(Student’s t-test). C) Kaplan-Meier survival curve of mice bearing shNTC
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and shSUR1 A tumours. # indicates that one mice remained alive at the
conclusion of the study. *P<0.01 (log-rank (Mantel-Cox) test). D)
Immunohistochemistry (IHC) staining of Ki67 (top) and SUR1 (bottom)
protein expression in tumour sections taken from mice implanted with HeLa
cells stably expressing either a non-targetting (ShNTC) or an SUR1-specific
shRNA. E) Quantification of IHC staining in D). Bars represent mean H-
scores + SD of five biological replicates with individual data points
displayed. Ns not significant (Student’s t-test).
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4.3 Discussion

The preceding chapter presented evidence that a novel host factor, the Karp
channel, is a crucial regulator of HPV gene expression in cervical cancer cells.
The data presented in this study advances upon the previous findings by
identifying the critical role of Kate channels in regulating the proliferation of these
cells. Loss of Katp channel activity, either via stable suppression of SUR1
expression or transient knockdown of Kir6.2, resulted in a profound reduction in
proliferation and colony-forming ability, likely due to disruption to the progression
of cells through G1 phase of the cell cycle. Surprisingly however, we found that
Katp channels have no impact upon either the survival or the migratory potential
(through regulation of EMT) of cervical cancer cells. The mechanism by which
the pro-proliferative effects of Katp channels is mediated was also investigated,
revealing that the channels promote activation of the MAP kinase ERK1/2 and
subsequently the host transcription factor AP-1. Finally, we provide in vivo
confirmation of the importance of Karp channels: SUR1 deficient tumours
displayed significantly reduced growth and the mice bearing them experienced
prolonged survival. Taken together, these data emphasise the highly important
role Katp channels have in driving the continued proliferation of HPV+ cervical

cancer cells.

Using a combination of shRNA-mediated knockdown of SUR1 and transient
suppression of Kir6.2 expression, this study identifies a clear role for Karp
channels in regulating the proliferation of HPV+ cervical cancer cells. A significant
reduction was noted across all assays used to assess the proliferative potential
of cells, namely growth curves, colony formation assays and soft agar assays.
Additional investigations in our lab have confirmed that a highly similar loss of

proliferation occurs following transfection of SUR1-specific sSiRNA [352]. Further,
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treatment with glibenclamide has also been shown to inhibit cell growth of HPV+
cervical cancer cell lines, but critically not HPV- C33A cells [352]. A previous
study similarly reported the growth inhibitory effects of glibenclamide on cervical
cancer cells via MTT assay [332]. However, this report used greatly increased
drug concentrations than those employed here, enhancing the risk of off-target
effects, and interestingly only observed decreased proliferation in HelLa cells,
C33A cells and primary keratinocytes, yet not in either of the HPV16+ cell lines
examined [332]. Importantly, we demonstrate that silencing of the alternative
regulatory subunit SUR2 had no impact upon the proliferation of either HPV16+
or HPV18+ cell lines, in agreement with data from the preceding chapter in which
no effect on HPV oncoprotein expression was observed following SUR2

knockdown.

We observed that inhibition of Kare channels, through either pharmacological
means or SUR1 knockdown, resulted in an increase in the proportion of cells in
G1 phase and, consistently, a decrease in cyclin D1 and E1 expression. This is
in line with prior reports in glioma and breast cancer cell lines [329, 330, 333].
Further, this fits with an increasing recognition of the importance of ion channels
in the regulation of the cell cycle and cell proliferation [323-325]. It is thought that
cells undergo a rapid hyperpolarisation during progression through the G1-S
phase checkpoint, for which K* efflux channels are particularly important [324,
325]. Our data indicates that, at least in cervical cancer, Katp channels may

contribute towards this hyperpolarisation event.

To our surprise, given the negative impact of Kate channel knockdown on HPV+
cervical cancer cell proliferation, no effect on the expression of EMT-related
genes was observed in shSUR1 cell lines. This is in contrast to data from NSCLC

models, in which glibenclamide treatment has been shown to promote expression
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of the epithelial marker E-cadherin and downregulate expression of the
mesenchymal marker N-cadherin, with a corresponding decrease in cell
migration [334]. However, it is worth noting that this study concluded the pro-
proliferative effects of SUR1 in NSCLC are mediated via a Kartp channel-
independent mechanism. In contrast, treatment of breast cancer cell lines with
minoxidil, a Katp channel activator, reduced invasiveness, suggesting that Karp
channels may act to inhibit the migratory potential of these cells [418]. However,
this would directly contrast with earlier work in breast cancer cell lines, in which
glibenclamide was shown to inhibit cell proliferation via a G1 arrest, whilst
minoxidil had the inverse effect [329]. Clearly, further work is required to fully
uncover the impact of Kate channel activity on cell migration and EMT. To begin,
the findings in this study with stable SUR1 knockdown cell lines should be
validated by repeating with Karp channel modulators, and migration, invasion, and

would healing assays performed.

lon channels represent ideal candidates for novel cancer therapeutics given the
abundance of licensed and clinically-available drugs targeting the complexes
which could be repurposed if demonstrated to be effective [327]. We therefore
investigated whether Kate channel inhibition had a cytotoxic effect on cervical
cancer cells. Somewhat surprisingly, given the impact on HPV oncoprotein
expression, we did not observe any evidence for increased cell death following
glibenclamide treatment. This is in contrast to previous experiments in gastric
cancer, glioma and hepatocellular carcinoma cell lines [328, 330, 331], yet in
agreement with observations in breast cancer cells [329]. These differences may
potentially reflect the cell type-specific roles of Karp channels, or perhaps be a
result of differing subunit compositions in the cell types analysed. Despite this,

the clear reduction in proliferation observed following Kate channel knockdown
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highlights their potential for targetting in novel therapies. It would be of interest
for further studies to analyse whether Kate channel inhibition sensitised cervical
cancer cells to established chemotherapeutic agents. Current therapies rely on
the widely used yet non-specific DNA-damaging agent cisplatin in combination
with radiotherapy [348, 349], but resistance to cisplatin, either intrinsic or
acquired, is a significant problem [350]. In support of this idea, ion channel
modulators have previously been shown to increase cisplatin efficacy in
colorectal cancer, and glibenclamide can act in a synergistic manner with the
chemotherapeutic agent doxorubicin in the killing of lung, liver and breast cancer
cells [329, 419, 420]. Further, it would be of significant interest to discover,
through the use of washout experiments, the duration of glibenclamide treatment
that is required to induce a stable G1 cell cycle arrest. For example, treatment
with the CDKA4/6 inhibitor palbociclib, licenced for breast cancer therapy, for short
periods of time followed by washout is insufficient to induce a permanent G1
arrest, yet upon removal of the drug after prolonged inhibition, cells fail to re-enter
the cell cycle [421]. Whether a similar scenario occurs with glibenclamide

warrants investigation.

Following our initial analyses of HPV+ transformed cell lines in vitro, we
performed in vivo tumourigenicity assays using cells stably expressing SUR1-
specific shRNAs. We observed significant delays to tumour growth with cells
displaying reduced SUR1 expression resulting in prolonged survival, thus
providing validation for our earlier in vitro work. Somewhat surprisingly however,
upon analysis of tumour tissue at the experimental endpoint, we failed to observe
any difference in the protein expression of either SUR1 or Ki67, a proliferation
marker, between the two groups. The absence of staining with the secondary

antibody only controls highlights the specificity of the primary antibodies;
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nevertheless RNA could be extracted from tissue sections and mMRNA expression
levels of ABCC8 and MKI67 analysed to validate these findings. Perhaps the
most likely explanation is that knockdown efficiency was lost during the course of
the experiment, perhaps due to methylation-mediated silencing of the human
elongation factor-1 alpha (EF-1a) promoter that was used to drive transcription of
the shRNA, as well as the ZsGreen and puromycin resistance genes. If this is
indeed the case, it could be argued that silencing of the shRNA highlights how
critical Katp channel expression may be for the proliferation of HPV+ cervical
cancer cells. As alternative strategy, and in an attempt to circumvent a potential
silencing issue, a CRISPR knockout strategy could be employed to completely
ablate SUR1 expression. Regardless, the clear impact suppression of Karp
channel activity has on the growth of HPV+ cervical cancer cells indicates that
further work is now warranted to confirm whether the licenced Karp channel

inhibitors could be repurposed and used alongside current therapies.

We revealed that the pro-proliferative effects of Katp channels are mediated via
activation of ERK1/2 and subsequently the AP-1 family member cJun. Previous
reports have examined the importance of these signalling pathways in HPV
infection and cervical cancer [128, 163, 376, 422-424]. Indeed, a recent study
elegantly showed a strong correlation between ERK1/2 activity and cervical
disease progression, and highlighted the importance of ERK1/2 and AP-1
signalling for oncoprotein expression in both a life cycle model of HPV infection
and using an oropharyngeal squamous cell carcinoma cell line [424].
Interestingly, this study additionally identified the AP-1 family members cFos and
JunB as contributors towards oncogene transcription, whilst previous analysis in
this laboratory has revealed that both cJun and JunD are upregulated in HPV18+

keratinocytes and cervical cancer cell lines [163, 424]. As AP-1 can be comprised
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of Jun family homodimers or heterodimers with Fos, ATF or MAF family proteins,
further studies may be warranted to determine the most frequent makeup of AP-

1 dimers in HPV+ cells [401].

Significantly, the extent to which the proliferation and colony-forming ability of
SURI1-depleted Hela cells was rescued by the reintroduction of a constitutively
active form of cJun (S63/73D) was only partial. This may be because
phosphorylation at additional residues is required for complete cJun activation.
Indeed, phosphorylation at T91 and T93 is linked to enhanced cJun activity and,
in some cases, phosphorylation at all four residues (S63, S73, T91 and T93) is
necessary for releasing cJun target genes from transcriptional repression [425-
427]. Therefore, further cJun mutants possessing additional phosphomimetic
mutations could be employed. However, it is thought that while both ERK1/2 and
JNK1/2 are able to catalyse the phosphorylation of S63/S73, only JNK1/2 can
phosphorylate the T91/T93 residues [428]. Thus it is questionable whether
additional phosphomimetic mutations would enhance the restoration of
proliferation observed here. Alternatively, our data could indicate that other
targets downstream of ERK1/2 signalling, in addition to cJun/AP-1, may also be
critical in mediating the pro-proliferative effects of Katp channels. Indeed, ERK1/2
is known to activate a wide variety of host transcriptional regulators in addition to
AP-1 members, both directly (e.g. ETS family transcription factors, c-MYC) and
indirectly via phosphorylation of MSK1/2 (e.g. CREB) [429-431]. Of particular
interest is the transcription factor SP1: phosphorylation by ERK1/2 enhances its
transactivation potential and the protein is known to be critical for HPV URR
promoter activity [88, 373, 374, 384, 385]. The degree to which these

transcriptional regulators contribute to proliferation and HPV oncoprotein
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expression induced by Kartp channels in cervical cancer cells warrants

investigation.

In summary, this chapter reveals the vital role of host Katp channels in regulating
proliferation of HPV+ cervical cancer cells. This is likely mediated via promoting
progression through G1 phase of the cell cycle and regulation of cyclin D1 and
cyclin E1 expression. Further, stimulation of cell growth is achieved by activation
of ERK1/2 and AP-1 signalling and we provide in vivo confirmation of the
importance of Katp channels for cervical cancer cell proliferation. Future studies
to understand whether these host ion channels have a similar importance in other
HPV-associated diseases, such as oropharyngeal cancers is now warranted

(Chapter 5).
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Chapter 5 Katp channels are not required for the proliferation of

head and neck squamous cell carcinoma (HNSCC) cells

5.1 Introduction

Head and neck squamous cell carcinomas (HNSCCs) are a group of
malignancies that develop in the mucosal epithelium at sites within the oral cavity,
nasopharynx, oropharynx, hypopharynx and larynx [432]. Collectively, HNSCC is
the seventh most common cancer worldwide, accounting for almost 900,000
cases and in excess of 400,000 deaths worldwide in 2020 [32, 433]. The major
risk factors for HNSCC include tobacco and alcohol consumption and infection
with HPV [432, 434, 435]. Interestingly, HPV infection is most commonly
associated with tumours arising in the oropharynx, and indeed the majority of
oropharyngeal cancers are HPV+, whilst HNSCCs of the oral cavity and larynx
are still primarily linked to smoking and alcohol use [92, 432, 436]. As such the

disease is often broadly divided into HPV+ and HPV- HNSCC.

Importantly, the mutational profiles and changes in gene expression differ
significantly between HPV+ and HPV- HNSCC. As would be expected, mutations
in the TP53 tumour suppressor are found almost exclusively in HPV- HNSCCs
due to the ability of HPV EB6 to target p53 for proteasomal degradation [92, 145,
344]. Indeed, a similar pattern is seen for somatic mutations in the CDKN2A gene
[92]. Conversely, HPV+ oropharyngeal tumours commonly display focal
amplification of the E2F1 locus [92]. Together, this highlights the need to consider
HPV+ and HPV- HNSCCs as separate diseases, including when considering

potential therapeutic approaches.

As the pathogenesis of HPV+ HNSCC is clearly distinct from that of HPV-
HNSCCs, this raises the possibility of developing novel cancer therapeutics

based upon targetting the particular vulnerabilities of each group. Host ion
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channels represent ideal candidates for novel therapeutics due to the abundance
of licensed and clinically available drugs targeting the complexes which could be
repurposed if demonstrated to be effective. Indeed, approximately 20% of all

current FDA-approved drugs act upon ion channels [327].

The role of ion channels in driving the proliferation of HNSCC is poorly
characterised [437]. Some K* channels have been studied, and the voltage-gated
K* channels Kv3.4, Kv10.1 and Kv11.4 have all been shown to be upregulated in
HNSCC tissue samples and cell lines [438-440]. However, none of these studies
accounted for the HPV status of the tissue samples studied, and focussed their
analyses solely on HPV- cell lines. More widely, the calcium-activated chloride
channel ANO1/TMEM16A is highly expressed in a large proportion of HNSCC
tumours, but this is predominantly in HPV- rather than HPV+ HNSCCs [441-443].
Thus, the impact of HPV on expression and/or activity of K* channels, and more

widely the entire host channelome, in HNSCC is not well understood.

The data in the preceding chapters identifies a key role for host Katp channels in
regulating HPV gene expression and proliferation in cervical cancer cells, and
demonstrates that this is achieved via the activation of host MAPK and AP-1
signalling. This chapter will attempt to extend these findings in order to ascertain
whether this newly-identified role for Kare channels is specific to HPV+ cervical

cancers, or could also be a feature in HPV+ HNSCCs.
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5.2 Results

5.2.1 Katp channel expression may be upregulated in HPV+ HNSCC

cells

To initially gain an understanding of whether Katp channels may have a role in
HPV+ oropharyngeal cancers, we investigated the expression of Kate channel
subunits in a panel of HNSCC cell lines. We felt this to be pertinent as no previous
study, to our knowledge, has attempted to ascertain whether Katp channels are
expressed in head and neck tissue and if so, what channel subunits are present.
Importantly, the expression of Kate channel subunits displays significant tissue-
specific variability [236]. The panel used included three HPV- cell lines (HNS,
HN30, SCC-61) and three HPV16+ cell lines (UM-SCC-47, UM-SCC-104,
UPCI:SCC-152). We were able to detect, by RT-gPCR, expression of the Kir6.1
(KCNJ8), Kir6.2 (KCNJ11) and SUR1 (ABCC8) subunits in all cell lines examined,
yet could not detect expression of either splice isoform of the ABCC9 (SURZ2)
transcript (Fig 5.1A). Interestingly, the mRNA expression of ABCC8 was
significantly increased by ~3-5 fold in all of the HPV16+ cell lines, in comparison
to the HN8 control, yet no increase was seen in either of the other HPV- cell lines
tested. The same pattern was observed when KCNJ11 mRNA levels were
analysed, with the HPV16+ cell lines displaying ~4 fold higher expression levels.
However, this was not replicated in our KCNJ8 findings, where there was no

significant change in expression in any of the cell lines.

To confirm these findings, we mined available online datasets. Firstly, data from
The Cancer Genome Atlas (TCGA) was analysed for the mRNA expression levels
of ABCC8 and KCNJ11. This revealed that KCNJ11 mRNA expression was
significantly higher in the HPV+ tumours (n = 80) compared to HPV- samples (n

=434), confirming our findings in cell line models (Fig 5.1B). However, comparing
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both of these subsets to a collection of normal controls provided surprising
findings. There was no significant difference in KCNJ11 expression between
healthy tissue control (n = 44) and HPV+ HNSCC samples, and the apparent
difference between HPV+ and HPV- HNSCCs was instead due to a

downregulation of KNCJ11 mRNA levels in the HPV- group (Fig 5.1B).

Next, the expression of ABCC8 was analysed in this collection of TCGA samples.
To our surprise, a significant number of samples in all categories displayed no
detectable expression of ABCCS8. Despite this, median mRNA expression in HPV-
HNSCC tumours was significantly lower than in normal tissue, but less of a

reduction was observed with HPV+ HNSCC tumours (Fig 5.1B).

A second publically available dataset, consisting of microarray expression
analysis of a panel of HPV- and HPV+ HNSCC tumours, as well as healthy
controls, was also mined for the mRNA expression of ABCC8 and KCNJ11 [342].
Surprisingly, no significant difference in the mRNA levels of either ABCC8 or
KCNJ11 could be observed between any of the three groups (Fig 5.1C). Taken
together, these data suggest that the Karp channel subunits Kir6.1, Kir6.2 and
SUR1 are expressed in head and neck tissue, but the impact of HPV16 on the

expression of Kir6.2 and SUR1 remains unclear.
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Figure 5.1 Katp channel expression in HNSCC cells. A) mRNA expression
levels of Kate channel subunits in a panel of three HPV- HNSCC cell lines
(HN8, HN30, SCC-61) and three HPV16+ HNSCC cell lines (UM-SCC-47, UM-
SCC-104, UPCI:SCC-152) detected by RT-qPCR. Samples were normalised
against U6 mRNA levels. Data is displayed relative to the HN8 control and
represents means * standard deviation (SD) of three biological replicates.
ND, no expression detectable. *P<0.05, *P<0.01, **P<0.001 (Student’s t-
test). B) Expression analysis of KCNJ11 and ABCC8 from TCGA HNSCCs,
displayed as expression in normal tissue (n = 44) versus HPV- (n = 434)
versus HPV+ (n = 80) tumours. Expression calculated from RNA-seq data
using RSEM and transformed using the logz(x+1) method. C) Microarray
expression analysis of KCNJ11 and ABCCS8 using data acquired from the
GSE6791 database, displayed as expression in normal tissue (n = 14)
versus HPV- (n = 26) versus HPV+ (n = 16) tumours. Statistical significance
in (B) and (C) was assessed using the Wilcoxon rank-sum test (ns not
significant, *P<0.05, **P<0.01, **P<0.001, ****P<0.0001).

5.2.2 Katpchannels are active in HPV+ HNSCC cell lines

After identifying that the Kartp channel subunits Kir6.1, Kir6.2 and SUR1 are
expressed in HNSCC cell lines, and that Kir6.2 and SUR1 may be upregulated in
HPV+ cell lines, we wanted to confirm the presence of active Karp channels. To
test this, we analysed the membrane potential of cells using the fluorescent dye
DIBAC4(3) [354, 355]. The ability of this dye to enter cells is proportional to the

degree to which the plasma membrane is depolarised. This revealed that
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treatment of HPV16+ UM-SCC-47 or UM-SCC-104 cells with glibenclamide
resulted in an increase in DIBAC4(3) fluorescence, indicating membrane
depolarisation and consistent with a reduction in Katp channel opening (Fig
5.2A). The scale of this increase (~1.3-1.4 fold with 10 uM glibenclamide) is highly
similar to that seen in HPV+ cervical cancer cells following Katp channel blockade
(Chapter 3). Furthermore, increased DIBAC4(3) fluorescence was also observed
with tolbutamide treatment, a member of the same class of sulfonylurea drugs as
glibenclamide (Fig 5.2B), together suggesting that these HPV16+ HNSCC cell

lines possess active Katp channels.

In an attempt to confirm these observations, HPV16+ cells were stimulated with
diazoxide, a Katp channel opener that acts preferentially on SUR1-containing
complexes [236]. To our surprise, we did not detect any significant alteration in
the plasma membrane potential of cells at the time point analysed following Katp
channel stimulation (Fig 5.2C). This contrasts with the inhibitor data in these cell
lines and thus casts doubt upon whether HPV+ HNSCC cell lines possess

functional Kate channels.
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Figure 5.2 The impact of Katepchannel modulators on the plasma membrane
potential of HNSCC cells. Mean DiBAC4(3) fluorescence levels in UM-SCC-
47 and UM-SCC-104 cells treated with A) 10 uM glibenclamide, B) 200 pM
tolbutamide or C) 50 puM diazoxide. Samples were normalised to the
appropriate DMSO control. Bars represent means + standard deviation (SD)
of three biological replicates with individual data points displayed. Ns not
significant, *P<0.05, **P<0.01, **P<0.001, ***P<0.0001 (Student’s t-test).

5.2.3 Therole of E6 and E7 in driving Katp channel expression is

unclear

Next, we wanted to gain an understanding of whether HPV has a role in
upregulating the expression of SUR1 and Kir6.2 in HNSCC cell lines. It was
hypothesised that it may be an oncoprotein driven event since E6 and E7 are
known to modulate the expression and activity of a multitude of cellular factors
[50]. Further, observations in a preceding chapter illustrated that SUR1
upregulation in HPV+ cervical cancer cells is achieved in an E7-dependent
manner. To test this, an siRNA knockdown approach was employed and the
expression of both E6 and E7 was silenced in two HPV16+ HNSCC cell lines (Fig
5.3A-B). In both cell lines, a knockdown efficiency of ~50% or greater was

confirmed for both oncogenes by RT-gPCR. Confirmation that siRNA transfection



164
also had the desired impact on the protein expression of E6 and E7 was carried
out via western blot analysis (Fig 5.3A-B). Interestingly, in UM-SCC-47 cells,
suppression of E6/E7 expression resulted in a profound decrease in mRNA levels
of both ABCC8 and KCNJ11 when compared to scramble controls (Fig 5.3A).
However, to our surprise, these findings could not be replicated in the second
HPV16+ cell line, UM-SCC-104, where no effect on either ABCC8 or KCNJ11

expression was observed following E6/E7 knockdown (Fig 5.3B).

Following this, to confirm that the reduction in Kir6.2 and SUR1 expression in UM-
SCC-47 cells after E6/E7 knockdown corresponded to changes in Katp channel
activity, analysis of the membrane potential of cells was performed using the
fluorescent dye DIiBAC4(3) [354, 355]. Upon silencing of E6/E7, a ~1.3 fold
increase in fluorescence was detected, indicative of membrane depolarisation
and consistent with a loss of Kate channel activity (Fig 5.3C). Further, this is in
line with the degree of change observed in these cells following either
glibenclamide or tolbutamide treatment. This therefore suggests that, at least in
the context of UM-SCC-47 cells, HPV oncoprotein expression is required for Katp

channel subunit expression.

In an attempt to resolve the apparent differences between the two HPV16+ cell
lines analysed, the impact of overexpressing the HPV oncoproteins in HPV-
HNSCC cell lines was investigated. To this end, HN8 and HN30 cells stably
expressing HA-tagged HPV16 E6 or HPV16 E7 were generated (Fig 5.3D). Upon
analysis of Katp channel subunit expression in these cell lines by RT-gPCR, it
was found that neither E6 nor E7 were capable of upregulating mRNA expression
of either KCNJ11 or ABCC8 (Fig 5.3E). This was consistent across both HPV-

cell lines examined. Together, this suggests that expression of the HPV
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oncoproteins is not sufficient to upregulate Kate channel subunit expression in

HNSCC cells.
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Figure 5.3 The role of HPV oncoproteins in regulating Katp channel subunit
expression in HNSCC cell lines. A-B) mRNA expression of ABCC8 and
KCNJ11 in UM-SCC-47 (A) and UM-SCC-104 (B) cells after transfection of
E6- and E7-specific siRNAs, measured by RT-qPCR. Successful
transfection was confirmed by analysing mRNA and protein expression of
the HPV oncoproteins. Samples were normalised against U6 mRNA levels
and GAPDH served as a loading control for western blots. C) Mean
DIiBAC4(3) fluorescence in UM-SCC-47 cells co-transfected with E6- and E7-
specific siRNAs. Samples were normalised to the scramble control. D)
Representative western blots of E6 and E7 expression in HN8 and HN30
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cells stably expressing the HPV16 oncoproteins. GAPDH served as a
loading control. E) mRNA expression of ABCC8 and KCNJ11 in HN8 and
HN3O0 cells stably expressing either HPV16 E6 or HPV16 E7. Samples were
normalised against U6 mRNA levels. Bars represent means + standard
deviation (SD) of three biological replicates with individual data points
displayed. Ns not significant, *P<0.05, **P<0.01, **P<0.001, ***P<0.0001
(Student’s t-test).

5.2.4 Katpchannel inhibition reduces HPV oncoprotein expression

Next, the impact of inhibiting Kate channel conductance on the expression of HPV
oncoproteins was investigated. Data in a preceding chapter revealed that, in
HPV+ cervical cancer cells, Karp channel activity is required for efficient
expression of E6 and E7 via regulation of transcription directed by the HPV URR.
It was therefore hypothesised that in HPV+ HNSCC cell lines, a similar effect

might be observed.

Initially, UM-SCC-47 and UM-SCC-104 cells were treated with the Karp channel
blocker glibenclamide and E6 and E7 expression assayed. In both cell lines, a
decrease of 30-40% in the mMRNA levels of E6 and E7 was observed (Fig 5.4A).
To confirm, cells were similarly treated with a second Kare channel inhibitor
tolbutamide; this also resulted in a ~40% reduction in mMRNA expression of the
oncogenes (Fig 5.4B). To validate these findings, analysis of the protein
expression of E6 and E7 was performed via western blot. A profound decrease
in both HPV16 oncoproteins was observed in UM-SCC-104 cells following
glibenclamide treatment (Fig 5.4C). This suggests that Katp activity may be

required for efficient oncoprotein expression.

Prior analysis of HPV+ cervical cancer cell lines revealed that the impact of Katp
channel activity on oncoprotein expression was due to alterations in
transcriptional activity directed by the URR. Therefore, to investigate whether this
was also the case in HPV+ HNSCC, a luciferase reporter vector was employed

in which the HPV16 URR had been cloned upstream of the firefly luciferase gene
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[444]. Treatment of either UM-SCC-47 or UM-SCC-104 cells with glibenclamide
to inhibit Katp channel ion flux resulted in a significant reduction in relative HPV
URR activity (Fig 5.4D). Importantly, the same effect was seen when these cells
were treated with the alternative Katp channel inhibitor tolbutamide (Fig 5.4E).
Together therefore, these data illustrate that Karer channel inhibitors have a

detrimental effect upon HPV gene expression in HNSCC cell lines.
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Figure 5.4 Kate channel inhibition impedes HPV oncoprotein expression in
HNSCC cells. A-B) mRNA expression of E6 and E7 in UM-SCC-47 and UM-
SCC-104 treated with 10 uM glibenclamide (A) or 200 uM tolbutamide (B),
measured by RT-gPCR. Samples were normalised against U6 mRNA levels
and data is displayed relative to the appropriate DMSO control. C)
Representative western blots of E6 and E7 protein levels in UM-SCC-104
cells treated with 10 uM glibenclamide (n = 2). GAPDH served as a loading
control. D-E) Relative firefly luminescence in UM-SCC-47 and UM-SCC-104
cells transfected with an HPV16 URR-driven reporter plasmid and treated
with either 10 pM glibenclamide (E) or 200 pM tolbutamide (F).
Luminescence values were normalised against Renilla luciferase activity.
Figure created using BioRENDER.com. Bars represent means + standard
deviation (SD) of a minimum of three biological replicates, unless stated
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otherwise, with individual data points displayed. *P<0.05, **P<0.01,
***P<0.001 (Student’s t-test).

5.2.5 Depletion of SUR1 or Kir6.2 has minimal impact upon HPV

gene expression

To confirm the findings in the previous section highlighting a potential role for Katp
channels in regulating HPV oncoprotein expression, we employed a knockdown
strategy. This was to eliminate any potential off-target effects of the small
molecule inhibitors previously used. Specifically, cells stably expressing either
non-targetting (shNTC) or SUR1-specific ShRNAs were generated using the UM-
SCC-47 cell line. Knockdown efficiency was assayed via RT-gPCR, revealing a
~50% reduction in ABCC8 mRNA levels (Fig 5.5A). Subsequently, the
expression of the HPV oncoproteins E6 and E7 was examined. Surprisingly,
given the prior small molecule inhibitor data, no consistent effect on mRNA
expression of the HPV oncogenes was observed (Fig 5.5B). Despite recording a
small but significant decrease in E7 mRNA levels in one of the SUR1 knockdown
lines, this was not replicated in the second knockdown. Furthermore, analysis of
the protein levels of E6 and E7 confirmed that Karp channel loss did not impact

upon expression of HPV proteins (Fig 5.5C).

To validate these findings, the impact of suppressing Karte channel subunit
expression in a second HPV+ HNSCC cell line was assessed. To this end, UM-
SCC-104 cells were transfected with siRNA specific for SUR1 and Kir6.2, alone
in combination. This permitted an assessment of the impact of supressing both
Katp channel subunits. Again, knockdown efficiency was assessed via RT-qPCR,
demonstrating a ~30-40% reduction in ABCC8 and KCNJ11 mRNA levels (Fig
5.5D). However, neither knockdown of SUR1, nor suppression of Kir6.2

expression, had a significant impact on the mRNA expression of E6 and E7 in
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this cell line (Fig 5.5D). Indeed, the same observations were recorded upon
simultaneous knockdown of SUR1 and Kir6.2. To confirm, protein expression of
HPV E6 and E7 was analysed via western blot. In contrast to the RT-gPCR data,
a slight reduction in E7 protein expression was observed following SUR1
knockdown, but this was not replicated in the E6 expression data (Fig 5.5E).
Further, no changes in E6 or E7 protein levels were detected with Kir6.2
suppression, or indeed dual knockdown (Fig 5.5E). In summary, these data
indicate that Katp channel subunit expression is not required for efficient HPV

gene expression.
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Figure 5.5 Depletion of SUR1 and/or Kir6.2 has a minimal impact on HPV
gene expression in HNSCC cell lines. A-B) mRNA expression of ABCCS8 (A)
and E6 and E7 (B) in UM-SCC-47 cells stably expressing either non-
targetting (shNTC) or SUR1-specific shRNAs, measured by RT-gPCR.
Samples were normalised against U6 mRNA levels. C) Representative
western blots of E6 and E7 protein levels in UM-SCC-47 cells stably
expressing non-targetting (ShNTC) or SUR1-specific shRNAs. GAPDH
served as a loading control. D) mRNA expression of E6 and E7 in UM-SCC-
104 cells transfected with siRNAs specific for SUR1 and Kir6.2, alone or in
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MRNA levels and successful transfection was confirmed by analysing
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E6 and E7 protein levels in UM-SCC-104 cells transfected with siRNAs
specific for SUR1 and Kir6.2, alone or in combination. GAPDH served as a
loading control. Bars represent means * standard deviation (SD) of a
minimum of three biological replicates with individual data points
displayed. Ns not significant, *P<0.05, **P<0.01, ***P<0.001 (Student’s t-
test).
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5.2.6 Katechannel knockdown has no impact on the proliferation of
a HPV- HNSCC cell line

Next, the impact Katp channels have on the proliferative capacity of HNSCC cells
was assessed. To begin, a HPV- cell line (HN8) was analysed. As these cells
have low, yet detectable, expression of the Karp channel subunits Kir6.2 and
SUR1, it was hypothesised that loss of channel activity would have minimal
impact on cell proliferation. To test this, an shRNA knockdown strategy was
employed using shRNAs targetting the ABCC8 coding sequence. Cell lines stably
expressing either a non-targetting (shNTC) or one of two SUR1-specific ShRNAs
(shSUR1) were generated and knockdown efficiency evaluated by RT-gPCR.
This revealed a ~50% reduction in ABCC8 mRNA expression (Fig 5.6A). The
proliferation of these cells was then monitored over a period of five days. As
expected, minimal impact on cell growth was observed (Fig 5.6B). To confirm,
colony formation assays, a measure of the anchorage-dependent growth of cells,
were performed. The colony forming ability was unchanged following suppression
of SUR1 expression (Fig 5.6C). Soft agar assays to ascertain the anchorage-
independent proliferative capacity, and hence metastatic potential, of these cells
were also attempted. However, an inability of these cells to form colonies in soft
agar, regardless of SUR1 expression levels, was noted, in line with an absence
of reports in the literature [445]. Together, these data suggest that Katp channels

are not required for the proliferation of HPV- HNSCC cells.
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Figure 5.6 SUR1 knockdown has no impact on the proliferation of a HPV-
HNSCC cell line. A) mRNA expression of ABCC8 in HN8 cells stably
expressing either a non-targetting (ShNTC) or one of two SUR1-specific
ShRNAs (shSUR1) measured by RT-gPCR. Samples were normalised
against U6 mRNA levels. B-C) Growth curve analysis (B) and colony
formation assay (C) of HN8 SUR1 knockdown cell lines. Data shown is
means + SD of three biological replicates with individual data points
displayed where appropriate. Ns not significant, *P<0.05, **P<0.01
(Student’s t-test).

5.2.7 Katpchannels are also not necessary for the proliferation of
HPV+ HNSCC cells

After confirming that Kate channels were not required for the proliferation of a
HPV- HNSCC cell line, the impact of the channels on HPV16+ HNSCC cells was
next assessed. Given that our findings illustrate these cells display increased
expression of the Kate channel subunits Kir6.2 and SUR1, and our small molecule
inhibitor data highlights a potential impact upon HPV gene expression following
channel inhibition, it was postulated that disruption of Kare channel function may

negatively impact the proliferation of HPV+ HNSCC cells. To examine this, the
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proliferation rate of UM-SCC-47 cells stably expressing SUR1-specific ShRNAs
was analysed. To our surprise, no reduction in the proliferation of these cells was
observed with reduced SUR1 expression (Fig 5.7A). To confirm this, the
anchorage-dependent colony-forming ability of these cell lines was also assayed.
Due to the tendency of this cell line to form larger, merged colonies which were
highly variable in size, colony-forming ability was quantified by destaining plates
and measuring the relative absorbance, rather than counting colonies manually.
In agreement with the proliferation data, stable SUR1 knockdown failed to result
in a reduction to the relative colony-forming ability of these cells (Fig 5.7B). In
fact, a small, yet insignificant, increase in relative absorbance was detected in
one of the two knockdown cell lines. The anchorage-independent colony-forming
ability was unable to be assessed due to the inability of this cell line to grow in

soft agar that was found, in line with an absence of prior reports [445].

To validate these observations, the dependence of a second HPV+ HNSCC cell
line, UM-SCC-104, on Katp channel expression for its proliferation was next
analysed. An siRNA knockdown strategy was employed, enabling an assessment
of the impact of suppression of either SUR1, Kir6.2 or both subunits in
combination on cell proliferation. In line with our UM-SCC-47 data, no reduction
in the proliferation rate was found with either SUR1 knockdown or Kir6.2
knockdown (Fig 5.7C). Further, no loss of colony formation was observed
following transfection of SUR1- and Kir6.2-specific siRNAs, either alone or in
combination (Fig 5.7D). This cell line did display an ability to grow in soft agar
and thus anchorage-independent colony formation could be assessed. However,
no reduction in relative colony number with Kir6.2 knockdown, and surprisingly a

small increase with SUR1 suppression, was identified (Fig 5.7E). Taken together,



176
these findings illustrate that Kate channels are not essential for the proliferation

of HNSCC cell lines, regardless of HPV status.
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Figure 5.7 Katp channels are not necessary for the proliferation of HPV+
HNSCC cell lines. A-B) Growth curve analysis (A) and colony formation
assay (B) of UM-SCC-47 cells stably expressing either non-targetting or
SUR1-specific shRNA. C-E) Growth curve analysis (C), colony formation
assay (D) and soft agar assay (E) of UM-SCC-104 cells after transfection of
SUR1-specific and Kir6.2-specific siRNAs, alone or in combination. Data
shown is means + SD of a minimum of three biological replicates with
individual data points displayed where appropriate. Ns not significant,
*P<0.05, *P<0.01, ***P<0.001 (Student’s t-test).
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5.3 Discussion

The previous chapters identified and characterised the crucial role of host Karp
channels in regulating proliferation and HPV oncoprotein expression in HPV+
cervical cancer cells. The results presented in this chapter are an attempt to
extend these findings by investigating the importance of Kate channels in HNSCC
cells. It was discovered that expression of the Katp channel subunits Kir6.2 and
SURL1 are consistently upregulated at the mRNA level in in vitro models of HPV+
HNSCC and that these cells likely possess active Katp channels at the plasma
membrane. Further, channel inhibitors reduced HPV oncoprotein expression.
However, knockdown of Katp channel subunits had little impact on the
proliferation of HNSCC cells, regardless of HPV status, thus casting doubt upon

the significance of Katp channel activity in the regulation of HNSCC cell growth.

This report was the first, to our knowledge, to investigate the expression and role
of Karp channels in HNSCC. It was discovered, through analysing the mRNA
expression of Kate channel subunits across a panel of HNSCC cell lines, that
Kir6.1, Kir6.2 and SUR1 are consistently expressed. In contrast, we were unable
to detect expression of either splice isoform of ABCC9. Of significant interest to
us was the variability in Karp channel subunit expression between HPV- and
HPV+ HNSCC cell lines. We found that both Kir6.2 and SUR1 were consistently
and significantly upregulated in HPV+ HNSCC cell lines in comparison to HPV-
control cells, highlighting a potential role for the virus in upregulating channel
expression. However, this analysis did not take into account the basal expression
level of Katp channel subunits in normal (i.e. non-malignant) head and neck
tissues. Thus, we analysed publically available online datasets to compare Kartp
channel expression in HNSCCs to normal tissue [92, 340, 342]. Surprisingly,

although TCGA data confirmed that mRNA expression of KCNJ11 and ABCCS8
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was significantly increased in HPV+ HNSCCs relative to HPV- tumour samples,
there was no increase in HPV+ cancers relative to normal tissue. Therefore, to
confirm, additional experiments could be performed to compare expression of
Katp channels between the HNSCC cell lines used herein and human oral

keratinocytes (HOKS).

Despite the lack of prior studies on Kare channels in the context of HNSCC, a
selection of other K* channels have been analysed [437]. Among these, voltage-
gated potassium channels dominate, with Kv3.4, Ky10.1 and Kv11.4 all having
been shown to be upregulated in HNSCC tissue samples and cell lines [438-440].
More widely, ANO1/TMEM16A, a calcium-activated chloride channel [442], is
highly expressed in a large proportion of HNSCC tumours due to the amplification
of a region on chromosome 11 [443, 446]. It has been shown to stimulate
proliferation via activation of the RAS-RAF-MEK-ERK pathway, perhaps through
an interaction with EGFR at the plasma membrane which acts to enhance its
stability, thus increasing downstream MAPK signalling [443, 447, 448].
Importantly, ANO1 inhibition enhanced sensitivity of cells to EGFR-targeted
therapy [449]. Given the impact of Karp channel activity on MAPK signalling in
HPV+ cervical cancer identified in the preceding chapter, stimulation of this

pathway in HNSCC cells may warrant investigation.

To ensure that the upregulation of SUR1 and Kir6.2 we observed in the HPV+
HNSCC cell lines corresponded to the presence of active Katp channels at the
plasma membrane, we analysed the membrane potential of cells using the
fluorescent dye DIBACa4(3). As we detected alterations in fluorescence following
inhibition of Katp channels, it was concluded that HPV+ HNSCC cells, much like
HPV+ cervical cancer cells, do possess active channels. Confusingly however,

upon Kate channel stimulation, no change in the DIBAC4(3) fluorescence was
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observed. This is in contrast to earlier observations in HPV+ cervical cancer cells,
in which a decrease in fluorescence of ~25% was observed following diazoxide
treatment (Chapter 3), indicative of membrane hyperpolarisation and consistent
with increased channel opening. To resolve this apparent conflict, different time
points post diazoxide stimulation could be analysed: it may be the case that Katp
channel dynamics differ between HNSCC and cervical cancer cell lines and a
shorter (or longer) stimulation period is required in order to observe a decrease
in DIBACa4(3) fluorescence. Alternatively, patch clamping electrophysiology could
be performed to more directly assess the impact of Katp channel modulation on
cellular K* currents. Beyond this, an additional experiment that may be of interest
would be to perform DIBAC4(3) assays using HPV- HNSCC cell lines following
application of Katp channel modulators. One might hypothesise that, given the
lower endogenous Katp channel expression these cell lines were found to have
during this investigation, that although some changes in the membrane potential

may be identified, these may be to a lesser extent than observed in HPV16+ cells.

After identifying that the HPV+ HNSCC cell lines examined here possessed
significantly higher Karp channel expression than HPV- cells, we attempted to
ascertain the mechanism behind this. Simultaneous knockdown of E6 and E7,
the key drivers of transformation in HPV+ cells, led to a reduction in Katp channel
expression and a corresponding depolarisation of the plasma membrane
potential in one of the cell lines studied (UM-SCC-47). However, these findings
could not be replicated in UM-SCC-104 cells. These cell line-specific results could
perhaps be related to slight differences in tumour site: UM-SCC-47 cells were
derived from a lateral tongue tumour whilst the UM-SCC-104 cell line was
established from a recurrent floor of mouth tumour [450, 451]. Nevertheless, in

an attempt to reconcile these seemingly conflicting results, overexpression of the
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HPV16 oncoproteins was performed. In both of the cell lines in which this was
carried out, neither E6 nor E7 upregulated Katp channel subunit expression,
suggesting that oncoprotein expression alone is insufficient to induce Karp
channel upregulation. This may indicate that the increased Kir6.2 and SUR1
expression we observed in all HPV+ HNSCC cell lines examined, relative to HPV-
controls, is a result of an E6/E7-independent mechanism. For example, recurrent
amplifications in the 11p15.1 chromosomal region harbouring the ABCC8 and
KCNJ11 genes would result in the same phenotype observed herein. Thus, the
frequency of copy number alterations at this locus in HNSCCs should be

determined using available online data such as that from TCGA [92].

It was observed that Katp channel blockade, using two structurally distinct small
molecule inhibitors, resulted in a decrease in E6 and E7 mRNA expression.
Analysis of the protein levels of the HPV oncoproteins following glibenclamide
treatment in UM-SCC-104 cells validated these findings. Further, use of a
luciferase reporter construct containing the HPV16 URR confirmed that this
impact on HPV gene expression is likely due to direct effects on transcription
driven by the HPV early promoter. However, when we attempted to validate these
data using an orthogonal approach (siRNA/shRNA-mediated knockdown of
channel subunits), we could not replicate the findings. One explanation for the
seemingly conflictory data would be that glibenclamide and tolbutamide are
acting upon an alternative cellular target, distinct to the SUR1 subunit of Katp
channels. Both inhibitors influence Katp channel gating via binding to the SUR1
subunit [236, 245], but these compounds do have well characterised off-target
effects. For example, both glibenclamide and tolbutamide inhibit whole-cell CI-
currents mediated by the cystic fibrosis transmembrane conductance regulator

(CFTR), [452, 453]. To test this hypothesis, the impact of the CFTR-specific
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inhibitor CFTRinn-172 on HPV gene expression in HPV+ HNSCCs could be
investigated [454, 455]. However, CFTR expression has been found to be
significantly downregulated in HNSCC tissue compared to normal controls due to
promoter hypermethylation, perhaps making it an unlikely target of sulfonylureas

in this context [456, 457].

To our surprise, given the differing expression levels of Karp channel subunits
between HPV+ and HPV- HNSCC cell lines that were observed, it was found that
neither subtype of head and neck cancer requires the expression of Karp
channels for efficient cell growth. Through the use of either stable suppression of
SURL1, or transient knockdown of SUR1 or Kir6.2, alone and in combination, we
demonstrated that none of the cell lines examined (HN8, UM-SCC-47, UM-SCC-
104) were dependent upon Katp channel expression for their proliferation or
colony-forming ability. However, given that neither of these approaches were
found to have an impact on HPV oncoprotein expression in our assays, it is
perhaps less surprising that no effect on proliferation was observed. To confirm
our findings, proliferation assays could be repeated following sulfonylurea
treatment, as these drugs were found to have an impact on HPV gene expression

in the HPV+ HNSCC cell lines examined.

Interestingly, recent reports have identified a novel Katp inhibitor, SpTx-1, which
acts primarily by targeting the Kir6.2 subunit rather than SUR1, thus displaying a
distinct mechanism of action to sulfonylureas [458, 459]. Analysing the impact of
SpTx-1 on HPV oncoprotein expression and the proliferation of HPV+ HNSCC
cell lines is therefore a critical next step, as this will aid in understanding whether
the effects observed herein with glibenclamide and tolbutamide are due to

inhibition of Katep channels or rather off-target effects.
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In summary, this study is the first to undertake a comprehensive analysis of the
expression and importance of Katp channels in HNSCC. We reveal that the Katp
channel subunits Kir6.1, Kir6.2 and SUR1 are expressed in in vitro models of
HNSCC and may be upregulated by HPV, possibly in an oncoprotein-
independent manner. Blocking channel activity via small molecule inhibitors
negatively impacted HPV gene expression, but these findings could not be
replicated with knockdown of Kate channel subunits. Further, SUR1 and/or Kir6.2
knockdown failed to impact the proliferation of either HPV- or HPV+ HNSCC cell
lines, suggesting that Karp channels may not promote tumour progression in
HNSCC. If so, this represents a clear distinction between the molecular drivers
of tumourigenesis between HPV+ cervical cancer and HPV+ HNSCC, thus

having clear implications when considering novel therapeutic options.
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Chapter 6 Final Discussion and Summary

The work presented in this thesis represents the most detailed characterisation
of the role of a host ion channel in HPV-associated cancers. Building upon
preliminary findings from the Macdonald group, this study identifies the Karp
channel as a critical regulator of HPV gene expression (Chapter 3) and cell
proliferation (Chapter 4) in cervical cancer cells (Fig 6.1). However, analysis of
HNSCC cells gave conflicting results, with loss of channel expression not found

to impact upon cell proliferation (Chapter 5).
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Figure 6.1 Schematic demonstrating E7-mediated upregulation of Kartp
channel expression and activity in HPV+ cervical cancer. HPV E7
upregulates expression of ABCCS8, the gene encoding SUR1 which
constitutes the regulatory subunit of Kate channels. Increased Kate channel
activity contributes towards the activation of MAPK and AP-1 signalling.
This, in turn, drives transcription from the viral URR and host gene
expression changes which together stimulate proliferation. Figure created
using BioRENDER.com.

An increasing number of viruses have been shown to modulate either the activity
or expression of host ion channels, highlighting the importance of regulating ion

channel homeostasis during infection [368]. Significantly, this was the first study
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to demonstrate modulation of a host ion channel by HPV and that this is required
for HPV-mediated transformation. A prior analysis identified increased
expression of the sodium channel Nav1.6 in cervical cancer, and Kartp channel
expression in cervical cell lines has previously been reported, but no attempt was

made to attribute these observations to HPV [332, 369].

The underlying mechanism of Karte channel upregulation by HPV was also
investigated during the course of this study, revealing that the E7 oncoprotein,
rather than EG, is responsible for promoting the expression of ABCCS8, encoding
the regulatory SUR1 subunit of Katp channels. However, the exact mechanism
used by E7 remains elusive: analysis of a panel of HPV18 E7 mutants herein
failed to conclusively demonstrate which domains of the oncoprotein are required
for this function. Despite this, analysis of the promoter region of ABCC8 confirmed
the presence of TSS-proximal SP1 binding sites [253, 254], which were found to
be critical for SUR1 expression in HPV+ cervical cancer cells. Thus the potential
impact of HPV E7 on the transcription factor SP1 was also investigated. SP1
protein levels have been reported to be increased in cervical cancer, but the
underlying mechanism remains unclear, with both stabilisation of the protein and
downregulation of an SP1-targetting miRNA having been reported [380, 381]. It
was identified that although the HPV oncoproteins were essential for SP1
expression, E7 expression alone was not sufficient to induce SP1 upregulation.
A further characterisation of the role of the HPV oncoproteins in regulating SP1

expression and activity is therefore warranted.

Additionally, a key outstanding question is the issue of why upregulation of SURL,
and not in combination with Kir6.2, is sufficient in HPV+ cervical cancer cells.
Indeed, the ABCC8 and KNCJ11 genes encoding SUR1 and Kir6.2, as well as

the ABCC9 and KCNJ8 genes encoding SUR2 and Kir6.1 are adjacent to one
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another, respectively, in the human genome, suggesting the possibility of a
degree of transcriptional co-regulation [236]. One possible explanation for this is
that the host cells already express Kir6.2 to a sufficient degree, ensuring that the
virus only need induce upregulation of the SUR1 component of the channel. This
would align with the current assembly hypothesis, in which Kir6.2 subunits cannot
be trafficked beyond the ER unless fully assembled into functional octamers in
complex with SUR1, due to the presence of arginine-based ER retention motifs
[259-261]. Thus SURL1 protein levels could be considered to be the limiting factor
in Katp channel plasma membrane expression. To test this, the subcellular
localisation of Kir6.2 molecules could be investigated upon overexpression of
SURL1 in HPV- cell lines: one might expect to observe a relocalisation of Kir6.2

towards the plasma membrane.

Beyond transcriptional upregulation, several cellular signalling pathways have
been demonstrated to regulate Katp channel gating. For example, in smooth
muscle cells of the vasculature, PKA directly phosphorylates residues within
Kir6.1 and SUR2B, significantly enhancing channel opening in the presence of
vasodilators [285, 286]. Notably, PKA phosphorylation sites have also been
identified in Kir6.2 and SUR1, suggesting a general method of Karp channel
regulation [287, 288]. Given this, the relative importance of PKA activity in
regulating Kate channel gating in the context of cervical cancer cells may warrant
further study. Tantalisingly, modulation of the cyclic adenosine monophosphate
(CAMP)-PKA pathway by HPV is, to our knowledge, yet to have been

demonstrated.

This study revealed, via both pharmacological means and through siRNA-
mediated knockdown, that loss of Katp channel activity significantly impedes HPV

gene expression in cervical cancer cells. Further, luciferase reporter constructs
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revealed that this was due to a direct impact on transcription driven by the viral
URR. Subsequently, we demonstrated that these effects are mediated via
induction of a MAPK/AP-1 signalling pathway which, in turn, contributes to the
continued proliferation of HPV+ cervical cancer cells. Previous reports have
highlighted the critical role of ERK1/2 and AP-1 signalling in regulating both HPV
gene expression and cervical cancer cell proliferation [128, 163, 376, 422-424].
Importantly, however, few reports of Katp channel-mediated activation of ERK1/2
exist, and no evidence exists, to our knowledge, for increased AP-1 signalling in

response to Katp channel stimulation.

A question that remains outstanding is the issue of how Karp channel activation
leads to the induction of MAPK and AP-1 signalling. Although stimulation of
ERK1/2 following activation of Kate channels has been previously reported in in
vitro models of glioma, these studies did not investigate the effects of Katp
channels on the upstream canonical EGFR-RAS-RAF signalling cascade [333,
389]. Rather, heightened ERK1/2 phosphorylation was attributed to Kate channel-
induced reactive oxygen species (ROS) production [389]. Whilst excessive
concentrations of ROS cause a stress response and ultimately growth arrest and
cell death, H202, the major ROS, is a critical signalling molecule at physiological
concentrations [460]. Furthermore, elevated ROS levels have been detected in
the majority of cancers and can promote cell survival and proliferation [461-463].
ROS-mediated activation of ERK1/2 has been widely reported and indeed
multiple mechanisms of how ROS can activate ERK1/2 are known [461]. For
example, RAS GTPase can be directly activated via ROS, promoting its guanine
nucleotide exchange and downstream signalling, whilst levels of dual specificity
protein phosphatase 6 (DUSP6), a negative regulator of ERK1/2, were found to

be decreased in response to ROS production in ovarian cancer cells [464, 465].
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Thus, the impact of Katp channel activity on ROS generation in HPV+ cells, and

whether this induces ERK1/2 and AP-1 signalling, warrants further investigation.

In order to extend the findings of this study, and to investigate whether the critical
role of Katp channels in cell growth regulation in cervical cancer was common to
other HPV-associated malignancies, the impact of Karp channel modulation on a
panel of HNSCC cell lines was analysed. Surprisingly, although mRNA
expression of KCNJ11 and ABCC8 was increased in HPV16+ HNSCC cell lines
compared to HPV- cancer cells, hinting at possible HPV-mediated upregulation,
the proliferation of all cell lines examined was not found to be dependent on Katp
channel expression. This suggests that, among HPV-associated diseases, Katp
channels may be playing a cervical cancer-specific role. The reasons for this
remain unclear but could perhaps be linked to the inherent differences between
the tissue sites of origin. If this is indeed the case, further research into the
differences between the molecular drivers of carcinogenesis in HPV+ cervical
cancer and HPV+ HNSCC is warranted, as this will have clear implications in the

development of novel therapeutic options.

To confirm our findings in HPV+ cervical cancer and HNSCC cells, in vitro models
of additional HPV-driven malignancies should be examined. Anal squamous cell
carcinoma (ASCC), historically neglected due to the lack of tractable model
systems, would constitute an excellent next step due to the recent derivation of
five ASCC cell lines (four HPV+, one HPV-) via tumour explants [466]. Cell culture
models of penile cancer, of which 50% are HPV-attributable, and vulvar cancer
(25% HPV+) have also been developed in the recent decades but critically, all of
these bar one vulvar SCC cell line are HPV-, constituting a major gap in the

necessary tools to aid our understanding of these diseases [27, 467-470].
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In conclusion, upregulation of host Kate channel expression and activity by HPV
E7 is essential for efficient HPV gene expression in cervical cancer cell lines.
Similarly, Kate channel activity was found to be critical for the proliferation of
HPV+ cervical cancer cells due to activation of a MAPK/AP-1 signalling axis.
However, the role of Kare channels in HNSCC cells is less clear as channel
knockdown did not result in a decrease in cell proliferation. Further research to
undertake a complete characterisation of the role of Karp channels in all HPV-
associated diseases is now warranted in order to determine whether the clinically
approved inhibitors of these channels could represent an effective therapeutic

option.
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Appendix

Table A.1 Plasmids used in this study.

SS32/34AA

Plasmid name Backbone | Expression | Resistance Source
type
pPcDNA3.1(+) pcDNA3.1(+) | Transient Ampicillin Gift from Dr
Martin Stacey
(University of
Leeds)
pcDNA3.1(+)- | pcDNA3.1(+) | Transient Ampicillin Gift from Dr
SUR1-HA Jamel Mankouri
(University of
Leeds)
pcDNA3.1(+)- | pcDNA3.1(+) | Transient Ampicillin Gift from Dr
Kir6.2-HA Jamel Mankouri
(University of
Leeds)
pcDNA3.1(+)- | pcDNA3.1(+) | Transient Ampicillin Gift from Prof
AJunD Simon Arthur
(University of
Dundee)
pcDNA3.1(+)- | pcDNA3.1(+) | Transient Ampicillin Cloned from
FLAG-18E7 pcDNA3.1(+)-N-
eGFP-18E7
pcDNA3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin
N-eGFP N-eGFP
pcDNA3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin .
N-eGFP-18E6 | N-eGFP Genscript
pcDNA3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin
N-eGFP-18E7 | N-eGFP
pcDNA3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin
N-eGFP-18E7 | N-eGFP
N24-27
pcDNAS3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin Mutagenesis
N-eGFP-18E7 | N-eGFP performed
C27S herein
pcDNA3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin
N-eGFP-18E7 | N-eGFP
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Plasmid name | Backbone | Expression | Resistance Source
type
pcDNA3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin
N-eGFP-18E7 | N-eGFP
L74R
pcDNA3.1(+)- | pcDNA3.1(+)- | Transient Ampicillin
N-eGFP-18E7 | N-eGFP
C98S
pCRV1-NLGP | pCRV1 2nd gen | Ampicillin Gift from Dr
lentiviral Sam Wilson
(University of
Glasgow)
: - 5 —
pCMV-VSV-G | pCMV 2 N gen | Ampicillin Addgene #8454
lentiviral
pZIP-hEF1a- | pZIP-hEF1a- | 2nd gen | Ampicillin
zsGreen-Puro- | zsGreen- lentiviral
ShNTC Puro
pZIP-hEF1a- pZIP-hEF1a- | 2 gen | Ampicillin
zsGreen-Puro- | zsGreen- lentiviral
ShSURl A Puro TransOM'C
pZIP-hEF1a- | pZIP-hEF1a- | 2d gen | Ampicillin Technologies
zsGreen-Puro- | zsGreen- lentiviral
shSUR1 B Puro
pZIP-hEF1a- pZIP-hEF1a- | 2 gen | Ampicillin
zsGreen-Puro- | zsGreen- lentiviral
shSUR1 C Puro
pl8URRL pBL Transient Ampicillin Gift from Prof
Felix Hoppe-
Seyler (German
Cancer
Research
Center)
pHPV16-LCR- | pGL3-Basic | Transient Ampicillin Gift from Dr lain
luc Morgan
(Virginia
Commonwealth
University)
pAP1-luc pGL3-Basic | Transient Ampicillin Cloned by Prof
Andrew

Macdonald
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Plasmid name | Backbone | Expression | Resistance Source
type
(University of
Leeds)
pSUR1-luc WT | pGL3-Basic | Transient Ampicillin Gift from Prof J
Marc Simard
(University of
Maryland)
pSUR1-luc pGL3-Basic Transient Ampicillin
ASP11
pSUR1-luc pGL3-Basic Transient Ampicillin
ASP1 2 Mutagenesis
: : __ performed
pSUR1-luc pGL3-Basic | Transient Ampicillin herein
ASP1 3
pSUR1-luc pGL3-Basic | Transient Ampicillin
ASP1 4
pPRL-TK pRL-TK Transient Ampicillin Promega
pBSSK(-)- pBSSK(-)- Transient Ampicillin Gift from Dr
CMV-cJun CMV Hans van Dam
S63/73D (Leiden
University

Medical Centre)
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Table A.2 Primers used in this study for site-directed mutagenesis.

4

Mutation Forward primer (5’-3’) Reverse primer (5’-3’)
18E7 CACGAGCAGCTGTCTGAT CACAGGGATCTCGTTCTG
A24-27

18E7 GGACCTGCTGAGCCACGAGC | ACAGGGATCTCGTTCTGGG
C27S AGC GC

18E7 TGCCGAGGAGGAGAACGACG | TCGGCCAGCTGCTCGTGGC
SS32/34 | AGATC ACAG

AA

18E7 CCGCATCGAGCGGGTGGTGG | GCCTCACACTTACAGCACA
L74R AGA TGC

18E7 GTCCTTCGTGAGCCCCTGGT | AGTGTATTCAGAAACAGCT
C98S GTG GCTGG

SUR1- GGTGAGGGAGGGGGAGGC TGCTCCACCACCTGCGGG
luc ASP1

1

SUR1- GGCCCGGGGGGCGGGGGC AGCCCCGCTGGCCTCCCC
luc ASP1 CTCC

2

SUR1- GGGCCTGACGGCCGGGCC CCCGGGCCCCGCCCAGCC
luc ASP1

3

SUR1- CGGAGCTGCAAGGGACAGAG | GGCCCGGCCGTCAGGCCC
luc ASP1 | GCTCG
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Table A.3 Mammalian cell lines used in this study.

Cells Description Source Culture Media
C33A Epithelial; derived from
cervical carcinoma biopsy; ATCC
HPV-
HelLa Epithelial; derived from
cervical adenocarcinoma;
contains integrated HPV18 ATCC
genome (10-50
copies/cell)
SiHa Epithelial; established from
primary cervical squamous
cell  carcinoma tlss_ue ATCC
sample; contains
integrated HPV16 genome
(1-2 copies/cell)
HEK293TT | Embryonic kidney cells; Gift from Dr
derived from HEK293 Matthew
cells; expresses the SV40 Reeves
small T and large T (University DMEM + 10%
antigens College FBS + 50 U/mL
London) pen/strep
HNS8 Derived from the lymph
node metastasis of an oral
cavity tumour; male
patient; HPV- Gift from Dr lain
HN30 Obtained from the primary (I\\/I/iorrg?;r;
pharyngeal tumour of a g
. Commonwealth
male patient; HPV- . .
University)
SCC-61 Derived from a tongue
squamous cell carcinoma
of a male patient; HPV-
UM-SCC-47 | Isolated from a lateral
tongue tumour; mgle Sigma-Aldrich
patient; contains 18 copies
of integrated HPV16
UM-SCC- Derived from a male| _ EMEM + 20%
104 patient with a recurrent oral | GiftfromDriain | pgg 4 NEAA +
cavity tumour; HPV16+ Morgan 50 U/mL
(Virginia

pen/strep
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UPCI:SCC- | Established from a male | Commonwealth | EMEM + 20%
152 patient with a recurrent University) FBS + NEAA +
squamous cell carcinoma 50 U/mL
of  the hypopharynx; pen/strep
contains integrated HPV16
genomes
C33A As described, with stable
HPV18 overexpression of either
E6/E7 HA-HPV18 E6 or HA- Viral
stable HPV18 E7 transductions
expression performed by
HelLa shSP1 | As described, but stably Ms Molly
stable expressing either non- Patterson
knockdown | targetting (shNEG) or SP1-
specific shRNA (shSP1) DMEM + 10%
FBS + 50 U/mL
HN8 HPV16 | As described, with stable pen/strep
E6/E7 overexpression of either
stable HA-HPV16 E6 or HA- .
expression | HPV16 E7 Viral
transductions
HN30 As described, with stable performed by Dr
HPV16 overexpression of either Yigen Li
E6/E7 HA-HPV16 E6 or HA-
stable HPV16 E7

expression
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Table A.4 Information on siRNAs used in this study.

Target 5’-3’ Sequence (where custom Source
made)

HPV16 E6 N/A SCBT (sc-156008)

HPV16 E7 N/A SCBT (sc-270423)

HPV18 E6 CUAACACUGGGUUAUACAA Dharmacon
CTAACTAACACTGGGTTAT

HPV18 E7 CUCGUCGGGCUGGUAAAUGUU | Dharmacon
UAUUUCAUCGUUUUCuUUCCUU

ABCCS8 N/A Qiagen (FlexiTube

(SUR1) GeneSolution GS6833)

ABCC9 N/A Qiagen (FlexiTube

(SUR2) GeneSolution GS10060)

KCNJ11 N/A Qiagen (FlexiTube

(Kir6.2) GeneSolution GS3767)

Table A.5 Sequence information for shRNAs used in this study.

shRNA | Sense strand (5’-3’) Loop Antisense/guide
strand (5’-3’)

ABCC8 | ACAAGACCATCAAG TTGACAAACTTGATG

A TTTGTCAA GTCTTGG

ABCC8 | CAGGGAAGATCCAG TTCTGGATCTGGATC

B ATCCAGAA TAGTGAAGCC TTCCCTT

ABCC8 | CCCGATCTACCGTC |ACAGATGTA [ TGAGCTTTGACGGT

C AAAGCTCA AGATCGGA

NTC AAGGCAGAAGTATG ATGCTTTGCATACTT
CAAAGCAT CTGCCTG
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Table A.6 List of primary and secondary antibodies used in this study. mAb,
monoclonal antibody; pAb, polyclonal antibody. WB, western blot; ChiP,
chromatin immunoprecipitation; IHC, immunohistochemistry.

Target Manufacturer Antibody Dilution
type
Anti-mouse Stratech (115-035-174- | Goat HRP- | 1:5000 (WB)
JIR) conjugated
Anti-rabbit Stratech (211-032-171- | Mouse HRP- | 1:5000 (WB)
JIR) conjugated
Caspase-3 CST (9662) Rabbir pAb 1:1000 (WB)
cJun CST (9165) Rabbit mAb 1:1000 (WB),
1:100 (ChIP)
Cleaved caspase-3 | CST (9664) Rabbit mAb 1:1000 (WB)
(D175)
Cyclin A SCBT (sc-271682) Mouse mAb | 1:100 (WB)
Cyclin B1 CST (12231) Rabbit mAb 1:1000 (WB)
Cyclin D1 abcam (ab134175) Rabbit mAb 1:1000 (WB)
Cyclin E1 CST (20808) Rabbit mAb | 1:1000 (WB)
ERK1/2 CST (9102) Rabbit pAb | 1:1000 (WB)
FLAG Sigma-Aldrich (F1804) Mouse mAb | 1:1000 (WB)
GAPDH SCBT (sc-365062) Mouse mAb | 1:5000 (WB)
GFP SCBT (sc-9996) Mouse mAb | 1:2000 (WB)
HA CST (3724) Rabbit mAb | 1:1000 (WB)
HPV16 E6 GeneTex, Inc. Rabbit pAb 1:500 (WB)
(GTX132686)
HPV16 E7 SCBT (sc-6981) Mouse mAb | 1:250 (WB)
HPV18 E6 SCBT (sc-365089) Mouse mAb | 1:500 (WB)
HPV18 E7 Abcam (ab100953) Mouse mAb | 1:1000 (WB)
JunD CST (5000) Rabbit mAb | 1:1000 (WB)
Ki-67 Agilent (M724029-2) Mouse mAb | 1:100 (IHC)
Kir6.2 SCBT (sc-390104) Mouse mAb | 1:250 (WB)
PARP CST (9542) Rabbit pAb | 1:1000 (WB)
p-cJun (S73) CST (3270) Rabbit mAb | 1:1000 (WB)
pERK1/2 CST (9101) Rabbit pAb | 1:1000 (WB)
(T202/Y204)
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Slug CST (9585) Rabbit mAb | 1:1000 (WB)
Snalil CST (3879) Rabbit mAb | 1:1000 (WB)
SP1 CST (9389) Rabbit mAb | 1:1000 (WB)
1:100 (ChIP)
SURL1 Invitrogen (PA5-50836) | Rabbit pAb 1:100 (IHC)
Vimentin CST (5741) Rabbit mAb 1:1000 (WB)
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Table A.7 Primers used in this study for RT-gPCR.

Gene Forward primer (5’-3’) Reverse primer (5’-3’)
HPV16 CTGCAATGTTTCAGGACCCA | GTTGTTTGCAGCTCTGTGCA
E6 C T
HPV16 ATTAAATGACAGCTCAGAGG | GCTTTGTACGCACAACCGAA
E7 A GC
HPV18 TGGCGCGCTTTGAGGA TGTTCAGTTCCGTGCACAGA
E6 TC
HPV18 GACCTAAGGCAACATTGCA GCTCGTGACATAGAAGGTC
E7
ABCC8 | GGTGACCGAATCCCACCATC | CAGGGCAATTAGCAGCTTGG
ABCCO9A | CTGGCTTTCTTCAGAATGGT | AAATACCCTCAGAAAAGACT

AAAAC
ABCCO9B | TGTGATGAAGCGAGGAAATA | TGACACTTCCATTCCTGAGA
GA
KCNJ8 CTGGCTGCTCTTCGCTATC AGAATCAAAACCGTGATGGC
KCNJ11 | CCAAGAAAGGCAACTGCAAC | ATGCTTGCTGAAGATGAGGG
G T
GFP ACGTAAACGGCCACAAGTTC | AAGTCGTGCTGCTTCATGTG
CCNA2 | TGGAAAGCAAACAGTAAACA | GGGCATCTTCACGCTCTATT
GCC T
CCNB1 | AAGAGCTTTAAACTTTGGTCT | CTTTGTAAGTCCTTGATTTAC
GGG CATG
CCND1 | CCGCTGGCCATGAACTACCT | ACGAAGGTCTGCGCGTGTT
CCNE1l | GCCAGCCTTGGGACAATAAT | CTTGCACGTTGAGTTTGGGT
G
EGFR CTCAGCCACCCATATGTACC | GAATTCGATGATCAACTCAC
ATC GGAAC
SP1 TGGCAGCAGTACCAATGGC CCAGGTAGTCCTGTCAGAAC
TT
SNAI1 TCGGAAGCCTAACTACAGCG | AGATGAGCATTGGCAGCGAG
A
SNAI2 TGTTGCAGTGAGGGCAAGAA | GACCCTGGTTGCTTCAAGGA
TWIST1 | GGACAAGCTGAGCAAGATTC | TCTGGAGGACCTGGTAGAGG
AGA AA
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ZEB1 GCACCTGAAGAGGACCAGA | TGCATCTGGTGTTCCATTTT
G

VIM GTTTCCCCTAAACCGCTAGG | AGCGAGAGTGGCAGAGGA

CDH2 TGCGGTACAGTGTAACTGGG | GAAACCGGGCTATCTGCTCG

FN1 CCGAGGGACCTGGAAGTT ACTTGCTCCCAGGCACAG

MMP2 CTGATAACCTGGATGCAGTC | CCAGCCAGTCCGATTTGA
GT

MMP9 TTGACAGCGACAAGAAGTGG | GCCATTCACGTCGTCCTTAT

TIP1 CGGTCCTCTGAGCCTGTAAG | GGATCTACATGCGACGACAA

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

Table A.8 Primers used in this study for ChlP-qPCR.

promoter

Locus Forward primer (5’-3’) Reverse primer (5°-3’)
ABCC8 CAAGCGTAGCAGGGCCG GGGCTCAGCTGGCTCCG
promoter
HPV18 CTTTTGGGCACTGCTCCTAC | CAATTGTTGTAGCGCACCTG
URR
enhancer
HPV18 GCTAATTGCATACTTGGCTT | CCAACCTATTTCGGTTGCAT
URR G




