UNDERSTANDING THE FUNCTION OF CTCF RECRUITMENT TO
ONCOGENIC HUMAN PAPILLOMAVIRUS GENOMES DURING
THE VIRAL LIFE CYCLE

by

IEISHA PENTLAND

A thesis submitted to the University of Birmingham for the degree of
DOCTOR OF PHILOSOPHY

UNIVERSITYOF
BIRMINGHAM

Institute of Cancer and Genomic Sciences
College of Medical and Dental Sciences
University of Birmingham
September 2017


http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiUyY2S5e_VAhXL0xoKHc2EAUQQjRwIBw&url=http://www.openforwards.com/training-supervision/training-events/act-training-birmingham-act-week/&psig=AFQjCNFr50CeMuTXloTFyZn3JbFctt0QeQ&ust=1503661334629916

UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

The CCCTC-binding factor (CTCF) is a DNA binding protein essential for
genome-wide organization of chromatin. A conserved CTCF binding site was
identified in the E2 open reading frame of high-risk HPV types, but was
absent in low-risk HPV types. Abrogation of CTCF binding at the E2 site in
HPV18 genome containing primary human foreskin keratinocytes causes
significant upregulation of transcripts encoding the early viral oncoproteins
E6 and E7, resulting in epithelial hyperproliferation. Notably, abrogation of
CTCF binding results in a more open conformation within the viral long
control region (LCR), which is positioned 3 kilobases upstream of the
E2-CTCF binding site. In addition, there is a loss of recruitment of the
transcriptional repressor protein YY1 and of the polycomb repressive
complexes. Chromatin conformation capture was used to demonstrate DNA
looping between the E2-CTCF binding site and the YY1-bound viral LCR. The
formation of this chromatin loop is dynamic and reduced upon epithelial
differentiation. Together, these data show that high-risk HPV genomes recruit
CTCF to the E2 ORF to form a repressive chromatin loop with the YY1-bound
LCR to control viral oncoprotein expression. Ultimately this strategy will
allow the virus to coordinate life cycle events to maintain a persistent

infection.
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Chapter 1:
Introduction



1 Chapter 1: Introduction
1.1 Human Papillomavirus

1.1.1 Introduction
The human papillomavirus (HPV) belongs to the Papillomaviradae family of
small epitheliotropic DNA viruses, which are known to be present in most
mammals as well as other diverse hosts including avian and reptile species.
HPV-related diseases within the host can range from benign warts and

papillomas to invasive cancer, most commonly cervical cancer.

Historically, it was first postulated that the development of cervical cancer
was associated with the sexual transmission of herpes simplex-2 virus (HSV-
2) (zur Hausen, 2009). However earlier research in domestic and cotton-tail
rabbits had already demonstrated the carcinogenic potential of the rabbit
papillomaviruses to induce papillomas (Rous and Beard, 1935), (Syverton,
1952). The same researchers also postulated that persistence of a papilloma
correlated with the risk of malignant progression, as sites with lesion
regression were no longer at risk of carcinoma development. However, it
wasn’t until 1975 when zur Hausen first hypothesized that HPV infection and
persistence may be the causative agent of cervical cancer in humans (zur
Hausen et al., 1975). Since then, the HPV life cycle and the mechanisms this

virus employs to induce malignant transformation have been further



investigated, leading to a greater understanding of HPV-related cancer

progression and also the development of the HPV prophylactic vaccines.

1.1.2 Types and classification
The papillomavirus family is highly diverse and there are currently more than
200 identified papillomaviruses and over 150 sequenced HPV types (Doorbar
et al., 2012, Doorbar et al., 2015). Historically the papillomavirus family was
combined with the polyomaviruses to form the Papo-vaviridae family, based
on their double-strand DNA genomes and non-enveloped capsid structures.
They were later divided into separate virus groups because they have
dissimilar genome organization and a lack of sequence homology (de Villiers
et al, 2004). Subtypes exist within the papillomavirus family, which are
categorized based on their L1 gene sequence being at least 10% dissimilar to
other PV types (Bernard, 2005). Overall, the L1 gene forms the basis of PV

classification and construction of the phylogenetic tree.

The human papillomaviruses are clustered among five genera; alpha, beta,
gamma, nu, and mu (Fig. 1). HPV types across the five genera can differ in
their tissue tropism and disease associations (reviewed by (Doorbar et al.,
2012). The alpha genus, which is comprised of over 60 types, includes both
high- and low-risk mucosal types associated with benign and malignant

lesions, as well as low-risk cutaneous types associated with benign lesions



and skin warts (Bernard, 2005). The alpha genus is the most extensively
studied due to the presence of the most pathogenic high-risk types that reside
in this group. The alpha-7 species contains the genotypes HPV18, 39, 45, 59,
68, 70, 85 and 97 and the alpha-9 species contains HPV16, 31, 33, 35, 52, 58 and
67 (Chen et al, 2013b). The beta species are known to infect cutaneous
epithelium. The remaining Gamma, Nu, and Mu papillomaviruses are all
associated with benign cutaneous lesions (Bernard, 2005). It is apparent that
these PVs can complete their viral life cycle and either cause asymptomatic
infections in individuals, so that no apparent disease is detected, or infection

can cause visible papilloma formation.

HPYV is transmitted via direct skin-to-skin contact but is more often spread via
sexual intercourse or sexual contact; over time 40 HPV types have been
identified that can infect the genital tract (de Villiers et al., 2004). Initial HPV
infections are acquired during the first years of sexual activity, with increased
risk associated with the number of sexual partners (Winer et al., 2003). HPV
infection is often transient and the infection is cleared by the immune system
within 1-2 years of initial infection (Woodman et al.,, 2007). However, the
virus can persist in a subset of individuals who fail to clear the infection,
which increases the probability of HPV-mediated malignant progression

(Woodman et al., 2007).



Alpha-papillomavirus
mucosal & cutaneous
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cutaneous
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Figure 1. Evolutionary map of the Papillomaviradae family. The Papillomaviradae
family consists of five genera: Alpha, Beta, Gamma, Nu and Mu. Tissue tropisms are
indicated below each genera. Within each genus there are several different species, and
within each species multiple genotypes exist. The known high-risk HPV types are highlighted

in red. Image taken from (Doorbar et al., 2012).

1.1.3 High and low-risk types
The virus is typically sub-categorized into high-, intermediate-, or low-risk
types. HPV types found in cervical, head and neck, or anogenital cancers are
categorized as high-risk, whereas those identified in genital warts and non-

malignant lesions are normally low-risk types. According to the World Health



Organization (WHO) there have been 13 identified HPV types classified as
high-risk cancer causing types: -16, -18, -31, -33, -35, -39, -45, -51, -52, -56, -58, -
59 and 68. HPV type 73 has been detected in invasive cervical cancer and has
been classified as possibly cancer-causing (Cogliano et al., 2005, Humans,
2007). The low-risk HPV types include HPV6, -11, -40, -42, -43, -44, -53, -54, -
61, -72, and -81 (Steben and Duarte-Franco, 2007). It is estimated that 99.7% of
all cervical squamous cell cancers worldwide contain HPV, which is the main
attributable risk factor (Walboomers et al., 1999). The high-risk alpha types
are strongly associated with the development of squamous cell carcinoma
(S5CC) and adenocarcinoma (AC). Overall, the HPV 16 and 18 high-risk types
are the most prevalent in the human population, as they are attributable to
70% of reported cervical cancer cases (Clifford et al, 2003). HPV1S8 is
predominantly linked to AC of the cervix, accounting for 32% of AC cases,
whereas HPV 16 is causative of 62% of all SCCs (Bulk et al., 2006). These high-
risk types have the ability to persist in the host for long periods of time and
possess the potential for inducing tumour progression (Doorbar et al., 2012).
HPV6 and 11 are predominately the main types that cause condyloma
acuminatum (genital warts), accounting for 90% of all known cases
(Gissmann et al., 1983). Low-risk Alpha types HPV6 and HPV11 have also
been associated with the development of respiratory papillomatosis (RRP), of

which ~5% of cases can lead to cancer (Doorbar et al., 2012), (Derkay, 1995).



HPV infection is also associated with the malignant progression at other
epithelial sites, including the head and neck region, as well as anogenital sites
of the anus, penis, vulva and vagina (Doorbar et al., 2012). It is estimated that
HPV is present in 23-35% of head and neck squamous cell carcinomas
(HNSCC), but most predominantly in the oropharynx where HPV is detected
in 45-90% of cases. Similar to cervical cancer, HPV16 is found in 68-87% of

these HPV positive cases (Kreimer et al., 2005).

Furthermore, the beta HPV types have been associated with the development
of keratinocyte carcinoma. A wide range of beta HPV types have been
identified in SCC of patients with epidermodysplasia verruciformis (EV),
especially HPV5 but also HPVS, 14, 17, 20, or 47 (Orth, 1986, Orth, 2005).
However the role of beta types in the development of skin cancer is complex
and may involve additional factors including immunosuppression and UV
exposure (Wieland et al., 2014, Jackson et al., 2000, Underbrink et al., 2008,

Viarisio et al., 2011).

114 Epidemiology
HPV is the leading cause of cervical cancer worldwide, with an estimated
500,000 cases per year and approximately 270,000 deaths amongst women
(Parkin et al., 2005). Globally, cervical cancer is the seventh most common

cancer but the fourth most common in women, after breast, bowel and lung



cancer (Ferlay et al., 2010, Ferlay et al., 2012). Of the 12.7 million estimated
global cancer cases approximately 2 million are attributable to infectious
agents, including: Epstein Barr Virus (EBV), Hepatitis B & C (HBV and HCV),
Helicobacter Pylori and HPV. It is estimated that HPV infection is attributable
to around 30% of these two million cancer cases and subsequently 4.8% of the
total cancer burden (de Martel et al., 2012). HPV is attributable to 1.6% of all
cancer cases in the UK, predominantly cervical cancer but also cancers in the

head and neck and anogenital regions (Parkin, 2011).

Cervical cancer is disproportionately higher in developing countries, where
an estimated 85% of global cases occur (Fig. 2). It is the most prevalent form of
cancer among women in developing countries, accounting for 15% of cancer
cases (Ferlay et al., 2010). Conversely, it accounts for only 3.6% of new cancers
in the female population of the developed world (Parkin and Bray, 2006). The
global age standardized rate (ASR) of cervical cancer is depicted in figure 3;
darker regions represent higher rates of cervical cancer and lighter regions

depict lower rates.
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Figure 2. Global estimated incidence risk of cervical cancer. Shown is the age-
standardized rate (per 100,00) of cervical cancer worldwide, with the highest rates illustrated
in darker regions and the lowest rates in lighter regions. Image taken from (Parkin and Bray,

2006).

The lowest incidence rates can be found in the UK, Western Europe, North
America, and Australia with annual rates below 9.3 per 100,000 individuals.
Conversely, higher incidence rates are found in the developing countries of
Latin American, the Caribbean, sub-Saharan Africa, and South-central Asia,
with more than 30 individuals per 100,000 affected each year (Parkin and
Bray, 2006). It is estimated that 88% of all cervical cancer deaths occur in the
developing world. Of the 1.9% of women who develop cervical cancer,
around 1.1% will die of the disease before the age of 75 years (Arbyn et al.,

2011). Despite the high incidence in some areas the overall global ratio of



mortality to incidence is 52% (Ferlay et al., 2010). However it is predicted
there will be 700,000 cases of cervical cancer in 2020, with potentially 90% of

the cases occurring in the developing world (Parkin and Bray, 2006).

HPV infection is strongly associated with HNSCC and other anogenital
cancers. The proportion of head and neck cancers caused by HPV vary across
regions due to the contribution of tobacco and alcohol risk factors, but it is
estimated that 40-80% of oropharyngeal cancers in the US are caused by HPV
(Marur et al., 2010). Whilst the number of tobacco associated head and neck
cancers has been declining, the prevalence of HPV positive head and neck
cancers has been increasing over the past four decades in the USA (Shiboski et
al., 2005, Chaturvedi et al.,, 2008, Frisch et al.,, 2000, Ryerson et al., 2008).
Chaturvedi et al concluded that the incidence rates of oropharnygeal
squamous cell carcinoma (OSCC) have increased significantly between 1973
and 2004 (annual percentage change [APC]= 0.8; P<0.001), and this is
occurring in a younger cohort of patients, when compared to non-HPV
related OSCC (Chaturvedi et al.,, 2008). Interestingly, patients with HPV
positive HNSCC respond better to chemotherapy and chemoradiaton
treatment compared to those with HPV negative HNSCC, and display a better
survival outcome (2 year overall survival; 95% [95% CI, 87%-100%] versus
62% [95% CI, 49%-74%]) (Fakhry et al., 2008). Given the current trends, the

number of HPV related oropharyngeal cancer cases is expected to surpass the
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number of cervical cancers in US by the year 2020 (Zandberg et al., 2013,

Chaturvedi et al., 2008).

Cancers of the external genitalia are generally rare, with cancer of the penis
attributing to 0.5% of all male cancers. Similarly, vulva cancer has an age
standardized incident rate (ASR) of between 0.5 and 1.5 per 100,000. There is a
lower rate at 0.3-0.7 ASR for HPV-associated vaginal cancer (Parkin and Bray,
2006). HPV infection is also associated with anal cancer; approximately 85%
of anal carcinomas contain HPV, with slightly higher rates in homosexual
males (Grulich et al.,, 2010). Overall, anal cancer accounts for 2 in every
100,000 cancer cases but the incidence has been on the increase over the past

30-50 years (Franceschi and De Vuyst, 2009).

1.1.5 Screening
Since the introduction of cervical screening programs, there has been a
significant reduction in the incidence and mortality of women from invasive
cervical cancer over the past 40 years, with a decrease in mortality in excess of
50% in some developed nations, such as the USA (Cuzick et al., 2008).
However, the same decline in incidence and mortality is not apparent in
developing countries, most likely due to the lack of screening and vaccination

programs available. Of those countries where screening programs are
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implemented, low population coverage or poor quality cytology can be

attributable to high incidence of the disease (Parkin and Bray, 2006).

Abnormalities in the cervical epithelium can be detected using the
papanicolaou staining smear test. These changes are termed as cervical
intraepithelial neoplasia (CIN) and are graded according to the depth of
abnormal cells present (Fig. 3) (Braaten and Laufer, 2008). CIN1 is
characterized by mild dysplasia of only one third of cervical epithelium. In a
large proportion of cases these lesions will regress spontaneously and only 1%
of cases will develop in to invasive cervical cancer (Braaten and Laufer, 2008).
CIN2 cases exhibit dysplasia of up to two-thirds of the epithelium and in
cases of CIN3 the majority of the epithelium is abnormal. It is estimated that
cervical cancer will only develop in 12% of CIN3 cases if left untreated
(Braaten and Laufer, 2008). Women over the age of 30 with persistent
infection are at greatest risk of developing cervical cancer, so screening is
hugely beneficial for this cohort of women. However, HPV screening
programs are less effective for the younger age bracket, as women under 30
years have a higher incidence of HPV infection, the majority of which will
spontaneously regress and never develop in to invasive cervical cancer
(Arney and Bennett, 2010). Therefore it is more effective to implement
vaccination programs in females of school age, to in order to generate

neutralising antibodies prior to the initial infection of high-risk HPV.
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Figure 3. Progression of dysplasia to invasive carcinoma in cervical

epithelium. High-risk HPV infection may cause mild dysplasia of the epithelium that can
either regress or continue further to moderate dysplasia. Mild dysplasia of the epithelium is
referred to as CIN1 and moderate dysplasia is known as CIN2. Further dysplasia and
carcinoma in situ are known as CIN3. Expression of the HPV E6 and E7 oncoproteins and
integration of HPV DNA, along with further accumulation of genomic instabilities can result

in carcinoma in situ and invasive carcinoma. Image taken from (Lowy and Schiller, 2006).

Alternative screening methods have been investigated to maximize the
detection of abnormal lesions in low resource regions. In a randomized
control study in rural India, a single round of screening with a high-risk HPV
assay was shown to significantly reduce the incidence of advanced cervical
cancer and associated deaths (Sankaranarayanan et al., 2009). This type of
testing also requires less advanced training and resources than cytological

screening methods. Another group demonstrated that the Qiagen careHPV
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kit was a predictive tool for >CIN 2 lesions (Ying et al., 2014). From the results
obtained in both trials it is expected that HPV testing will be available in low
resource regions in the near future, as a primary screening tool for women

over 30 years of age.

1.1.6 Vaccine
There are currently three commercially available recombinant HPV vaccines.
Cervarix (GlaxoSmithKline) is a bivalent vaccine, which protects against both
high-risk HPV 16 and 18, and Gardasil (Merck) is a quadrivalent vaccine,
which offers vaccination against four HPV types: 6, 11, 16, and 18 (Schiffman
et al., 2007). Both vaccines offer protection against the development of
premalignant lesions and cervical cancer, but Gardasil provides additional
protection against genital warts caused by HPV 6 and 11 (Crum et al., 2006) .
Most recently, Gardasil 9 has been developed to prevent the development of
cancers associated with HPV types 16, 18, 31, 33, 45, 52 and 58 and genital
warts caused by HPV types 6 and 11. The vaccines are comprised of HPV L1
virus-like particles (VLPs) that successfully induce high concentrations of

neutralizing antibodies to the HPV L1 protein (Crum et al., 2006).

Each of the HPV vaccines was manufactured using recombinant DNA
technologies. =~ The viral L1 gene was sub-cloned into yeast for the

quadrivalent vaccine and baculovirus for the bivalent type (Mariani and
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Venuti, 2010, Schwarz and Leo, 2008). The recombinant DNA overexpresses
L1 proteins that spontaneously self-assemble to form virus-like particles
(VLPs), which are morphologically and antigenically similar to the structure
of wild type virions, and are capable of inducing high levels of virus

neutralizing antibodies in the host (Giuliano et al., 2011, Palefsky et al., 2011).

Koutsky et al conducted the first phase II clinical trial using VLPs for a HPV16
vaccine in women aged 16-23 years, and this was shown to reduce the
incidence of HPV16 infection and cervical intraepithelial neoplasia (Koutsky
et al, 2002). In previous clinical trials both the quadrivalent and bivalent
vaccines have elicited a sustained and potent immune response, much higher
than a natural infection. Peak antibody titres were reached after the third
vaccination but gradually declined thereafter (GlaxoSmithKline Vaccine et al.,
2009, Villa et al., 2006). A randomized placebo-controlled phase III clinical
study was conducted to assess the effectiveness of the quadrivalent vaccine in
preventing genital warts, cervical, vulvar or vaginal intraepithelial neoplasia
and cervical cancer in women between 16 and 24 years. Overall, the vaccine
efficacy was 100% for each of the end points thus reduced HPV associated
anogenital disease in this cohort of women (Garland et al., 2007). Randomized
clinical trials using the Gardasil vaccine have shown protection against
genital warts and premalignant anal neoplasia in male subjects (Giuliano et

al., 2011) (Palefsky et al., 2011). There is also evidence supporting a 2 dose
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regimen of Cervarix vaccine instead of the previous regimen of 3 doses.
Several trials have shown that a 2 dose regimen in 9-14 year old girls
provided an immunogenic response that was non-inferior to 3 doses
administered to a cohort 15-25 year olds (Romanowski et al., 2011, Puthanakit

et al.,, 2016).

Evidence from a recent trial has demonstrated that the HPV 16/18 AS04-
adjuvent vaccine shows cross protective efficacy against other oncogenic HPV
types: 31, 33, 45 and 51 (Wheeler et al., 2012). Recently the new Merck V503
vaccine has been evaluated in phase III clinical trials to assess its effectiveness
in targeting 7 high-risk and 2 low-risk HPV types. This study demonstrated
that the vaccine prevented 97% of high-grade, precancerous vaginal, vulvar,
and cervical disease caused by HPV types 31, 33, 45, 52, and 58-which are not
targeted by the Gardasil or Cervix vaccines-and was also shown to generate
immune responses to HPV types 6, 11, 16, and 18 (2014, Vesikari et al., 2015,

Merck, 2014).

A major drawback of existing vaccines is the expensive production of VLPs in
the eukaryotic model systems. The high production costs restrict the use of
vaccines in the developing world, where there is already a lack of cytological
screening programs. A plausible alternative and more cost-effective method is

the use of plants for the production of oral vaccines. Previously HPV11 L1

16



protein has been expressed in transgenic potato plants, demonstrating self-
assembly into immunogenic VLPs (Warzecha et al., 2003). HPV16 L1 protein
has also been expressed in transgenic potato and tobacco plants, but the
overall yield obtained still remains a challenge to overcome (Maclean et al.,

2007).

Unfortunately these vaccines are not curative for pre-existing HPV infections
or precancerous lesions. Therefore high coverage of the vaccine in school age
children before the onset of sexual activity is the most effective strategy for
the reduction in HPV associated cancers (Hildesheim and Herrero, 2007,
Hildesheim et al., 2007). However, if the female vaccination coverage falls
below 50% then the herd immunity effect is ineffective for protection of males
who do not receive the vaccine (Drolet et al., 2015). This raises the question as
to whether males should also receive the HPV vaccine, but the overall costs

versus benefit considerations are being evaluated.

1.1.7 Treatment

Early stages of pre-cancer have a relatively successful response to treatment,
however locally advanced cervical cancer cases are associated with poor
prognosis and high recurrence rates. CIN1 does not require initial treatment
as the lesions will often spontaneously regress, but follow up screening is

used to monitor potential changes in the epithelium. However, treatment is
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routinely given to patients who present with CIN2 or CIN3. Treatment
options for these precancerous lesions include laser therapy or cryotherapy to
destroy abnormal tissue, or conisation and large loop excision to remove
cervical stroma (Nuovo et al, 2000). The standard treatment of locally
advanced cancer is wusually radiotherapy combined with cisplatin
chemotherapy, yet the 5-year patient survival rate remains below 50%. In late
stage or recurrent cancer cisplatin and toptecan combination therapy only
support a median survival of less than one year (Haedicke and Iftner, 2013).
These findings highlight the importance of regular Pap smear testing for early

detection and treatment.

1.1.8 Structure, genome and gene expression

HPVs have circular double-stranded DNA genomes that are approximately
8kb in size and packaged in to icosahedral capsids. The viral genome is
comprised of 8 major open reading frames (ORFs) that are usually divided
into early and late regions (Fig. 4). The early region encodes six proteins (E1,
E2, E1"E4, E5, E6 and E7) with regulatory functions throughout the HPV life
cycle; however, E1"E4 is a known late protein as it is expressed in the mid to
upper layers of the epithelium. The late region encodes the L1 and L2
structural capsid proteins, which are exclusively expressed in the later stages

of differentiation in the granular epithelium (Zheng and Baker, 2006).
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Transcription occurs on only one DNA strand and is initiated from more than
one promoter region, thus producing multiple mRNAs with numerous ORFs
(Graham, 2010). Using 5" RACE the HPV18 early viral transcriptional start
sites (TSS) have been mapped at nucleotides 52 and 102 and the late
transcripts commonly start at nucleotide 811, although several other sites
have been identified (Wang et al., 2011). Other transcription maps have
identified the early and late TSS at nucleotides 97 and 670 in HPV16
(Grassmann et al., 1996, Smotkin and Wettstein, 1986) and nucleotides 99 and
742 in HPV31 respectively (Hummel et al., 1992). The viral genome also
contains a non-coding long control region (LCR), which despite occupying
only 850bp of the genome contains the origin of replication and important
host and viral transcription factor binding sites (Zheng and Baker, 2006). Once
the host cell is infected the early promoter in the LCR is constitutively active

throughout the virus life cycle (Graham, 2010).
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Figure 4. Organisation of the HPV genome. The genome contains a long control
region (LCR) and eight ORFs, whose products are alternatively spliced. The LCR contains
transcription factor, E2 and E1 binding sites for viral replication and gene expression. The
early promoter (Pe) and late promotor (Pr) control early and late gene expression during
epithelial differentiation. Gene expression is also regulated by the early and Ilate

polyadenylation sites PAE and rAL. Image taken from Roberts, 2015.

Although HPV16 and HPV18 share a similar library of transcription factors
that bind to their LCR regions, the nucleotide positions and abundance of
binding sites vary between the two high-risk HPV types (Fig. 5). The central
portion of the LCR occupies around 400bp and is referred to as the enhancer
region. This region in both HPV16 and 18 is flanked by E2 binding sites #3
and #4, and it also contains binding sites for several transcription factors,
including NF1, AP1, Oct, transcriptional enhancer factor 1 (TEF-1) and Yin

Yang 1 (YY1). The abundance of transcription factor binding sites, together
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with the differential binding of these factors throughout the viral life cycle is
thought to modulate HPV gene expression. The 5 segment of the LCR
occupies around 300bp and is flanked by the late polyadenylation site and the
E2 binding site #4. The 3’ segment is the smallest region occupying around
150bp and contains an El1 binding site that is indicative of the origin of
replication and the early promoter. The early promoter region is controlled by
binding of the viral E2 protein and transcription factors in a differentiation-
dependent manner (Carson and Khan, 2006). More specifically, this region
contains E2 binding sites #1 and #2, a binding site for the transcription factor
SP1 and TATA box for TFIID binding, which collectively are all very
important for early E6/E7 promoter activity. It is believed that initial binding
of TFII is required for the recruitment of the pre-initiation complex, then
binding of SP1 is responsible for activating the E6/E7 promoter. Importantly,
due to overlapping sites in the early promoter region, SP1 also blocks the
binding of the E2 protein. However, when levels of E2 protein are elevated,
the E2 protein can displace SP1 and lead to initiation of E1 dependent viral
replication and repression of early gene expression. Furthermore, E2 binding
at position #4 can displace TFII, which further represses the early promoter
activity. HPV DNA integration events are a common occurrence in most
cervical cancers. During these integration events there is often loss of the

intact E2 ORF, thus loss of the repressive activity and a concomitant increase
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in E6 and E7 expression, giving rise to a cell growth advantage (Dowhanick et

al., 1995, Jeon et al., 1995).

Additional transcription factors that bind to the viral LCR they have varying
roles in modulating gene expression (reviewed by O’Connor et al., 1995).
Most PV types contain binding sites for the TEF-1, which has previously been
shown to contribute to enhancer activity in HPV16 (Ishiji et al., 1992b).
Interestingly the TEF-1 binding motif overlaps the YY1 binding sequence, so
there may be competitive binding between these two factors (O’Connor et al.,
1995). The high-risk HPV types 16, 18 and 31 contain the highest number of
YY1 binding sites across the LCR, with 10, 7 and 8 identified sites
respectively. Binding of YY1 in the viral LCR is known to have repressive
effects on early gene expression in HPV18 and HPV16 (Bauknecht et al., 1992,
Lace et al.,, 2009, O'Connor et al., 1996, O'Connor et al., 1998). Naturally
occurring point mutations or deletions in YY1 binding sites have been
identified in viral episomes obtained from cervical carcinomas and
interestingly these correlated with increased enhancer activity (May et al.,
1994, Dong et al., 1994). YY1 has also been shown to repress gene expression
in other DNA viruses such as adenovirus and EBV, which are also associated
with persistent infection (Montalvo et al., 1995, Shi et al., 1991). Activator
protein 1 (AP1) consensus sites are conserved amongst PV types, with either

one or two sites existing within the central enhancer region observed across
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the mucosal types. Binding of AP1 is thought to contribute to epithelial
specific activation of viral genes (Thierry et al., 1992), and may be needed to
modulate viral genes in response to epidermal growth factor (EGF) and
protein kinase C (PKC) signaling (Chan et al., 1990). Neurofibromin 1 (NF1)
binding sites are predominantly located in the central segment of the viral
LCR, and have been shown to be important for enhancer function in HPV16
(Baldwin et al., 2007). In HPV16, binding of Oct-1 to the 3’ region of the LCR
is next to a NF1 binding site. O’connor et al demonstrated that binding of Oct-
1 stabilises NFI, which itself causes increased levels of enhancer activity
(O’Connor et al., 1995). Most recently, several additional transcription factors
have been identified using the TRANSFAC database; FOXA1 and MYC were
confirmed to bind to the LCR regions of HPV16 and HPV18 by ChIP assays
(Sichero et al., 2012). The emergence of additional transcription factors that
are capable of binding to the viral LCR indicate that the level of

transcriptional regulation is more complicated than originally considered.
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Figure 5. Viral LCR regions of high- and low-risk HPV types. The alpha
genus contains the Alphapapillomavirus 9 (A9) species, which consists of high-risk
HPV16, -31, -33 and -35; A7, which contains high-risk HPV18 and HPV45; and A10,
which contains low-risk HPV6 and HPV11. The schematic depicts the predicted and/or
confirmed binding profiles of transcription factors and viral proteins to the viral LCR

region of the alpha genus. Image taken from O’Connor et al., 1995.
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It is well known that alternative promoter usage, alternative splicing and

alternative polyadenylation site usage regulate HPV gene expression.

1.1.9 Promoter usage

Depending on the activity of different promoters or polyadenylation sites,
transcripts are expressed with different coding potentials. The mRNAs
expressed from the early promoter have the potential to encode E1, E2, E1"E4,
E5, E6 and E7 and are all polyadenylated at the early polyadenylation site
pAE. However some of the mRNAs expressed from the late promoter are also
polyadenylated at pAE, and these can encode E1"E4 and E5. The majority of
mRNAs expressed from the late promoter are polyadenylated at the late
polyadenylation site (pAL) and these can encode E1"E4, E5, L1 and L2.

Reviewed by (Johansson and Schwartz, 2013).

1.1.10 Polyadenylation

There are two known polyadenylation sites in the HPV18 genome (Fig. 6);
using 3" RACE the early polyadenylation site (pAE) has been mapped at
position 4235 and the late site is at 7278 (Wang et al., 2011). The early
polyadenylation site is downstream of E5 and the late polyadenylation site
(pAL) is downstream of L1. The early and late regions of the genome are
separated by pAE, which effectively blocks L1 and L2 expression during the
early stages of the life cycle. This strategy allows the virus to evade immune

surveillance and persist in the host cell by preventing the expression of the
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most immunogenic proteins until the upper layers of the epithelium
(Johansson and Schwartz, 2013). These capsid positive cells are then sloughed
off from the cornified layer of epithelium. The presence of upstream
regulatory elements are known to stimulate pAE polyadenylation in HPV16,
through the binding of the poly(A) polymerase (FIP1) to a short UTR region
(Zhao et al., 2005). Regulatory elements located downstream in the L2 region
can also regulate pAE activity (Sokolowski et al., 1998, Terhune et al., 1999,
Terhune et al., 2001). In HPV16 and HPV31 the cleavage stimulation factor
64kDa subunit (CSTF64) was shown to interact with this regulatory element
in the L2 gene and stimulate polyadenylation of mRNAs (Oberg et al., 2005,
Terhune et al.,, 1999). Additionally, the RNA element in HPV16 L2 was also
shown to interact with the heterogeneous nuclear ribonucleoprotein H
(hnRNP H) to stimulate early polyadenylation at pAE (Oberg et al., 2005).
Further work has demonstrated that increased viral E2 protein expression can
also repress pAE by blocking formation of the polyadenylation complex,
which allows transcriptional read-through, the induction of the late genes and

subsequent virion synthesis (Johansson et al., 2012).

1.1.11 Alternative Splicing

Given that the HPV genome is only 8kb, the virus employs alternative
splicing to generate polycistronic mRNA, which can encode multiple proteins,

thus allowing the virus to increase the repertoire of protein encoding
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transcripts (Fig. 6). Alternative splicing is also advantageous because it
generates mRNAs with the fewest possible number of AUG codons upstream
of each HPV gene, which are known to have a negative effect on translation,
reviewed by (Johansson and Schwartz, 2013). HPV18 is known to contain 5
major 5" splice sites and 6 major 3’ splice sites, which are highly conserved
with the splice sites in other papillomavirus genomes (Wang et al., 2011). The
retention of the first HPV18 intron between splice donor 233 (5D233) and
splice acceptor 416 (SA416) is required for generating the E6 encoding mRNA.
However, high levels of hnRNP Al and A2/B1 stimulate splicing between
SD233 and SA416 to generate mRNAs that encode E7 and smaller E6 variants
(E6*1, E6*II and E6*III) (Rosenberger et al., 2010). Alternatively spliced protein
isoforms can confer different functions, for example, the large HPV16 E6
isoform can bind and augment degradation of procaspase 8, whereas the
small E6* isoform can stabilize procaspase 8, thus modulating the apoptotic
pathway in the opposite manner (Filippova et al., 2007). Furthermore, splicing
between SD1357 and SA3434 generates an mRNA with the potential to
encode an alternative E2 protein, E§"E2c, which functions as a transcriptional

inhibitor (Wang et al., 2011, Lace et al., 2008).
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Figure 6. Transcription map of HPV18. The genome is 7851kb in size and encodes a
subset of early (E) and late genes (L). The diagram above depicts a linear arrangement of
the genome, with boxes representing the ORFs. The numbers at either end of each ORF box
indicates the start codon and the last nucleotide. To generate the intact E1"E4 and E8"E2
ORFs splicing is required, which is shown by the dashed line. The early and late
polyadenylation sites are represented as At and Av and the long control region is denoted
as LCR. RNA species derived from alternate splicing and promoter usage are labelled A-O.
The thick black line represents the exons and the thin black lines represent the introns, and
the known nucleotide splice sites are labelled above each transcript. The proteins encoded
by each RNA species are shown to the right of each transcript. Figure taken from (Wang et
al., 2011).
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Splicing itself is regulated by spliccosome complexes and expression of
intonic/exonic sequence enhancers (ISE/ESE) or silencers (ISS/ESS) (Wang and
Burge, 2008). Studies in HPV16 have demonstrated that splicing at the most
commonly used 3’ splice site (SA3358) is enhanced by the serine-arginine-rich
splicing factor 1 (SRSF1), as mutational inactivation of the SRSF1 binding site
was shown to cause skipping of SA3358. Conversely, binding of SRSF9 or
SRSF3 factors inhibit splicing at SA3358 (Jia et al.,, 2009, Somberg and
Schwartz, 2010). Interestingly, mRNAs that encode E6 and E7 are mainly
spliced at SA3358, so it is thought that SRSF1 protein is required to enhance
expression of these viral proteins, whilst reducing the splicing of the E2
encoding mRNA. However this splice site is also required for production of
mRNAs encoding L1 and L2, so there needs to be a balance in SRSF1
expression to modulate viral gene expression. Overall it has been postulated
that in the basal epithelium SRSF1 is expressed at high levels to induce E6 and
E7 expression and limit E2 production. However as the epithelium
differentiates the levels of SRSF1 are reduced, which subsequently allows the

expression of the L1 and L2 transcripts (Johansson and Schwartz, 2013).

1.1.12 HPV life cycle
The HPV life cycle differs from other virus families, as infection requires
epidermal or mucosal epithelial cells such as the basal cells of the stratified

squamous epithelium, which themselves are mitotically active and capable of
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dividing (Fig. 7). The productive HPV life cycle is strictly linked to
differentiation of these epithelial cells (reviewed by (Bodily and Laimins,
2011). Infection is thought to reach dividing basal epithelium cells via micro
abrasions of the skin or mucosa, with the cervical squamocolumnar (SC)
junction particularly vulnerable to infection (Hubert et al., 2014, Herfs et al.,
2012). The HPV L1 protein attaches to heparin sulphate proteoglycans on the
cell surface (Combita et al., 2001, Giroglou et al., 2001, Joyce et al., 1999). Viral
entry may also be mediated by calveolar or clathrin mediated endocytosis, via

the a6-integrin receptor (Yoon et al., 2001).

Upon infection the HPV early proteins E1 and E2 are expressed, allowing the
initial amplification of viral episomes to 50-100 copies. Although the viral
episomes replicate independently from the host cell chromosomal DNA, the
virus utilizes the host cell polymerase machinery (Conger et al., 1999). As each
basal cell divides, one of the daughter cells will migrate and begin to
differentiate, whilst the other will remain as a new basal cell (Bodily and
Laimins, 2011). The viral genome is maintained upon cell division by
tethering to the host chromosome, which ensures equal segregation of viral
episomes in to daughter cells (Graham, 2010, McBride, 2008). This process is
mediated by an E2 tethering mechanism involving host cell ChlR1 helicase,
which is important for loading E2 to the host cell sister chromatids (Parish et

al., 2006a, McBride, 2008). E2 from bovine papillomaviruses (BPV) have also
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been shown to mediate viral tethering through binding to the host protein

Bromodomain Containing 4 (BRD4) (You et al., 2004).

The early viral genes E5, E6, and E7 are expressed in the infected basal cells,
and the co-operative actions of these viral proteins culminates in enhanced
cellular proliferation and lateral expansion of the epithelium (zur Hausen,
2002). The actions of E6 and E7, which disrupt the p53 and retinoblastoma
pathways, respectively, cause normally differentiating epithelial cells to
remain cycling, along with abrogation of cellular differentiation and a
reduction in apoptosis (Hamid et al., 2009, Graham, 2010). The E5 protein is
thought to bind to EGFR in order to induce mitogenic signals for proliferation
(Genther Williams et al., 2005). Together E5 E6 and E7 maintain an

environment favorable for unscheduled HPV replication.

The expression of the viral E2 protein is important for the regulation of the E6
and E7 oncoproteins. The increase in E2 expression in the upper suprabasal
layers of the epithelium causes downregulation of the E6 and E7 proteins and
late viral proteins are expressed. Upon differentiation to the granular layer
the L1 and L2 capsid proteins are expressed and the viral epsiomes are
packaged in to capsids and released from the surface epithelium (Graham,

2010). There is also evidence supporting the role of E1"E4 in mediating viral
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release; E1"E4 protein can disrupt the keratin network and mediate virion

release. (Doorbar et al., 1991, Wang et al., 2004b)

Overall, the completion of the viral life cycle is dependent on the
differentiation of the epithelium that it infects; therefore, a controlled balance
in the expression of the viral oncoproteins is imperative for efficient viral
replication but also the successful completion of virion production and
release. Any perturbations in viral oncoprotein expression can deregulate the
complete viral life cycle, and lead to the malignant progression observed in
HPV-associated cancers. The functions of the viral proteins are discussed in

further detail in the following section.
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Figure 7. Life cycle of HPV infection in stratified epithelium.

Virus entry via micro abrasions in the surface epithelium and infection of basal cells. Initially
the genome is maintained at low copy numbers. In the lower/middle layers, genome
amplification occurs and the high risk E6 and E7 proteins cause additional cell cycle re-entry
and proliferation. In the upper layers the cells exit the cell cycle and L1 and L2 proteins are
synthesized to allow viral encapsidation. Virions are released as infected cells are sloughed

from the surface epithelium. Figure adapted from(Bodily and Laimins, 2011).
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1.1.13 Early Proteins

1.1.13.1 E1

El is an ATP-dependent helicase and primary replication protein. E1
cooperatively binds to the replication origin with E2, where it forms double
hexamers to encircle DNA and unwind the viral origin (Mohr et al., 1990)
(McBride, 2008, Sanders and Stenlund, 1998). Therefore in co-operation with
E2, the E1 protein plays an essential role in the initial replication of viral
genomes (Remm et al., 1992, Ustav and Stenlund, 1991). Whilst E1 is
necessary for initial replication there is more recent evidence that E1 is not
required for the maintenance replication of viral genomes (Egawa et al., 2012).
The presence of nuclear localisation signals (NLSs) and nuclear export signals
(NES) in the N-terminal region of E1 contribute to the regulation of this
protein. Specifically, ERK1/2 kinase phosphorylation of the E1 nuclear
localization signal causes nuclear accumulation of E1 (Yu et al, 2007).
Accumulation of cyclin A and cyclin E and their cyclin dependent kinases
(CDKs) during the S/G2 phases of the cell cycle further contribute to E1
nucleocytoplasmic localization of E1 (Deng et al.,, 2004, Ma et al., 1999).
Overall, the viral E1 protein remains in the nucleus during S phase and G2 of
the cell cycle, when CDK1 and CDK?2 are active. This nuclear retention of E1
allows the virus to couple HPV DNA replication to the cell cycle, which

makes overall viral replication more efficient (Ma et al., 1999, Deng et al,,
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2004, Yu et al., 2007). E1 has been shown to contain a caspase cleavage motif
that is targeted by caspase-3 and caspase-7, which leads to cleavage of the E1
replication protein (Moody et al., 2007). There is evidence to support that this
E1 modification is required to facilitate viral genome amplification (Moody et

al., 2007).

1.1.13.2 E2

Papillomavirus E2 is an important regulatory protein implicated in a wide
range of events throughout the HPV life cycle, including: the initiation of viral
DNA replication, regulation of viral transcription, partitioning the viral
genome during mitosis and potentially viral packaging (reviewed by
(McBride, 2013). The E2 ORF encodes the full length E2 protein, which is
comprised of an N-terminal transactivation domain, C-terminal DNA binding
domain, and a linker hinge region (McBride, 2013). During initiation of viral
replication, E2 binds via its N-terminus to the E1 helicase protein and recruits
it to the origin of replication (Mohr et al., 1990). Once the E1 protein is loaded
onto the viral DNA, E1 mediated ATP hydrolysis causes the dissociation of
the E1-E2 interaction and displacement of E2 (Lusky et al., 1994, Sanders and

Stenlund, 1998, Sanders and Stenlund, 2000).

E2 also has an important role in tethering the viral genome to the host

chromosomes through protein-protein interactions during mitosis, in order to
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facilitate stable maintenance and partitioning of the viral genome in the host
cell (You et al., 2004, Parish et al.,, 2006a). Overall, this function of E2

essentially permits persistent infection of HPV in the host cell.

Furthermore, E2 is also necessary during the vegetative replication stage as
there is a large detectable abundance of E2 during such amplification of the
genome (Xue et al., 2010, Johansson and Schwartz, 2013). Formation of viral
DNA replication foci is dependent on E2 and within these foci the DNA
damage response including the ATR and ATM pathways can be induced,
which is believed to recruit cellular repair proteins in order to increase viral
genome amplification (Moody and Laimins, 2009b, Sakakibara et al., 2011,

Reinson et al., 2013).

It is well established that in HPV positive cell lines E2 can activate or repress
the early viral promoter, with the latter causing down-regulation of the E6
and E7 genes (Thierry and Howley, 1991). Papillomaviruses can encode
shorter E2 forms (E8"E2) consisting of a short E8 peptide attached to the
hinge region and DNA binding domain. These can repress viral transcription
and replication, via competition for binding to E2 binding sites, recruitment of
repressor complexes, or dimerization with full length E2 (Lambert et al., 1987,
Lim et al., 1998, Monini et al., 1993, Barsoum et al., 1992, Ammermann et al.,

2008). Disruption of E2 by integration of the viral genome reduces E2
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mediated repression, thus allowing higher expression of the E6 and E7
oncoproteins, which further augment progression to malignant

transformation (Durst et al., 1987, Bernard et al., 1989).

The majority of E2 binding sites contain at least one CpG site. Methylation of
the cytosine residue at these sites is known to disrupt E2 binding and E2
mediated control of transcription. Kim et al demonstrated that E2 binding
sites were often highly methylated in less differentiated cervical epithelial
cells. In contrast, more highly differentiated epithelial cells, which support
viral genome amplification, displayed hypomethylation in E2 binding sites in
the LCR. (Kim et al., 2003). In HPV16, methylation was more prevalent at the
CpGs located within the E2 binding sites proximal to the early viral promoter
(Bhattacharjee and Sengupta, 2006). Overall, methylation of E2 binding sites
that mediate repression of the early promoter may enhance malignant

transformation due to increased E6 and E7 levels. (Kim et al., 2003).

Lastly it is possible that E2 is implicated in the packaging of virions, as earlier
studies with BPV demonstrated that E2 enhanced DNA packaging within L1
and L2 pseudovirions (Zhao et al., 2000). There is also evidence to suggest
that E2 regulates post transcriptional activities such as viral transcript

processing, via depletion of the polyadenylation complex, which allows read
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through of the early polyadenylation site (McBride, 2013, Johansson et al.,

2012).

1.1.13.3 E5

The E5 protein is highly hydrophobic and associates with internal membrane
structures (Krawczyk et al., 2010, Conrad et al., 1993). High-risk E5 proteins
exhibit weak transforming activity when expressed alone, but when
expressed in tissue culture assays they can augment the transforming activity
of E6 and E7, so overall E5 is often classified as an additional oncogene
(Moody and Laimins, 2010). E5 is thought to act cooperatively with E6 and E7
to promote hyperproliferation and malignant progression (Venuti et al., 2011).
For example, E5 can display transforming activity by inhibiting EGF receptor
degradation and inducing the ligand-independent activation of growth factor
receptors (McBride, 2008, DiMaio and Mattoon, 2001, Suprynowicz et al.,
2010, Straight et al., 1995). Furthermore, when HPV16 E5 was expressed in the
basal layer of the stratified squamous epithelium of transgenic mice,
epidermal hyperplasia was observed and skin tumour formation occurred at
a high frequency (Genther Williams et al., 2005). HPV16 E5 has also been
identified as an oligomeric channel forming protein or viroporin, which is
thought to mediate the hyperactivation of EGFR and mitogenic signaling

(Wetherill et al., 2012).
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1.1.13.4 E6 and E7 oncoproteins

E6 and E7 are the primary HPV oncoproteins that target key cellular proteins,
thus perturb normal cellular processes in order to generate an environment
favorable for replication of viral genomes (Munger et al, 2004). The
integration of viral DNA in to the host chromosome is a key event involved in
HPV induced carcinogenesis, and is strongly correlated with disease
progression (Daniel et al., 1997, Munger et al., 2004). Analysis of cervical
biopsy specimens has revealed that 72% of HPV16 positive cervical
carcinomas contained viral integration and in those that were HPV18 positive,
100% displayed viral integration (Cullen et al., 1991). Upon integration
several viral ORFs are disrupted or lost, with the exception of E6 and E7
expression (Baker et al., 1987, Jeon et al, 1995, el Awady et al., 1987,
Shirasawa et al., 1987). Disruption of the E2 ORF, can lead to the loss of
repression of E6 and E7, thus causing increased expression of the viral
oncoproteins (Baker et al., 1987, Jeon et al., 1995). However, integrated HPV16
DNA is not always present in cervical carcinomas, suggesting that integration
is not always required for HPV-induced carcinogenesis (Hudelist et al., 2004).
Recent studies have even suggested that the existence of both epsiomal copies
and integrated DNA facilitate HPV carcinogenesis, as episomal E1 and E2
proteins may initiate integrated DNA replication and subsequent

chromosomal abnormalities (Moody and Laimins, 2010).
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Initial studies demonstrated the ability of E6 and E7 from high-risk but not
low-risk types to immortalize human foreskin keratinocytes (Hawley-Nelson
et al., 1989, Munger et al., 1989). Interestingly E6 alone is not sufficient to
immortalize cells but E7 alone is able to cause hyperproliferation, although
the cells eventually senesce (Hawley-Nelson et al., 1989). However E6 and E7
alone are not sufficient to completely transform these cells, as additional
accumulation of genetic alterations are required for malignant progression,
which correlates with the latency period of HPV infection and onset of cancer.
An example of this is the ability of high-risk E6 and E7 proteins to induce
centrosome defects that lead to chromosomal instability (Duensing et al.,
2000). The development of transgenic mice models where E6 and E7
expression was targeted to the basal cells of squamous epithelium
demonstrated their ability to induce squamous epithelial neoplasia (Arbeit et
al., 1994). Whilst E7 expression was shown to mainly promote tumour
formation, E6 expression was predominantly involved in tumour progression,

but the combined actions are able to induce transformation (Song et al., 2000).

The E7 protein is comprised of 98 amino acid residues and contains a zinc
finger like domain in the C-terminus (CR3) and a flexible N-terminus (CR1 &
CR2) and is a well-known phosphoprotein (Smotkin and Wettstein, 1987,
McLaughlin-Drubin and Munger, 2009). The main phosphorylation sites

located at ser31 and ser32 in the CR2 domain are phosphorylated by casein
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kinase II (CKII) (Barbosa et al., 1990), and are important for the transforming
ability of E7 (Firzlaff et al., 1991). E7 was first shown to interact with the
retinoblastoma tumour suppressor gene products, which consist of consists of
pRb, p107 and p130 (Dyson et al., 1989). Under normal conditions the pRb
product is known to bind to the activating transcription factor members E2F1-
3, whereas p107 and p130 preferentially bind to E2F4-5 proteins (Frolov and
Dyson, 2004, Macaluso et al., 2006). In terms of differentiating epithelium the
PRb protein is predominately expressed in the basal and proliferating cells,
whereas p130 is expressed in the differentiated layers of the epithelium

(Macaluso et al., 2006).

It is well known that the hyposphosphorylated from of pRb can bind and
inactivate the transcription factor E2F during early G1 phase of the cell cycle.
Conversely, activation of cyclin dependent kinases phosphorylate pRb so it
no longer binds to E2F, thus allowing E2F dependent expression of S-phase
specific genes (Frolov and Dyson, 2004, Macaluso et al., 2006). E7 has been
shown to bind to pRb via it CR2 domain and target it for proteosomal
degradation, thus leading to E2F mediated cell cycle progression (Fig. 8)
(Munger et al., 1989, Barbosa et al., 1990). Moreover, E7 is known to block
activity of the cyclin dependent kinase inhibitor p21, thus permitting
expression of cyclin-A and cyclin-E associated genes and cell cycle

progression (Jones et al., 1997). E7 can also bind to E2F6 and inhibit its role in

40



mediating transcriptional repression (McLaughlin-Drubin et al., 2008).
Overall, deregulation of these pathways leads to S-phase entry in the
suprabasal cells that would normally undergo differentiation. However, E7
can also disrupt the E2F/pRb without necessarily causing degradation of pRb
(Chellappan et al., 1992), and there is evidence that rafts derived from HPV16
genome containing HFKs actually displayed similar levels of pRb in the
suprabsasl layers compared to untransfected rafts (Collins et al.,, 2005). In
addition to pRb, high-risk E7 can also target p107 and p130 for degradation.
Interestingly, the degradation of p130 from differentiating epithelium occurs
more frequently than pRb, and this action seems to be more important for
viral DNA synthesis (Collins et al., 2005). A further role of E7, which is
independent of pRb degradation, is to bind to histone deacetylases (HDACsS)
and increase the level of host cell E2F2-mediated transcription (Longworth et

al., 2005).

The E6 protein is comprised of 150 amino acid residues and contains two zinc
finger domains. Initial studies demonstrated the association between E6 and
the tumour suppressor p53 (Werness et al., 1990). E6 from high-risk HPV16
and 18 is known to bind via its N-terminal to the E6-E6AP ubiquitin ligase
complex and then bind to p53 to direct the degradation of the tumour
suppressor protein (Fig. 9) (Werness et al., 1990, Scheffner et al., 1990). E6 can

also bind directly to p53 to block transcription and DNA binding activity

41



(Moody and Laimins, 2010, Lechner and Laimins, 1994). This is similar to the
SV40 large T antigen and the E1B adenovirus protein, which can also bind
and inactivate p53. Crystal structures of E6 bound complexes have been
elucidated, and studies have demonstrated that two zinc domains and a
linker helix in the E6 protein form a basic-hydrophobic pocket, which binds to
helical LxxLL motifs in target proteins (Zanier et al., 2013). Furthermore, the
LxxLL motif of E6AP is required for E6-p53 interaction. Specifically, the
LxxLL motif of E6AP is thought to structure a p53-binding cleft on E6,
enabling E6 to be competent of for p53 binding (Martinez-Zapien et al., 2016).
The normal function of p53 is to respond to cellular DNA damage, by
arresting cells in G1 to allow DNA repair or if the damage is to great p53
induces apoptosis. Subsequent abrogation of p53 by E6 prevents apoptosis
and inhibition of cell growth, but also permits the accumulation of genetic
mutations. E6 can also bind to the acetyltransferases p300 and CREB-binding
protein, which prevents them acetylating and stabilizing p53 (Patel et al.,
1999). Moreover, HPV16 E6 has been shown to activate telomerase in human
foreskin keratinocytes via its zinc-binding domain, which allows synthesis of
telomere repeat sequences required for immortalization (Klingelhutz et al.,
1996). An additional characteristic of high risk E6 proteins is their PDZ-
domain binding motif located in the C-terminus, which is able to interact with

PDZ targets involved in cell polarity and cell proliferation, most notably Disc
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Large I (DlIgl) (Kiyono et al.,, 1997, Lee et al.,, 1997) and Scribble (Scrib)

(Nakagawa and Huibregtse, 2000).

Both E6 and E7 can induce genomic instability through DNA damage and
activation of the ATM-ATR DNA repair pathways, which respond to double
strand or single strand breaks respectively. Previous work has shown that
activation of the ATM pathway, indicated by phosphorylation of downstream
CHK?2, BRCA1 and NBSI, is important for viral genome amplification and
formation of viral replication foci in differentiated cells (Moody and Laimins,
2009a). However, activation of these pathways is not important for stable
maintenance of viral episomes in undifferentiated cells (Moody and Laimins,
2009b). The same study demonstrated the induction of caspase cleavage upon
keratinocyte differentiation through the action of CHK2, of which is activated
via E7 binding to the ATM kinase. Thus E7 binding can induce caspase
activity, which is known to cleave El for viral genome replication (Moody

and Laimins, 2009b).

It is well established that angiogenesis is an early event in the development of
HPV-induced malignant lesions and cervical cancer so it has previously been
proposed that HPV gene products may facilitate this process (Toussaint-
Smith et al., 2004). HPV31 E6 and E7 proteins have been shown to increase

HIF-1a levels and induce expression of HIF-1 target genes during hypoxic
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conditions, which initiate angiogenesis at the site of proliferating lesions, thus
highlighting another role for these oncoproteins in malignant progression

(Nakamura et al., 2009).
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Figure 8. E7-mediated degradation of pRb. In normal cells, CDK2 mediated
phosphorylation of the pRb protein causes dissociation with E2F during the late G1
phase of the cell cycle. E2F is released from the complex and binds to target genes for S-
phase entry and progression. In HPV infected cells, high-risk E7 protein associates with
the E2F-bound pRb protein and targets pRb for proteosomal degradation, thus allowing

uncontrolled S-phase entry and proliferation.

44



EGAP
p53
E6
ﬁiquitin-mediated
proteolysis

- T
L X 4

o —— ] Apoptosis

p53 degradation

E6

Figure 9. E6-mediated degradation of p53. Aberrant activity of the
E2F transcriptional activator proteins by E7 would normally induce
expression of p53, to mediate cell cycle arrest or apoptosis. High-risk E6
proteins circumvent this by targeting the E6AP ubiquitin ligase to p53, which
transfers ubiquitin peptides to the p53 protein and mediates degradation by

the 26S proteosome.
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1.1.13.5 E6 and E7 from beta types

Interestingly, the E6 and E7 proteins from the beta HPV types are structurally
similar to the alpha genus oncoproteins (Tomaic, 2016). Whilst beta HPV
types have been implicated in the development skin carcinogenesis, the E6
and E7 proteins have varying transforming abilities across the different types.
An initial study demonstrated that HPV38 is able to reduce pRb expression
and immortalize primary human keratinocytes (Caldeira et al., 2003).
Furthermore, E6 and E7 from the beta HPV49 have been shown to deregulate
both the p53 and pRb pathways and immortalize primary keratinocytes
(Cornet et al., 2012). The same study demonstrated that while HPV14 and
HPV22 E7 can induce degradation of pRb, these HPV types are not sufficient
for immortalization of primary HFKs (Cornet et al., 2012). Meanwhile,
HPV24, -36, and -38 E6/E7 expressing HFKs display an increase in ANp73a
expression, which is a dominant negative inhibitor of the p53/p73 pathways,
and is thought to inhibit wild type p53 function (Cornet et al.,2012).
Moreover, the E6 proteins from HPVS5, -8, -20, -22, -38, -76, -92, and -96 have
also been shown to promote degradation of Bak, and prevent UV induced
apoptosis (Underbrink et al., 2008, Jackson et al., 2000). Taken this further, in
vivo studies demonstrated that HPV38 E6 and E7 expressed from a K14
promoter in the basal and suprabasal epidermis of transgenic mice, enhanced
the susceptibility of these mice developing UV-induced -carcinogenesis

(Viarisio et al., 2011). Overall these findings demonstrate that the E6 and E7
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oncoproteins from beta HPV38 cause increased susceptibility to UV-induced

carcinogenesis and contribute to SCC development in the skin.

1.1.13.6 Low-risk E6 and E7

Unlike high-risk types, the low-risk HPV types are not associated with the
development of cancer; however, they are still causative of benign papilloma
formation. This inability of causing malignant transformation is attributable
to variations in the functions of the E6 and E7 proteins between high and low-
risk types. The E6 proteins of low-risk HPV6 and 11 types have a much lower
affinity for p53 than their high-risk HPV16 and 18 counterparts (Lechner and
Laimins, 1994). Low-risk E6 can only bind to p53 via its C-terminus so it is
unable to target the protein for degradation (Li and Coffino, 1996, Hiller et al.,
2006). Furthermore, HPV11 E6 protein has also been shown to sequester p53
protein in the cytoplasm and induce apoptosis (Sun et al., 2008). Furthermore,
the PDZ domain that is present in the E6 protein of high-risk HPV types is not
found in the low-risk types, suggesting that the PDZ domain interaction is an
important pathway in malignant progression. Low-risk E7 has a much lower
affinity for pRb, p105, and p107 than its high-risk counterparts (Klingelhutz
and Roman, 2012), and is less efficient at disrupting the pRb-E2F interaction.
Interestingly, whilst low-risk E7 is able to degrade p130 it is unable to
degrade p107 or pRb, whereas the high-risk E7 proteins can target all three

pocket proteins for degradation (Zhang 2006(Barrow-Laing et al., 2010).
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1.1.14 Late Proteins

1.1.14.1 E1"E4

The E1"E4 protein is expressed from the E1"E4 spliced mRNA product, which
contains the first few of amino acids from the E1 ORF (Nasseri et al., 1987).
Despite the E1"E4 ORF residing in the early region of the viral genome it is
not believed to play an important role in the early stages of the life cycle.
Nevertheless, E1"E4 is known to function during the later stages involving
genome amplification and virion release (reviewed by (Doorbar, 2013). A
major function of E17E4 is to associate with cytokeratin and disrupt the
cytokeratin filament network and formation of the cornified envelope within
the host cell (Doorbar et al., 1991, Roberts et al., 1993), which is thought to
facilitate virion release from the surface epithelium (Bryan and Brown, 2000).
In the upper layers of HPV16 infected cervical epithelium there is
accumulation of E1"E4 protein, which is shown to associate with the keratin
network (Doorbar et al., 1997). Further research has proposed a model of
HPV16 E1"E4-mediated keratin reorganization, whereby E1"E4 targets and
disrupts the keratin network, resulting in phosphorylation and ubiquitylation
of keratin (McIntosh et al., 2010). E1"E4 function is regulated by post
translational modifications such as phosphorylation at specific amino acid
residues (Doorbar, 2013). For example, HPV1, -16, and -18 E17E4 is

phosphorylated by SRPK1 (Bell et al., 2007), and sequestering of SRPK1 by
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E17E4 is thought to reduce phosphorylation of host SR proteins (Prescott et

al.,, 2014).

1.1.14.2 L1 and L2

L1 is the major capsid protein that self assembles in to VLPs and L2 is the
minor capsid protein, both of which are important for viral genome assembly
and packaging. Completely assembled virions contain approximately 360 L1
molecules and only a few L2 molecules, to form an overall icosahedral capsid
(Buck et al., 2008). During infection L1 mediates the initial interaction with
host cells via heparin sulfate carbohydrates. This interaction causes a
conformational change, resulting in exposure of the L2 amino terminus,
which is cleaved by furin protease (Richards et al.,, 2006). Furin cleavage
allows the virion to bind to a secondary cell surface receptor and enter the
host cell (reviewed by (Buck et al., 2013). The ability of the L1 capsid protein
to self-assemble in to VLPs forms the basis of the current prophylactic HPV

vaccines (Lowy and Schiller, 2006).

1.1.15 Immune evasion and persistence
HPV must evade and suppress the immune system to allow viral persistence.
Throughout the life cycle virion production is limited to the late stages in
differentiated cells, in order to evade detection by the immune system.

Additionally, virion production does not cause lysis of the host cell or
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induction of the inflammatory response, which is another mechanism to
circumvent an immune response (reviewed by (Bodily and Laimins, 2011).

Virally infected cells are capable of producing interferon (IFN), which
provides a first line of defence against infection. However during HPV
infection the IFN response is disrupted and many IFN target genes are
suppressed. HPV16 E7 has been shown to inhibit IFN-a activity, via loss of
the IFN stimulated gene factor (ISGF) (O'Brien and Saveria Campo, 2002). The
E7 protein can also bind to IRF-1 via its Rb binding domain and inhibit the
activation of the IFN-B promoter (Park et al.,, 2000). Similarly E6 protein

appears to down regulate IFN-1, IFN- 3, and STAT-1 genes (Nees et al., 2001).

The anti-inflammatory IL-10 marker shows increased expression in HPV
positive cell lines (Alcocer-Gonzalez et al., 2006), and expression is correlated
with disease progression of cervical cancer (Bermudez-Morales et al., 2008).
There is also an increase in IL-6 protein expression in HPV positive SCC
compared to HPV negative cancers (Tomlins and Storey, 2010). There is
evidence that changes in cytokine production disrupt the activity of
Langerhans and dendritic cells, which are needed for HPV clearance (Hubert
et al., 1999). Further evidence suggests that natural killer (NK) cell activity —
an important component of innate immune response—is also disrupted
during HPV infection. In one study there were reportedly reduced numbers

of NKs during HPV infection (Stentella et al., 1998), and PV infected cell lines
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are resistant to NK lysis in vitro (O'Brien and Saveria Campo, 2002). It is
suggested that E5, E6, and E7 have a role to play in the down regulation of the
MHC-I complex, thus compromising the HPV specific T cell immune
response (Ashrafi et al., 2006, Georgopoulos et al., 2000, Bodily and Laimins,

2011).

1.1.16 HPV and cancer progression
Cervical cancers predominantly arise in the cervical transformation zone
between the squamous epithelium of the ectocervix and the columnar
epithelium of the endocervix (Bodily and Laimins, 2011). There are four main
steps in the development of cervical cancer; HPV infection of the epithelium
at the cervical transformation zone, viral persistence in the host cell,
progression of these persistently infected cells to a precancerous state, then

cellular invasion through the basement membrane (Schiffman et al., 2007).

The E6 and E7 oncoproteins of high-risk HPV types act co-operatively in
maintaining HPV infection and the development of HPV associated cancers.
As previously mentioned, E6 and E7 disrupt the p53 and Rb mediated
signaling pathways, which promotes epithelial proliferation and maintains an
environment permissive for viral replication. However the activity of E6 and
E7 alone is not sufficient to completely transform cells, but instead further

genomic instability is required for cellular transformation and the
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development of cancer. For example, addition of an activated Ras oncogene in
tissue culture results in secondary mutations for complete cellular
transformation (Munger et al., 2004). Integration of the HPV genome is
associated with invasive cancer, as integration often occurs in the E1 and E2
regions, which disrupts the negative feedback control of E6 and E7 oncogenes
by the regulatory E2 protein (Woodman et al., 2007). However not all women
with invasive cancer have detectable integration, so it may not be direct cause

(Vinokurova et al., 2008).

The levels of E6 and E7 expression are generally thought to underlie the
neoplastic phenotype of cervical cancer. It is generally considered that CIN1
cases have a lower level of cell proliferation in the basal and suprabasal
layers, with insufficient expression of E6 and E7 for cancer progression. In the
case of CIN2 there is elevated E6 and E7 expression, which deregulates the
normal cell cycle, allowing accumulation of genetic alterations. With regard to
CIN2/3+ disease, deregulation of the viral life cycle is thought to facilitate
integration into the host chromosome, thus further disrupting the regulation

of E6 and E7 (Middleton et al., 2003, Doorbar et al., 2012).
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1.2 CTCF

1.2.1 Novel interaction with HPV
Previously the Parish lab has demonstrated an association between CTCF and
high-risk HPV genomes. Bioinformatic tools were used to determine CTCF
binding sites in the HPV genome, which highlighted a strong binding site
around nucleotide 3000 in high-risk HPV and around nucleotide 5400 in both

high- and low-risk HPV.

1.2.2 Structure and function
Chromatin organizing CCCTC binding factor (CTCF) is a highly conserved
and ubiquitously expressed zinc finger DNA binding protein. The protein is
comprised of 727 amino acid residues, and features an N-terminus and C-
terminus that can bind to other host proteins, and a central zinc finger domain
(Fig. 10) (Zlatanova and Caiafa, 2009). CTCF is implicated in a diverse
number of genomic processes, including gene activation/repression, X
chromosome inactivation, chromatin insulation, and maintenance of genetic
imprinting, which are all mediated through its ability to organize chromatin
domains and facilitate long range chromosomal interactions (reviewed by

(Phillips and Corces, 2009).
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Figure 10. CTCF primary protein structure. CTCF contains 727 amino acid residues.
The N-terminus is known to bind to YY1 and the C-terminus interacts with RNA Polymerase
II. The central domain consists of 11 zinc fingers. Figure adapted from (Zlatanova and Caiafa,
2009).

CTCF was first discovered as a protein that binds to the chicken c-myc
oncogene, where it was shown to mediate transcriptional repression
(Lobanenkov et al., 1990). Independently, the NeP1 silencer protein that binds
to the chicken lysozyme silencer was also discovered, and was later
confirmed as CTCF, and again demonstrated repressor activity (Baniahmad et
al., 1990, Burcin et al., 1997). On the other hand CTCF from HeLa cell extracts
was shown to bind proximal to the amyloid B-protein precursor promoter
where it functioned as a transcriptional activator (Phillips and Corces, 2009),
(Vostrov and Quitschke, 1997). Shortly after, CTCF was first shown to
mediate insulation in vertebrates at the Igf2/H19 locus (Bell et al.,, 1999).

Accumulating evidence suggests a wider role of CTCF beyond normal

insulator functions, so the protein has been termed an ‘architectural’ protein

54



based on its contribution to the 3D structure of chromatin (Ong and Corces,

2014).

CTCF is ubiquitously expressed with variable binding patterns across
different cellular genomes. Studies have estimated there to be around 35,000-
75,000 sites in mammalian genomes, mainly distributed at linker regions that
are surrounded by well-positioned nucleosomes (Wang et al., 2012), (Ong and
Corces, 2014, Maurano et al., 2015). A recent study has identified constitutive
CTCF binding sites, which display higher occupancy than dynamic ones and
constitute 44% of the total number of sites (Beagan et al., 2017). Furthermore,
Maurano et al profiled 40 cell lines and identified that the majority of CTCF
binding sites were dynamic across different cell types; however, there was a
subset of CTCF binding sites (20%) that were constitutively bound (Maurano
et al,, 2015). Around half of CTCF binding sites are located in intergenic
regions of the genome, which supports their role as an insulator.
Interestingly, only 15% of binding sites are near promoters- much less than
other transcription factors- and 40% are within introns and exons, which may
account for the CTCF enhancer blocking function (Ong and Corces, 2014, Kim

et al., 2007).

55



Extract in vivo motif motif 1 motif 2
from ChIP data

Hsap 05—~- mmmmm ?13:5:::;‘::53 05:\:;;;‘-‘:;;3‘
l |
20 or 21 bp spacing

Figure 11. Position weight matrix (PWM) of a CTCF binding site published by
Schmidt et al. The PWM was obtained after CTCF ChIP experiments using human liver
tissue, followed by next generation sequencing. This PWM consists of a 20bp motif and a

second 9bp motif. Image taken from (Schmidt et al., 2012).

The structure of CTCF is highly conserved throughout evolution. Within the
CTCF gene, the promoter regions, untranslated regions, and intron-exon
organization are identical between mice and humans (Ohlsson et al., 2001).
The mammalian CTCF protein contains eleven zinc fingers and one DNA
binding motif within exons E2 to E9. Exon 10 contains the stop codon and the
3’UTR. The first 10 zinc fingers contain a pair of cysteine residues separated
by 12 amino acids from a pair of histidine residues surrounding a central zinc
atom (Ohlsson et al., 2001). The resulting structure forms a DNA recognition
alpha helix that inserts in to the major groove of DNA to make specific base
contacts. Different combinations of zinc fingers can bind differentially to
dissimilar CTCF DNA binding sites, and unlike other multi-ZF proteins, those
found in CTCF can bind to both DNA and protein, thus CTCF is often termed
a ‘multivalent” protein (Ohlsson et al., 2001). Moreover, despite containing 11

zinc fingers Renda et al have shown that only 4 of these are essential for
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strong binding at the (3-globin insulator FII site and the imprinted Igf2/H19
locus, and they recognize a core 12bp binding sequence, common at the
majority of CTCF sites (Renda et al., 2007). Further studies have confirmed
the presence a 20bp core motif that is present in most previously identified
CTCF binding sites, and has shown to be highly evolutionary conserved
(Holohan et al., 2007, Kim et al., 2007, Xie et al., 2007, Schmidt et al., 2012).
Additionally, a 10bp motif has been identified upstream of the core 20bp
motif (Rhee and Pugh, 2011)Schmidt et al., 2012) and this has been shown to
bind zinc fingers 9-11 (Xiao et al, 2015). With the advent of CRISPR
technology it has been possible to demonstrate that CTCF binding site
location and orientation are important for loop establishment and 3D
chromosomal architecture (Guo et al., 2015). Interestingly, CTCF binding sites
are often mutated in non-coding regions of cancer genomes (Katainen et al.,
2015), and abrogation of binding via mutations has recently been shown to
activate T-cell acute lymphoblastic leukemia proto-oncogenes (Hnisz et al,,

2016).

1.2.3 DNA methylation and CTCF binding sites

Interestingly the CTCF binding site contains CpGs within the DNA consensus
sequence, suggesting that DNA methylation has a role to play in regulating
CTCF occupancy at specific genes. Wang et al have demonstrated CTCF

binding is linked to differential DNA methylation across 19 diverse human
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cell types (Wang et al., 2012). Comparing bisulphite-sequencing results their
data showed 41% of cell specific CTCF binding is linked to differential DNA
methylation, concentrated at two specific sites in the CTCF binding sequence.
They also show that CTCF binding is disrupted in immortal cell lines, which
also correlates with increased methylation (Wang et al., 2012). Methylation at
a CpG in the ICR has been shown to reduce binding and modulate expression
at the Igf2/H19 locus (Bell and Felsenfeld, 2000, Hark et al., 2000, Kanduri et
al.,, 2000). Most recently, researchers have identified a mutation in the
isocitrate dehydrogenase gene in certain gliomas, which causes inhibition of
demethylation pathways. Subsequently, loss of CTCF binding and its
accompanying insulator function leads to an interaction between a distant
enhancer and the glioma-associated oncogene PDGFRA (Flavahan et al,
2016). Whilst these results indicate a strong link between DNA methylation
and CTCF occupancy and function, a more recent study has demonstrated
that repression of CTCF binding is not significantly controlled by DNA

methylation (Maurano et al., 2015).

Somatic missense mutations of amino acids at specific positions in the zinc
finger domain have been identified in prostate, breast, and Wilms’ tumours.
These tumour-derived mutations abrogate CTCF binding to the Igf2/H19 ICR,
thus reducing CTCF interaction with these growth regulatory gene promoters

(Filippova et al., 2002). These findings suggest that CTCF may represent a
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novel tumour suppressor gene, which exhibits a tumour specific ‘change of

function” characteristic (Filippova et al., 2002).

1.2.4 CTCF as a chromatin insulator protein
Genome wide studies have shown that a significant number of CTCF binding
sites localize to boundaries between active and inactive chromatin, suggesting
a role for CTCF in the barrier activity of insulators (Cuddapah et al., 2009).
These regions of CTCF binding are generally characterized by active marks
such as H3K4me3 and H2A.Z. Repressed chromatin is associated with
increased H3K27me3 and lamin, whereas the active regions have methylated
H3K4 and acetylated H2AKS5 (Barski et al., 2007a). The initial discovery of
CTCF as an enhancer-blocking insulator came during work with transgene
assays and the 5’'HS4 insulator element located at the 5 end of the chicken

beta-globin locus (Chung et al., 1993).

1.2.5 Insulation via long-range interactions
The formation of loop domains is an important process required for
transcriptional control of genes in eukaryotes, as it facilitates or prevents the
interaction of enhancers and promoters that are separated on chromosomes.
Several groups have demonstrated that CTCF can mediate long-range
interactions, and proposed this as a mechanism for its insulating functions
(Kurukuti et al.,, 2006, Ling et al., 2006). A role for CTCF in long-range

interactions has previously been demonstrated at the mouse beta-globin locus
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in embryonic erythroid progenitor cells and differentiated erythroid cells
(reviewed by (Holwerda and de Laat, 2013). Further analysis revealed the
presence of three CTCF binding sites upstream of the beta-globin locus and
one downstream site (Farrell et al, 2002). Subsequent chromosome
conformation capture (3C) experiments showed that in the embryonic
erythroid progenitor cells, where the globin gene is not expressed, all of the
CTCF binding sites were in contact with each other and were maintaining a
compact domain structure (Palstra et al., 2003, Splinter et al., 2006). On the
other hand, globin genes were expressed in the differentiated erythroid cells,
where distant CTCF control regions clustered to form an active chromatin
hub with the LCR and the globin genes. The functional outcomes of such
long-range interactions may also depend on the DNA sequences adjacent to
specific DNA binding sites but also the involvement additional chromatin
proteins (Holwerda and de Laat, 2013). During V(D)J recombination of B cell
immunoglobulin and T cell receptor gene segments, looping between distant
CTCF binding sites may facilitate the joining of distant gene segments (Ong

and Corces, 2014).

The role of CTCF has also been widely studied at the mouse imprinted
1gf2/H19 locus, where there are known to be four CTCF binding sites located
in the imprinted control region (ICR), which is positioned between the Igf2

gene and the downstream H19 gene and enhancers (reviewed by (Phillips and
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Corces, 2009). On the maternally inherited allele CTCF occupies the ICR
binding sites, which prevents downstream enhancers from activating Igf2
expression, but does allows H19 activation. However, on the paternal allele
the ICR is methylated, which prevents CTCF binding. This allows the
downstream enhancers to activate the Igf2 gene, whereas H19 expression is
now repressed due to the promoter methylation in the ICR (Bell and
Felsenfeld, 2000, Hark et al., 2000, Kanduri et al., 2000, Szabo et al., 2000).
Further work has demonstrated that CTCF functions as more than just an
insulator protein and is actively involved in regulating allelic gene
expression. Li et al have demonstrated that CTCF bound on the ICR of the
maternal allele forms an intrachromosomal loop through CTCF dimerization
(90kb). The bound CTCF then recruits the PRC2 complex via SUZ12, which
mediates H3K27me3 deposition and inactivation of the Igf2 promoter (Li et
al., 2008). Overall, these findings strongly indicate that CTCF-mediated loops
around the maternal Igf2 gene can confer transcriptional silencing and

prevent enhancer association with the promoter region.

Recent investigations have demonstrated that CTCF binding can actually
promote the interactions between regulatory sequences and promoters, which
contradicts the previously observed enhancer blocking function. Using
chromosome conformation capture carbon copy (5C) technology one study

determined that 79% of long range elements and promoters are not blocked
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by CTCF bound sites, with some actually exhibiting active enhancers (Sanyal
et al.,, 2012). It is clear from this study that CTCF has a broader role to play in

regulating genome function.

Indeed, the CTCF protein is now referred to as an architectural protein
instead of solely an insulator protein, due to its genome wide role in
mediating chromosomal interactions between different topological domains
in order to regulate genomic processes (Gomez-Diaz and Corces, 2014). The
human genome is divided in to approximately 2,000 topically associated
domains (TADs) and it is believed that this partitioning and organization is
directly linked to the function of the genome (Dixon et al., 2012). One study
has demonstrated that 85% of CTCF binding sites are actually located within
TADs (Intra), with only 15% positioned at TAD boundaries (Inter) (Dixon et
al.,, 2012). The enrichment of CTCF at TAD boundaries is associated with
insulator function, which prevents the aberrant spread of heterochromatin
between TADs. Zuin et al demonstrated that siRNA-mediated depletion of
CTCF reduced intra-TAD interactions, whilst increasing the inter-TAD
interactions and altering the overall chromatin topology, thus highlighting
that CTCF is indeed necessary to maintain topological domain boundaries
(Zuin et al., 2014). The ability of CTCF to bind between TADs or within TADs
may explain how it is capable of mediating both enhancer blocking and

enhancer promoting functions (reviewed by (Ong and Corces, 2014).
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Handoko et al used ChIA-PET to identify chromatin loops associated with
bound CTCF protein in the murine embryonic stem cells. Here they
demonstrated that around 10% of CTCF binding sites were involved in
chromatin loop formation. Furthermore, these CTCF mediated loops were
separated in to distinct domains each characterized by different histone
modifications and gene expression patterns, which revealed both active and

silenced gene clusters (Handoko et al., 2011).
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Figure 12. The role of CTCF protein at the imprinted Igf2/H19 locus. On the
maternally inherited allele CTCF binds to the unmethylated ICR and the Igf2 promoters.
CTCF forms a long-range intrachromosomal loop through CTCF dimerization. Bound
CTCEF recruits the PRC2 complex via SUZ12, which mediates methylation of lysine 27 on
histone 3 (H3K27me). On the paternally inherited allele the ICR is methylated, which
prevents CTCF binding. This abrogates loop formation and recruitment of the PRC2

complex, leading to activation of the Igf2 promoters. Figure adapted from (Li et al., 2008)

1.2.6 CTCEF binding partners
The diverse biological functions of CTCF may reflect its ability to bind a
variety of protein partners. A number of potential CTCF binding partners
have been identified, including transcription factors, regulatory proteins, and

histones.
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1.2.6.1 Poly ADP ribose polymerase (PARP)

Poly(ADP)-ribosylation is another modification of CTCF that is important for
insulator function (Yu et al., 2004). The role of Poly(ADP)-ribose polymerases
(PARPs) is to catalyse the formation of poly(ADP-ribose) chains (PARs) on to
chromatin proteins. The formation of polymer chains introduces a negative
charge on proteins, which affects their interactions with other proteins or
DNA. Yu et al demonstrated that CTCF itself undergoes poly(ADP)-
ribosyl)ation on its N-terminus. Further experiments using inhibition of the
PARP pathway caused a loss of control of H19 gene imprinting by CTCF, thus
illustrating PARylated CTCF is required for imprinting control (Yu et al.,
2004). Guastafierro et al first demonstrated the role of CTCF in the cross talk
between poly(ADP-ribosyl)ation and DNA methylation (Guastafierro et al.,
2008). Previous experiments already demonstrated in vivo DNA
hypermethylation when PARP activity is inhibited. It has been now
elucidated that CTCF can bind to both PARP1 and DNAmethyltransferase 1
(DNMTT1), resulting in PARP1-mediated poly-(ADP)-ribosylation of DNMTT1,
and subsequent hypomethylation (Zampieri et al.,, 2012). This suggests a
mechanism whereby PARP1 activation and binding at CTCF target sites

preserves their methylation free status (Zampieri et al., 2012).
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1.2.6.2 RNA polymerase II

CTCF has been shown to co-localize in the nucleus via its C-terminus with the
large subunit of RNA polymerase II, which functions to transcribe all protein-
coding genes and non-coding regulatory RNAs (Chernukhin et al., 2007). It is
possible that the CTCF and RNA polymerase II interaction is involved in
transcriptional activation. Chernukin et al demonstrated that a single CTCF
binding site was sufficient enough to activate an N-myc luciferase reporter
gene. They also showed that CTCF sites are required for RNA polymerase II
association at the H19 ICR (Chernukhin et al., 2007). A genome-wide analysis
study of CTCF and RNA polymerase II interactions indicates that CTCF may
recruit the large subunit to certain subpopulations of CTCF binding sites in
the genome, which may confer diverse transcriptional regulation
(Chernukhin et al., 2007). Another group has demonstrated the role of CTCF
in pre-mRNA splicing. Here, Shukla et al demonstrated that CTCF binding to
the CD45 exon 5 could promote inclusion of weak upstream exons via CTCF
mediated RNA polymerase II pausing. However DNA methylation can
inhibit CTCF binding to exon 5, thus preventing inclusion of weak upstream
exons (Shukla et al., 2011). This has led to the speculation that methylation-
dependent CTCF binding may contribute to tissue specific alternative

splicing.
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1.2.6.3 Cohesin

The cohesin complex mediates cohesion between replicated sister chromatids
and is required for chromosome segregation in dividing cells. CTCF has been
shown to co-localize with cohesin in the human genome, with this interaction
being the only one required to stabilize most CTCF chromosomal contacts.
Using ChIP Wendt et al noticed that cohesin was enriched at several sites of
CTCF binding, such as the H19 imprinting control region and the (3-globin
locus (Wendt et al., 2008). The interaction involves binding between the C-
terminus of CTCF to the SA2 subunit of cohesin (Xiao et al., 2011). ChIP-qPCR
experiments revealed an important role for CTCF in positioning cohesin on
DNA, and likewise cohesin may also contribute to CTCF positioning (Wendt
et al, 2008). They also found that cohesin was required for the insulator
function of CTCF at the H19 ICR, and like CTCF was shown to control H19
and IGF2 transcript levels. Wendt et al have proposed that CTCF may in fact
function to define binding sites for cohesin, and cohesin itself is the
orchestrator of insulator and boundary effects (Wendt et al., 2008).
Furthermore, cohesion was also considered to be the protein-binding partner
required to mediate DNA looping. Indeed there is accumulating evidence that
both CTCF and cohesin co-operate to facilitate DNA looping at different loci

(Degner et al., 2009, Kim et al., 2011, Majumder et al., 2008).
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1.2.6.4 Ying-yang1 (YY1)

Integrative modeling has revealed that the transcription factor YY1 is often
enriched with CTCF protein at chromatin TADs (Moore et al, 2015).
Furthermore, binding of YY1 to the c-fos promoter has been shown to bend
DNA (Natesan and Gilman, 1993), so it was postulated that YY1 co-operates
with CTCF in DNA loop formation (Xu and Corces, 2016). There is now
evidence that YY1 directly interacts with the N-terminus of the CTCF protein
(Donohoe et al., 2007, Pena-Hernandez et al., 2015). Clusters of YY1 and CTCF
binding sites were identified in the Tsix domain within the X chromosome
inactivation centre. Furthermore, YY1 and CTCF were shown to bind via
discrete protein-protein interactions at this Tsix domain, forming a necessary
complex for X chromosome inactivation (Donohoe et al., 2007). Most recently,
CTCF and YY1 have been implicated in co-ordinating 3D organization of
chromatin during neural lineage commitment. In the neural progenitor cells
YY1 binding mediated enhancer looping interactions, which occurred next to

constitutively bound CTCF binding sites (Beagan et al., 2017).

1.2.7 The role of CTCF in other virus life cycles

Previous research groups have demonstrated that CTCF plays an integral role
in the life cycles of several other DNA viruses: Epstein Barr virus (EBV),
Kaposis sarcoma associated herpes virus (KSHV), Herpesvirus saimiri (HVS)

and Herpes simplex virus 1 (HSV-1).
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1.2.71 Human papillomavirus (HPV)

The role of CTCF and the cohesion protein SMC1 has been investigated in the
context of the high-risk HPV31 viral life cycle. Previously, the Laimins group
has already demonstrated that HPV31 can induce the ATM DNA damage
pathway (Moody and Laimins, 2009b), which activates three further
pathways: p53/p21, CHK2/CDC25 and NBS1/SMC1. Mehta et al demonstrated
that pPSMC1 and CTCF co-localise to distinct nuclear foci in HPV31 containing
CIN612 cells after calcium induced differentiation; however, these
pPSMC1/CTCF foci were absent in untransfected HFKs. ChIP experiments
revealed significant enrichment of SMC1 to the L2 region of HPV31
containing CIN612 cells in monolayer culture and upon differentiation.
Mutation of three CTCF binding motifs in the L2 region of the HPV31 genome
resulted in loss of both CTCF and SMC1 binding to the L2 gene region.
Mutations of the CTCF binding motifs in the L2 region of HPV31 or shRNA
knockdown of CTCF protein caused inhibition of HPV31 genome
amplification upon methylcellulose differentiation, and loss of episome
maintenance in monolayer culture. Overall these findings suggest that CTCF
and pSMCI1 recruitment to the L2 region of HPV31 is important for viral

genome amplification and viral episome maintenance (Mehta et al., 2015).
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1.2.7.2 Epstein Barr Virus (EBV)

EBV is a member of the gamma herpesvirus family of DNA viruses and
infects approximately 90% of the human population. The 172kb virus targets
B-lymphocytes to establish a long-term latent infection and is maintained as
chromatin-associated viral episomes. The viral latency types are associated
with different malignancies. Burkitt’s lymphoma is associated with type I
latency characterized by expression of EBNA1 gene expression (Rowe M
1987). Nasopharyngeal carcinoma is associated with EBV type II latency, with
EBNAI1 and the additional expression of latent membrane protein 1 (LMP1)
and latent membrane protein 2A (LMP2A). Lymphoproliferative diseases are
type III associated and express several latent proteins, including Epstein-Barr

nuclear antigen 2 (EBNA2) (Young L 1989).

Chau et al first indicated that EBV latency type is regulated by CTCF. ChIP
experiments revealed that CTCF could bind to the EBV genome between the
origin of replication (OriP) enhancer and the C promoter (Cp), which is active
in type III but inactive in type I latency. Interestingly, more CTCF was bound
to this region in the type I cells than the type III and the overall CTCF protein
and mRNA levels were higher in type I cells. Furthermore, upon deletion of
the CTCF binding site between OriP and the C promoter there was a 3.5 fold
elevation in EBNA2 mRNA levels. The siRNA depletion of CTCF mRNA also

caused an increase in EBNA2 mRNA levels in type I cells. Given that the OriP
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enhancer activates the C promoter it was hypothesized that binding of CTCF
between these two regions in the type I cells may be blocking the enhancer.
This provided the first evidence that CTCF was acting as a transcriptional
repressor of type III latency and may be critical binding factor in determining

the type of EBV latency (Chau et al., 2006).

CTCF binding sites have also been identified at promoter regions upstream of
Cp, Wp, EBERS, and Qp (Tempera et al., 2010). During type I latency the Q
promoter (Qp) is involved in the maintenance of viral episomes, so it was
hypothesized that CTCF binding upstream of this promoter may have a
regulatory function. Indeed, when this CTCF binding site was mutated it
resulted in a loss of viral episome maintenance. Mutation also caused a
reduction in EBNAI1 transcripts-which are normally expressed from Qp in
type I latency-indicating that loss of CTCF may deregulate promoter usage.
Indeed, 16 weeks after transfection, the cells containing the mutated CTCF
site exhibited a loss of Qp usage but an increase in Fp usage. Mechanistically,
Tempera et al were able to demonstrate the boundary function of CTCF in the
EBV genome, as binding of CTCF was shown to prevent the spread of CpG
methylation; however, the loss of CTCF resulted in the spread of methylation

to silence Qp promoter usage.
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Tempera et al have also demonstrated the role of CTCF in mediating distinct
chromatin loops in different EBV latency types (Tempera et al., 2011). Here
they demonstrated that in type I latency cells, where Qp is active, there was a
chromatin loop formed between Qp and OriP. Furthermore, in type III cells,
where Cp is active, there was a chromatin loop formed between Cp and OriP.
Overall, these mutually exclusive chromatin loops correlated with the
transcriptional activity of the promoters. Combination of 3C and ChIP (3C-
ChIP) provided further evidence that these chromatin loops were mediated
by CTCF protein binding upstream of either Cp or Qp. Moreover, mutation
studies and siRNA depletion of CTCF also confirmed that CTCF was

important for mediating these long-range interactions (Tempera et al., 2011).

More recently, a CTCF site has been confirmed in the overlapping 3’ region of
LMP1 and the first intron of LMP2A, which was also co-occupied by cohesin.
Here abrogation of CTCF binding caused a decrease in LMP1 and LMP2A
transcript levels concomitant with an increase in the LMP2B transcript. The
abrogation in CTCF binding was shown to cause a loss in loop formation
between OriP and the LMP1 and LMP2A regions, resulting in repression of
these promoter regions, and an increase in LMP2B expression (Chen et al.,

2013a).
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1.2.7.3 Kaposis Sarcoma virus (KSHV)

KSHYV is a gamma herpes virus, which establishes long-term latent infection
in B-lymphocytes and is associated with the Kaposi sarcoma, often seen in
untreated HIV and immunosuppressed individuals. KSHV persistence
depends on the balance between the latent and lytic phase of the life cycle.
Latent KSHV exists episomally and encodes latency associated nuclear
antigen (LANA/ORF73), viral cyclin (vCyclin/ORF72), vFLIP (ORF71),
kaposin (K12), and microRNAs which are needed for viral maintenance (Wen

and Damania, 2010).

Several CTCF binding sites were identified within the KSHV genome using
ChIP. At one particular site between the ORF73 and K14 within the first
intron of the major latency transcript, cohesion was found to co-localize with
CTCF binding (Stedman et al.,, 2008). Deletion of the CTCF binding site
caused disruption in cohesin binding, and when Rad21 was depleted by
siRNA an induction in lytic genes was observed. These experiments provided
strong evidence for the co-operative binding of CTCF and cohesion in
regulating viral gene expression, specifically repression of the lytic genes.
Another study demonstrated that the binding of CTCF and cohesion to the
major latency transcript was cell cycle regulated, with peak binding of

cohesion observed during mid S phase (Kang and Lieberman, 2009).
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Taking this further, Kang et al used 3C to demonstrate a role for CTCF in
mediating DNA loop formation in the KSHV genome to regulate viral
transcription. Here they identified two separate DNA loops; one loop formed
between the CTCF binding site and ORF50 (60kb apart) and another between
the CTCF site and K12 3’ end. When the three CTCF binding site clusters in
the latency control region were mutated there was a 2-3 fold reduction in loop
formation between the ORF50 region, as well as a 2-3 fold reduction in ORF50
lytic mRNA and derepression of some latent genes (Kang et al., 2011). These
findings reveal that the KSHV genome forms DNA loops, which are mediated
by CTCF and cohesion binding and are necessary to co-ordinate latent and

lytic gene expression.

Most recently Kang et al have proposed that nucleosome positioning and
RNA polymerase II recruitment are fundamental for the CTCF mediated
regulation of KSHV latency. Their experiments demonstrated that abrogation
of CTCF binding resulted in aberrant gene splicing with an observed increase
in LANA mRNA. They also showed that CTCF abrogation could alter RNA
polymerase II recruitment to the genome, with an observed increase in RNA
polymerase II recruitment in the absence of CTCF. Furthermore, CTCF was
shown to be involved in nucleosome displacement across the KSHV genome.

Overall they proposed that CTCF binding to the KSHV genome can displace
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nucleosomes, which can modulate RNA polymerase II activity and thus alter

mRNA processing (Kang et al., 2013).

1.2.7.4 Herpes Simplex Virus (HSV-1)

HSV-1 is an alpha herpesvirus that infects sensory neurons where it is
establishes a life-long latent infection. Within the sensory neurons HSV-1 is
maintained episomally and associates with histones. During latent infection,
lytic gene expression is repressed, whereas latency associated transcript
(LAT) is fully expressed. Previous work has identified seven CTCF binding
clusters in the HSV-1 genome, which interestingly surround the
intermediate/early (IE) genes and flank the reactivation region of the LAT
(Amelio et al., 2006). During latent infection of murine dorsal root ganglia,
ChIP experiments revealed CTCF enrichment at the LAT site. Further work
demonstrated that CTCF has transcriptional silencing activity and is capable
of blocking the LAT enhancer from acting on adjacent promoters (Amelio et
al., 2006). Most recently, during lytic activation, CTCF binding sites have been
identified in the HSV-1 genome, which differ to those detected during viral
latency. CTCF was shown to support HSV-1 transcription by promoting the
binding of RNA polymerase II and preventing the spread of repressive

histone marks H3K27me3 and H3K9me3 (Lang et al., 2017).
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1.2.7.5 Human Cytomegalovirus (HCMV)

HCMYV is a human beta-herpesvirus that expresses immediate early, early
and late genes. Martinez et al have recently investigated the role of CTCF in
the regulation of HCMV gene expression. Depletion of CTCF caused an
increase in the major immediate early (MIE) and early gene expression and a
subsequent 50-fold increase in virion production. Further work identified a
CTCF binding site in the first intron of this MIE gene. They have proposed
that CTCF binding in the first intron can block RNA polymerase II elongation

during the initial stages of transcription (Martinez et al., 2014).

1.2.7.6 Herpesvirus Saimiri (HVS)

HVS is a gamma-2 herpesvirus that establishes a latent infection in T-
lymphocyte cells, where it is maintained as histone associated episomes in the
host nuclei. Subgroup C HVS strains are the most oncogenic and are capable
of transforming T lymphocyte cells (Zielke et al., 2012). The expression of
most viral genes is restricted during latency, with the exception of
orf73/LANA, which is involved in suppression of the lytic cascade (Schafer et
al., 2003), (Zielke et al., 2012). Recently, two strong and conserved CTCF
binding sites were identified in the intergenic region of the orf73/LANA
promoter region (Zielke et al., 2012). Latently infected T cells harbouring the
CTCF binding site mutations showed impaired proliferation and significantly

reduced episomal maintenance, along with reduced orf73/LANA gene
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expression. These results suggest that HVS episomal stability is dependent

on CTCF (Zielke et al., 2012).

1.2.7.7 Adenovirus

Compared to the herpesviruses the adenovirus has a relatively small genome
of around 36kb. Several CTCF binding sites have been identified in the
adenovirus genome, with CTCF binding shown to be dependent on viral
DNA replication. Knockdown of CTCF protein resulted in suppression of

both DNA replication and late gene expression (Komatsu et al., 2013).

1.3 Role of chromatin during transcription

Chromatin is comprised of nucleosome units, which themselves are made up
of a protein core of four duplicated histones: H2A, H2B, H3 and H4. These
eight histones are wrapped around by 147bp of DNA and a linker DNA
region separates each nucleosome unit. Whilst chromatin is essential for DNA
compaction and packaging it also has an important role in regulating gene

expression.

Each histone contains an N-terminal tail that can undergo a vast number of
post-translational modifications, which can include methylation, acetylation,
phosphorylation and ubiquitination (Kouzarides, 2007). Depending on the
type of modification and the distribution pattern, each can confer different

transcriptional outcomes. Active chromatin regions are characterized by the
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enrichment of several histone modifications. Of note, acetylation of H3 and
H4 is found at active promoters regions as well as the active gene bodies,
H3K4me3 is found at active promoters, H3K27ac and H3K4mel are enriched
at active enhancers and H3K36me3 is enriched towards the 3" end of actively
transcribed genes (Barski et al., 2007a). Histone lysine acetylation is highly
correlated with active transcription, as it is thought that acetylation of lysine
residues can physically alter chromatin structure and disrupt nucleosomal
interactions, which leads to the open chromatin conformation associated with

transcriptional activation.

H3K4me3 is a hallmark of active chromatin and is enriched at promoter
regions and TSS of active genes (Santos-Rosa et al., 2002, Schneider et al.,
2004) whereas H3K4mel is enriched at 3’ ends and H3K4me2 is abundant
across the middle of gene bodies. The methylation of H3K4 is catalyzed by the
SET1 homologs-SET1A, SET1B, MLL1, MLL2, MLL3 and MLL4. The SET1 and
MLL complexes can also recognize and bind to the H3K4me3 and positively
reinforce the maintenance of this epigenetic mark (Murton et al., 2010, Shi and
Whetstine, 2007). It is proposed that the main role of H3K4me3 deposition is
to define the start of transcription, and to initiate the recruitment of the ATP-
dependent nucleosome-remodelling complex, NURF (Li et al., 2006, Li et al.,
2007) and other chromatin modifying proteins. The PHD finger domain of

certain chromatin modifiers, such as HAT complexes can also recognize and
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bind to the H3K4me3 mark and promote acetylation of H3 and H4 (Bian et al.,
2011). Furthermore, these PHD domains can also bind to HDACs, indicating
that the H3K4me3 can dynamically regulate transcription through the
recruitment of both of HATs and HDACs (Doyon et al., 2006). Di- and tri-
methylation of H3 at lysine 36 is enriched at the 3’ region of genes, and only
the H3K36me3 mark is positively correlated with active transcription (Barski
et al., 2007a, Pokholok et al., 2005). In yeast, H3K36me2/3 can recruit HDACs
to actively transcribed regions to initiate deacetylation and this is thought to
prevent aberrant transcriptional activation within gene bodies (Carrozza et
al., 2005, Keogh et al., 2005, Joshi and Struhl, 2005). Enrichment of the active
H3K4me3 and repressive H3K27me3 across genes is not mutually exclusive,
as around 15% of gene promoters are enriched in both of these epigenetic

modifications, thus possess a bivalent function (Mikkelsen et al., 2007).

The methylation of histone residues is tightly linked to the transcriptional
elongation mediated by RNA polymerase II. General transcription factors
(GTFs) bind to the initiator or “TATA’ sequences of protein coding genes and
then recruit RNA polymerase II to promote transcription. The C-terminus of
RNA polymerase II is referred to as the carboxyl-terminal domain (CTD) and
contains the hepatapeptide consensus motif Tyr-Ser-Pro-Thr-Ser-Pro-Ser,
which is repeated 52 times (Cramer et al, 2001). The differential

phosphorylation patterns of the CTD can result in the recruitment of different
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effector proteins involved in pre-mRNA capping, splicing or polyadenylation
(Fong and Bentley, 2001). Phosphorylation of serine 5 (Ser5) in the CTD is
localized to promoter regions, whereas serine 2 phosphorylation (Ser2) is
enriched at coding regions and increases towards the 3’ end of genes

(Komarnitsky et al., 2000).

In yeast, the SET1 methyltransferase protein has been shown to interact with
the polymerase associating factor (PAF) complex as well as RNA polymersae
II phosphorylated at serine 5, indicating that the H3K4me3 modification is
deposited co-transcriptionally (Ng et al., 2003). Furthermore the SET2 protein,
which catalyzes H3K36 methylation, was shown to associate with serine-2
phosphorylated form of RNA Polymerase II, and again this is regulated by

the PAF complex (Krogan et al., 2003, Li et al., 2002).

On the other hand, histone modifications such as H3K9me3, H3K27me3 and
H2AK199ul are well known hallmarks of repressive chromatin (Barski et al.,
2007b). The Polycomb repressive complexes, PRC1 and PRC2, mediate the
deposition of these repressive histone modifications. The polycomb group
genes (PcG) were first discovered in Drosophila melanogaster, where they were
shown to be required for stable repression and maintenance of HOX genes
(Paro, 1995, Pirrotta, 1998). Mammalian counterparts to the Drosophila PcG

genes were subsequently identified.
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1.3.1 Polycomb repressive complex

1.3.1.1 Enhancer of Zeste homologue 2

Polycomb repressive complex 2 (PRC2) is a mult-subunit complex with a
well-established role in mediating the methylation of lysine 27 on H3, which
is a known marker of repressive chromatin and gene silencing. The enhancer
of zeste homologue 2 (EZH2) protein is an essential subunit of the PRC2
complex as it is the only known methyltransferase responsible for catalyzing
the methylation of H3 at lysine 27 (Cao et al.,, 2002, Czermin et al., 2002,
Kuzmichev et al., 2002, Muller et al., 2002). EZH2 contains a C-terminal SET
domain that is responsible for transferring three successive methyl groups to

the H3 histone tail to form H3K27me3 (Shi et al., 2006)

Emerging evidence has highlighted the role of EZH2 phosphorylation on
modulating its function. Cyclin dependent kinase phosphorylation of EZH2 at
T350 was shown to increase EZH2 association with chromatin and thereby
augment H3K27me3 deposition (Chen et al, 2010). Conversely, EZH2
phosphorylation at T492 was shown to disrupt binding to the co-factors EED
and SUZ12, and thus negatively impact PRC2 function (Wei et al., 2011, Paro,
1995). The Akt signaling pathway has also been shown to phosphorylate
EZH2 at serine-21, which subsequently caused a reduction in PRC2 mediated
histone methylation (Cha et al., 2005). Furthermore, by using a natural killer/T
cell lymphoma cell model, EZH2 was phosphorylated by JAK3 at residue
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Y244, which disrupted the association of EZH2 with PRC2 complex. This
phosphorylation event demonstrated that EZH2 was switched from
mediating gene repression to mediating transcriptional activation and

enhancing NK cell proliferation (Yan et al., 2016).

1.3.1.2 Embryonic ectoderm development

The embryonic ectoderm development (EED) protein is another key member
of the PRC2 complex. EED has been shown to bind EZH2 via its N-terminus
(Han et al., 2007), and a central pocket domain that specifically binds to
trimethyalted lysine residues such as H3K27me3, which is thought to
propagate this repressive mark within chromatin (Margueron et al., 2009, Xu
et al., 2010). The methyltransferase activity of EZH2 is dependent on the
interaction between EZH2 and the WD40 domain of EED (Cao et al., 2014).
EED has also been shown to directly interact with the PRC1 complex. It is
proposed that the PRC2 EED protein recruits PRC1 to areas of H3K27me3
within chromatin, and enhances the PRC1 RINGI1B-mediated ubiquitination

of histone H2A (Cao et al., 2014).

1.3.1.3 Suppressor of zeste 12 protein homologue

Suppressor of zeste 12 protein homolog (SUZ12) binds via its C-terminal
domain to EZH2 and this interaction was shown to be important for the
enzymatic activity of EZH2 and the silencing function of the PRC2 complex

(Pasini et al., 2004). SUZ12 also mediates interactions between the PRC2
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complex and co-factor proteins such as Jarid2 (Peng et al., 2009) and

retinoblastoma protein (Rb) associated protein 48 (RpAp48).

1.3.2 Polycomb repressive complex 1
The most commonly understood role for the polycomb repressive complex 1
(PRC1) complex is to recognize the H3K27me3 deposited by the PRC2
complex (Cao et al.,, 2002; Min et al., 2003; Wang et al., 2004b). The PRC1
complex contains a core subset of proteins, including: B lymphoma Mo-MLV
insertion region 1 (BMI1), RING1A (also known as RING1) and RING1B (also
known as RING2 or RNF2). RINGI1B is an E3 ligase that has been shown to
catalyzes monoubiquitination of H2A on lysine 119 (H2AK119ub), which is
associated with compact and silenced chromatin (Wang et al., 2004a).
However emerging evidence has revealed that RINGIB can occupy target
sites in the absence of the repressive mark H3K27me3, indicating that in some
scenarios PRC1 recruitment is not always preceded by PRC2 binding

(Schoeftner et al., 2006, Tavares et al., 2012).

1.3.3 Polycomb recruitment to chromatin
Studies in Drosophila have demonstrated that the DNA-binding protein, Pho,
interacts with specific DNA sequences and recruits polycomb proteins (PcGs)
to mediate transcriptional repression (Brown et al., 1998, Fritsch et al., 1999).
Further work concluded that the mammalian YY1 protein is a homolog of Pho

(Atchison et al., 2003, Srinivasan and Atchison, 2004), and can bind DNA to
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recruit polycomb complexes and mediate transcriptional repression
(Wilkinson et al,, 2006). A more recent study has demonstrated that
knockdown of YY1 protein in HeLa cells caused a reduction in polycomb

recruitment to DNA (Basu et al., 2014a).

PRC1

H3K27me3
H2AK119ub

Figure 13. Proposed model for YY1-mediated recruitment of PcG to DNA. YY1
binds to DNA and interacts with EZH2 and SUZ12, thereby recruiting the PRC2 complex to
mediate trimethylation of lysine 27 on histone H3. YY1 can also recruit the PRC1 complex,

which leads to ubiquitination of H2A on lysine 119. Image taken from (Basu et al., 2014b).

1.3.4 Histone modifications within the HPV genome

As previously mentioned, the virus has a double stranded DNA genome, and
it is well known that the viral genome is chromatinized within the host cell
and packaged with histones. One group has demonstrated the association of
histone modifications with the HPV31 genome in naturally derived HPV31
genome containing CIN612 cells. Here, the acetylated H3 and H4 and

dimethylated H3K4 histone marks that are associated with active
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transcription were identified across the early and late viral promoters in
monolayer culture, and upon differentiation the association of these factors
was further enriched (Wooldridge and Laimins, 2008). However the
resolution of these studies was limited, as the association of histone marks

was not investigated throughout the entire HPV31 genome.

1.4 Hypothesis and Aims
Hypothesis: The HPV18-CTCF interaction is required for the regulatory
control of early and late gene expression and the overall completion of the

productive viral life cycle.

Aims:

1) Use chromatin immunoprecipitation (ChIP) to confirm if CTCF binds
to the E2 ORF in high-risk HPV16 and HPV18 genomes in primary
HFKs and naturally infected cervical cells and determine binding
dynamics upon cellular differentiation.

2) Determine if CTCF binding is reduced or abrogated in a HFK cell line
containing a mutation in the E2 ORF of the HPV18 genome (ACTCEF).

3) Use the ACTCF HFK cell line to determine the importance of CTCF
binding to the E2 ORF for early and late viral gene and protein
expression and viral genome replication, maintenance and

amplification.
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4) Determine if CTCF binding to the E2 ORF is required for nucleosome
positioning and maintenance of the epigenetic landscape throughout
the viral genome.

5) Determine if abrogation of CTCF binding to the E2 ORF affects cellular
transcription factor recruitment to the viral LCR region.

6) Determine if CTCF binding to the E2 ORF is required to regulate the

3D chromatin architecture of the viral genome.
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2 Chapter 2: Material and Methods

2.1 List of Buffers

Cell culture
HFK E-medium
1200 ml DMEM (6171)

640 ml Hams F12 media

20 ml 20 x Cocktail**

40 ml Pen strep

2ml Hydrocortisone (5 mg/mL)
2ml Cholera toxin (10 pug/mL)
100 ml Hyclone FCS

**20 x Cocktail

20 ml Adenine (0.18 M)

20 ml Insulin (5 mg/ml, 0.1 M HCI)
20 ml Transferrin (5 mg/ml)

20 ml Tri iodo -1L- thyronine (2x10% M)
120 ml PBS

Complete E-medium (keratinocyte culture medium)
500 ml E-medium*
2ml EGF (1 pg/mL)

Organotypic Raft medium (No EGF)
500 ml E medium*
10 ml L-glutamine

Methylcellulose (1.5%)

3.75g Methylcellulose

12.5ml Hyclone FCS

237.5ml E medium

Add 125ml E Medium (without EGF). Incubate at 60°C for 20 minutes,
swirling every 5 minutes. Cool on ice then add a further 112.5ml E Medium.
Stir O/N at 4°C then add 12.5ml Hyclone FCS. Autoclave and store at 4°C for
up to 6 weeks.

J2 cryopreservation medium

8 ml ]2 medium
Tml DMSO
Iml Bovine Serum
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Keratinocyte cryopreservation medium

16 ml Serum free medium

2ml Hyclone FCS

2ml DMSO

WesternBlot

Urea lysis buffer

5454 g Urea

0.876 g NaCl

5ml 0.5M Tris

700 ul 14.3M (-Mercaptoethanol

Make up to 100 ml with ddH=0

6x SDS gel-loading buffer

3ml
12¢g
6 ml
093 g
6 mg

Dissolve SDS pellets in Tris at 37°C, cool to RT and add glycerol, then add

1M Tris pH 6.8
SDS pellets
Glycerol

DTT
Bromophenol blue

DTT and bromophenol blue

12% Resolving gel

3.3ml H:0

2.5ml Tris(1.5M, pH8.8)

4 ml Acrylamide-bis (30%)

100 pl 10% SDS

100 pl 10% APS

6 ul TEMED (Add just before use)
Stacking gel

2.05ml H:0

375 ul Tris(0.5M, pH6.8)

500 pl Acrylamide-bis (30%)

30 ul 10% SDS

30 ul 10% APS

3ul TEMED (Add just before use)

10x SDS-page running buffer

10g
30¢g
144 ¢

SDS pellets
Tris
Glycine
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Make up to 1 litre with ddH=0

10x Semi-Dry transfer buffer (pH 8.3)

582¢ Tris

29¢g Glycine
3.7ml 10% SDS
200ml Methanol

Make up to 1 litre with ddH20

10x TBST
242 ¢ Tris
80g NaCl

pH to 7.6, add 10 ml Tween 20 and make up to 1litre with ddH-O

Ponceau S Stain

lg Ponceau S

50 ml Acetic acid

Make up to 1 L with ddH20
Southern Blot

Hybridisation buffer

10 ml 50 X Denhardts®
20 ml 20 X SSC Buffer®
10g Dextran sulphate

Make up to 50 ml with ddH:0O, and filter through Whatman paper.
Before use, take 10 ml aliquots and add 10 ml deionised formamide and 2 ml
10% SDS and mix well.

$50X Denhardts

1 ml Ficoll 400

1 ml Polyvinylpyrrolidone
1 ml BSA Fraction V

93 ml ddH:0

$Sodium Chloride/ Sodium Citrate (SCC, 20x)

1753 g NaCl
88.2g Tri-sodium citrate
800 ml ddH:0

pH 7.0 and make up to 1 L ddH20

PCR
5X TBE
275¢g Boric acid
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54 ¢ Tris
20 ml 0.5M EDTA (pH 8.0)
Make up to 1 litre with ddH20

DNA lysis buffer

11.7 ¢ NaCl

06g Tris-HCl

10 ml EDTA 0.5 M"
450 ml ddH0

pH 7.4 and make up to 500 ml with ddH20. Autoclave before use.

~0.5M EDTA
186.12 g EDTA
Stir in to 800 ml ddH20. Adjust pH to 8.0 and make up to 1L ddH-:O.

Sodium acetate (3M)

246¢ Sodium acetate
100 ml ddH:0
Immunofluorescence

IF blocking solution

10ml HINGS

0.05g BSA

Make up to 50 ml with 1x PBS. Filter and store at 4°C.
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Table 1. Primary Antibodies

Target Primary Antibody Host Cat code Company ChIP IF WB kDa
E2 E2 Mouse Thierry 1in 1000 | 45
E4 1D11 (N-term) Mouse Sally 1in5 11
E4 R424 polyclonal Rabbit Sally 1in 3000 | 1in5000 |11
E6 (G-7): sc-365089 Mouse 610262 Santa Cruz 1in 50 17
E7 Anti-HPV18 E7 antibody [8E2] Mouse ab100953 Abcam 1in 1000 | 17
L1 HPV-18 L1 (5A3) Mouse NCL-HPV18 | Nova Costra 1in 100 60
BrDu Anti-BrdU (BU1/75) ICR1 Rat ADb6326 Abcam 1in 500

GAPDH GAPDH Antibody (6C5): sc-32233 Mouse sc-32233 Santa Cruz 1in 5000 | 37
Rb2 (p130) Purified Mouse Anti-Rb2 Mouse 610262 BD 1in 250 1in 1000 | 130
p53 p53 DO-1 Mouse Roger Grand 1in 50 53
Involucrin Mouse anti-involucrin (mAb) Clone SY5 Mouse 19018 Sigma-Aldrich 1 in 200 120
CTCF CTCF antibody (pAb) Rabbit 61311 Active motif 8 ul 1in3000 | 1in1000 | 120
H3K4me3 Histone H3K4me3 antibody (pAb) Rabbit 39915 Active motif 5ul 1in 1000 |17
H3K27me3 Histone H3K27me3 antibody (pAb) Rabbit 39155 Active motif 5ul 1in 1000 |17
RNAPolII Total RNA pol II antibody (mAb) Clone: 4F8 Rat 61081 Active motif 5ul 1in 1000 | 240
YY1 YY1 antibody (pAb) Rabbit 39071 Active motif 5ul 1in 1000 | 63
EZH2 EZH2 antibody (pAb) Rabbit 39934 Active motif 1in 1000 | 96
EZH2 EZH?2 antibody (pAb) Rabbit 39901 Active motif 5ul

EED EED antibody Rabbit GTX33168 Gene Tex 1in 1000 | 50
EED EED antibody (mAb) Clone 41D Mouse 61203 Active motif 4 ul 57
H2AK119Ub | Ubiquityl-Histone H2A (Lys119) (D27C4) XP® Rabbit 8240 Cell Signalling | 10 ul 1in 1000 | 23
RINGIB Ring1B antibody (mAb) Mouse 39663 Active motif 5ul 1in 1000 | 40
TEF-1 TEADI antibody (pAb) Rabbit 61644 Active motif 5ul 1in 1000 | 60
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Table 2. Secondary Antibodies

Secondary Abs Host Cat code Company ChIP IF
Alexa-Fluor 488 Goat Anti-Mouse Alexa-Fluor 488 (Green) Goat A11029 ThermoFisher 1 in 1000
Alexa-Fluor 488 Goat Anti-Rabbit Alexa-Fluor 488 (Green) Goat R37116 ThermoFisher 1 in 1000
Alexa-Fluor 594 Goat Anti-Rabbit Alexa-Fluor 594 (Red) Goat A11012 ThermoFisher

lin
Goat anti-Mouse IgG (H+L) Secondary Antibody, HRP Goat 31430 ThermoFisher 10,000

lin
Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP Goat 31460 ThermoFisher 10,000
Anti-Rat IgG (whole molecule)-Peroxidase antibody produced in 1in
rabbit Rabbit 061M4805 Sigma-Aldrich 10,000

93



Table 3. HPV16 ChIP primers

Annealing
Temperature

Primer pair Fw (5" - 3) Rev (5" -3) (°C)
HPV16 W12E

L2 (4419F) | CAGGGTCGGGTACAGGCGGA (4542R) | GGATCGGAAGGGCCCACAGGA 50

L2 CTCTbs (5123F) | AGGCGTACTGGCATTAGGTACAGT (5309R) | AGGTAAGGCTGCATGTGAAGTGGT | 50

L2/11 (5646F) | TGGCTGCCTAGAGGCCACTGT (5667R) | TGCGTGCAACATATTCATCCGTGC 50

L1 CTCFbs (6039F) | TGCAGCAAATGCAGGTGTGGAT (6157R) | TGGGGATCCTTTGCCCCAGTGT 50

L1 (7045F) | ACAAGCAGGATTGAAGGCCAAACCA | (7121R) | AGAGGTAGATGAGGTGGTGGGTGT | 50
5'URR-Enh (7419F) | TTTGTAGCGCCAGCGGCCATTT (7552R) | GCATGGCAAGCAGGAAACGTACAA | 50

Enh (7555F) | CCAAATCCCTGTTTTCCTGA (7681R) | CGTTGGCGCATAGTGATTTA 50
Earlyprom (7854F) | GCAAACCGTTTTGGGTITACA (65R) ACTAACCGGTTTCGGTTCAA 50
E6111-223 (111F) | AGGACCCACAGGAGCGACCC (223R) | ACGTCGCAGTAACTGTTGCTITGCA 50

E6 427-506 (427F) | GCCACTGTGTCCTGAAGAAAAGCA (506R) | GACCGGTCCACCGACCCCIT 50
Lateprom (649F) | GACAGCTCAGAGGAGGAGGA (765R) | GCACAACCGAAGCGTAGAGT 50

E1 1250-1368 | (1250F) | GCGAAGACAGCGGGTATGGCA (1368R) | GCAACCACCCCCACTTCCACC 50
E12158-2316 | (2158F) | AGGGTAGATGATGGAGGTGATTGG (2316R) | GATTTACCTGTGTTAGCTGCACCA 50

E2 (CTCF) (2853F) | GGAAACACATGCGCCTAGAATGTGC | (2950R) | TGATACAGCCAGTGTITGGCACC 50

E4 (3407F) | CACTCCGCCGCGACCCATAC (3514R) | GGTGTGGCAGGGGTTTCCGG 50

E5 (3936F) | ACGTCCGCTGCTTTTGTCTGTGT (3958R) | ACCTAAACGCAGAGGCTGCTGT 50




Table 4. HPV18 ChIP primers

Annealing
Temperature
Primer pair Fw (5" - 3) Rev (5" - 3') (°C)
HPV18 Nt | Seq Seq
L2 4440 | GGGGTCGTACAGGGTACATT GATGTTATATCAAACCCAGACGTG 56
L2 CTCTbs 5381 | TCTGCCTCTTCCTATAGTAATGTAACG | GGAATAAAATAATATAATGGCCACAAA 56
L1 CTCFbs 5655 | CCTCCTTCTGTGGCAAGAGT GGTCAGGTAACTGCACCCTAA 56
L1 6659 | AGTCTCCTGTACCTGGGCAA AACACCAAAGTTCCAATCCTCT 58
5'URR-Enh 7301 | GTGTGTTATGTGGTTGCGCC GGATGCTGTAAGGTGTGCAG 58
Ori 7746 | ACTTTCATGTCCAACATTCTGTCT ATGTGCTGCCCAACCTATTT 56
Earlyprom/E6 | 155 | TGTGCACGGAACTGAACACT CAGCATGCGGTATACTGTCTC 58
Lateprom 751 | CGAACCACAACGTCACACAAT ACGGACACACAAAGGACAGG 58
El 1500 | GCAATGTATGTAGTGGCGGC TACACTGCTGTTGTTGCCCT 58
E2 2819 | TGCAGACACCGAAGGAAACC CATTTTCCCAACGTATTAGTTGCC 58
E2 (CTCF) 2926 | GGCAACTAATACGTTGGGAAAA TGTCTTGCAGTGTCCAATCC 56
E2 3165 | AGGTGGCCAAACAGTACAAGT GCCGTTTTGTCCCATGTTCC 58
E4 3381 | TGGGAAGTACATTTTGGGAATAA TCCACAGTGTCCAGGTCGT 56
E5 3971 | TATGTGTGCTGCCATGTCCC CTGTGGCAGGGGACGTTATT 56
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Table 5. HPV18 transcript primers

Annealing
Temperature
Primer pair Fw (5" - 3) Rev (5" - 3') (°C)
Early transcripts Nt | Seq Nt | Seq
121/295 121 | ATCCAACACGGCGACCCTAC | 295 | GCAGCATGCGGTATACTGTCTCTA | 56
121/3517 121 | ATCCAACACGGCGACCCTAC | 3517 | ACGGACACGGTGCTGGAA 56
Late transcripts Nt | Seq Nt | Seq
E1F1/L1R 909 | CAACAATGGCTGATCCAGAAG | 5759 | CACCTGCAGGAACCCTAAAA 58
Annealing
Relative gene expression primer Fw (5" -3") Rev (5" -3 Temperature
Human TLR2 locus 1893 | GCCAGCAAATTACCTGTGTGA | 1957 GGCGGACATCCTGAACCT 58

Table 6. 3C HPV18 primers

Annealing
Temperature

Primer pair Fw (5" -3) Rev (5’ -3) (°C)

3C

CTCF RV (E2 region) CTTGCAGTGCCAATCCTCG 58

YY1 RV (L1 region) GGTGCAGCATCCTTTTGACA | 58

L2 region (Control) CCCCGTACCAGAAGAACAA | 58

Digestion Efficiency (Primer pair 2) | GCAAACGGGCTTCGGTAACT | TTATCTGCTAACGTGGTGCCC | 58




2.2 Cell Culture

All cell culture protocols were carried out in sterile conditions in a Holton
Laminair S2000 1.2 microbiological safety cabinet. Cell culture medium was
prepared by filter sterilizing individual components through 0.22 pm

membrane filters (Merck Millipore).

221 Cell counting

Disposable cell counting slides (Immune systems, UK) were used to
determine cell concentrations. Firstly, 10 ul of cell suspension was added to
one chamber of the cell counter slide. Cells were counted in four of the sub-
dived squares, and then an average number was calculated. This average
value was then multiplied by 10* in order to obtain the estimated number of

cells per millilitre of cell suspension.

2.2.2 Mycoplasma tests

Cells were routinely tested for mycoplasma using the MycoAlert mycoplasma

detection kit (Lonza, UK).

2.2.3 3T3-]2 fibroblasts

2.2.3.1 Maintenance of 3T3-]J2 fibroblasts

3T3-J2 mouse fibroblast cells were maintained at 37°C and 5% CO2 in
Dulbecco’s modified Eagle’s media DMEM (Sigma, D6171), containing bovine
serum (10% v/v, Gibco) and 200 mM L-glutamine (2% v/v, Gibco). At 90%
confluency cells were washed once with PBS and 1 ml 0.25% Trypsin-EDTA
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(1X) (Gibco) was added to trypsinise cells, typically taking no longer than 5
minutes. Cells were checked for trypsination under the microscope. Cells
were resuspended in 3T3-]2 media and centrifuged at 200 x g for 5 minutes.
The cell pellet was resuspended in the appropriate volume of 3T3-J2 media
for the intended number of plates, and then 1 ml of suspension was added to
each new cell culture plate containing 9 ml of pre-warmed 3T3-]2 media.
Alternatively, J2-3T3 pellets were resuspended in HFK complete E media, to
give a final concentration of 2x10%ml, and then irradiated with 30Gy of a
caesium 137 source. Irradiated 3T3-]2 cells were stored at 4°C and used for up
to five days. The 3T3-]J2 cells were not used beyond passage 20, at which point

lower passage cells were thawed for use.

2.2.3.2 Cryopreservation of 3T3-]2 fibroblasts

3T3-]2 mouse fibroblast cells were frozen down in freezing media consisting
of DMEM (Sigma-Aldrich, D6171) supplemented with 20% (v/v) bovine
serum (Gibco) and 10% (v/v) DMSO (Sigma-Aldrich). Typically between 1

and 2x10° cells were frozen per cryovial.

2.2.4 Human Foreskin Keratinocytes (HFKs)

2.2.4.1 Maintenance of human foreskin keratinocytes (HFKs)

Normal human foreskin keratinocytes denoted as ‘donor 1/Clonetics” were
purchased from Lonza. HFKs denoted as ‘donor 2/Georgie’” were isolated

from neonate foreskin by Dr Sally Roberts (Ethics number- Roberts:
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06/Q1702/45). HFKs were cultured on collagen-coated tissue culture plates in
serum-free keratinocyte media (SFM, Invitrogen, UK), with media change
every two days. At 80% confluency the media was removed and cells were
washed twice with 5 ml PBS, then 3 ml of TRypLE Express™ (Gibco) was
added to trypsinise cells for 5 minutes at 37°C. Trypsin was inactivated by
adding 1 ml trypsin inhibitor (0.25 mg/ml soybean trypsin inhibitor in PBS
without calcium or magnesium, pH 7.2, Invitrogen). Cells were resuspended
in SFM and transferred to a 15 ml tube prior to cell counting. HFKs were
centrifuged at 200 x g for 5 minutes, then the supernatant was removed, and
cells were resuspended in SFM. Typically 2x10° cells were seeded in a 10 cm

plate containing 10 ml SFM.

2.2.4.2 Maintenance of HPV genome containing HFKs

HFKs (Georgie and Clonetics) were cultured on irradiated J2-3T3 feeder cells
and maintained at 37°C and 5% CO: in complete E media (CEM). CEM
consists of Dulbecco’s modified eagle media (DMEM 6171, 60% v/v, Sigma-
Aldrich), Ham’s F12 (32% v/v, Gibco) penicillin and streptomycin (2% v/v
PenStrep, Gibco), hydrocortisone (0.1% v/v, Sigma-Aldrich), Hyclone FCS (5%
v/v, Sigma-Aldrich), mouse epidermal growth factor (EGF, 0.5% v/v, BD
Biosciences), cholera toxin A (0.1% v/v, Corning), insulin (0.2% v/v, Sigma-
Aldrich), transferrin (0.2% v/v Sigma-Aldrich), tri-iodo-1L-thyronine (T3, 4

nM, Simga-Aldrich) and adenine (36 uM, Sigma-Aldrich). To split HFKs,
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feeder cells were washed off twice with 5 ml PBS, then 3ml of TRypLE
Express™ (Gibco) was added to trypsinise cells at 37°C, typically taking
around 10 minutes. Cells were resuspended in CEM and transferred to a 15
ml tube prior to cell counting. Plates were washed again with CEM to retrieve
any remaining cells. HFKs were centrifuged at 200 x g for 5 minutes, then the
supernatant was removed, and cells were resuspended in CEM. HFKs were
seeded onto approximately 2x10° irradiated J2-3T3 feeder cells, which had
been plated 24 hours previously in pre-warmed CEM. Typically 5x10° HFKs
seeded on to a 10 cm plate would be ready to split on the fifth day. Plates
were gently moved from side to side in order to evenly distribute the cells
and media was changed every other day. Maintenance of viral episomes in

these HFK lines was verified by Southern blot.

2.2.4.3 Cryopreservation of HFKs

HPV containing HFKs were frozen down in cryovials in freezing media
consisting of CEM, supplemented with 10% (v/v) Hyclone FCS (Thermo
Fisher) and 20% (v/v) glycerol (Sigma-Aldrich). Untransfected HFKs were
frozen down in SFM supplemented with 10% (v/v) FCS and 10% (v/v) DMSO
(Sigma-Aldrich). Typically, between 1 and 2x10° cells were frozen per

cryovial.
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2.2.5 Development of organotypic raft cultures

2.2.5.1 Metal grid preparation

To prepare raft grids 4x4 cm squares were cut from metal sheeting, then two
opposite edges of the grid were bent by 0.5 cm on each side. A level was
placed on top of each grid to ensure they were level. Metal grids were treated
with concentrated sulphuric acid for 1 hour in a fume hood, then rinsed in a
beaker under a running tap of H:0 overnight (O/N). Grids were rinsed in

water for an additional 5 hours then autoclaved before use.

2.2.5.2 Collagen plug preparation

Each collagen plug was prepared using a mixture consisting of 2.4 ml of 4
mg/ml high concentration type 1 rat-tail collagen (BD Biosciences), 0.3 ml 10x
reconstitution buffer (RCB, 260 mM NaHCOs and 200 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) in 100 ml 50 mM
NaOH; Sigma-Aldrich), 0.3 ml 10x DMEM (without NaHCOs) and 1-2x10°]J2
fibroblasts. All reagents and stripettes were kept on ice prior to use. A
collagen master mix was prepared for the required number of collagen plugs,
with enough mix for an additional two plugs due to the viscosity of the
collagen. Firstly, J2-3T3 cells were harvested, resuspended in E-media, and
counted to ensure there were approximately 2x10° cells for each intended
collagen plug. The ]J2-3T3 cells were centrifuged at 200 x g. The supernatant
was discarded and the remaining cell pellet was resuspended in the

appropriate amount of 10x DME and 10x RCB. The collagen was the last

101



component added to the mixture. If the collagen mixture was a yellow colour
1 M filtered NaOH was added drop wise to obtain a red/orange colour—
indicative of the correct pH. Next, 3 ml of the collagen mixture was
transferred to a 3 cm petri dish and incubated for 30 minutes at 37°C to allow
the gel to solidify. Then using a Pasteur pipette 2 ml of CEM was added to the
surface of each plug and returned to the incubator at 37°C. Each plug was

kept at 37°C for at least 1 day and used within 4 days of preparation.

2.2.5.3 Raft preparation

Each plug was seeded with approximately 2x10°low passage HFKs (typically
below passage 7), with culture media replaced daily. As soon as the media
turned yellow within 24 hours of a media change the plugs were ready to use,
typically taking between 2-4 days. Using sterile forceps the metal grid was
placed in a 10 cm petri dish. Using a sterile spatula each plug was lifted on to
a mesh grid and raft E media (excluding EGF) was added to each dish to
create an air-liquid interface. It is important to minimize the creation of
bubbles during this process. Rafts were incubated at 37°C and 5% CO:with

media change every other day, then harvested on day 14.
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b AD 4D AR A 45D S5 4 — HFKSs grown in monolayer

HFKs seeded on to collagen
plugs containing fibroblasts

——————— ]J2-3T3 fibroblasts

Collagen plug lifted
on to mesh grids

Figure 14. Preparation of an organotypic raft culture
A) Primary HFKs are grown in monolayer culture.
B) Schematic of a collagen plug embedded with irradiated ]2s, seeded with HPV
genome containing HFKs.
C) The collagen plug is lifted on to a metal grid, and cultured with E-media
supplemented with L-glutamine. This creates an air-liquid interface and induces

differentiation of the keratinocytes.

2.2.6 Processing of organotypic raft cultures

2.2.6.1 RNA extraction from rafts

Using sterile tweezers the top layers of the rafts were peeled away from the
surface of the collagen plug and placed in a sterile 15 ml Falcon tube. RNA
was extracted from 14-day-old HFK rafts using the RNA-STAT 60 protocol
(AMS biotechnology, UK). Firstly, 500 ul RNA-STAT was added to each
sample and homogenized using a 1 ml pipette, then incubated for 5 minutes
at room temperature (RT). Next, 100 ul of chloroform was added and the tube
was vigorously shaken for 15 seconds (s) then left at RT for 2-3 minutes.

Samples were centrifuged at 12,000 x g for 15 minutes at 4°C. The aqueous
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phase was transferred to a fresh Eppendorf and 250 ul of isopropanol was
added, then samples were left at RT for 5 minutes. The Eppendorfs were
centrifuged at 12,000 x g for 10 minutes. Each pellet was washed with 1 ml
75% ethanol then centrifuged at 7,500 x ¢ for 5 minutes at 4°C. The
supernatant was removed and discarded and the pellet was air dried for a
few minutes. The RNA was dissolved in 40 pl nuclease free water, and
incubated for 10 minutes at 60°C to solubilize the RNA. Next, 1.3 ul of RNA
was used to measure the RNA concentration on the NanoDrop. RNA was

stored at -80°C or used immediately for cDNA synthesis.

2.2.6.2 Preparation of protein lysate from organotypic rafts

Rafts were removed from collagen plugs with sterile tweezers and placed in a
15 ml tube. Firstly, 500 ul of urea lysis buffer (8M urea, 150 mM NaCl, 25 mM
Tris-HCL,pH 7.2) supplemented with 150 mM p-mercaptoethanol (BME),
phosphatase and protease inhibitors to a 1x final concentration were added,
and rafts were homogenized using a plunger. A further 250 ul of lysis buffer
was added to finish homogenizing the sample. Lysates were transferred to a
fresh Eppendorf and left on ice for 20 minutes, then centrifuged at 16,000 x g
for 20 minutes at 4°C. The supernatant (soluble fraction) was transferred to a
fresh Eppendorf and diluted in 200 ul Llaemli buffer (+fresh BME), then

sonicated for 10s at 50% amplitude. 500ul Llaemli buffer (+BME) was added

104



to the remaining pellet (insoluble fraction) and sonicated for 10s at 30%

amplitude. Lysates were stored at -20°C.

]Cornifying

— t 5 e :|Upper Suprabasal
- -
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]Basal

—

Figure 15. Cross-section of an organotypic raft. Organotypic raft culture derived
from primary HFKs transfected with WT HPV18 genomes. The raft was fixed in 3.7%
formaldehyde, then paraffin embedded and sectioned. Each layer of the raft is annotated as:
basal, lower suprabasal, upper suprabasal and cornified layers. Image taken from Paris et al.,

2015.

2.2.6.3 Immunofluorescence staining of organotypic raft sections

Rafts were fixed in 3.7% formaldehyde (Sigma-Aldrich), then paraffin
embedded and sectioned (Propath Ltd., Hereford, United Kingdom).
Immunofluorescence (IF) was carried out on the paraffin embedded
organotypic rafts sections. Firstly, agitated low temperature epitope retrieval
(ALTER) was performed in a series of sequential washes in histoclear and
100% IMS. Slides were incubated at 65°C overnight in 1 litre of buffer (ImM
EDTA (pH 8.0), 0.1% Tween, Binding site (IC100)). Slides were blocked for 1
hour in a blocking solution of 20% HINGS and 0.1% BSA (Sigma-Aldrich, UK)
in Ix PBS. Primary antibodies were added to the blocking solution and slides

were incubated at 4°C overnight then washed three times in 1xPBS. Alexa
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Fluor 488 goat anti-mouse secondary antibody (LifeTechnologies) or Alexa
fluor 594 goat anti-rabbit (LifeTechnologies) were added to slides (1:1000
dilution in blocking solution). Slides were incubated at 37°C for 1 hour then
washed four times in 1x PBS. Lastly, 10 pl of Hoescht (10 mg/ml stock) was
added to the PBS filled chamber for 10 minutes in an additional step. A few
drops of Fluoroshield mounting solution (Sigma-Aldrich, UK) were added to
each slide and cover slips were placed on top. Slides were visualized on a
Nikon inverted Epifluorescent microscope fitted with a 20x air or 40x oil

objective. Images were captured using a Leica DC200 camera and software.

2.2.6.4 DNA extraction from rafts

Rafts were removed from each collagen plug and transferred to a 15 cm
Falcon tube. Firstly, 3 ml of sterile DNA lysis buffer (400 mM NaCl, 10 mM
Tris-HCl, 10 mM EDTA, pH 7.4) was added to each raft and homogenized
using a douncer. Alternatively 3 ml lysis buffer was added to a previously
stored HFK cell pellet and pipetted up and down with a 1 ml pipette. Then
RNase A (400 ng/ml final), proteinase K (50 pug/ml final) and 30 pl of 20% SDS
were added to each sample and incubated at 37°C O/N. The DNA was
sheared using a 19G blunt needle by moving up and down ten times. Then 6
ml phenol:chloroform:isoamyl alcohol 25:24:1 (Saturated with 10 mM Tris, pH

8.0, 1 mM EDTA (Sigma-Aldrich, UK)) was added to each tube and inverted
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ten times. Tubes were centrifuged at 1,800 x g for 5 minutes at 4°C. The
supernatant was transferred to a fresh tube and the phenol extraction was
repeated once more. Then 6 ml 24:1 chloroform/isoamyl alcohol (Sigma-
Aldrich) was added to each tube and inverted 10 times. Tubes were
centrifuged at 1,800 x g for 5 minutes at 4°C. The supernatant was transferred
to a fresh tube. Finally 2 volumes of cold 100% ethanol and 1/10 volume of 3
M sodium acetate pH 5.2 were added to each sample. Samples were stored at
-20°C O/N or alternatively -80°C for at least 1 hour. After incubation at -80°C
or O/N -20°C samples were centrifuged 1,800 x g for 30 minutes at 4°C. The
supernatant was removed and discarded and the pellet was washed with 5 ml
70% ethanol, then centrifuged for a further 15 minutes at 1,800 x g at 4°C. The
supernatant was removed and discarded and the pellet was washed with 1 ml
70% ethanol then transferred to a 1.5 ml Eppendorf. The sample was
centrifuged at 18,000 x g for 10 minutes at 4°C. The supernatant was removed
and pellet air-dried for a few minutes. The DNA pellet was re-suspended in
50 pl TE buffer and incubated for 10 minutes at 60°C to completely solubilize
the DNA pellet. A 1.3 ul sample of DNA was used to measure the DNA
concentration and determine the 260/280 ratio. DNA was used immediately or

stored at -20°C.

2.2.6.4.1 Spectrometry of nucleic acids

RNA and DNA concentrations were measured using a NanoDrop ND-1000

107



spectrophotometer. Before use, the NanoDrop was wiped clean with lens
cleaning tissue. The NanoDrop was blanked with 1.3 ul of elution buffer, and
wiped clean again, then 1.3 ul of sample was added to the NanDrop to
measure RNA or DNA concentrations and the 260/280 ratios to assess sample
purity. A ratio of ~1.8 is the ideal ratio for DNA and ~2.0 is ideal for RNA. A
value higher or lower in either case indicates the presence of phenol, protein

or contaminants.

2.2.7 Methylcellulose differentiation of HFKs

2.2.7.1 Preparation of methylcellulose

To prepare 1.5% methylcellulose, 3.75 g of methylcellulose was transferred to
a 500 ml Duran bottle. Both the methylcellulose and a magnetic stirrer inside
the bottle were autoclaved. After autoclaving, 125 ml of E media (without
EGF) was transferred to the methylcellulose, which was then incubated for 20
minutes at 65°C, with swirling of the bottle at 5 minute intervals. A further
112.5 ml of E media was added to the mixture, which was left to stir at 600
rpm O/N at 4°C. The next day 12.5 ml of Hyclone FCS was added and the
mixture was stirred for a further two hours at 600 rpm at 4°C. Methylcellulose

bottles were covered in foil then stored at 4°C for up to six weeks.

2.2.7.2 Growth of keratinocytes in methylcellulose

Firstly, 30ml of pre-warmed methylcellulose was transferred to each bacterial

plate required and placed in the incubator at 37°C for 2 hours. HFKs were
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grown to approximately 70% confluency then harvested. The cell pellet was
resuspended in enough E-media to distribute 1 ml per plate of
methylcellulose using a 1 ml pipette; one plate of HFKs (3x10°¢ cells) is
sufficient to seed one plate of methylcellulose. The cells were dispersed
throughout the methylcellulose by spreading with a 10 ml pipette. The plates
were returned to the incubator at 37°C and 5% CO: for the intended

incubation time (typically 24 and 48 hours).

2.2.7.3 Harvesting HFKs from methylcellulose

For each plate of methylcellulose, a cell scraper was used to evenly scrape the
mixture between three 50 ml Falcon tubes. The tubes were filled to the 50 ml
mark with ice cold PBS then spun at 244 x g for 10 minutes. The PBS was
aspirated until the 10 ml mark. Again, the tubes were filled to the 50 ml mark
with ice cold PBS and spun at 244 x ¢ for 5 minutes. The supernatant was
removed from each tube then using a 10 ml pipette one tube was combined to
another tube, filled with PBS to 50 ml and spun for 5 minutes at 244 x g. This

was repeated to end up with one final tube containing the cell pellet.

2.2.8 Growth of W12 keratinocytes in methylcellulose

2.2.8.1 Preparation of methylcellulose medium

To prepare 1.6% methylcellulose, 3.2g methylcellulose was added to a Duran
bottle and autoclaved. Then 100 ml keratinocyte Glasgow minimal essential

medium (GMEM) with %2 concentration of EGF was added to the
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methylcellulose and incubated for 20 minutes at 60°C on a stir plate at 600
rpm. The remaining 100 ml media was added and the mixture was placed on

a stir plate at 600 rpm O/N at 4°C.

2.2.8.2 Harvesting and fixation of monolayer W12 cells

Parental W12 cells were maintained in 10 cm plates in GMEM media with 3T3
irradiated feeders. At 80% confluency four monolayer plates at passage 13
representing 0 hr were fixed with 37% formaldehyde for 5 min at RT, then
washed in ice cold PBS. Next, 5 ml glycine stop solution was added for 5
minutes at RT followed by another ice cold PBS wash. Cells were scraped and
pooled in to a 15ml tube, followed by centrifugation at 720 x g for 10 minutes
at 4°C. Next, 1 pl of PMSF and 1 pl of PIC were added to the cell pellet and
stored at -80°C. One 10 cm plate at 80% confluency was washed with PBS to
remove the feeders, then 1 ml of Tri reagent (Sigma-Aldrich) was added in the
fume hood. Cells were washed off and transferred to an Eppendorf and

stored at -80°C (ready for RNA extraction).

2.2.8.3 Growth of W12 cells in methylcellulose

Eight 10 cm plates (~8x10° cells/plate) of W12 cells at 80% confluency were
trypsinised and counted. Cells were centrifuged at 200 x ¢ and supernatant
was discarded. Cells were resuspended in 10 ml of GMEM. Next, 1 ml of cell
suspension (~8x10° cells) was added to 20 ml methylcellulose (x10 tubes), with

tive tubes allocated for 24 hour treatment and the remaining five tubes for 48
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hr. Tubes were mixed by tapping the tube vigorously. The lids were

unscrewed loosely and incubated at 37°C O/N.

2.2.8.4 Harvesting W12 cells from methylcellulose

After 24hr five tubes were removed from the incubator and diluted with 20
ml PBS then centrifuged at 244 x g for 10 minutes at 4°C. The media was
aspirated leaving behind 5 ml in the tube. A further 20 ml of PBS was added
to the tube and mixed thoroughly. Additional PBS was added up until the 50
ml mark then the tube was inverted ten times. The tubes were spun at 244 x g
for 10 minutes at 4°C and then the supernatant was removed to leave behind

a pellet. The same process was carried out for the tubes.

2.2.8.,5 Fixing methylcellulose treated cell pellets

A double concentration of fixation solution was prepared (20 ml GMEM and
1.08 ml formaldehyde). Firstly, 5 ml media was added to break up each of the
four cell pellets. One pellet was kept on ice for separate RNA extraction. The
cell suspension was pooled in to one tube then 20 ml of the fixation solution
was added. The tube was inverted for 3 minutes then spun at 244 x g for 2
minutes at 4°C followed by a PBS wash with the same centrifugation
conditions, thus allowing a 5 minutes total fixation period. Next, 40 ml
glycine stop solution was added and the tube was inverted for 3 minutes
followed by a spin at 244 x g for 2 minutes at 4°C. The cells were washed in 40

ml PBS followed by the same centrifugation. Lastly, 5 ml PBS supplemented
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with 30 pl PMSF was added to the tube, then the contents was transferred to a
new 15 ml tube. The tube was centrifuged at 720 x g for 10 minutes at 4°C,
then the cell pellet was supplemented with 1 ul PMSF and 1 ul PIC, and

stored at -80°C. The same process was carried out for the 48 hr tubes.

2.2.8.6 Extraction of RNA

RNA was extracted with Tri-reagent (Sigma-Aldrich), following the
manufacturer’s protocol. Briefly, W12 cells were harvested from one 10 cm
plate and centrifuged at 200 x g, and the supernatant was discarded. Next,
1ml of Tri-reagent was added to the cell pellet and mixed up and down
several times to homogenize the sample. The sample was transferred to an
eppendorf. The Eppendorf sample was vigorously shaken for 15 seconds, and
allowed to stand for 10 minutes at RT. The sample was centrifuged at 12,000 x
g for 15 minutes at 4°C. The supernatant was transferred to a new Eppendorf.
Then, 500 ul of isopropanol was added and the sample was left to stand for
10 minutes at RT. The sample was centrifuged at 12,000 x ¢ for 10 minutes at 4
°C. The supernatant was discarded the RNA pellet was washed in 1 ml of 75%
ethanol step 1. The sample vortexed and centrifuged at 7,500 x g for 5 minutes
at 4 °C. The RNA pellet was air dried for 5-10 minutes. The RNA pellet was
resuspended in 50 ul RNase free water. To facilitate dissolution, mix by
repeated pipetting with a micropipette at 55-60 °C for 10-15 minutes. RNA

was stored at -80°C. RNA was converted to cDNA using the QuantiTect
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Reverse Transcription Kit (Qiagen).

2.3 Protein analysis

2.3.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE)

2.3.1.1 Preparation of protein lysate from cell pellets

Cell pellets containing 1-3x10° cells were stored at -20°C prior to protein
extraction. Urea lysis buffer (ULB, supplemented with 1x protease and
phosphatase inhibitors and 150 mM (-mercaptoethanol (BME)) was added to
each cell pellet, and homogenized using a 1 ml pipette. Samples were left on
ice for 15 minutes, then each sonicated for 10s at 30% amplitude. Samples
were centrifuged for at 16,000 x g for 15 minutes, and the supernatant was

transferred to new Eppendorfs, and labeled as the urea soluble fraction.

2.3.1.2 Protein quantification

Estimates of protein concentrations were determined using the Bradford
assay (Biorad). Two-fold serial dilutions of BSA standards were prepared
starting from 2 mg/ml. Protein lysates, ULB and Bradford reagent were all
diluted 1:5 in water. Next, 1 ml of diluted Bradford reagent was added to 10
ul diluted ULB and transferred to a cuvette. The spectrophotometer was
blanked with this ULB sample. Next, 1 ml of the diluted Bradford reagent
was added to 10 pl of each of the standards or unknown samples, then

transferred to individual cuvettes to measure absorbance readings at 495 nm.
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Absorbance readings for each standard were plotted on to a graph and

unknown sample concentrations were calculated accordingly.

x=(y-c)/m
Where:x= unknown concentration
y= absorbance reading
c= y-intercept

m= gradient

Figure 16. Calculation of protein concentration by Bradford assay..

2.3.1.3 Loading and running gels

Llameli loading buffer (+BME) was added to a final concentration of 1%.
Samples were boiled for 5 minutes at 95°C on a heat block, then pulse spun in
a microcentrifuge. Samples were loaded on to a 12% SDS-PAGE gel, along
with 5ul of protein molecular weight marker (Pageruler plus, Thermo

Scientific).

2.3.1.4 Gel transfer to the membrane

Gels were transferred to Polyvinylidene difluoride (PVDF) membrane using a
semi-dry blotting machine at 25 V for 1 hour. Protein transfer to the
membrane was checked using Ponceau Staining. The Ponceau Stain was

washed off using 1x TBST before moving on to the blocking step.
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2.3.1.5 Antibody staining

The membrane was blocked in 5% milk or 3% BSA in 1x TBST for 1hr at RT or
O/N at 4°C. The membrane was then incubated with the appropriate dilutions
of antibodies in 5% milk or 3% BSA at 4°C O/N on a plate shaker. The
membrane was washed 4x 5 min in 1x TBST, and then incubated in secondary
antibody (typically 1:10,000 in 5% milk) for 1 hr at RT. Lastly the membrane
was washed for 6 x 5 minute washes in 1x TBST. For signal development
excess buffer was drained off and then SuperSignal West Dura Extended
Duration Substrate (Thermo Fisher) was transferred to the membrane and left
for 5 minutes at RT. The membrane was placed in to a plastic wallet and

imaged using a Fusion FX digital detection system.

2.3.1.6 Densitometry analysis

Western blots were saved as .tif files and bands were quantified using the
Fusion FX digital detection system. Data were exported to Excel for

normalization and analysis.

2.4 Southern Blot

2.4.1 Digestion of DNA

Restriction enzyme digests were typically performed on 5 ug genomic DNA,
as outlined in table 1. Copy number controls were prepared, as outlined in
table 2. EcoRI (Biolabs) was used to single cut and linearize the HPV18

genome and BgI/II (Biolabs, R01445) was used as a non-cutter. Tubes were
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briefly vortexed and spun down to fully mix each reaction. Tubes were then

incubated at 37°C O/N, then run on a gel or stored at -20°C for future use.

Southern blot digests:

Table 7. Southern blot restriction digests

Restriction
DNA Enzyme Buffer (10x) Dpnl H-:0
5ug 1l 2 ul 1l Up to 20 ul
Table 8. Copy number controls
pGEMII Restriction Salmon
HPV18 (0.45 Enzyme Buffer | sperm DNA
Copies pg/ul) (EcoRI) (10x) (1 pg/pl) H:0
50 1ul 1ul 2ul 2ul Up to 20 ul
100 2ul 1ul 2ul 2 ul Up to 20 ul
200 4ul 1ul 2ul 2 ul Up to 20 ul
500 10ul 1ul 2ul 2ul Up to 20 ul

2.4.2 Running gel and transfer to membrane

To prepare a 0.8% agarose gel, 4 g of agarose was dissolved in 500 ml 1x TBE
(89 mM Tris (pH 7.6), 89 mM Boric acid, 2 mM EDTA) containing 5ul
ethidium bromide. The gel tank was filled with 2.5 L 1x TBE containing 20 pl

ethidium bromide. For each sample 5 pul of 5x DNA loading buffer was added
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to each 20 pl reaction. The 25 ul sample was loaded to each well of the
agarose gel and 5 ul of Hyperladder 1 kb plus (Invitrogen) was also loaded as
a molecular size marker. The gel was run at 50 V O/N then UV images of each
gel were obtained with an accompanying UV ladder (Syngene Bio Imaging,
UK). The gel was washed for 2x 20 minute with 0.25 M HCL then 2x 30
minute washes with 0.4 M NaOH. The gel was flipped over and the transfer
was assembled in the following order: glass plate placed over a dish, x4 filter
paper (24x33 cm), agarose gel, gene screen membrane (20x22.5 cm), x4 filter
paper (21x23.5 cm), two paper towel bundles, glass plate and weight bottle on
top. A Strippette was used to roll the filter paper at each layer in order to
exclude bubbles from the transfer. The transfer dish was filled with 3 litres of
0.4 M NaOH and all edges were sealed with cling film then left at RT O/N.
The next day the gel was wrapped with edges of filter paper and inverted.
Upon disassembly each well on the membrane was marked with a pencil. The
membrane was auto UV cross-linked using a UV crosslinker 90 (Stratalinker,
Stratagene). The membrane was then rinsed in 2x saline-sodium citrate (300
mM NaCl, 30 mM sodium citrate, pH 7.0), wrapped in cling film and stored at

-20°C.

2.4.3 Preparation of a radioactive probe

2.4.3.1 Preparation of a radioactive probe using DNA labeling beads

To prepare the HPV18 probe the pGEMII HPV18 vector was linearized by

EcoRI restriction digestion. The HPV18 DNA was separated from the plasmid
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by agarose gel electrophoresis and the 8 kb HPV18 band was gel purified
(Sigma gel extraction kit) and DNA was resuspended in 20 ul ddH20. Next, 50
ng of DNA was diluted in to a final volume of 45 ul TE buffer (10mM Tris,
1mM EDTA, pH 8.0). The DNA was denatured at 95°C for 5 minutes followed
by incubation on ice slurry for 2 minutes. In the radioactive room the
denatured DNA was then added to DNA labeling beads from the Ready-to-
go DNA labeling beads-dCTP kit (Amersham Biosciences, UK). Then 50 uCi
of (alpha-%2P) dCTP (Perkin Elmer) was added to the probe behind a Perspex
screen, and left to incubate at 37°C in the heat block for 30 minutes.
Appropriate paperwork was completed detailing radioactive waste and
usage. The probe was then purified using an Illustra Probe Quant G-50
microcolumn (Amersham Biosciences). The column was placed in an
eppendorf and centrifuged at 700 x g for 1 minute at 4°C to wash buffer
through the column. The probe sample was then transferred to the center of
the resin column. The column was centrifuged at 700 x g for 2 minutes at 4°C
and flow-through was retained. The Geiger counter was used to measure total
CPS of the column and eluted probe sample, then CPS of the sample alone, in

order to estimate total radioactive incorporation.

2.4.3.2 Preparation of a radioactive probe by nick translation

Firstly, 50 ng of HPV18 probe was added to water to make a final volume of

14 pl. The probe was boiled at 100°C for 5 minutes then placed on an ice
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slurry for 2 minutes. Next, 5 ul of 5x oligonucleotide labeling buffer (1 mg/ml
random deoxynucleotide primers, 1 M HEPES, pH 6.6) and 1.5 ul nuclear
grade BSA was added. In the radioactivity room 3 ul of ¥Pwas added to the
probe mixture followed by 1.5 ul DNA polymerase I Klenow, then left in a
lead pot behind Perspex for 2-3 hours at RT. After the incubation period the
probe was spin purified using an Illustra Probe Quant G-50 microcolumn

(Amersham Biosciences), as previously mentioned.

2.4.4 Hybridization of radiolabelled probe to DNA

To prepare the hybridisation buffer, 2x hybridisation buffer (5x SSC; 750 nM
NaCl, 1.5 M sodium citrate, pH 7.0), 10x Denharts (0.2% w/v ficoll 400, 0.2%
w/v polyvinylpyrolilone), 0.2% w/v BSA fraction V and 20% dextran sulphate
(Affymetrix) were mixed on a stir plate and separated in to 10 ml aliquots.
The 2x hybridisation buffer was mixed 1:1 with deionized formamide (Sigma-
Aldrich) and SDS was added to a final concentration of 0.1% (w/v). Next, 200
ul of salmon sperm DNA (10 mg/ml, Invitrogen) was boiled at 95°C for 5
minute followed by incubation on ice slurry for 2 minutes. The boiled salmon
sperm was transferred to the hybridisation solution to constitute pre-hyb
buffer. The membrane was removed from -20°C and placed on a damp square
of gauze with the DNA facing upwards. The membrane and gauze were
rolled tightly and evenly and placed in a hybridization canister (Hybaid, UK).

The canister was rotated anti-clockwise to unravel the roll inside. The pre-hyb
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solution was added to the canister which was rotated for 1 hr at 42°C in a
hybridization oven. A separate 200 ul aliquot of salmon sperm DNA was
added to the prepared radiolabelled probe (previously mentioned), then
denatured at 95°C for 5 minutes, followed by cooling on an ice slurry for 2
minutes. Pre-hyb blocking buffer was removed and hybridization buffer
containing the probe was added to the canister, which was returned to the

42°C oven and incubated O/N.

2.4.5 Stringency washes

All of the buffers used for washes are listed in table 3. The membrane was
removed from the canister and placed in a glass dish. Approximately 100 ml
buffer 1 was added on top of the membrane. The membrane was then cleaned
using a sponge. A further 400 ml of buffer 1 was added to the membrane and
the dish was shaken for 15 minutes at 100 revs/min on a plate shaker. Buffer
four was pre incubated at 55°C in the oven ready for later use. Buffers were
replaced every 15 minutes expect for buffer 4 (two 500 ml washes each for
buffers 1- 3). For the wash with buffer 4 the membrane was incubated and
shaken at 55°C for 30 minutes. Buffer 4 was removed and the membrane was
drained and wrapped in cling film. X-ray film was placed over the membrane
in a cassette in the dark room, and stored at -20°C to slow the {3 particles.

Films were typically developed after 24 hours using a Compact x4 automatic
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processor (Xograph Healthcare, UK), however some films required longer

exposure.

Table 9. Constituents of Southern blot wash buffers

Buffer 1 2x SSC 0.1% SDS
Buffer 2 0.5x SSC 0.1% SDS
Buffer 3 0.1x SSC 0.1% SDS
Buffer 4 0.1x SSC 1% SDS

2.5 DNA Analysis

251 qPCR

SYBR green quantitative PCR (qPCR) was carried out to determine absolute
and relative amounts of known DNA sequences, by detecting the fluorescence
signal emitted by SYBR green dye bound to double stranded DNA. All qPCR
reactions were set up using filter tips (Starlab, UK). Input samples were
typically diluted 1:10 or 1:5 in nuclease free water, depending on initial
concentrations. Ten-fold or five- fold serial dilutions of standards were
prepared using one of the input samples. Forward and reverse primers were
diluted to make a final working concentration of 10 mM. Typically for each
well 2 ul DNA, 10 pl 2X SensiMix SYBR (Bioline, UK), 0.125 ul forward and
0.125 ul reverse primer and 7.75 pl nuclease free water were added to make a
20 pl total reaction volume. Samples were added in triplicate to a 96-well
plate (Starlab) and either used immediately or stored in foil at 4°C for same

day use or -20°C for next day use. Typical cycling parameters on a MxPro
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3700 (Agilent Technologies) included conventional 3-step 40 cycle PCR with
an initial denaturation step at 95°C for 10 minutes, followed by a further 95°C
for 30 seconds, an annealing step for 30 seconds at an appropriate
temperature for specific primers, 20 seconds extension step at 72°C and a final
extension at 72°C for 10 minutes. Data were analysed using MxPro qPCR
software (Agilent Technologies), to generate standards curves, amplification
plots and dissociation curves. For the amplification plot the number of PCR
cycles is plotted against the fluorescence values. The threshold cycle (CtS)
values generated provide information on the amount of template DNA in
each sample. The threshold is the first point at which the detected SYBR
fluorescence is greater than the background signal, and is set in the log-linear

region of the amplification plot.

2.5.1.1 Oligonucleotide primer design

Primers were designed using the NCBI Primer-Blast software and

synthesized by Life Technologies.

2.5.1.2 Relative quantitation of gene expression

The delta-delta(AA) Ct method allows the quantitation of gene expression
relative to an endogenous control (TLR). The Ct values of a specific gene are
referred to as the target Ct and the Ct values of a housekeeping gene such as
TLR are referred to as the endogenous Ct. The reference cells in this case are

the WT HFKSs and the target cells are the ACTCF HFKs. The target Ct minus
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the endogenous Ct yields the dCt value. The reference Ct minus the target Ct
yields the ddCt value. These values can be used to obtain a relative fold

increase in gene expression.

Fold change in expression= 2- 42 ¢t
Where: ACt= target Ct — endogenous Ct
AACt=reference ACt — target ACt

Figure 17. Calculation of relative gene expression.

2.5.2 Agarose gel electrophoresis

Gels were prepared by dissolving molecular grade agarose powder (Bioline,
UK) in 1x TBE buffer (89 mM Tris (pH 7.6), 89 mM Boric acid, 2 mM EDTA),
containing 5 ul ethidium bromide. Typically a 1.8% gel was prepared for
DNA fragments of approximately 100-200 bp in size and 1.2% gels were
prepared for running sheared chromatin. Gels were run at constant 80 Amp
for approximately 1-2 hours then visualized in a Gene Flash UV light box

(Syngene Bio Imaging, UK).

2.5.2.1 Purification of DNA from agarose

DNA was purified from agarose using the GenElute™ gel extraction kit
(Sigma-Aldrich). DNA bands were excised using a sterile scalpel and
transferred to Eppendorf tubes. Gel excisions were weighed (typically 100 mg

each) and 3 gel volumes of the Gel Solubilization Solution was added to each
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tube. The gel mixture was incubated at 55°C for 10 minutes to dissolve the
gel. Once the gel was dissolved it was important to check that the colour of
the solution was yellow. Next, one gel volume of 100% isopropanol was
added and the samples mixed. The binding column was placed in a collection
tube and 500 pl of Column Preparation Solution was added. The column was
centrifuged at 16,000 x g for 1 minute and the flow through was discarded.
The gel solution was added to the binding column and centrifuged at 16,000 x
g for 1 minute. The flow through liquid was discarded. Next, 700 ul of Wash
Solution (containing ethanol) was added to the column and centrifuged at
16,000 x g for 1 minute. The flow through was discarded and the column was
replaced in the tube for a repeat spin. The column was added to a new
collection tube and 25 ul of elution buffer (preheated to 65°C prior to use) was
added to the centre of the membrane, followed by centrifugation at 16,000 x g
for 1 minute. The NanoDrop was used to measure DNA concentration as

previously described.

2.5.2.2 DNA Sequencing

PCR products were gel purified and sent for DNA sequencing at the
University of Birmingham Genomics Services Facility. In each sequencing
reaction 10 ng DNA and 3.2 pmol forward or reverse primer were added to
an Eppendorf and made up to a 10 ul total volume with nuclease free H0. At

the sequencing facility the 10 pl reaction was transferred to a well on the
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sequencing plate. Prior to sequencing 10 ul of terminator reaction mix was
added to make a total volume of 20 ul. DNA sequencing was performed on a
capillary sequencer ABI 3730. Sequencing data were analyzed using FinchTV
software and NCBI blast software was used to match DNA sequences to

known library sequences.

2.6 RNA analysis

2.6.1 DNase treatment of RNA

RNA (up to 5 pg) was resuspended in nuclease free H20 up to a total volume
of 7 pul. The RNA was treated with 2 ul RQ1 DNase (Promega) and 1 pl 10x
DNase buffer for 30 minutes at 37°C, then 1 pl of DNase stop solution was
added for 10 minutes at 65°C for enzymatic inactivation. DNase treated RNA

was used immediately for cONA synthesis.

2.6.2 Reverse transcription/cDNA synthesis

RNA (5 pg) in water was reverse transcribed to cDNA in a 20 ul final volume
using the Tetro cDNA kit (Bioline). Firstly a priming premix was prepared
containing up to 5 ug RNA, 1 ul Oligo(dT)is, 1 pul 10mM dNTP mix, 4 pul RT
buffer, 1 ul RNase A inhibitor, 1 pl 200 u/ul Tetro Reverse Transcriptase and
DEPC-treated water to make a final volume of 20 ul. Samples were mixed by
pipetting, then incubated at 45°C for 30 minutes. The reaction was terminated
by incubating at 85°C for 5 minutes, then samples were placed on ice. cDNA

was used immediately for PCR or stored at -20°C. Negative control samples
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without reverse transcriptase were also prepared. Typically, 2 ul of cDNA
was PCR amplified in a 50 ul reaction volume, then 10 pl of 6x loading dye
was added and 30 pl of PCR product was loaded on to a 1.2% agarose gel

(containing ethidium bromide) for gel electrophoresis.

2.7 Formaldehyde isolation of regulatory elements (FAIRE)

2.7.1 Formaldehyde fixation of cells

The cell media from each cell culture plate was removed and 3T3-]2 feeder
cells were washed off with 5ml PBS. Then 5 ml fixation solution (1%
formaldehyde in 3T3-J2 D6171 media) was added to each plate. The plates
were gently rocked for 10 minutes at RT on a plate shaker in the fume hood.
The fixation solution was discarded and each plate was washed in 5 ml 1x
PBS for 5s. PBS was removed and 5 ml glycine stop solution was added to
each plate to quench the formaldehyde, then gently rocked for 5 minutes at
RT. Glycine stop solution (Active Motif) was removed and each plate was
washed again in 5 ml 1x PBS for 5s. Prior to use 10 pl of 100 mM PMSF was
added to 2 ml PBS to make the cell scraping solution, with 2 ml sufficient to
add to each plate. Cells were scraped off with a rubber policeman and
pipetted in to a 15 ml tube. Tubes were centrifuged at 720 x g for 10 minutes at
RT. Supernatant was discarded and 1 ul 100 mM PMSF and 1 ul PIC was

added to each pellet. Pellets were used immediately or stored at -80°C.
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2.7.2 Sonication & reverse cross-linking

Cell pellets were removed from -80°C and thawed on ice. For cell lysis 500 ul
of DNA lysis buffer (Active Motif) (supplemented with 5 pl PIC and 5 ul 100
mM PMSF) was added to each pellet and incubated on ice for 30 minutes. For
shearing, 350 ul of shearing buffer (Active Motif) was added to each sample
and transferred to Eppendorfs. The samples were sonicated for 30s on and 30s
off of for 15 minutes at 25% amplitude (30 minute total time). Two aliquots of
chromatin were taken, one for ‘100%” input and one for ‘FAIRE DNA’. To the
‘FAIRE’ samples 150 ul of water was added and samples were left on ice. To
the “100%” input sample 150 ul of water was added followed by 10 ul of 5 M
NaCl. Input samples were heated at 95°C for 15 minutes to reverse the DNA
cross-links. Next, 1 ul of RNaseA (10 pg/ul) was added to each sample then
incubated at 37°C in an incubator for 15 minutes. Finally, 2 ul of proteinase K
(0.5 pg/ul) was added to each sample and incubated at 67°C in a heat block

for 15 minutes.

2.7.3 DNA extraction

To the “100% Input” and ‘FAIRE DNA’ samples phenol chloroform extraction
was performed. Firstly 200 pl of Phenol:Chloroform:Isoamyl Alcohol 25:24:1
(Saturated with 10 mM Tris, pH 8.0, 1 mM EDTA (Sigma-Aldrich, UK)) was
added to the samples and tubes were inverted for 1 minute. Tubes were

centrifuged at maximum speed (5917R) for 10 minutes at 4°C. The aqueous
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supernatant that contains the non-protein associated DNA was transferred to
a new Eppendorf. DNA precipitation was carried out on both ‘input’ and
‘FAIRE” by adding 20 pl 3 M sodium acetate (pH 5.2) and 500 ul 100%
ethanol, followed by vortexing and incubation at -20°C O/N or -80°C for 1
hour. Tubes were centrifuged at maximum speed for 10 minutes at 4°C. The
supernatant was removed and discarded. Pellets were washed in 500 ul of
70% ethanol and centrifuged at full speed at for 5 minutes 4°C. Again, the
supernatant was removed and discarded and the pellet was air dried for 5
minutes at RT. The pellets were resuspended in 50-150 ul TE buffer and

stored at -20°C ready for use.

2.8 Chromosome Conformation Capture Assay (3C)

2.8.1 Single-cell preparation

The cell media was removed from the 10 cm cell culture plates and cells were
washed twice with 5 ml PBS to remove feeders. Cells were trypsinised for 10
minutes at 37°C then resuspended in approximately 5 ml of E media per
plate. Cells counts were obtained and were typically between 1-1.5x107 cells
from three 90% confluent plates. Cell suspensions were centrifuged at 400g
for 1 minute. The supernatant was discarded and pellets were resuspended in
1ml 10% (v/v) FCS/PBS, then filtered through a 70 um cell strainer to make a

single cell suspension.
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2.8.2 Crosslinking and cell lysis

Next, 9.5 ml of 1% formaldehyde (in 10% FCS/PBS) was added to the cell
suspension and incubated on an end-to-end rotator for 10 minutes at RT. The
tubes were transferred to ice then glycine was added to a final concentration
of 125 uM. Tubes were centrifuged at 225 x g for 8 minutes at 4°C. The
supernatant was discarded and the pellet was resuspended in 5 ml of cold
lysis buffer (10mM TRIS-HCI pH 7.7, 10mM NaCl; 5mM MgClz; 0.1mM
EGTA; 1X complete protease inhibitor) and incubated on ice for 10 minutes,
ensuring the solution was very homogenous. The tubes were centrifuged at

400 x g for 5 minutes at 4°C, supernatant removed and pellets stored at -80°C.

2.8.3 DNA digestion

Firstly, 0.5 ml 1.2X restriction enzyme buffer (NEB) was added to the nuclei
pellet and transferred to an Eppendorf tube. The tubes were placed at 37°C
and SDS was added to make a 0.3% final concentration. Tubes were incubated
for 1 hr at 37°C while shaking at 900 rpm. 50 ul of 20% Triton X-100 was
added then incubated for lhr at 37°C while shacking at 900 rpm. Prior to
digestion, 5 pl of DNA was removed and labeled as undigested genomic
DNA. This control is necessary for checking digestion efficiency. Then 400U
of the NIalll restriction enzyme (NEB) was added to the remaining sample

and incubated at 37°C O/N whilst shaking at 900 rpm. After digestion, 5 ul of

129



DNA was removed and labeled as digested genomic DNA. Again this control

is necessary for checking digestion efficiency.

2.8.4 Ligation

Firstly, 40 pl of 20% SDS was added to the sample and incubated for 20-25
minutes at 65°C, whilst shaking at 900 rpm. The digested nuclei was
transferred to a 50 ml Falcon tube and 6.125 ml of 1.15x ligation buffer (704 ul
of 10x Ligation buffer (NEB T4 Ligase kit) + 5420 ul H20) was added,
followed by Triton X-100 to 1% final concentration. Tubes were incubated for
1 hr at 37°C whilst shaking gently. Next, 100U of T4 DNA ligase was added to
each tube then incubated for 4 hr at 16°C in a water bath in the cold room,
followed by 30 minutes at RT. Lastly, 300 ug proteinase K was added and

incubated at 65°C O/N to de-crosslink the samples.

2.8.5 DNA purification

Firstly, 300 pug RNase A was added to the samples and incubated for 30-45
minutes at 37°C. Then 7 ml of Phenol:Chloroform:Isoamyl Alcohol 25:24:1
(Saturated with 10 mM Tris, pH 8.0, 1 mM EDTA, Sigma-Aldrich, UK) was
added and samples were mixed vigorously by inverting ten times. Samples
were centrifuged at 2,200 x g for 15 minutes at RT. Phenol-chloroform
extraction was repeated if the supernatant remained turbid. The supernatant
was transferred into a new 50 ml tube, followed by 7 ml of water, 1.5 ml of 2

M sodium acetate (pH 5.6), and 35 ml of ethanol. (It is necessary to increase
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the volume before precipitation to dilute dithiothreitol (DTT) present in the
ligation buffer and prevent it from precipitation). Samples were mixed by
pipetting several times then stored at -80°C for ~ 1 hour or alternatively at -
20°C O/N. Samples were centrifuged at 2,200 x g for 15 minutes at 4°C and
then the supernatant was removed and the pellet was briefly air dried at RT.
The DNA pellet was dissolved in 150 ul of 10 mM Tris-HCl1 pH 7.5 and stored

at -20°C ready for PCR analysis.

2.8.6 Assessment of digestion efficiency

Previously aliquoted undigested (UND) and digested (D) DNA were thawed
for processing. Firstly, 500 ul of 1x PK buffer (56 mM EDTA, pH 8.0; 10 mM
Tris-HCl, pH 8.0; 0.5% SDS) and 20 ug proteinase K were added to the UND
and D aliquots, then incubated for 30 min at 65 °C. Samples were equilibrated
for a few minutes at 37 °C, then 1 ug RNase A was added and incubated for 2
hr at 37°C. Next, 500 pl of phenol:chloroform:isoamyl alcohol 25:24:1
(Saturated with 10 mM Tris, pH 8.0, 1 mM EDTA, Sigma-Aldrich, UK)was
added to each sample and mixed vigorously. Samples were centrifuged at
16,100¢ for 5 minutes at RT. The supernatant was transferred into a new tube
and 50 pl of 2 M sodium acetate pH 5.6 was added, followed by 1.5 ml of
ethanol. Samples were mixed and placed at - 80°C until frozen (about 45
minutes). Samples were centrifuged at 16,100 x g for 20 minutes at 4°C. The

supernatant was removed and pellets were washed with 50 ul of 70% ethanol,
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then centrifuged at 16,100 x g for 4 minutes at RT. The supernatant was
removed and the pellet was air dried at RT. The pellet was resuspended in 60

ul H20.

2.9 Chromatin Immunoprecipitation (ChIP)

29.1 Formaldehyde fixation of cells

ChIP experiments were performed according to the Active Motif ChIP-IT
express protocol (Active Motif 53008). The cell medium from each cell culture
plate was removed and ]2 feeder cells were washed off twice with 5ml PBS.
Then, 10 ml fixation solution (1% formaldehyde in 10 ml D6171 media) was
added to each plate. Plates were gently rocked for 5 minutes at RT on a plate
shaker in the fume hood. The fixation solution was discarded and each plate
was washed in 5 ml ice-cold 1x PBS for 5s. PBS was removed and 5 ml 1x
glycine stop solution was added to each plate to quench the formaldehyde,
then gently rocked for 5 minutes at RT. Glycine stop solution was removed
and each plate was washed again in 5 ml ice cold 1x PBS for 5s. Just prior to
use, 10 ul of 100 mM PMSF was added to 2 ml PBS to make the complete cell
scraping solution, with 2 ml then transferred to each plate. Cells were
scrapped off with a cell scraper and pipetted in to a 15 ml tube. Tubes were
centrifuged at 720 x g for 10 minutes at 4°C. The supernatant were discarded
and 1 pl 100mM PMSF and 1 pl PIC were added to each pellet. Pellets were

stored at -80°C.
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2.9.2 Shearing by sonication

The formaldehyde fixed cell pellets were thawed on ice. Each pellet was
resuspended in 1 ml lysis buffer supplemented with 5 ul PMSF and 5 ul PIC
(pellet from 5x 10 cm plates), and left on ice for 30 minutes. After the cell lysis
step, the cells were dounced 30 times with a dounce homogenizer using a
tight pestle. The lysed cells were transferred to new Eppendorf tubes and
centrifuged at 2,500 x g for 10 minutes at 4°C. The supernatant was then
removed and discarded. Each pellet of nuclei was resuspended in 350 pl of
shearing buffer supplemented with 1.75 pl PMSF and 1.75 ul PIC. The
samples were placed in to a pre-cooled heat block embedded in ice. The
sonication probe was submerged into the sample to 5 mm above the base of
the tube. The samples were sonicated at 25% amplitude for 30s on/30s off for
15 minute (30 minute total time). Samples were then centrifuged at full speed
in a microcentrifuge (5917R) for 2 minutes at 4°C to pellet cell debris. The
supernatant (chromatin) was removed and transferred to a fresh tube and 50
ul was taken to check the sonication efficiency. The remaining chromatin was

stored at -80°C.

2.9.3 Immunoprecipitation

For each sample, 10 ul aliquots were taken and transferred to a fresh tubes to
process later as input DNA. Each ChIP reaction was set up in siliconized

tubes and each containing 7-25 pg chromatin, 25 pg protein G magentic
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beads, 1 ul PIC, 10 ul ChIP buffer 1, 5 ug of target antibody or non-specific
IgG antibody, made up to a total voulme of 100 ul with ddH20. Tubes were
placed on to an end-to-end rotator at 4°C O/N. Tubes were spun briefly to

collect any liquid from the lids.

2.9.4 Magnetic bead wash

Tubes were placed on to a magentic tube rack to alllow the beads to pellet on
to the side of the tubes. Beads were washed once with 800 pl ChIP buffer 1,
pipetting up and down ten times. ChIP buffer 1 was aspirated then 800 ul of
ChIP buffer 2 was added and pipetted up and down 10 times. The wash step
was repeated once more with ChIP buffer 2. After the final wash step the
remaining supernatant was aspirated using a 200 ul pipette. It was important

to ensure that the beads did not dry out in between wash steps.

2.9.5 Chromatin elution, cross-link reversal and proteinase K
treatment

The beads were resuspended in 50 ul of Elution Buffer AM2 and incubated on
an ene-end rotator for 15 minutes at RT, then tubes were briefly spun. 50 pl of
Reverse Cross-linking Buffer was added to the eluted chromatin and tubes
were placed back on the maganetic rack to separate the beads from the
chromatin (supernatant). The supernatant was transferred to a new
Eppendorf tube. The 10 pl of input DNA previously set aside was processed

by adding 88 pl of ChIP buffer two and 2 pl 5M NaCl to make a total volume
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of 100 ul. Both the ChIP and input DNA were incubated for 65°C. Tubes were
spun briefly then 2 ul of proteinase K was added and incubated at 37°C for 1
hour. Proteinase K stop solution was placed at RT 1 hour prior to use. Finally
2 pl of proteinase K stop solution was added to each sample. DNA was then

stored at -20°C until required.

2.9.6 Quantitation

Fold binding over IgG= (22t target)/ (22t IgG)
Where: ACt target= input Ct — target Ct
ACt IgG=input Ct - IgG Ct

Figure 18. Calculation of fold binding over IgG.
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3  Chapter 3: CTCF binds to the E2 ORF of high-risk HPV genomes

3.1 Introduction

Previous research groups have identified and confirmed CTCF binding sites
in the genomes of large DNA viruses, including EBV (Chau et al., 2006, Chen
et al., 2013a, Tempera et al., 2010), HSV-1 (Lang et al., 2017, Amelio et al,,
2006), CMV (Martinez et al., 2014) and KSHV (Kang et al., 2011, Stedman et
al., 2008). Another group has also documented CTCF binding sites in the
smaller adenovirus genome (Komatsu et al.,, 2013). The initial aim of this
study was to determine if there were CTCF binding sites present within HPV

genomes.

Previously in the Parish lab in silico screening methods were utlised to
identify potenital CTCF binding sites in the genomes of both high and low-
risk HPV genomes (Paris et al., 2015). The most striking observation was the
identification of a predicted CTCF binding site around nucleotide 3000 in the
E2 ORF of the three most prevalant high-risk types HPV16, 18 and 31.
Interestingly, this predicted motif was not present in the two most common
low-risk types HPV6 and 11. Therefore it was hypothesized that CTCF
binding to this site in the E2 ORF is specifically important for the life cycle of
the oncogenic high-risk HPV types. With this in mind it was important to
determine if this CTCF binding site is conserved amongst the World Health
Organisation’s (WHO) 13 most high-risk HPV types; 16, 18, 31 33, 35, 39, 45,
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51, 52, 56, 58, 59 and 68. Furthermore, experiments were carried out to
determine if overall CTCF protein expression is upregulated in the presence
of HPV episomes. Most importantly, by wusing chromatin
immunoprecipitiation (ChIP) it was important to determine if CTCF protein
binds to the HPV16 and HPV18 genomes in vivo at the predicted binding site
in the E2 ORF. Furthermore, given that the viral life cycle is tightly linked to
the differentiation of the host epithelium it was of interest to determine if

CTCF binding is altered upon keratinocyte differentiation.

3.2 Generation of primary HFKSs containing episomal HPV genomes

In order to study the interaction between CTCF and the HPV genome in vivo
the primary human foreskin keratinocyte (HFK) cell model was utilised (Fig.
19), as this is one the most physiologically relevant cell systems for studying
the HPV life cycle. Primary HFKs were first isolated from newborn foreskin
tissue by Dr Sally Roberts, with previously obtained ethical consent (donor 2)
(Ethics number: Roberts-06/Q1702/45). Additionally, a commerically available
keratinocyte cell line was also purchased from Lonza (donor 1), to be used
alongside donor 2. The HFKs were co-transfected with re-circularised HPV
genomes and a plasmid carrying the neomycin resistant gene, followed by a
G418 antibiotic selection process. Typically one month after selection
keratinocyte colonies begin to appear on the cell culture plates which are then

pooled and further expanded. The transfection of the HPV genomes in to
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keratinocytes extends the lifespan of these primary cells than would normally
occur in untransfected lines, thus allowing extended cell culture and
generation of organotypic raft cultures. In this study a HFK cell line
containing WT HPV18 episomal genomes was generated by Dr Jo Parish.
Additionally, a HFK cell line containing WT HPV18 genomes with a three
base pair mutation in the predicted CTCF binding site in the E2 region was
also generated (ACTCF) (Paris et al., 2015). To account for possible donor
variability, the transfection of either WT or ACTCF genomes was repeated in
a second independent HFK cell donor (Dr Jo Parish). Once the cell lines were
established the correct genome sequences were verified by DNA sequencing,
and the presence of viral episomes was confirmed by Southern blot.
Typically, transfected cells were not used beyond passage 12 as there is an
increased occurence of viral genome integration beyond this passage.
Therefore the primary cells used in subsequent experiments were used below

passage 12—unless otherwise stated.

3.3 Confirmation of viral episomes in primary HFK cell lines

After generating the WT HPV18 and ACTCF HPV18 genome containing
HFKs it was important to verify that the viral genomes were maintained
episomally in both HFK cell lines. Initially, DNA was extracted from WT and
ACTCF HFK monolayer cultures and a Southern blot was performed to detect

viral episomes and estimate viral copy numbers. DNA extracted from WT
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HPV18 and ACTCF HPV18 DNA from two individual donors was either
digested with EcoRI, which linearizes the viral genome or with BglIl
restriction enzyme, which is a non-cutter of the viral genomes but cuts the
host genome to allow identification of integrated genomes. The 8kb linearized
viral genome (L) was detected in both WT HPV18 and ACTCF HPV18 HFKs
from two independent donors (Fig. 20). Viral episomes were estimated to be
between 25-50 copies per cell in donor 1 and approximately 50 copies per cell
in donor 2. Uncut viral episomes are separated on an agarose gel as open
circle (OC) and supercoiled (SC) bands, which were detected in both cells
donors (Fig. 20). No differences were detected between WT and ACTCF
HPV18 copy number in either donor. Of note, higher molecular weight bands
that would be indicative of integrated HPV in to the host DNA were not

detected in any of the cell lines (Fig. 20).

3.4 Identification of CTCF binding sites in high-risk HPV18 genomes

Firstly, the CTCFBSDS prediction tool was used to identify potential CTCF
binding sites within the genomes of the 13 most high-risk HPV types (16, 18,
31 33, 35, 39, 45, 51, 52, 56, 59 and 68), as classified by the WHO (Table. 10).
Previous studies have identified and mapped core sequences that bind to the
CTCF protein and these core motifs have been represented by position weight
matrices (PWM) (Bao et al., 2008, Ziebarth et al., 2013). The PWM scores were

generated to determine the log odds of the observed sequence being
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generated by the CTCF motif, with a score above three indicative of a match.
Only the highest scoring sequences are displayed by the prediction tool. Ten
of the high risk genomes—with the exception of HPV35 and 51 —generated
scores above three for potential CTCF binding sites within the E2 ORF
between nucleotides 2700 and 2900. Moreover, HPV35 and HPV51 also
displayed predicted binding sites within the E2 ORF but these were at
postions 3365 and 3457, respectively. Interestingly, the predicted CTCF
binding site in the E2 ORF between nucletodes 2800-3000 was not detected in
the most prevelant low-risk types HPV6 and HPV11, or in the additional low-
risk types 42 and 44. Furthermore, given that the beta HPV38 virus has also
displayed transforming activity, it was interesting to determine if a CTCF
binding site was also present in the HPV38 E2 ORF. A CTCF binding site in
the E2 ORF of HPV38 was detected around nucleotide 3500, which is
dissimlar to the conserved site observed in the high-risk alpha HPV types.
Overall these data indicate that the CTCF binding site located at
approximately 3000bp in the HPV genome is conserved amongst the high-risk

HPV types.
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Figure 19. Generation of HFK cell lines containing episomal HPV genomes. Primary HFKs were
transfected with re-circularized HPV genomes along with neomycin resistant plasmids. One day after transfection, the
cells were grown on irradiated J2-3T3 feeder cells, followed by neomycin selection over a period of 8 days. Typically,
one month after selection keratinocyte colonies would begin to appear on the cell culture plates, and would be pooled
and further expanded over 8 weeks. Each cell should contain 50-100 of copies of the viral episomes. DNA sequencing
confirmed the correct HPV genome sequence in each cell line and Southern blot analysis checked for viral integration

and confirmed the presence of viral episomes.
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Figure 20. HPV18 genome status detected by Southern blotting. WT HPV18 and ACTCF HPV18 HFKs from two
individual donors were grown in monolayer culture and DNA was extracted by phenol chloroform and ethanol precipitated. A
Southern blot was performed using 5 pug DNA per condition. DNA was digested with EcoRI or BgIII restriction enzymes and
separated on a 0.8% agarose gel containing ethidium bromide. Copy number controls equivalent to 25, 50 and 100 viral episomes per
cell were also separated on the agarose gel. DNA was transferred to a nitrocellulose membrane overnight through capillary action.
The membrane was UV cross-linked and hybridized with a HPV18 probe labelled with P32. The membrane was visualized on film by

autoradiography.
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HPV Type Motif start site Motif length Motif Sequence Motif Orientation Motif PWM Score
16 2845 20 TAACCACCAGGTGGTGCCAA + MIT_LM23 20.0598
18 2919 20 AAACCACCAGGTGGTGCCAG + MIT_LM23 23.4527
31 2783 20 TAACCACCAGGTGGTGCCAG + MIT_LM23 27.4756
33 2839 20 ATGCCACCAGGTGGTGCCTT + MIT_LM23 26.104
35 3365 20 ACGACTTCGAGGGGGTACCG + REN_20 9.56434
39 2903 20 TGACCACCAGGTGGTGCCAA + MIT_LM23 29.648
45 2877 20 AAACCACCAGGTGGTGCCTC + MIT_LM23 22.2343
51 3457 19 CTAACACTGGAGGGCACCA + MIT_LM2 17.3419
52 2833 20 AGGCCACCAGGTGGTGCCAC + MIT_LM23 25.7446
56 2837 20 AAACCACCAGATGGTGCCTT + MIT_LM23 20.9417
59 2838 20 AAACCACCAGGTGGTGCCAA + MIT_LM23 24.0063

Table 10. Predicted CTCF binding sites in high-risk HPV genomes

The CTCFBSDS prediction tool was used to identify potential CTCF binding sites in silico. Complete genomes of the 12 WHO classified high-risk
HPV types were imported from the Papillomavirus Episteme database (https://pave.niaid.nih.gov) and entered in to the prediction tool. Scores were
generated to determine the log odds of the observed sequence being generated by the CTCF motif. A score above three is indicative of a CTCF
binding. The prediction tool displays the highest scores generated per input sequence, accompanied with the predicted motif sequence and

nucleotide start site. Scores shown are the highest obtained for each HPV genome. HPV35 and 51 are shaded grey they display a binding site at a

different E2 region compared to the other high-risk HPV types.
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3.5 The expression of CTCF protein in HFK cell lines

Western blot analysis was carried out to determine whether overall CTCF
protein expression was altered upon the presence of HPV viral episomes (Fig.
21a). Western blots from two independent cell donors displayed a two-fold
increase in CTCF protein expression in HFKs containing WT HPV18 episomes
when compared to untransfected HFKs (Fig. 21b). This observed increase in
CTCF protein expression indicates that CTCF may be upregulated by the
virus to facilitate processes during the viral life cycle. Given that the life cycle
of the virus is linked to epithelial differentiation CTCF western blots were
also performed on both monolayer and methylcellulose differentiated WT
and ACTCF HFKs (Fig. 22a). Growing HFKs in semi-solid methylcellulose
medium for 48 hours is a routinely used method to induce the uniform
differentiation of keratinocytes, coupled with viral genome amplification and
induction of late gene expression. The expression of CTCF was similar
between WT HPV18 and ACTCF HPV18 genome containing HFKs grown in
monolayer culture, and remained similar between the two cell lines after 48
hours methylcellulose differentiation (Fig. 22b). Interestingly the overall level
of CTCF expression in WT and ACTCF genome containing cells was not
altered upon methylcellulose differentiation, which is similar to that observed
when HPV31 containing CIN612 cells were differentiated (Mehta et al., 2015).

On the other hand untransfected HFKs displayed a reduction in CTCF protein
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expression upon methylcellulose differentiation (Mehta et al., 2015).
However methylcellulose does not induce terminal differentiation of
keratinocytes so a change in CTCF protein expression is more likely to be seen

in the organotypic raft culture model.

In order to visualise the expression of CTCF in the differentiated epithelium,
organotypic raft sections derived from either untransfected or HPV18 genome
containing HFKs were stained with CTCF antibody and visualsed by
immunofluroesence. Similar to previous findings, CTCF staining was reduced
upon cellular differentiation (Delgado et al., 1999). Both untransfected and
WT HPV18 rafts exibit CTCF nuclear staining in the basal and suprabasal
layers, however there is a reduction in CTCF in some of the cells in the upper
most granular layers of the rafts where the cells are fully differentiated. This

was obsreved in two independent donors (Figs. 23 & 24).
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Figure 21. CTCF protein expression in untransfected and HPV18 genome

containing HFKSs. Protein lysates were extracted from monolayer untransfected HFKs and

WT HPV18 genome containing HFKSs from two cell donors. A) Western blots were carried out

using 40ug of protein lysate to detect CTCF expression and GAPDH was used as a loading

control. B) Western blot bands were quantified using the Fusion FX digital detection system.

The expression of CTCF in each sample was calculated relative to GAPDH. The westerns

shown are representative blots from two independent HFK donors.
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Figure 22. CTCF protein expression in monolayer and differentiated HFKs.
Protein lysates were extracted from monolayer untransfected HFKs, WT HPV18 and ACTCF
HPV18 genome containing HFKs grown in monolayer culture or differentiated in
methylcellulose. A) Western blots were carried out using 30ug of protein to detect CTCF.
GAPDH was used as a loading control. B) Western blot bands were quantified using the
Fusion FX digital detection system. CTCF expression in each sample was calculated relative
to GAPDH loading control. The westerns shown are representative blots from two

independent HFK donors.
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Figure 23. Immunofluorescence staining of CTCF in organotypic raft
sections derived from wuntransfected HFKs and WT HPV18 genome
containing HFKs. CTCF antibody was used at 1:5000 in BSA blocking solution with
staining shown in the green panels. Hoescht 33342 was used to stain the nuclear DNA as
shown in the blue panels. Slides were visualized on a Nikon inverted Epifluorescent
microscope fitted with a 20x objective and images were captured using a Leica DC200
camera and software. The white arrows indicate the basal layer and the lower/upper
suprabasal boundary is demarcated by the white dotted line. Images are representative

of raft sections from cell donor 1.
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Figure 24. Immunofluorescence staining of CTCF in organotypic raft
sections derived from untransfected HFKs and WT HPV18 genome
containing HFKs. CTCF antibody was used at 1:5000 in BSA blocking solution with
staining shown in the green panels. Hoescht 33342 was used to stain the nuclear DNA as
shown in the blue panels. Slides were visualized on a Nikon inverted Epifluorescent
microscope fitted with a 20x objective and images were captured using a Leica DC200
camera and software. The white arrows indicate the basal layer and the lower/upper
suprabasal boundary is demarcated by the white dotted line. Images are representative

of raft sections from cell donor 2.
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3.6 Association of CTCF protein to high-risk HPV genomes

ChIP experiments were performed to determine if CTCF associates with the
HPV18 genome in primary HFKs containing the transfected HPV18 viral
episomes. ChIPs were performed on cells either grown in monolayer culture
or differentiated in methylcellulose for 48 hours. Nuclei from the HFKs were
pelleted and chromatin was sheared by sonication. DNA was extracted from
chromatin samples and separated on an agarose gel to check the shearing
efficiency, typically yielding fragments between 200 and 600bp (Figs. 25 & 28).
ChIPs were performed using a CTCF or FLAG IgG antibody, followed by
qPCR on eluted DNA using primers spanning the HPV18 genome. In three
independent experiments a distinct binding peak was observed around
nucleotide 3000 in the WT HPV18 genome, confirming the previously
predicted binding site in this E2 region. In the representative ChIP graph
there was a 1.4 fold enrichment of CTCF binding at the E2 site WT HPV18
genome containing cells from donor 1 (Fig. 26). As expected, the binding peak
in the E2 region was abrogated in ACTCF HPV18 monolayer cells (Fig. 27).
When the ChIP was repeated in a second HFK cell donor there was a 3.5 fold
enrichment of CTCF binding to the E2 ORF in WT HPV18 monolayer cells
(Fig. 29). Although the ACTCF cells displayed 2 fold binding at the E2 site,
this level of binding was the same across the whole genome, indicating that
this is in fact background noise and the binding peak is clearly lost in these

cell lines (Fig. 30). ChIPs were also performed on WT and ACTCF genome
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containing HFKs after 48 hours methylcellulose differentiation. Upon
keratinocyte differentiation the level of involucrin expression is increased and
the expression of HPV18 late E4 protein is induced, therefore western blots
for involucrin and HPV18 E4 were performed to verify cells had undergone
differentiation (Fig. 31). Upon 48 hours methylcellulose differentiation the
enrichment of CTCF binding to this site was higher than in the monolayer
HFKs, with 14-fold enrichment observed (Fig. 32). As expected, the binding
peak in the E2 region was lost in the ACTCF HPV18 genome containing cells
after 48 hours methylcellulose differentiation (Fig. 33). Overall, these results
demonstrate that CTCF binds to the E2 ORF around nucleotide 3000 in the
HPV18 genome, and upon methylcellulose differentiation this binding is

further enriched.
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Figure 25. Sheared chromatin from HPV18 genome containing HFKs. Cells were
fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Pelleted
nuclei were resuspended in shearing buffer, then sonicated for 15 minutes on ice at 25%
amplitude (30s on 30s off cycle). DNA was extracted from 50ul aliquots then separated on a
1.2% agarose gel containing ethidium bromide, and visualized on a Gene Flash UV light box
to check shearing efficiency. Bioline 1kb DNA ladder was used as a molecular size marker.

Optimal shearing typically yielded fragments between 200-600bp.
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Figure 26. Association of CTCF with the WT HPV18 genome. CTCF ChIPs were performed using WT HPV18 genome contaning HFKs grown in monolayer
culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and 30s for a
total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug of CTCF polyclonal antibody. ChIPs were also set up
using FLAG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome, with the mid-point of each
primer displayed on the x-axis. The HPV18 genome is displayed below the x-axis in the linearized format for ease of presentation. The 242Ct method was used to calculate fold
binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted CTCF binding site is displayed as
a red marker. The viral LCR is comprised of the 5" section, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late transcripts

from P811. The ChIP graph shown is representative of three independent experiments for HFK cell donor 1.
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Figure 27. Association of CTCF with the ACTCF HPV18 genome. CTCF ChIPs were performed using ACTCF HPV18 genome containing HFKs grown in

T
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monolayer culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on
and 30s for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug of CTCF polyclonal antibody. ChIPs were
also set up using FLAG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome, with the mid-point
of each primer displayed on the x-axis. The HPV18 genome is dispalyed below the x-axis in the linearized format for ease of presentation. The 244Ct method was used to
calculate fold binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted CTCF binding site is
displayed as a red marker. The viral LCR is comprised of the 5 end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late

transcripts from Ps11. The ChIP graph shown is representative of three independent experiments for HFK cell donor 1.
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Figure 28. Sheared chromatin from WT HPV18 and ACTCF HPV1S8
genome containing HFKs. Cells were fixed in 1% formaldehyde, lysed, and
dounced with 40 strokes to aid nuclei release. Pelleted nuclei were resuspended in
shearing buffer, then sonicated for 15 minutes on ice at 25% amplitude (30s on 30s
off cycle). DNA was extracted from 50pul aliquots then separated on a 1.2% agarose
gel containing ethidium bromide, and visualized on a Gene Flash UV light box to
check shearing efficiency. Bioline 1kb DNA ladder was used as a molecular size

marker. Optimal shearing typically yielded fragments between 200-600bp.
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Figure 29. Association of CTCF with the WT HPV18 genome. CTCF ChIPs were performed using WT HPV18 genome containing HFKs grown in monolayer
culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and 30s for a
total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug of CTCF polyclonal antibody. ChIPs were also set up
using FLAG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome, with the mid-point of each
primer displayed on the x-axis. The HPV18 genome is dispalyed below the x-axis in the linearized format for ease of presentation. The 222Ct method was used to calculate fold
binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted CTCF binding site is displayed as
a red marker. The viral LCR is comprised of the 5" end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late transcripts

from P811. The ChIP graph shown is representative of one independent experiment for HFK cell donor 2.
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Figure 30. Association of CTCF with the ACTCF HPV18 genome. CTCF ChIPs were performed using ACTCF HPV18 genome containing HFKs grown in

monolayer culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on
and 30s for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug of CTCF polyclonal antibody. ChIPs were
also set up using FLAG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome, with the mid-point
of each primer displayed on the x-axis. The HPV18 genome is dispalyed below the x-axis in the linearized format for ease of presentation. The 244Ct method was used to
calculate fold binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted CTCF binding site is
displayed as a red marker. The viral LCR is comprised of the 5" end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late

transcripts from P811. The ChIP graph shown is representative of one independent experiment for HFK cell donor 2.

158



Donor 1

WT ACTCF
Oh 48h Oh 48h

130kDa —— i— w Involucrin
A ——

15kDa —

wRE _— s

35kDa —— T T s s | GAPDH

Figure 31. Involucrin and HPV18 E4 protein expression in monolayer and
differentiated HPV18 HFKs. Protein lysates were extracted from WT HPV18 and
ACTCF HPV18 genome containing HFKs grown in monolayer culture and after 48 hours
methylcellulose differentiation. A western blot was carried out using 30 pg of protein lysate
to detect HPV18 E4 and the differentiation marker involucrin. GAPDH was used as a loading

control. The western shown is representative of three experimental repeats for donor 1.
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Figure 32. Association of CTCF with the WT HPV18 genome. CTCF ChIPs were performed using WT HPV18 genome containing HFKs differentiated in
methylcellulose. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and
30s for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25pug of chromatin and 8ug of CTCF polyclonal antibody. ChIPs were also
set up using FLAG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome, with the mid-point of
each primer displayed on the x-axis. The HPV18 genome is dispalyed below the x-axis in the linearized format for ease of presentation. The 224Ct method was used to calculate
fold binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted CTCF binding site is
displayed as a red marker. The viral LCR is comprised of the 5" end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late

transcripts from P811. The ChIP graph shown is representative of three independent experiments for HFK cell donor 1.
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Figure 33. Association of CTCF with the ACTCF HPV18 genome. CTCF ChIPs were performed using ACTCF HPV18 genome containing HFKs differentiated in

methylcellulose. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and
30s for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug of CTCF polyclonal antibody. ChIPs were also
set up using FLAG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome, with the mid-point of
each primer displayed on the x-axis. The HPV18 genome is dispalyed below the x-axis in the linearized format for ease of presentation. The 244Ct method was used to calculate
fold binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted CTCF binding site is
displayed as a red marker. The viral LCR is comprised of the 5" end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late

transcripts from P811. The ChIP graph shown is representative of three independent experiments for HFK cell donor 1.
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Similarly, HFKs containing episomal HPV16 were grown in monolayer or
differentiated in methylcellulose for 48 hours and used for ChIP experiments
with a CTCF or FLAG IgG antibody, followed by qPCR using primers
spanning the HPV16 genome. DNA was extracted from chromatin samples
and separated on an agarose gel to check the shearing efficiency, typically
yielding fragments between 200 and 600bp (Fig. 34). Again, a distinct binding
peak was observed around nucleotide 3000 in the WT HPV16 monolayer cells
with approximately 14-fold binding at this site (Fig. 35). Interestingly, in the
HPV16 genome containing monolayer HFKs CTCF binding peaks were also
observed in the L1 (10 fold) and L2 (8 fold) gene regions, which was not
observed in the HPV18 genome. There was also enrichment of CTCF binding
across the viral LCR (8 fold) of the HPV16 genome. HFKs containing HPV16
were also grown in methylcelullose for 48 hours and a western blot for
involucrin was performed to confirm cells had undergone differentiation (Fig.
36). CTCF enrichment was further increased to 50-fold when the cells had
undergone differentiation (Fig. 37), reflecting the observation seen in WT

HPV18 genome containing HFKS.

W12 cells derived from a low-grade cervical lesion and containing episomal
HPV16 were also grown in monolayer or differentiated in methylcellulose for
24 and 48 hours, and used for CTCF ChIP experiments. As these cells are

naturally infected with HPV16 they provide an additional model to confirm
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CTCF binding to the E2 ORF. Chromatin was sheared as previously described
(Fig. 39). A distinct binding peak was observed around nucleotide 3000 in the
W12 monolayer cells, confirming the data obtained in the HPV16 and HPV18
HFK model system (Fig. 40). The cells were also differentiated in
methylcelluose for either 24 or 48 hours and qPCR analysis was performed on
the involucrin gene to confirm cells had undergone differentiation (Fig. 38).
The binding of CTCF was enriched when cells had undergone differentiation
at 24 hours and furthermore at the 48 hour time point (Fig. 40). Interestingly,
distinct CTCF binding peaks were also observed within the LCR, L1 and L2
gene regions of the HPV16 genome upon cellular differentiation, which were
previously observed in the HPV16 genome containing monolayer cells (Fig.

40).

Whilst the ChIP experiments have demonstrated CTCF binding at the E2 ORF
in both HPV18 and HPV16 genome containing HFKs it was important to
strengthen and validate these findings with an additional technique. ChIP-Seq
couples ChIP with next generation DNA sequencing to determine genome-
wide DNA binding sites for proteins. The main advantage over standard
ChIP is the increased resolution of enrichment peaks across the genome
obtained with ChIP-Seq. ChIP-Seq was performed using a CTCF antibody in
HPV18 genome containing HFKs and untransfected HFKs to account for any

background noise (in collaboration with Dr Adam Grundhoff, Heinrich Pette
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Institute, Hamburg). ChIP-seq analysis confirmed the CTCF binding peak
present in the WT HPV18 genome around nucleotide 3000, as previously
identified by in silico screening and in vivo ChIPs, and there were no other

distinct CTCF binding peaks across the HPV18 genome (Fig. 41).
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Figure 34. Sheared chromatin from HPV16 genome containing
HFKs. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40
strokes to aid nuclei release. Pelleted nuclei were resuspended in shearing
buffer, then sonicated for 15 minutes on ice at 25% amplitude (30s on 30s off
cycle). DNA was extracted from 50ul aliquots then separated on a 1.2% agarose
gel containing ethidium bromide, and visualized on a Gene Flash UV light box
to check shearing efficiency. Bioline 1kb DNA ladder was used as a molecular

size marker. Optimal shearing typically yielded fragments between 200-600bp.
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Figure 35. Association of CTCF with the HPV16 genome. CTCF ChIPs were performed using WT HPV16 genome containing HFKs grown in monolayer culture.
Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and 30s for a total
sonication time of 15 minutes at 25% amplitude. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug of CTCF polyclonal antibody. ChIPs were
also set up using FLAG IgG as a negative control. . DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome, with the mid-
point of each primer displayed on the x-axis. The HPV16 genome is dispalyed below the x-axis in the linearized format for ease of presentation. The 222Ct method was used to
calculate fold binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted CTCF binding site is
displayed as a red marker. The viral LCR is comprised of the 5 end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P97 and the late

transcripts from P670. The ChIP graph shown is representative one independent experiment for HPV16 containing HFKs.
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Figure 36. Involucrin protein expression in monolayer and differentiated
HPV16 genome containing HFKs. Protein lysates were extracted from HPV16 containing
HFKs in monolayer culture and after 48 hours methylcellulose differentiation. A western blot

was carried out using 30ug of protein lysate to detect involucrin expression and GAPDH was

used as a loading control.
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Figure 37. Association of CTCF with the WT HPV16 genome. CTCF ChIPs were performed using WT HPV16 genome containing HFKs differentiated in

1000 2000 3000

methylcellulose. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and
30s for a total sonication time of 15 minutes at 25% amplitude. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug of CTCF polyclonal antibody.
ChIPs were also set up using FLAG IgG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the HPV18 genome,
with the mid-point of each primer displayed on the x-axis. The HPV16 genome is displayed below the x-axis in the linearized format for ease of presentation. The 224Ct
method was used to calculate fold binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual experiment. The predicted
CTCF binding site is displayed as a red marker. The viral LCR is comprised of the 5" end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed

from P97 and the late transcripts from P670. The ChIP graph shown is representative one independent experiment for HPV16 containing HFKs.
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Figure 38. Involucrin gene expression in monolayer and differentiated W12
cells. RNA was extracted from monolayer W12 cells and W12 cells differentiated in
methylcellulose for 24 or 48 hours. RNA was used to generate cDNA, followed by qPCR
using primers within the involucrin gene. The 242Ct method was used to calculate gene
expression relative to a housekeeping gene TLR2. Data are mean and s.d. of qPCR triplicates

from one technical repeat.
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Figure 39. Sheared chromatin from HPV16 genome containing W12 cells. W12
cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release.
Pelleted nuclei were resuspended in shearing buffer, then sonicated for 15 minutes on ice at
25% amplitude (30s on 30s off cycle). DNA was extracted from 50ul aliquots then separated
on a 1.2% agarose gel containing ethidium bromide, and visualized on a Gene Flash UV light
box to check shearing efficiency. Bioline 1kb plus DNA ladder was used as a molecular size

marker. Optimal shearing typically yielded fragments between 200-600bp.
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Figure 40. Association of CTCF with the HPV16 genome in W12 cells. CTCF ChIPs were performed using HPV16 containing W12 cells either in monolayer

000 2000 3000

culture or differentiated in methylcellulose for 24hr or 48hr. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was
sheared by sonication on a cycle of 30s on and 30s for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 8ug
of CTCF polyclonal antibody. ChIPs were also set up using FLAG IgG as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers
spanning the HPV18 genome, with the mid-point of each primer displayed on the x-axis. The HPV16 genome is displayed below the x-axis in the linearized format for ease of
presentation. The 222Ct method was used to calculate fold binding over FLAG ChIP (Y-axis) and error bars represent the s.d. for qPCR triplicate values from one individual
experiment. The predicted CTCF binding site is displayed as a red marker. The viral LCR is comprised of the 5" end, enhancer (Enh) and the early promoter (Ep). The early

transcripts are transcribed from P97 and the late transcripts from P670. The ChIP graph shown is representative one independent experiment for HPV16 containing W12 cells.
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Figure 41. CTCF ChIP-Seq of untransfected HFKs and WT HPV18 genome containing HFKs. Untransfected HFKs and WT
HPV18 genome containing HFKs were fixed in 1% formaldehyde and chromatin was sheared by sonication. ChIP was carried out using
chromatin from 1x107 cells and 4ug of CTCF antibody (Cell Signaling 3418), followed by next generation sequencing. The ChIP library was
prepared using NEXTflex ChIP-seq library and 50 bp single read sequencing performed on an Illumina HiSeq 2500 with a read depth of 25-30
million reads. For data analysis CTCF ChIP-seq data was aligned to the HPV18 genome. Quality control and final data analysis were performed
as described in (Gunther et al,, 2016). Data panels represents the enrichment of CTCF binding peaks across the HPV genome in HPV18

containing HFKs and untrasnfected HFKs were used as a control to account for background noise. The alignment of the HPV ORFs are shown

in blue.
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3.7 Summary
In summary, by using the CTCFBSDS prediction tool a conserved CTCF

binding site was observed around nucleotide 3000 within the E2 ORF in 10
out the 13 WHO high-risk HPV types, with a further E2 site identified in the
remaining three types. In the primary HFK cell culture system and in
agreement with studies in HPV31, CTCF protein expression was increased
upon the presence of HPV18 viral episomes when compared to untransfected
HFKs, indicating that the virus may up regulate CTCF protein levels to
facilitate aspects of its life cycle. This increased CTCF expression was also
maintained upon cellular differentiation in methylcellulose when compared
to the HPV18 genome containing HFKs grown in monolayer culture.
However when organotypic raft sections were stained for CTCF protein both
untransfected and HPV18 WT rafts displayed CTCF in the basal and
suprabsal layers but protein expression was reduced upon differentiation in
some of the cells in the upper-most granular layers, in agreement with
previous work. We have confirmed using ChIP that CTCF binds to the E2
ORF within the genomes of both high-risk HPV16 and HPV18 genome
containing HFKs grown in monolayer, and upon cellular differentiation this
binding is further enriched at this E2 site. Furthermore, additional CTCF
binding sites were identified in the LCR, L1 and L2 regions in the HPV16
genome containing cells grown in monolayer culture. We have also shown

that CTCF binds to the E2 ORF of episomal HPV16 in naturally infected
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primary W12 cells. Upon differentiation CTCF binding was also detected in
the viral LCR and L1 and L2 gene regions, indicating that there may be
additional CTCF binding sites involved in the HPV life cycle and these may
differ between HPV types. Indeed a CTCF binding site has been confirmed in
the L2 region of the high-risk HPV31 genome (Mehta et al., 2015). To further
strengthen the research findings ChIP-seq analysis was also used to confirm
CTCF binding to the E2 ORF in the HPV18 genome, and detect any further
sites that may have been overlooked. Overall, the CTCF ChIPs along with
western blots demonstrating an increase in CTCF protein expression upon the
presence of HPV18 episomes, lead to the hypothesis that CTCF is upregulated
by HPV and recruited to the E2 ORF of high-risk HPV genomes, in order to

facilitate processes during the viral life cycle.
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Chapter 4- Phenotypic
analysis of the HPV18 life
cycle following abrogation of

CTCF binding to the E2 open
reading frame
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4 Chapter 4: The role of CTCF binding to the HPV18 genome during the
viral life cycle

41 Introduction

As previously discussed, the abrogation of CTCF binding to EBV and KSHV
genomes has been shown to deregulate viral transcription. With this in mind
it was important to determine the biological significance of CTCF recruitment
to the HPV genome, specifically the role this interaction has on HPV18 viral

gene and protein expression.

The complete life cycle of HPV is dependent on the differentiation of the
epithelium that it infects. In order to model this experimentally the
organotypic raft culture system was used, which recapitulates epithelial
differentiation in wvivo and supports viral genome amplification and
differentiation dependent viral gene expression. For the following results,
organotypic raft cultures were generated from HFKs containing wild type
HPV18 genomes and rafts were also generated using HFKs containing
ACTCF HPV18 genomes in which the CTCF binding site was mutated to
abrogate CTCF binding (Paris et al., 2015). The use of this mutant cell line
allows us to make comparisons to the WI HPV18 genome containing cells,
and ultimately determine the biological significance of CTCF binding to this

specific site during the complete viral life cycle.
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Given that this binding site is conserved amongst the high-risk HPV types it
was necessary to determine if abrogation of CTCF binding affects the
expression of the viral oncoproteins, E6 and E7. We also wanted to determine
if CTCF binding is required for controlling the expression of differentiation
dependent late viral transcripts and proteins. Lastly we wanted to determine
the role of CTCF in viral episome maintenance and viral amplification upon

epithelial differentiation.

4.2 Abrogation of CTCF binding deregulates viral oncoprotein expression
in primary HFK monolayer culture

As previously mentioned, the CTCF binding site in the E2 ORF was identified
in 10 high-risk HPV types and further confirmed by ChIP in HPV16 and
HPV18 genome containing HFKs, as well as the naturally infected W12 cell
model. Initial western blot analysis revealed that monolayer HFKs containing
ACTCF HPV18 genomes displayed an increase in both E6 and E7 onocprotein
expression when compared to the WT HPV18 genome containing HFKSs (Fig.
42). This was the first indication that the high-risk HPV types may need to
recruit a host factor such as CTCF in order to control the balance of viral
onocoprotein expression. To determine whether increased E6/E7 was
recapitulated in the virus life cycle organotypic raft cultures were generated

from the WT HPV18 and ACTCF HPV18 genome containing HFK cell lines.
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4.3 Confirmation of viral episomes in primary HFK cell lines

Before generating the organotypic raft cultures it was important to verify that
the viral genomes were maintained episomally in the HFK cell lines. Initially,
DNA was extracted from WT and ACTCF HFK monolayer cultures and a
Southern blot was performed to detect viral episomes, as explained in results
chapter 1. DNA was extracted from either WT HPV18 and ACTCF HPV18
genome containing cells from two individual donors. The DNA was either
digested with EcoRI, which linearizes the viral genome or with BglI
restriction enzyme, which is a non-cutter of the viral genomes but cuts the
host genome to allow identification of integrated genomes. The 8kb linearized
viral genome (L) was detected in both WT HPV18 and ACTCF HPV18 HFKs
from two independent donors (Fig. 43). Uncut viral episomes are separated
on an agarose gel as open circle (OC) and supercoiled (SC) bands, which were
detected in both cells donors (Fig. 43). Of note, higher molecular weight
bands that would be indicative of integrated HPV in to the host DNA were

not detected in any of the cell lines (Fig. 43).

4.4 Organotypic raft cultures generated from ACTCF HFKs display a more
hyperproliferative phenotype

Organotypic raft cultures generated from untransfected HFKs and HFKs
containing either WT or ACTCF HPV18 genomes were formaldehyde fixed,
paraffin embedded and sectioned. Sections were stained with haematoxylin

and eosin (H&E), in order to assess any morphological differences between
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the cell lines (Fig. 44) (Propath Ltd, Hereford). These commonly used stains
are able to differentiate between the cytoplasmic and nuclear regions of the
epithelial cross-sections. Rafts derived from untransfected HFKs displayed a
relatively thin morphology and a typical appearance for differentiated
epithelium. On the other hand, rafts derived from WT HPV18 genome
containing cells displayed an increased thickness of the suprabasal
compartment of the epithelium. This was unsurprising considering the
known co-operative actions of E6 and E7 to promote cell cycle entry in the
lower suprabasal levels, which causes increased proliferation and thickening
of the epithelium. Most interestingly, rafts derived from HFKSs containing the
ACTCF HPV18 genomes displayed an even more hyperproliferative
phenotype compared to the WT HPV18 rafts, as evidenced by the increased
thickness and expansion of the suprabasal compartment. These results
indicate there may be an increase in the expression of the E6 and E7
oncoproteins in the rafts derived from the ACTCF HPV18 genome containing

cells.

Rafts derived from WT HPV18 and ACTCF HPV18 genome containing HFKs
were incubated with 20 uM BrdU sixteen hours prior to harvesting. The rafts
were then formaldehyde fixed, paraffin embedded, and sectioned. Rafts were
stained with BrdU specific antibody to assess cell cycle entry and cellular

DNA replication, and Hoescht 33342 for nuclear visualization (Fig. 45). In
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rafts derived from untransfected HFKs, BrdU incorporation was confined to
the mitotically active basal layer of the epithelium (Fig. 45a). In rafts derived
from WT HPV18 genome containing HFKs, there was an increase in BrdU
incorporation in the basal and lower suprabasal layers of the raft (Fig. 45a).
Most interestingly, rafts derived from ACTCF HPV18 genome containing
HFKs displayed a significant reduction in BrdU incorporation in the basal
layer compared to the WT HPV18 rafts and also a reduction in BrdU in the
lower suprabasal layer, but this difference was not significant (Fig. 45a).
Furthermore, ACTCF HPV18 rafts displayed a significant increase in BrdU
positive cells in the upper suprabasal layers of the rafts when compared to the
WT HPV18 rafts (Fig. 45b), indicating there is increased cell cycle entry and

DNA replication.

4.5 Abrogation of CTCF binding deregulates viral oncoprotein expression
in the organotypic raft culture model

Immunofluorescence was used to observe E6 expression in raft sections
generated from untransfected, WT HPV18 and ACTCF HPV18 genome
containing HFKs (Fig. 46). Unfortunately direct staining for E6 is unavailable
with current antibodies; however, since E6 targets p53 for degradation
staining for p53 serves as a suitable surrogate marker (Scheffner et al., 1990).
Organotypic raft cultures were formalin fixed and paraffin embedded on day
14 of culture. Sections were cut from raft blocks and mounted on slides for

immunofluorescence staining. Sections were stained with Hoescht 33342 for
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nuclear visualization and p53 antibody to visualize cellular p53 protein. In
the untransfected HFK rafts there was abundant p53 staining throughout the
entire raft layers (Fig. 46a). However in the HPV18 WT HFK rafts there was a
reduction in p53 staining, particularly in the upper layers of the raft (Fig. 46a).
Interestingly, in the ACTCF HPV18 rafts there was a significant loss of p53
staining in the basal, lower and upper suprabasal layers (Fig. 46a & b). These
differences in p53 protein levels were consistent between HFK donors.
Increased loss of p53 in the ACTCF rafts suggests elevated E6 oncoprotein
expression compared to the rafts derived from the WT HPV18 genome

containing cells.

Direct staining of E7 protein is also not possible therefore rafts were stained
for the Rb family member p130 as a surrogate marker for E7, as E7 is known
to target p130 for degradation (Fig. 47) (Genovese et al., 2008). It is known
that p130 is normally expressed in cells committed to differentiation, whereas
the other Rb family members p107 and Rb are primarily expressed in the
basal and suprabasal layers of epithelia (Paramio et al., 1998). In the rafts
derived from untransfected HFK cells there was abundant p130 staining
throughout the lower and upper suprabasal layers (Fig. 47a). In the rafts
derived from WT HPV18 containing HFKs there was still some p130 staining
visible, and this was confined to upper differentiated layers (Fig. 47a).

Interestingly, in the ACTCF rafts there was a significant loss of p130 staining
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in both the lower and upper suprabasal layers when compared to the WT
HPV18 rafts (Fig. 46a & b). The reduction in p130 staining in the ACTCF
HPV18 rafts suggests there may be elevated E7 oncoprotein expression

compared to the WT HPV18 rafts.
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Figure 42. Expression of HPV18 E6 and E7 protein in HFKSs. Protein lysates
were extracted from WT HPV18 and ACTCF HPV18 genome containing HFKs grown
in monolayer culture. Western blots were carried out using 30 pg of protein lysate to
detect A) E6 and B) E7 expression and GAPDH was used as a loading control. Western

blots are representative of one individual experiment for cell donor 1.
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Figure 43. HPV18 genome status detected by Southern blotting. WT HPV18 and ACTCF HPV18 genome containing HFKs from two
individual donors were grown in monolayer and DNA was extracted by phenol chloroform and ethanol precipitated. A Southern blot was
performed using 5 ug DNA per condition. DNA was digested with EcoRI or BgIII restriction enzymes and separated on a 0.8% agarose gel
containing ethidium bromide. DNA was transferred to a nitrocellulose membrane overnight through capillary action. The membrane was UV

crosslinked and hybridized with a HPV18 probe labelled with P32. The membrane was visualized on film by autoradiography.
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Figure 44. Hematoxylin and eosin staining of organotypic raft sections. Organotypic raft cultures were generated
from untransfected HFKs and HFKs containing either WT HPV18 or ACTCF HPV18 genomes. On day 14 of culture the rafts were
fixed in 3.7% formaldehyde, paraffin embedded then sectioned and mounted on to slides. The eosin dye stains the cyctoplasm
pink and the haematoxylin stains the nucleus purple. Slides were visualized on a Nikon inverted Epifluorescent microscope fitted

with a 20x objective and images were captured using a Leica DC200 camera and software. Scale bar, 10 um. Image taken from

Paris et al., 2015.
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Figure 45. Immunofluorescence staining of BrdU incorporation in
organotypic raft sections. Organotypic raft cultures were generated from
untransfected HFKs and HFKs containing either WT HPV18 or ACTCF HPV18 genomes.
Sixteen hours prior to harvesting, 20 uM BrdU was added to the growth medium. On day
14 of culture the rafts were fixed in 3.7% formaldehyde then sectioned and mounted on to
slides. BrdU antibody was used in BSA blocking solution (green) and Hoescht 33342 was
used to stain the nuclear DNA (blue). Slides were visualized on a Nikon inverted
Epifluorescent microscope fitted with a 40x oil objective and images were captured using a
Leica DC200 camera and software. Scale bar, 10 pm. The white arrows indicate the basal
layer and the lower/upper suprabasal boundary is demarcated by the white dotted line.
BrdU positive cells were quantified in the basal, lower suprabasal and upper suprabasal
layers of the rafts and calculated as a percentage of the total cell count. Significance was

determined by a t-test shown as ***= p<0.001. Image taken from Paris et al., 2015.
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Figure 46. Immunofluorescence staining of p53 in organotypic raft
sections. Organotypic raft cultures from two independent cell donors were generated
from untransfected HFKs and HFKs containing either WT HPV18 or ACTCF HPV18
genomes. On day 14 of culture the rafts were fixed in 3.7% formaldehyde then sectioned
and mounted on to slides. p53 antibody was used at 1:50 in BSA blocking solution and
Hoescht 33342 was used to stain the nuclear DNA. Slides were visualized on a Nikon
inverted Epifluorescent microscope fitted with a 40x oil objective and images were
captured using a Leica DC200 camera and software. Scale bar, 10 pm. The white arrows
indicate the basal layer and the lower/upper suprabasal boundary is demarcated by the
white dotted line. p53 positive cells were quantified in the basal, lower suprabasal and
upper suprabasal layers of the rafts and calculated as a percentage of the total cell count.
Significance was determined by a t-test shown as ***= p<0.001. Image taken from Paris et

al,, 2015
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Figure 47. Immunofluorescence staining of p130 in organotypic raft sections.
Organotypic raft cultures from two independent cell donors were generated from
untransfected HFKs and HFKs containing either WT HPV18 or ACTCF HPV18 genomes. On
day 14 of culture the rafts were fixed in 3.7% formaldehyde then sectioned and mounted on
to slides. p130 antibody was used at 1:250 in BSA blocking solution and Hoescht 33342 was
used to stain the nuclear DNA. Slides visualized on a Nikon inverted Epifluorescent
microscope fitted with a 40x oil objective and images were captured using a Leica DC200
camera and software. Scale bar, 10 um. The white arrows indicate the basal layer and the
lower/upper suprabasal boundary is demarcated by the white dotted line. p130 positive cells
were quantified in the basal, lower suprabasal and upper suprabasal layers of the rafts and
calculated as a percentage of the total cell count. Significance was determined by a t-test
shown as ***= p<0.001 Image taken from Image taken from Image taken from Paris et al.,

2015.
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4.6 Abrogation of CTCF binding causes an increase in HPV18 E6 and E7
transcript and protein expression

The immunofluorescence data has strongly indicated that there is an increase
in both E6 and E7 expression in the ACTCF HPV18 rafts compared to the WT
HPV18 rafts. To investigate this further, western blotting was performed
using protein lysates extracted from three independent rafts derived from
both WT HPV18 and ACTCF HPV18 genome containing cell lines from donor
1. Western blot analysis revealed an overall increase in E7 and E6 protein
levels in the ACTCF HPV18 rafts relative to the WT HPV18 rafts (Fig. 48a &
49a). An increase in E6 and E7 was also observed in ACTCF HPV18 rafts
derived from a second cell donor (Fig. 48b & 49b). Overall there was a 1.6 fold
increase in E6 and a 1.8 fold increase in ACTCF HPV18 rafts compared to WT

HPV18 rafts (Figs. 48c¢ & 49c¢).

RT-PCR was performed to investigate E6 and E7 expression at the
transcriptional level (Fig. 50). Firstly, RNA was extracted from both WT
HPV18 and ACTCF HPV18 rafts on day 14 of culture then used to generate
cDNA. The cDNA was amplified with primers for the unspliced early
transcript region with the potential to encode both E6 and E7. The locations of
the primers are indicated in the schematic shown (Fig. 50a). RT-PCR was also
performed on raft cDNA using endogenous control primers for the large

ribosomal protein gene (RPLPO) in order to quantify relative gene expression.
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In both cell donors, the ACTCF HPV18 rafts showed a significant increase in
the expression of the unspliced early product in comparison to the WT HPV18
rafts (Fig. 50b). Additionally, qRT-PCR was also used to quantify E6/E7
transcript levels in the HPV18 ACTCF rafts compared to WT HPV18 levels,
with a 44.08-fold increase observed in donor 1 (+26.95-fold s.e.m.) and 21.19-
fold increase in donor 2 (+10.48-fold [s.e.m.]) (Fig. 51). These results indicate
that loss of CTCF binding in the E2 ORF in the HPV18 genome leads to an
increase in the production of unspliced transcripts with the potential to

encode the E6 and E7 oncoproteins.
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Figure 48. Expression of HPV18 E6 protein in WT HPV18 and ACTCF HPV18
HFK organotypic raft cultures. A) Three independent raft cultures were generated
from either WT HPV18 or ACTCF HPV18 genome containing HFKs from donor 1 or B)
single WT HPV18 or ACTCF HPV18 rafts from donor 2. Protein lysates were extracted on
day 14 of raft culture. Western blotting was carried out using 30 pg of protein to detect
HPV18 E6. GAPDH was used as a loading control. C) Western blot bands were quantified
using the Fusion FX digital detection system. The average E6 expression of all four rafts
relative to GAPDH was calculated for WT and ACTCF. The average fold increase in E6

expression relative to WT was calculated. Image B taken from Paris et al., 2015.
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Figure 49. Expression of HPV18 E7 protein in WT HPV18 and ACTCF
HPV18 HFK organotypic raft cultures. A) Three independent raft cultures
were generated from either WT HPV18 or ACTCF HPV18 genome containing
HFKs from donor 1 or B) single WT HPV18 or ACTCF HPV18 rafts from donor 2.
Protein lysates were extracted on day 14 of raft culture. Western blotting was
carried out using 30 ug of protein to detect HPV18 E6. GAPDH was used as a
loading control. C) Western blot bands were quantified using the Fusion FX digital
detection system. The average E7 expression of all four rafts relative to GAPDH
was calculated for WT and ACTCF. The average fold increase in E6 expression

relative to WT was calculated. Image B taken from Paris et al., 2015.
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Figure 50. RT-PCR analysis of E6E7 unspliced transcripts. A) Schematic
depicting the location of primer annealing in the unspliced early region at nucleotides 121
(Fw) and 295 (Rv). B) Three independent raft cultures were generated from either WT
HPV18 or ACTCF HPV18 genome containing HFKs from two independent donors. RNA
was extracted on day 14 of raft culture and used to generate cDNA, which was amplified
by PCR using indicated primers. PCR products were separated on a 1.8% agarose gel
containing ethidium bromide. DNA products were purified using a gel extraction kit
(Sigma) and sent for DNA sequencing. Sequencing chromatograms were viewed using
FinchTV software and aligned to known sequences using the NCBI blast database. Bands
were quantified using image] and data represented as a percentage of E6/E7 expression in
WT HPV18 cells. Significance was determined by a t-test shown as *= p<0.05. Image taken

from Paris et al., 2015.
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Figure 51. qRT-PCR analysis of E6E7 unspliced transcripts. Three
independent raft cultures were generated from either WT or ACTCF HFKs from two
cell donors. RNA was extracted on day 14 of raft culture and used to generate cDNA,
which was amplified by SYBR qPCR using primers at nucleotides 121 (Fw) and 295
(Rv). gqPCR was also carried out on the same cDNA using primers targeting the
housekeeping gene RPLPO. The 224Ct method was used to calculate the relative gene
expression. Data shown represent the fold increase in E6E7 gene expression in

ACTCF HFKs compared to WT HFKs. Image taken from Paris et al., 2015.
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4.7 Increased E6 and E7 expression is not a result of reduced HPV18 E2
expression

The CTCF binding site mutation was generated in the E2 ORF of the HPV18
genome. Although this mutation did not alter the amino acid sequence
encoding E2 it was important to confirm that E2 protein expression remained
similar in both WT HPV18 and ACTCF HPV18 genome containing cell lines,
especially considering the known role of E2 in mediating repression of E6 and
E7 (Bernard et al., 1989). Therefore, western blotting was performed using
protein lysates extracted from three independent rafts derived from both WT
HPV18 and ACTCF HPV18 genome containing HFKs from donor 1 (Fig. 52a)
and individual rafts for donor 2 (Fig. 53). Western blots and accompanying
quantifications showed that the E2 protein levels remained similar in both the
WT HPV18 and ACTCF HPV18 rafts from two independent donors (Fig. 52a
& 52b), and any small differences were not statistically significant (Fig. 52c).
These findings demonstrate that the observed increase in oncoprotein
expression is not due to altered E2 protein expression. Furthermore, rafts
derived from untransfected, WT HPV18 or ACTCF HPV18 genome containing
HFKs were also stained with E2 specific antibody (Fig. 54). As expected, E2
protein was undetectable in the untransfected rafts. In the intermediate and
upper layers of both the WT HPV18 and ACTCF HPV18 rafts there was a
similar intensity of E2 protein expression (performed by JP). However a

noticeable delay in E2 expression was visible in the ACTCF HPV18 rafts,
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consistent with the observed increase in E6 and E7 expression in these cells,

which modulate expansion of the lower suprabasal cells and a delay in

differentiation.
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Figure 52. Expression of HPV18 E2 protein in WT HPV18 and ACTCF HPV18
organotpyic raft cultures. Three independent raft cultures were generated from either
WT HPV18 or ACTCF HPV18 genome containing HFKs from donor 1. Protein lysates were
extracted on day 14 of raft culture. A) Western blotting was carried out using 30ug of protein
to detect HPV18 E2 and GAPDH was used as a loading control. Western blot bands were
quantified using the Fusion FX digital detection system. B) E2 expression was calculated
relative to GAPDH for each of the three independent rafts for WT and ACTCF. C) The
average E2 expression of all three rafts relative to GAPDH was calculated for WT and
ACTCEF. Error bars are representative of SEM and significance was determined by a t-test. No

statistical difference in E2 protein expression was observed.
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Figure 53. Expression of HPV18 E2 protein in WT HPV18 and ACTCF
HPV18 HFK organotypic raft cultures. Raft cultures were generated from
either WT HPV18 or ACTCF HPV18 genome containing HFKs from donor 2. Protein
lysates were extracted on day 14 of raft culture. Western blotting was carried out

using 30ug of protein to detect HPV18 E2 and GAPDH was used as a loading

control. Image taken from Paris et al., 2015.
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Figure 54. Immunofluorescence staining of HPV18 E2 in WT HPV18 and
ACTCF HPV18 organotypic raft sections. Rafts were generated from either
untransfected HFKs or WT HPV18 and ACTCF HPV18 genome containing HFKs. On
day 14 of culture the rafts were fixed in 3.7% formaldehyde then sectioned and
mounted on to slides. HPV18 E2 antibody was used at 1:100 in BSA blocking solution
and Hoescht 33342 was used to stain the nuclear DNA. Sides were visualized on a
Nikon inverted Epifluorescent microscope fitted with a 20x objective and images were
captured using a Leica DC200 camera and software. Scale bar, 10 um. The white arrows
arrows indicate the basal layer. E2 protein staining was performed by Dr Jo Parish.

Image taken from Paris et al., 2015.
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4.8 Abrogation of CTCF binding deregulates HPV18 late transcript and
protein expression

Given that abrogation of CTCF binding in monolayer and differentiated
HPV18 genome containing HFKs deregulated early viral gene expression it
was also important to address the impact on late gene expression. In order to
investigate late HPV protein expression organotypic raft sections derived
from WT HPV18 and ACTCF HPV18 genome containing HFK were stained
with HPV18 L1 specific antibody (Fig. 55a). L1 is one of the viral capsid
proteins so it is expressed exclusively during the late stages of the viral life
cycle in the upper granular layer of the epithelium. In the WT HPV18 rafts L1
staining was clearly visible in the upper cornfield layer. However in the
ACTCF HPV18 rafts there was a significant loss of L1 staining compared to
the WT HPV18, with an overall 60% reduction in L1 positive cells quantified

from 3 independent rafts from two independent donors p<0.001 (Fig. 55b).

It was not possible to detect HPV18 L1 via a western blot as the keratin
present in the raft cultures prevents detection of the L1 protein. However,
HPV18 E1"E4 is also a late viral protein as it is expressed in the upper
differentiated layers of the epithelium. Western blot analysis of HPV18 E1"E4
revealed a decrease in both the full length and cleaved form of E1"E4 in the
ACTCF HPV18 rafts in comparison to the WT HPV18 rafts (Fig. 56). HFKs

were also differentiated in methylcellulose for 48 hours, and E1"E4 protein
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detected by western blot (Fig. 57a). Again there was a significant reduction in
E17E4 protein expression in the ACTCF HPV18 HFKs from four independent
methylcellulose differentiation experiments (Fig. 57b). Furthermore, there was
a 2-fold reduction in E1"E4 expression in ACTCF HPV18 genome containing

cells in a second HFK donor (Fig. 57b).

Given the observed reduction in late E1"E4 and L1 protein expression in the
ACTCF HPV18 rafts compared to WT HPVIS8 rafts, it was important to
investigate expression of the transcripts known to encode these proteins.
Firstly, RNA was extracted from methylcellulose differentiated WT HPV18
and ACTCF HPV18 HFKs and used to generate cDNA for RT-PCR analysis.
Previously published primers were used to identify transcripts with the
potential to encode E1"E4 and L1 (Fig. 58). Unsurprisingly, the late transcripts
were undetectable in the WT HPV18 monolayer HFKs, and upon
differentiation the expected L1 (1. 187bp) and E17E4, L1 (2. 450bp) transcripts
were expressed. The other WT HPV18 product (3. 419bp) is thought to be a
previously identified L1 encoding transcript but the DNA concentration was
too low to confirm this by DNA sequencing. Interestingly, a novel or
previously undetected spliced transcript (4.) was detected upon
differentiation of the ACTCF HPV18 HFKs, which was not detected in the WT
HPV18 HFKs. This transcript contained additional splicing between nt

3547(E17E4) and nt 4680(L2) and also between nt 4775(L2) and nt 5609(L2),
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which caused an L1 frame shift. Furthermore, the ACTCF HPV18 genome
containing HFKs expressed this novel transcript (3. 187bp) whilst in
monolayer culture, indicating that there may be loss of early polyadenylation
site usage in these ACTCF genomes The alterations in late transcript
expression and splicing provide an explanation for the observed loss of late
E1"E4 and L1 protein expression when CTCF binding is abrogated. Overall
these results offer a glimpse in to the potential role of CTCF in regulating late
transcript splicing, polyadenylation site usage and gene expression through

binding to the E2 ORF in HPV18 genomes.
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Figure 55. Immunofluorescence staining of HPV18 L1 protein in WT HPV18
and ACTCF HPV18 organotypic raft sections. Rafts were generated from either WT
HPV18 or ACTCF HPV18 genome containing HFKs. On day 14 of culture the rafts were fixed
in 3.7% formaldehyde then sectioned and mounted on to cover slips. A) L1 antibody was
used at 1:100 in BSA blocking solution (green). Hoescht 33342 was used to stain the nuclear
DNA (blue). Sides were visualized on a Nikon inverted Epifluorescent microscope fitted with
a 40x oil objective and images were captured using a Leica DC200 camera and software. Scale
bar, 10 um. The white arrows indicate the basal layer. B) L1 positive cells were quantified in
the basal, lower suprabasal and upper suprabasal layers of the rafts and calculated as a
percentage of the total cell count. Significance was determined by a t-test shown as ***=

p<0.001.
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Figure 56. HPV18 E1"E4 and involucrin protein expression in WT HPV18 and

ACTCF HPV18 HFK organotypic raft cultures. Three independent raft cultures were

generated from either WT HPV18 or ACTCF HPV18 genome containing HFKs from donor 1.

Protein lysates were extracted on day 14 of raft culture. Western blotting was carried out

using 30 ug of protein to detect HPV18 E1"E4 and GAPDH was used as a loading control.
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Figure 57. HPV18 E1"E4 and involucrin protein expression in WT HPV18 and
ACTCF HPV18 genome containing HFKs. A) HFKs were grown in monolayer or
differentiated in methylcellulose for 48 hours. Protein lysates were extracted and 30 ug was
used to detect involucrin and HPV18 E17E4. GAPDH was used as a loading control. B)
Western blot bands were quantified using the Fusion FX digital detection system. E1"E4
expression was calculated relative to GAPDH for 4 independent experiments for HFK donor
1. Error bars are representative of SEM and significance was determined by a t-test shown as
*= p<0.05. The western blots shown are representative of four experimental repeats for donor

1 (n=4) and two for donor 2 (n=2).
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Figure 58. RT-PCR analysis of late viral transcripts. A) Schematic depicting the
location of primer annealing and known splice sites in the HPV18 genome. The annotated
PCR products encode: 1. L1 (187bp), 2. E1"E4, L1 (450bp), 3. E1"E4,L1 (378bp) and 4. novel
spliced product (396bp). B) WT HPV18 and ACTCF HPV18 HFKs were grown in monolayer
or differentiated in methylcellulose for 48 hours. RNA was extracted from HFKs and used to
generate cDNA. Primers within the E1 (Fw) and L1 (Rv) regions were used to amplify PCR
products. PCR products were separated on a 1.8% agarose gel containing ethidium bromide
with an accompanying Bioline 100bp ladder, and then detected using a Gene Flash UV light
box (Syngene Bio Imaging, UK). A control sample containing Taq Polymerase and primers
was also included (NTC). Bands were cut from the gel and purified using a gel extraction kit
(Sigma). Eluted DNA was sequenced and the sequencing chromatograms were viewed using
FinchTV software and aligned to known sequences using the NCBI blast software. The PCR

image shown is representative of three experimental repeats for donor 1 (n=3).
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Figure 59. Detection of HPV18 genome amplification by Southern blotting. WT HPV18 and ACTCF HPV18 HFKs were differentiated in
methylcellulose and DNA was extracted at Oh (monolayer), 24h and 48h time points. Southern blotting was performed using 5 pg DNA per condition.
DNA was digested with EcoRI or BgIII restriction enzymes and separated on a 0.8% agarose gel containing ethidium bromide. Copy number controls
equivalent to 50, 200 and 500 viral episomes per cell were also separated on the agarose gel. DNA was transferred to a nitrocellulose membrane
overnight through capillary action. The membrane was UV cross-linked and hybridized with a HPV18 probe labelled with p®. The membrane was

visualized on x-ray film by autoradiography. The Southern blot shown is representative of an individual experiment for cell donor 1.
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Figure 60. Detection of HPV18 genome amplification by Southern blotting. WT and ACTCF HFKs were differentiated in methylcellulose
and DNA was extracted at Oh (monolayer), 24h and 48h time points. A southern blot was performed using 5 pg DNA per condition. DNA was digested
with EcoRI or BgIII restriction enzymes and run on a 0.8% agarose gel containing ethidium bromide. Copy number controls equivalent to 50, 200 and 500
viral episomes per cell were also separated on the agarose gel. DNA was transferred to a nitrocellulose membrane overnight through capillary action. The
membrane was UV cross-linked and hybridized with a HPV18 probe labeled with p3. The membrane was visualized on film by autoradiography. The

southern blot shown is representative of an individual experiment for cell donor 2.
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Figure 61. Detection of HPV18 episome maintenance by Southern blotting. WT HPV18 HFKs were grown in monolayer culture and
DNA was extracted at passages 5, 7,11 and 15. Southern blotting was performed using 5 ug DNA per condition. DNA was digested with EcoRI or
Bglll restriction enzymes and separated on a 0.8% agarose gel containing ethidium bromide. Copy number controls equivalent to 25, 50 and 100 viral
episomes per cell were also separated on the agarose gel. DNA was transferred to a nitrocellulose membrane overnight through capillary action. The
membrane was UV cross-linked and hybridized with a HPV18 probe labelled with p®. The membrane was visualized on x-ray film by

autoradioeraphv. The Southern blot shown is representative of an individual experiment for cell donor 1.
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Figure 62. Detection of HPV18 episome maintenance by Southern blotting. ACTCF HPV18 genome containing HFKs were grown in
monolayer culture and DNA was extracted at passages 5, 7,11 and 15. Southern blotting was performed using 5 pig DNA per condition. DNA was
digested with EcoRI or BgII restriction enzymes and separated on a 0.8% agarose gel containing ethidium bromide. Copy number controls
equivalent to 25, 50 and 100 viral episomes per cell were also separated on the agarose gel. DNA was transferred to a nitrocellulose membrane
overnight through capillary action. The membrane was UV cross-linked and hybridized with a HPV18 probe labelled with p%. The membrane was

visualized on x-ray film by autoradiography. The Southern blot shown is representative of an individual experiment for cell donor 1.
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4.9 Abrogation of CTCF binding does not have a major impact on viral
genome amplification

Upon epithelial differentiation the expression of late viral transcripts and
proteins coincides with viral genome amplification in the upper layers of the
epithelium. Therefore, Southern blot analysis was performed to determine
whether the abrogation of CTCF binding to the E2 ORF also reduces HPV18
genome amplification (Figs. 59 & 60). When HFK cells are grown in
methylcellulose media they are induced to differentiate, and cells containing
viral episomes undergo amplification of these viral genomes. DNA was
extracted from WT HPV18 and ACTCF HPV18 genome containing monolayer
HFKs from two independent donors to represent the ‘Ohr’ undifferentiated
state. DNA was also extracted from HFKs that were differentiated in
methylcellulose for 24hr and 48hr time points. As previously described, DNA
was digested with either EcoRI to linearize the viral genome or BgIIl which
cuts the host DNA. There was a slight reduction in amplification between Ohr
and 24hr in the donor 1 ACTCF cells when compared to the same time points
in the WT HPV18 cells (Fig. 59), but this was actually due to less DNA loaded
on to the agarose gel in the Ohr and 24hr wells. However, similar
amplification of viral genomes was observed at the 24hr and 48hr time points

between WT HPV18 and ACTCF HPV18 genome containing cells from donor
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2 (Fig. 60). These results indicate that CTCF binding does not have a major

effect on HPV18 genome amplification.
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Figure 63. Analysis of early transcript splicing. Three independent raft
cultures were generated from either WT or ACTCF HFKs from two cell donors. A)
RNA was extracted on day 14 of raft culture and used to generate cDNA, which was
amplified by PCR using primers that annealed at nucleotides 121 (Fw) and 3517 (Rv).
PCR products were separated on a 1.8% agarose gel containing ethidium bromide.
DNA products were purified using a gel extraction kit (Sigma) and DNA sequenced.
Sequencing chromatograms were viewed using FinchTV software and aligned to
known sequences using the NCBI blast software. B) Schematic depicting the location
of primer annealing and known splice sites in the HPV18 genome. The 708bp
product encodes E6*], E7, E1"E4 and E5. The 195bp encodes E6*II and E5. C) The
195bp bands were quantified using image] and data represented as percentage of
wild type expression. Significance was determined by a t-test shown as *= p<0.05.
The PCR image shown is representative of three experimental repeats for each donor

(n=3). Figure taken from (Paris et al., 2015).
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410 Abrogation of CTCF binding does not have a major impact on viral
genome maintenance

Southern blot analysis was used to determine whether the abrogation of
CTCF binding to the E2 ORF affects viral episome maintenance (Figs. 61 &
62). The DNA used for the Southern blot was extracted from WT HPV18 and
ACTCF HPV18 genome containing HFK cell pellets of increasing passage
numbers. HPV episomes were detectable in p5, 7, 11, and 15 HFKs harboring
either the WT HPV18 and ACTCF HPV18 genomes in two individual donors,
however episomes at 25 copies or above were not observed beyond p15 in
both cell lines and donors. Overall a similar level of viral episome
maintenance was observed between the WT HPV18 and ACTCF HPV18

genome containing cell lines in both donors.

411 Abrogation of CTCF binding deregulates HPV18 splicing events

Given that HPV mRNA is extensively alternatively spliced (Wang et al., 2011)
the next step was to determine if CTCF is involved in this splicing process,
particularly the splicing of additional early transcripts. RNA was extracted
from WT HPV18 and ACTCF HPVI18 raft cultures and used to generate
cDNA. Raft cDNA was amplified using a forward primer at nucleotide 121
(E6) upstream of the first splice donor site (233) and reverse primer at 3517
(E2), which is downstream of five known splice acceptor sites in the early

region of HPV18 at nucleotides 416, 2779, 3434, 3465, and 3506 (Fig. 63b).
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From the WT HPV18 rafts two PCR products of 708bp and 195bp were
identified. Sequencing revealed that these two products were spliced between
nucleotides 2337416 and 92973434 to generate the 708bp product, which is
known to encode E6*I, E7, E1"E4 and E5, and spliced at 233343 to obtain the
smaller 195bp product, which is known to encode E6*Il and E5 (Fig. 63a).
Interestingly, when PCR was carried out with ACTCF HPV18 raft cDNA only
the 708bp was clearly present, as there was a significant reduction and in
some cases complete loss of the 195bp transcript (Fig. 63a and b). Overall
these data indicate that abrogation of CTCF binding in the E2 ORF alters
splice site usage and ultimately deregulates major HPV splicing events, which

may favour the expression of the E6E7 transcripts.

412 Summary

It was initially postulated that the CTCF protein is recruited to the E2 ORF of
high-risk HPV genomes in order to regulate processes throughout the viral
life cycle. Furthermore, due to the conservation of this CTCF binding site
specifically amongst the oncogenic HPV types, it was hypothesized that
CTCF recruitment is needed to regulate and co-ordinate oncoprotein
expression. Indeed, both haematoxylin and eosin staining and
immunofluorescence staining for BrdU incorporation revealed that rafts

derived from ACTCF HPV18 genome containing cells displayed a more

212



hyperproliferative phenotype compared to WT HPV18 rafts. Moreover,
western blotting revealed an increase in E6 and E7 protein expression in
monolayer ACTCF HPV18 genome containing cells in comparison to WT
HPV18 monolayer cells. Furthermore, using the organotypic raft culture
system we have demonstrated that abrogation of CTCF binding to the E2 ORF
in HPV18 causes an increase in both E6 and E7 expression at both the
transcriptional and protein level, and importantly this not due to a reduction
in overall HPV18 E2 protein expression. The use of this organotypic raft
culture system as well as methylcellulose differentiation has also revealed
alterations in late protein expression, with an observed decrease in both L1
and E1"E4 protein expression in ACTCF HPV18 genome containing cells.
Interestingly, when the expression of the late transcripts was investigated
further, we identified a novel spliced transcript in the ACTCF HPV18 genome
containing cells containing additional splicing between nt 3547(E1"E4) and nt
4680(L2) and also between nt 4775(L2) and nt 5609(L2), which may explain
the observed reduction in late protein levels. We also identified alterations in
additional early HPV splicing events, specifically the loss of the transcript
encoding E5 and E6*I in the ACTCF HPVI18 genome containing cells,
indicating that CTCF is required to bind in the E2 ORF in order to co-ordinate
gene splicing events. Abrogation of CTCF binding did not have a major effect

on HPVI18 viral genome amplification or HPV18 episome maintenance.
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Overall, it is clear that upon CTCF abrogation there are perturbations in HPV
splicing events, subsequently altering HPV gene and protein expression.
However it still remained unclear how exactly CTCF binding in the E2 ORF
regulates early gene expression, which is controlled by factors binding to the

viral LCR region 3kb upstream.
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5 Chapter 5: Understanding the mechanism for increased E6 and E7
oncoprotein expression in ACTCF HPV18 genome containing HFKs

5.1 Introduction

The results so far have demonstrated that abrogation of CTCF binding in the
E2 ORF of the high-risk HPV18 genome results in an increase in both E6 and
E7 viral oncoprotein expression. The aim of this next chapter was to
determine the mechanism underpinning this increase in oncoprotein
expression. Given that CTCF plays a major role in chromatin organisation in
the human genome, it was hypothesised that CTCF binding is required to
regulate the chromatin structure in the HPV genome and therefore modulate

transcriptional control of the early viral genes.

CTCF is involved in nucleosome positioning and chromatin modeling,
therefore it was important to look at the chromatin landscape of the viral
genome. A technique termed formaldehyde isolation of regulatory elements
(FAIRE) was used to compare areas of open and transcriptionally active
regions, to more transcriptionally repressed regions between the WT HPV18
and ACTCF HPV18 genome containing cells. Another aim was to determine
the association of specific histone modifications that are correlated with either
transcriptional activation or repression across the viral genome, and
ultimately determine if CTCF binding can modulate these epigenetic

signatures. Furthermore, it is well established that CTCF plays an important
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role in mediating long range chromosomal interactions via DNA looping,
therefore the final aim was to determine if CTCF binding in the E2 ORF of
HPV18 could mediate DNA loop formation in order to regulate viral gene

expression.

The HFKs used for the subsequent experiments were cultured between
passages 9 and 11. It was important to verify that the viral genomes were
maintained episomally in the HFK cell lines used for these experiments. As
previously discussed, DNA was extracted from WT HPV18 and ACTCF
HPV18 genome containing HFK monolayer cultures and Southern blotting
was performed to detect viral episomes and estimate viral copy numbers in
each cell line (Fig. 64). DNA was either digested with the EcoRI restriction
enzyme, which linearizes the viral genome, or incubated with BgIII, which is a
non-cutter of the genome but digests the host DNA. The 8kb linearized viral
genome was detected in the WT HPV18 and ACTCF HPV18 genome
containing cell lines from donor 2, and there was no visible difference in copy
number between the WT HPV18 and ACTCF HPV18 genome containing cells
(Fig. 64). The copy number was estimated to be around 50-100 copies in both
WT HPV18 and ACTCF HPV18 genome containing cells. A similar result was
obtained using WT HPV18 and ACTCF HPV18 genome containing cells from

donor 1 (Fig. 64). Open circle and supercoiled bands corresponding to the
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uncut genome were detected in WT HPV18 and ACTCF HPV18 genome
containing cells from both donors, verifying the presence of viral episomes
(Fig. 64). Of note, higher molecular weight bands that are indicative of
integrated HPV in to the host DNA were not detected in any of the cell lines

(Fig. 64).

It is well established that the double stranded DNA of the HPV genome is
chromatinized within the host cell (Stunkel and Bernard, 1999; (Swindle and
Engler, 1998). Chromatin is comprised of nucleosome units, which themselves
are made up of a protein core of four duplicated histones: H2A, H2B, H3 and
H4. The eight histones that compromise the nucleosome core are wrapped
around by 147bp of DNA and each core is separated by linker DNA region.
The positioning of these nucleosomes along the genome is tightly linked to
transcriptional regulation; areas of nucleosome depletion or destabilization
are associated with transcriptional activation, as this conformation allows
binding access for specific transcription factors and regulatory proteins (Lee
et al., 2004). Furthermore, a previous study has demonstrated that CTCF
binding can provide an anchor for positioning surrounding nucleosomes (Fu
et al., 2008). With this in mind it was important to determine if abrogation of
CTCF binding to the E2 ORF in the HPV18 genome could alter nucleosome

positioning and chromatin remodeling. The FAIRE technique was used to
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identify and compare nucleosome-depleted areas of the HPV18 genome.
Here, HFKs were formaldehyde fixed, lysed and chromatin was sheared by
sonication. Sonication typically yields fragments between 200-600bp, similar
to those obtained for ChIP experiments (Fig. 65). Cells were either subjected
directly to phenol chloroform extraction (FAIRE) or reverse-crosslinked prior
to extraction (INPUT). Phenol chloroform extraction separates nucleosome
depleted DNA in to the aqueous phase, whereas nucleosome-bound regions
are trapped at the aqueous/solvent interface. Therefore, if an area of the
chromatin is nucleosome-depleted and more accessible then more DNA will
be extracted from the FAIRE samples compared to the more nucleosome
bound regions of the chromatin. Extracted DNA from both ‘FAIRE’ and
‘INPUT’ samples was amplified by qPCR using primers spanning the HPV18
genome, and a ratio was calculated to determine the proportion of open DNA
relative to input DNA at specific regions across the viral genome (Giresi et al.,
2007, Simon et al., 2014). When FAIRE experiments were carried out in WT
HPV18 genome containing HFKs grown in monolayer culture, there was an
enrichment of DNA extracted from within the LCR, corresponding to an area
of more open chromatin (Fig. 66). This is unsurprising considering that the
viral LCR region contains an array of transcription factor and regulatory
protein binding sites, which are differentially bound in order to control viral

transcription. However, the most striking observation was that ACTCF
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HPV18 genome containing monolayer HFKs displayed a more open
chromatin landscape across the LCR compared to the WT HPV18 genome
containing cells (Fig. 66). The more open LCR region in the ACTCF HPV18
HFKs was maintained after cells were differentiated in methylcellulose for 48
hours (Fig. 67). Overall these results demonstrate that abrogation of CTCF
binding in the E2 ORF of HPV18 can alter nucleosome occupancy within the
viral LCR region (3kb upstream) by creating a more open and nucleosome

depleted chromatin landscape.

Furthermore, each histone protein contains an N-terminal tail that can
undergo multiple post-translational modifications at different amino acid
residues, including methylation, acetylation, ubiquitinylation and
phosphorylation. The modifications of specific histone tails can recruit
chromatin-remodeling factors and other co-factors, which confer different
transcriptional outcomes. For example, H3K27me3 is a well-known hallmark
of repressed chromatin, whereas H3K4me3 (Bernstein et al., 2002) and
H3K9ac are signatures commonly detected at the promoter regions of actively
transcribed genes (Barski et al.,, 2007a). Indeed, the association of specific
histone marks within the viral genome has previously been demonstrated in

HPV31 containing CIN612 cells, which compared histone modifications at the
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viral promoters in monolayer and differentiated cells (Wooldridge and

Laimins, 2008).

5.2 Increased enrichment of H3K4me3 at the early promoter in ACTCF
HPV18 genome containing HFKs

Given the observed increase in early gene expression in the ACTCF HPV18
genome containing HFKSs, the first step was to investigate the association of
histone modifications throughout the viral genome that are associated with
active gene transcription. Firstly, the expression of the H3K4me3 histone
modification was mapped across the viral genome, which is a post-
translational marker of active promoter regions. ChIP experiments using a
H3K4me3 specific antibody revealed an increase in enrichment across the
early promoter and early gene body in the ACTCF HPV18 genome containing
HFKs when compared to the WT HPV18 genome containing cells (Fig. 68).
Western blotting revealed that ACTCF HPV18 genome containing cells in
monolayer culture displayed higher levels of H3K4me3 protein than WT
HPV18 cells (Fig. 69a). However the biggest difference in H3K4me3
expression was most apparent after cells had undergone methylcellulose
differentiation, where H3K4me3 expression was 4-fold higher in ACTCF
HPV18 genome containing cells compared to WT HPV18 genome containing

cells from two independent donors (Fig. 69a and b).
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5.3 Increased enrichment of total RNA Polymerase II at the early
promoter in ACTCF HPV18 genome containing HFKs

It has been reported that the H3K4 methyltransferase protein can interact
with RNA polymerase II, indicating that H3K4 deposition occurs co-
transcriptionally (Zhang et al., 2015). Indeed, ChIP experiments revealed an
increase in the enrichment of total RNA polymerase II binding across the
early promoter region in the ACTCF HPV18 genome containing HFKSs
compared to WT HPV18 genome containing HFKs (Fig. 70). Given that RNA
polymerase II is an essential protein involved in transcriptional initiation and
elongation these findings support the hypothesis that the early genes are
more transcriptionally active in the ACTCF HPV18 genome containing cells
compared to the WT HPVI18 genome containing cells. Western blotting
showed that the total level of RNA polymerase II protein was similar between
WT HPV18 and ACTCF HPV18 genome containing HFKs in monolayer
culture (Fig. 71). Taken together, the increase in both H3K4me3 and RNA
polymerase II enrichment further supports our previous findings of an
increase in early gene expression when CTCF binding to the E2 ORF is

abrogated.
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Figure 64. Detection of viral episomes by Southern blotting. WT HPV18 and ACTCF HPV18 genome containing HFKs were
grown in monolayer culture and DNA was extracted at passages 9, 10 and 11. A Southern blot was performed using 5ug DNA per
condition. DNA was digested with EcoRI or BgIII restriction enzymes and separated on a 0.8% agarose gel containing ethidium bromide.
Copy number controls equivalent to 50, 100 and 200 viral episomes per cell were also separated on the agarose gel. DNA was transferred to
a nitrocellulose membrane overnight through capillary action. The membrane was UV cross-linked and hybridized with a HPV18 probe
labeled with P®. The membrane was visualized on film by autoradiography. The Southern blot shown is from donor 2. Results were

consistent in both donors.
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Figure 65. Sheared chromatin from WT HPV18 and ACTCF genome
containing HFKs. HFKs containing either WT HPV18 or ACTCF HPV18 genomes
were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei
release. Pelleted nuclei were resuspended in shearing buffer, then sonicated for 15
minutes on ice at 25% amplitude (30s on 30s off cycle). DNA was extracted from 50pl
aliquots then separated on a 1.2% agarose gel containing ethidium bromide, and
visualized on a Gene Flash UV light box to check shearing efficiency. Bioline 1kb DNA
ladder was used as a molecular size marker. Optimal shearing typically yielded

fragments between 200-600bp.
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Figure 66. Formaldehyde isolation of regulatory elements. FAIRE was performed using WT HPV18 and ACTCF HPV18 genome containing HFKs grown in
monolayer culture. Cells were fixed in 1% formaldehyde, lysed and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a cycle of
30s on and 30s off for a total sonication time of 15 minutes. Phenol chloroform DNA extraction was immediately performed on the ‘FAIRE’ chromatin, whereas reverse
DNA cross-linking was performed on ‘Input’ chromatin prior to DNA extraction. qPCR was carried out on both ‘Input” and ‘FAIRE’ DNA using primers spanning the
HPV18 genome. The 244< values were calculated using the ‘Input’ and ‘FAIRE’ Ct values and a ratio was obtained (y-axis value). Error bars are SEM from three
indepdent experiments from cell donor 1. The predicted CTCF binding site is displayed as a red marker. The viral LCR is comprised of the 5" end, enhancer (Enh) and

the early promoter (Ep). The early transcripts are transcribed from P105 and the late transcripts from P811.
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Figure 67. Formaldehyde isolation of regulatory elements. FAIRE was performed using WT HPV18 and ACTCF HPV18 genome containing HFKs after 48
hours differentiation in methylcelullose. Cells were fixed in 1% formaldehyde, lysed and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by
sonication on a cycle of 30s on and 30s off for a total sonication time of 15 minutes. Phenol chloroform DNA extraction was immediately performed on the ‘FAIRE’
chromatin, whereas reverse DNA cross-linking was performed on ‘Input’ chromatin prior to DNA extraction. PCR was carried out on both ‘Input” and ‘FAIRE’ DNA
using primers spanning the HPV18 genome. The 224t values were calculated using the ‘Input’ and ‘FAIRE’ Ct values and a ratio was obtained (y-axis value). Error bars
are SEM from three indepdent experiments from cell donor 1. The predicted CTCF binding site is displayed as a red marker. The viral LCR is comprised of the 5" end,

enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late transcripts from P811.
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Figure 68. Characterisation of H3K4me3 enrichment throughout the HPV18 genome. HFKs containing either WT or ACTCF HPV18 genomes were
grown in monolayer culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication
on a cycle of 30s on and 30s off for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 5ug of
H3K4me3 antibody. ChIPs were also set up using FLAG antibody as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using
primers spanning the HPV18 genome. Protein binding was calculated as fold binding over FLAG ChIP. The ChIP shown is representative of three experimental
repeats for donor 1 (n=3). Error bars represent the s.d of triplicate qPCR reactions. The predicted CTCF binding site is displayed as a red marker. The viral LCR is

comprised of the 5 end, enhancer (Enh) and the early promoter (Ep). The early transcripts are transcribed from P105 and the late transcripts from Psi1.
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Figure 69. H3K4me3 expression in HFKs. A) HFKs containing either WT HPV18 or
ACTCF HPV18 genomes were grown in monolayer or differentiated in methylcellulose for 48
hours. Protein lysates were extracted and 40 pug was used to detect for H3K4me3 and GAPDH
was used as a loading control. B) Western blot bands were quantified using the Fusion FX
digital detection system. H3K4me3 expression was calculated relative to GAPDH. The
western shown is representative of two experimental repeats for donor 1 (n=2) and one

experiment for donor 2 (n=1).
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Figure 70. Binding of Total RNA polymerase II throughout the HPV18 genome. HFKs containing either WT HPV18 or ACTCF HPV18 genomes were

grown in monolayer culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a
cycle of 30s on and 30s off for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 5ug of Total RNA Pol
II antibody. ChIPs were also set up using FLAG antibody as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers
spanning the HPV18 genome. Protein binding was calculated as fold binding over FLAG. Error bars represent the s.d of triplicate qPCR reactions.The ChIP shown is

representative of one experimental repeat for donor 1 (n=3).
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Figure 71. Total RNA polymerase II protein expression in HFKs. HFKs
containing either WT HPV18 or ACTCF HPV18 genomes were grown in monolayer
or differentiated in methylcellulose for 48 hours. Protein lysates were extracted and
30 pg was used to detect for total RNA Polymerase II and GAPDH was used as a
loading control. The western shown is representative of two experimental repeats for

donor 1 (n=2)
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Figure 72. Characterisation of H3K27me3 enrichment throughout the HPV18 genome. HFKs containing either WT HPV18 or ACTCF HPV18 genomes were
grown in monolayer culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was sheared by sonication on a
cycle of 30s on and 30s off for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 5ug of H3K27me3
antibody. ChIPs were also set up using FLAG antibody as a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers spanning the

HPV18 genome. Protein binding was calculated as fold binding over FLAG ChIP. Error bars represent the s.d of triplicate qPCR reactions.The ChIP shown is representative

of three experimental repeats for donor 1 (n=3).
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Figure 73. Characterisation of H3K27me3 enrichment throughout the HPV18 genome. HFKs containing either WT HPV18 or ACTCF HPV18 genomes
were differentiated in methylcellulsoe for 48 hours. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was
sheared by sonication on a cycle of 30s on and 30s off for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of
chromatin and 5pg of H3K27me3 antibody. ChIPs were also set up using FLAG antibody as a negative control. DNA was de-crosslinked and eluted and used for gPCR
analysis using primers spanning the HPV18 genome. Protein binding was calculated as fold binding over FLAG ChIP. Error bars represent the s.d of triplicate qPCR

reactions.The ChIP shown is representative of three experimental repeats for donor 1 (n=3).

232



Donor 1

A
WT ACTCF HFK
Oh 48h Oh 48h Oh
) on s | H3K27me3
15kDa — « *
‘ (1
I5KDA | —————— | GAPDH
Donor 2
B
WT ACTCF
Oh 48h Oh 48h

15kDa — - A | H3K27me3

35KDa | T— —— /DL

Figure 74. H3K27me3 expression in HFKs. HFKs containing either WT HPV18 or
ACTCF HPV18 genomes for A) donor 1 and B) donor 2 were grown in monolayer or
differentiated in methylcellulose for 48 hours. Protein lysates were extracted and 30 ug
was used to detect for H3K27me3 and GAPDH was used as a loading control. The
western shown is representative of two experimental repeats for donor 1 (n=2) and one

experiment for donor 2 (n=1).
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5.4 Loss of the repressive H3K27me3 mark in the LCR in ACTCF HPV18
genome containing HFKs

Conversely, it was also important to investigate the association of a repressive
histone mark across the viral genome and determine if its distribution was
altered between WT HPV18 and ACTCF HPV18 genome containing cells.
ChIP analysis revealed peak H3K27me3 enrichment within the viral LCR in
the WT HPV18 genome containing cells (Fig. 72); however, there was a loss of
this epigenetic signature across the LCR region in the ACTCF HPV18 genome
containing HFKs (Fig. 72). The observed enrichment of this repressive mark
in the viral LCR correlates with previous studies that have demonstrated that
H3K27me3 is enriched at transcriptional start sites of promoters (Pan et al.,
2007). Another noticeable H3K27me3 enrichment peak was observed within
the late promoter region in both WT HPV18 and ACTCF HPV18 HFKs in
monolayer culture (Fig. 72). Interestingly, after methylcellulose
differentiation, WT HPV18 genome containing cells displayed a loss of this
H3K27me3 repressive mark across the LCR region (Fig. 73). Furthermore, the
ACTCF HPV18 genome containing HFKs also maintained a loss of this
H3K27me3 mark with the LCR region (Fig. 73). Overall, total H3K27me3
levels were reduced in HPV genome containing cells when compared to
untransfected keratinocytes (Fig. 74a & 74b), which has been observed
previously (McLaughlin-Drubin et al., 2011). Nevertheless, H3K27me3 levels

remained similar between WT HPV18 and ACTCF HPV18 cells in both the
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monolayer and differentiated state in two independent cell donors (Fig. 74a &

74b).

5.5 Increase in TEF-1 binding across the LCR in ACTCF HPV18 genome
containing HFKs

The FAIRE experiments have revealed that the ACTCF HPV18 genome
containing cells display a more open chromatin landscape in the LCR region.
Therefore, it was initially hypothesized that the LCR region would be more
accessible for binding of transcription factors associated with activation of
early viral genes. ChIP experiments were performed to determine the
binding of TEF-1, which had previously been shown to activate HPV16 early
gene expression (Ishiji et al., 1992a). ChIP experiments revealed no difference
in TEF-1 enrichment at the previously identified TEF-1 binding site in the
viral LCR at position nt 7807 to 7815. However there was increased
enrichment of TEF-1 binding within the viral enhancer and early promoter
region in the ACTCF HPV18 cells compared to the WT HPV18 cells (Fig. 75a).
Furthermore total TEF-1 protein expression was elevated in ACTCF HPV18
genome containing monolayer cells in comparison to the WT HPV18 genome
containing cells, but expression was similar between both lines after
methylcellulose differentiation (Figure. 75b). These experiments demonstrate

that increased TEF-1 binding to the HPV18 LCR may contribute to the

235



observed increase in early gene expression in the ACTCF HPV18 genome

containing HFKSs.
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Figure 75. Association of TEF-1 protein within the HPV18 LCR and early
promoter. HFKs containing either WT HPV18 or ACTCF HPV18 genomes were grown
in monolayer or differentiated in methylcellulose for 48 hours. A) Monolayer cells were
fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release.
Chromatin was sheared by sonication on a cycle of 30s on and 30s off for a total sonication
time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of
chromatin and 5ug of TEF-1 antibody. ChIPs were also set up using FLAG antibody as a
negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using
primers at sites in the HPV18 LCR and early promoter. Protein binding was calculated as
fold binding over FLAG. The ChIP shown is representative of one experiment for donor 1
(n=1). Error bars represent the standard deviation of triplicate qPCR reactions. B) Protein
lysates were extracted from monolayer and differentiated WT HPV18 and ACTCF HPV18
cells and 30 pg was used to detect for TEF-1. GAPDH was used as a loading control. The

western shown is representative of two experimental repeats for donor 1 (n=2).
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5.6 Loss of YY1 binding to the viral LCR in ACTCF HPV18 genome
containing HFKs

There are also transcription factors that are known to bind to the LCR and
repress HPV early gene expression, so it was also important to map the
association of these factors across the viral LCR. Initial experiments
investigated the association of the transcription factor Ying Yang 1 (YY1),
which is already known to bind to the viral LCR and repress early gene
expression (OConnor et al., 1996, Lace et al., 2009). ChIP experiments were
performed to determine the association of YY1 across the viral LCR of WT
HPV18 and ACTCF HPV18 genome containing HFKs in monolayer culture
and after 48 hours methylcellulose differentiation. Interestingly, whilst there
was a 2.5-fold enrichment of YY1 in the LCR of WT HPV18 monolayer cells,
there was loss of binding in the ACTCF HPV18 cells (Fig. 76a). A similar
pattern was observed in a second cell donor (Fig. 76c). After 48 hours
methylcellulose differentiation, YY1 binding was reduced to 2-fold in the WT
HPV18 cells and binding was still abrogated in differentiated ACTCF HPV18
cells (Fig. 76b). The loss of YY1 binding was not due to the loss of overall YY1
protein expression, as this clearly remained similar between WT HPV18 and
ACTCF HPV18 monolayer cells (Fig. 77a & 77b). Moreover, the level of YY1
protein expression was reduced upon differentiation in both WT HPV18 and
ACTCF HPV18 genome containing HFKs, however the relative expression

was similar between the two cell lines (Fig. 77a & 77b). Overall, it is apparent
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that upon abrogation of CTCF binding in the E2 ORF there is a loss of YY1
binding in viral LCR, which is approximately 3kb away in distance from the
CTCF binding site. Moreover, many of the YY1 binding sites in the HPV18
LCR overlap with the TEF-1 binding sites. Therefore, it is possible that in the
ACTCF HPV18 monolayer HFKs that express higher levels of TEF-1 protein,
the TEF-1 protein may be competitively binding with YY1 on the overlapping

sites in the LCR, and thus reducing access for YY1 binding.

Sections of organotypic raft cultures were also stained with YY1 specific
antibody to determine the expression of YY1 protein throughout the
differentiated epithelium (Fig. 78). In each of the three rafts derived from
either untransfected, WT HPV18 or ACTCF HPV18 genome containing HFKs
there was abundant YY1 expression in the basal and lower suprabasal layers;
however, there was a clear reduction in the upper most layers of each of the
rafts (Fig. 78). These staining results support the western blot results that
showed a reduction in YY1 protein expression upon methylcellulose

differentiation (Fig. 77).

YY1 is a particularly interesting protein as it has been identified as the
functional homolog of the Drosophila Pho protein, which is known to recruit

the polycomb group proteins (PcG) to DNA and mediate transcriptional
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silencing (Brown et al., 1998). A previous study has demonstrated that
knockdown of YY1 protein in HeLa cells caused a reduction in polycomb
recruitment and a concomitant increase in Hox gene expression (Basu et al,,
2014a). Therefore it was hypothesized that the observed reduction in YY1
binding in the LCR of ACTCF HPV18 genome containing HFKs may cause a
reduction in polycomb recruitment to the viral LCR and early promoter
regions, and cause a concomitant increase in early gene expression. The aim
of subsequent experiments was to map the association of polycomb proteins
across the viral LCR and compare the binding profile between WT HPV18

and ACTCF HPV18 genome containing cells.
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Figure 76. Association of YY1 protein within the HPV18 LCR and early
promoter. Donor 1 HFKs containing either WT HPV18 or ACTCF HPV18 genomes
were grown in A) monolayer culture or B) differentiated in methylcellulose for 48 hours.
C) Donor 2 HFKs containing either WT HPV18 or ACTCF HPV18 genomes were grown
in monolayer. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes
to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and 30s
off for a total sonication time of 15 minutes. ChIP reactions were performed at 4°C
overnight using 25ug of chromatin and 5ug of YY1 antibody. ChIPs were also set up
using FLAG antibody as a negative control. DNA was de-crosslinked and eluted and
used for qPCR analysis using primers at sites in the HPV18 LCR and early promoter.
Protein binding was calculated as fold binding over FLAG. A) and B) ChIPs shown are
representative of three experimental repeats for donor 1 (n=3). Error bars represent the
standard deviation of triplicate qPCR reactions. C) One experimental ChIP from donor 2

(n=1).
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Figure 77. YY1 protein expression in HFKs. A) HFKs containing either WT HPV18 or
ACTCF HPV18 genomes were grown in monolayer or differentiated in methylcellulose for 48
hours. Protein lysates were extracted and 30 ug (donor 1) or 40 pg (Donor 2) was used to
detect YY1 and GAPDH was used as a loading control. B) Western blot bands were
quantified using the Fusion FX digital detection system. YY1 expression was calculated
relative to GAPDH. The western shown is representative of two experimental repeats for

donor 1 (n=2) and one experiment for donor 2 (n=1).
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Figure 78. Immunofluorescence staining of YY1 in untransfected and WT
HPV18 organotypic raft sections. YY1 antibody was used at 1:2000 in BSA blocking
solution with staining shown in the green panels. Hoescht 3342 was used to stain the
nuclear DNA as shown in the blue panels. Sides were visualized on a Nikon inverted
Epifluorescent microscope fitted with a 20x objective and images were captured using a
Leica DC200 camera and software. Scale bar, 10 um The white arrows indicate the basal
layer and the lower/upper suprabasal boundary is demarcated by the white dotted line.

Images are representative of raft sections from cell donor 1.
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5.7 Association of the PRC2 complex protein EZH2 within the HPV18
LCR region

Enhancer of zeste homolog 2 (EZH2) is a methyltransferase protein that forms
part of the PRC2 polycomb complex along with SUZ12 and EED. EZH2 is the
only known methyltransferase responsible for catalyzing the methylation of
Histone 3 at lysine 27 and enrichment of this H2K27me3 mark correlates with
repressive chromatin (Kuzmichev et al., 2002, Barski et al., 2007a, Cao et al,,
2002). ChIP experiments were performed to determine the binding of EZH?2
protein within the viral LCR of WT HPV18 and ACTCF HPV18 HFKs.
Surprisingly, there was a slight increase in the amount of EZH2 binding to the
LCR region in ACTCF HPV18 HFKs compared to WT HPV18 in monolayer
culture (Fig. 79a) and binding was similar between WT HPV18 and ACTCF
HPV18 genome containing cells after methylcellulose differentiation (Fig.
79b). However, EZH2 is able to bind DNA independently of the PRC2
complex, so the observed binding of EZH2 may not be acting as part of the
PRC2 complex. Additionally, whilst the EZH2 ChIP antibody was able to
detect total EZH2 protein binding within the viral LCR it was not able to
distinguish between the phosphorylated forms of EZH?2. It is known that the
phosphorylated form of EZH2 at Y224 can also act as a transcriptional
activator (Yan et al., 2016), so the observed binding within the LCR may be a
combination of the PRC2 EZH2 and/or the activating phosphorylated form.

Therefore further ChIPs need to be carried out to decipher which form of
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EZH2 is binding within the viral LCR. Overall, EZH2 protein expression was
similar between WT HPV18 and ACTCF HPV18 monolayer cells, and upon
differentiation EZH2 western blotting detected an additional band in both
WT HPV18 and ACTCF HPVI18 cells, indicating that additional post-
translational modifications occur on the EZH2 protein upon cellular
differentiation (Fig. 79c). Furthermore, the overall level of EZH2 protein in
HPV18 or ACTCF HPV18 genome containing cells was higher than
untransfected HFKs, which has previously been observed in HPV16 E6/E7
transfected cell lines (Hyland et al., 2011, McLaughlin-Drubin et al., 2011)

(Fig. 79¢).

5.8 Loss of EED binding to the LCR in ACTCF HPV18 genome containing
HFKs
Given that EZH2 can bind to DNA independently of the PRC2 complex and
positively regulate transcription, it was important to investigate the binding
of another protein in the PRC2 complex. EED is not thought to bind to DNA
and function independently from the PRC2 complex, so it is an appropriate
indicator of PCR2 complex binding (Margueron et al., 2009). ChIP
experiments were performed to determine the association of EED across the
viral LCR of WT HPV18 and ACTCF HPV18 genome containing HFKs (Fig.
80). Interestingly, whilst there was binding of EED in the LCR of WT HPV18

cells there was loss of binding in the ACTCF HPV18 cells, indicating that there

is loss of the PRC2 complex within the ACTCF HPV18 LCR region (Fig. 80a).
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Overall, total EED protein expression was similar between WT HPV18 and
ACTCF HPV18 monolayer cells, and upon cellular differentiation there was a
similar increase in EED levels in both WT HPV18 and ACTCF HPV18 genome

containing cells (Fig. 80b and 80c).

5.9 Loss of RINGI1B binding to the LCR in ACTCF HPV18 genome
containing HFKs

Events involving the PCR2 complex are thought to be sequentially followed
by the activity of the PRC1 complex, which always contains the E3 ligase
protein RING1B. However there is also emerging evidence that initial PRC1
activity actually recruits PRC2 to target sites (Blackledge et al., 2014). The
most understood role of the PRC1 complex is to recognize the H3K27me3
mark laid down by PRC2 and RINGIB is responsible for catalyzing H2A
monoubiqtinylation, which leads to chromatin compaction and silencing
(Wang et al., 2004a). ChIP experiments were performed to determine the
binding of RING1B protein across the viral LCR of WT HPV18 and ACTCF
HPV18 genome containing HFKs (Fig. 81). Interestingly, whilst there was
binding of RINGI1B in the LCR of WT HPV18 cells, there was loss of binding
in the ACTCF HPV18 cells, indicating a loss of the PRC1 complex to the
ACTCF HPV18 LCR region (Fig. 81a). Overall, RINGI1B protein levels were
similar between WT HPV18 and ACTCF HPV18 genome containing

monolayer HFKs, and whilst expression of this protein was reduced upon
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differentiation it remained similar between the WT HPV18 and ACTCF

HPV18 genome containing cell lines (Fig. 81b).

5.10 Loss of H2AK119UDb within the early gene region in ACTCF HPV18
genome containing HFKs

Ubiquitinylation of histone 2A (H2A) at lysine 119 by RINGIB is associated
with the formation of compact and silenced chromatin within the genome
(Wang et al., 2004a); therefore it was important to determine the association of
total H2AK119Ub within the viral LCR of WT HPV18 and ACTCF HPV18
genome containing HFKs (Fig. 82). ChIPs revealed abundant H2AK119Ub
enrichment within the early and late promoters of the WT HPV18 HFKs;
however, in the ACTCF HPV18 HFKs, there was a reduction of this
ubiquitinylated H2A mark within the early gene region (Fig. 82a). These
results indicate that the early promoter region is less compact in the ACTCF
HPV18 cells compared to the WT HPV18 cells and subsequently more
transcriptionally active. Overall, H2AK119Ub expression was similar between
WT HPV18 and ACTCF HPV18 genome containing cells in monolayer and

differentiated culture (Fig. 82b and c).
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Figure 79. Association of EZH2 protein within the HPV18 LCR and early
promoter. HFKs containing either WT HPV18 or ACTCF HPV18 genomes were grown in
A) monolayer culture or B) differentiated in methylcellulsoe for 48 hours. Cells were fixed in
1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei release. Chromatin was
sheared by sonication on a cycle of 30s on and 30s off for a total sonication time of 15 minutes.
ChIP reactions were performed at 4°C overnight using 25ug of chromatin and 5ug of EZH2
antibody. ChIPs were also set up using FLAG antibody as a negative control. DNA was de-
crosslinked and eluted and used for qPCR analysis using primers at sites in the HPV18 LCR
and early promoter. Protein binding was calculated as fold binding over FLAG. The ChIP
shown is representative of 2 experimental repeats for donor 1 (n=2). Error bars represent the
standard deviation of triplicate qPCR reactions. C) Protein lysates were extracted from WT,
ACTCF and untransfected cells (HFK) and 30 pg was used to detect EZH2 and GAPDH was

used as a loading control.
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Figure 80. Association of EED protein with the HPV18 LCR and early
promoter. HFKs containing either WT HPV18 or ACTCF HPV18 genomes were grown in
monolayer culture. Cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes
to aid nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and 30s off for
a total sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using
25ug of chromatin and 5pg of EED antibody. ChIPs were also set up using FLAG antibody as
a negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using
primers at sites in the HPV18 LCR and early promoter. Protein binding was calculated as fold
binding over FLAG. The ChIP shown is representative of 2 experimental repeats for donor 1
(n=2). Error bars represent the standard deviation of triplicate qPCR reactions. B) Protein
lysates were extracted from WT and ACTCF HFKs and 30 pg of lysate was used to detect
EED and GAPDH was used as a loading control. C) Western blot bands were quantified
using the Fusion FX digital detection system. EED expression was calculated relative to

GAPDH.
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Figure 81. Association of RINGI1B protein with the HPV18 LCR and early
promoter. HFKs containing either HFKs containing either WT HPV18 or ACTCF HPV18
genomes were grown in monolayer or differentiated in methylcellulose for 48 hours. A)
Monolayer cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid nuclei
release. Chromatin was sheared by sonication on a cycle of 30s on and 30s off for a total
sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of
chromatin and 5ug of RINGIB antibody. ChIPs were also set up using FLAG antibody as a
negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using primers
at sites in the HPV18 LCR and early promoter. Protein binding was calculated as fold binding
over FLAG. The ChIP shown is representative of two experimental repeats for donor 1 (n=2).
Error bars represent the standard deviation of triplicate gPCR reactions. B) Protein lysates were
extracted from monolayer and differentiated WT HPV18 and ACTCF HPV18 cells and 30 pg was
used to detect for RING1IB. GAPDH was used as a loading control. The western shown is
representative of two experimental repeats for donor 1 (n=2). C) Western blot bands were
quantified using the Fusion FX digital detection system. RINGIB expression was calculated

relative to GAPDH.

250



A Donor 1 H2AK119Ub ChiIP
Monolayer WT and ACTCF HPV18

50 1

45 A

40 A

35 A
o
%" 30 A
d>" 25
- mwT
© 20 1
[ B ACTCF

15 1

10 1

5

0 = T T T T

-556 -57 155 751 1500
Nucleotide
B Donor 1
WT ACTCF
Oh 48h Oh 48h
25kDa

—’*- H2AK119Ub
GAPDH
35kDa

Figure 82. Association of H2AK119Ub within the HPV18 LCR and early

promoter. HFKs containing either HFKs containing either WT HPV18 or ACTCF HPV18
genomes were grown in monolayer or differentiated in methylcellulose for 48 hours. A)
Monolayer cells were fixed in 1% formaldehyde, lysed, and dounced with 40 strokes to aid
nuclei release. Chromatin was sheared by sonication on a cycle of 30s on and 30s off for a total
sonication time of 15 minutes. ChIP reactions were performed at 4°C overnight using 25ug of
chromatin and 5ug of H2AK119Ub antibody. ChIPs were also set up using FLAG antibody as a
negative control. DNA was de-crosslinked and eluted and used for qPCR analysis using
primers at sites in the HPV18 LCR and early promoter. Protein binding was calculated as fold
binding over FLAG. The ChIP shown is representative of two experimental repeats for donor 1
(n=2). Error bars represent the standard deviation of triplicate qPCR reactions. B) Protein
lysates were extracted from monolayer and differentiated WT HPV18 and ACTCF HPV18
genome containing HFKs and 30 ug was used to detect H2AK119Ub. GAPDH was used as a
loading control. The western shown is representative of two experimental repeats for donor 1

(n=2).
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5.11 Analysis of chromatin loop formation between the CTCF binding site in the
HPV18 E2 ORF and YY1 in the HPV18 LCR region

When CTCF binding was abrogated in the E2 ORF, ChIP experiments revealed a loss
of YY1 binding in the viral LCR, concomitant with a loss of the repressive mark
H3K27me3 in the LCR and an increase in enrichment of the H3K4me3 mark within
the early promoter. However it remained unclear how the YY1 protein in the LCR
was functionally associated with the CTCF binding site 3kb away in the E2 ORF.
Moreover, CTCF and YY1 are known protein-binding partners (Donohoe et al.,
2007), and have been shown to mediate chromatin loop formation during neural
lineage commitment (Beagan et al., 2017). With this in mind it was hypothesised
that a repressive DNA loop was formed between CTCF in the E2 ORF and YY1 in
the LCR, which was required to recruit polycomb complex proteins and attenuate
early gene expression in monolayer culture. To test this hypothesis, chromosome
conformation capture (3C) was employed to determine the presence of a potential
DNA loop between the CTCF binding site in the E2 ORF and YY1 in the viral LCR.
The restriction enzyme NIalll was used to digest HPV18 DNA and multiple sites
throughout the HPV18 genome. After restriction enzyme digestion, the DNA was re-
ligated, thus allowing cut ends held in close proximity to form ligation products. In
this experiment reverse primers in the E2 and L1 regions were designed to detect a
novel PCR product that would only form if the CTCF and YY1 binding regions were
in close enough proximity for re-ligation (Fig. 83a). This PCR product was

successfully detected in WT HPV18 monolayer cells and to a much lesser extent in
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the ACTCF HPV18 genome containing cells (Fig. 83b). The ligation product was
reduced upon methylcellulose differentiation of WT HPV18 cells and barely
detectable in ACTCF HPV18 differentiated cells (Fig. 83b). A DNA fragment that was
the same sequence of the predicted ligation product was also amplified as a positive
control. Each PCR product was sequenced to ensure the presence of the predicted
product. Both the WT HPV18 and ACTCF HPV18 PCR product band intensities were
calculated relative to the positive control band. These normalized values were used
to calculate the amount of ligation product in ACTCF HPV18 cells relative to WT
HPV18 cells. Overall, there was a ~55% reduction in ligation product detected in
monolayer ACTCF HPV18 genome containing cells in donor 1 (p<0.001) and a ~30%
reduction in donor 2 (p<0.05) (Fig. 83c). Furthermore, there was a ~60% reduction in
ligation product in ACTCF HPV18 genome containing cells after 48 hours
methylcellulose differentiation, when compared to the differentiated WT HPV18
genome containing cells (p<0.05) (Fig. 83d). However, the most interesting result was
a ~68% reduction in ligation product in the WT HPV18 genome containing cells after
differentiation when compared to the WT HPV18 genome containing cells in
monolayer culture (p<0.001) (Fig. 84e). Overall, these 3C results provide strong
evidence that there is a long-range DNA interaction (3kb) between CTCF in the E2
ORF and YY1 in the viral LCR in monolayer culture, and formation of this loop is

reduced upon methylcellulose differentiation.
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During the 3C experiment it is possible that random interactions can occur between
digested sections of the viral genome. Therefore the primer within the same E2
region and new primer located in the L2 region were used for a negative control
PCR reaction, where a long range DNA interaction was not predicted to occur
between these regions. PCR reactions confirmed that there were no ligation products
detected in the WT HPV18 or ACTCF HPV18 genome containing cells with this
control primer pair (Fig. 84). This provides evidence that the ligation product formed
between the E2 ORF and the LCR has not occurred from random genomic
interactions. Additionally, restriction enzyme digestion efficiencies were calculated
to ensure equal DNA digestion between WT HPV18 and ACTCF HPV18 samples. An
internal control primer pair in the E1 gene region and a primer pair spanning a
selected Nlalll digest site were used in separate qPCR reactions. This quantitative
qPCR approach allowed the calculation of the 222Ct values and digestion efficiencies
for each donor line. Digestion efficiencies were calculated to be over 70% for both
WT HPV18 and ACTCF HPV18 samples, so the observed reduction in the PCR
ligation product in ACTCF HPV18 cell lines was not due to different digestion

efficiencies.
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Figure 83. 3C Chromosome conformation capture analysis of WT HPV18 and
ACTCF HPV18 genomes in HFKs. A) Schematic depicting the location of 3C primers on the
HPV18 genome. B) HFKs containing either WT HPV18 or ACTCF HPV18 genomes were grown in
monolayer culture or differentiated in methylcellulose for 48 hours. Cell pellets were harvested
and resuspended in 10% (v/v) FBS/PBS. Cell suspensions were filtered through a 70 um cell
strainer to make a single cell suspension, then fixed in 1% formaldehyde and lysed. Cell nuclei
were enzymatically digested with NIalll then re-ligated with T4 ligase. DNA was isolated by
phenol chloroform extraction and ethanol precipitated. The 3C DNA was used in a PCR reaction
using primers in the E2 (*) and L1 (1) gene region. PCR products were separated on a 1.8%
agarose gel containing ethidium bromide. A mastermix containing primers and Taq polymerase
only (NTC) was included in the PCR reaction to eliminate the possibility of contamination. The
PCR shown is representative of 3 experimental repeats for donor 1. PCR bands from C)
monolayer culture or D) and E) differentiated culture were quantified using the Fusion FX digital
detection system. WT and ACTCF band intensities were calculated relative to the positive control
band. These normalized values were used to calculate the amount of product in ACTCF cells
relative to WT. Error bars represent the SEM, donor 1 monolayer and differentiated (n=4) and
donor 2 monolayer (n=2). Significance was determined by a t-test shown as ***= p<0.001 and *=

p<0.05.
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Figure 84. 3C Chromosome conformation capture analysis of WT HPV18 and
ACTCF HPV18 genomes in HFKs. HFKs containing either WT or ACTCF HPV18
genomes were grown in monolayer culture or differentiated in methylcellulose for 48 hours.
Cell pellets were harvested and resuspended in 10% (v/v) FBS/PBS. Cell suspensions were
filtered through a 70 pum cell strainer to make a single cell suspension, then fixed in 1%
formaldehyde and lysed. Cell nuclei were enzymatically digested with Nlalll then re-ligated
with T4 ligase. DNA was isolated by phenol chloroform extraction and ethanol precipitated.
The 3C DNA was used in a PCR reaction using primers in the E2 and L2 region. PCR products
were separated on a 1.8% agarose gel containing ethidium bromide. A mastermix (NTC)
containing primers and Taq polymerase only was included in the PCR reaction to eliminate the
possibility of contamination. The PCR shown is representative of 4 experimental repeats for

donor 1 and two experimental repeats for donor 2.
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5.12 Summary

The main aim of this chapter was to elucidate the mechanisms underpinning the
observed increase in E6 and E7 oncoprotein expression when CTCF binding was
abrogated in the HPV18 E2 ORF. Given the prominent role of CTCF in genome
organization and transcriptional regulation, it was hypothesized that CTCF binding
was required to regulate chromatin remodeling in the HPV18 genome and

subsequently modulate early gene expression.

Initial experiments using FAIRE revealed that the area of chromatin within the viral
LCR region was more open in ACTCF HPV18 genome containing cells in
comparison to the WT HPV18 cells. Furthermore, abrogation of CTCF binding
resulted in epigenetic switching of histone marks across the HPV18 genome. In
ACTCF HPV18 genome containing cells there was increased enrichment of the active
H3K4me3 mark across the early promoter region as well as an increase in RNA
polymerase II binding within the early gene region when compared to the WT
HPV18 genome containing cells. Furthermore, whilst the WT HPV18 genome
containing cells exhibited H3K27me3 binding within the viral LCR there was an
apparent depletion of this repressive epigenetic mark within the LCR in ACTCF

HPV18 genome containing cells.

The investigation of factors binding to the viral LCR revealed a loss of YY1 binding

in the LCR of ACTCF HPV18 monolayer cells when compared to the WT HPV18
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cells. This loss of YY1 binding was maintained upon cellular differentiation of the
ACTCF HPV18 genome containing cells. However the loss of YY1 binding was not
due to reduced YY1 protein expression as total YY1 protein levels remained similar
between WT HPV18 and ACTCF HPV18 cells in monolayer culture, and a similar
decrease in YY1 protein expression was observed upon differentiation. However,
ChIPs were also performed to determine the association of the TEF-1 transcription
factor across the LCR of WT HPV18 and ACTCF HPV18 cells, which is known to
activate early viral gene expression. Interestingly, ACTCF HPV18 genome containing
cells displayed increased enrichment of TEF-1 across the viral enhancer in
comparison to the WT HPV18 genome containing cells. Furthermore, overall TEF-1
protein levels were higher in the ACTCF HPV18 cells in monolayer culture when
compared to the WT HPV18 monolayer cells. Given that YY1 and TEF-1 have
overlapping binding motifs in viral LCR it is tempting to speculate that increased
TEF-1 protein expression in ACTCF HPV18 cells resulted in competitive binding
with the YY1 protein, and an overall loss of YY1 binding in the ACTCF HPV18 LCR

region.

The loss of the H3K27me3 mark within the LCR of ACTCF HPV18 cells highlighted
the possibility that additional co-factors were involved in regulating this histone
modification across the HPV18 genome. Indeed the PRC2 complex is a well-known
factor involved in regulating H3K27me3 deposition and mediating repressive

chromatin formation. Furthermore, the YY1 protein is thought to facilitate the
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recruitment of the polycomb complexes to chromatin. ChIP experiments were
performed to determine the association of PRC2 complex proteins to the viral LCR in
WT HPV18 and ACTCF HPV18 genome containing cells. There was a slightly higher
enrichment of EZH?2 within the viral LCR in ACTCF HPV18 cells compared to WT
HPV18 cells in monolayer culture and similar enrichment after differentiation.
However, the EZH2 ChIPs could not distinguish between phosphorylated subsets of
EZH2 that can have an activating role or whether the protein was binding
independently of the repressive PRC2 complex. Therefore ChIPs were also
performed to determine the association of EED, which is another protein in the PRC2
complex. There was a reduction in EED binding across the viral LCR in ACTCF
HPV18 cells compared to the WT HPV18 cells, indicating a loss of the PRC2 complex
in the ACTCF HPV18 HFKs. The PRC2 complex is closely linked to the activity of the
PRC1 complex, which is known to be involved in the ubiquitinylation of H2A, which
induces compact chromatin formation. Indeed there was abrogation of RING1B
binding in the LCR of ACTCF HPV18 cells, concomitant with a loss of H2AK119Ub,

which is a known hallmark of compact and silenced chromatin.

Whilst it was clear that ACTCF HPV18 genome containing cells displayed abrogation
of both YY1 and polycomb complex binding in the viral LCR and a loss of the
repressive H3K27me3 histone mark, it remained unclear how this LCR region of the
viral genome was functionally associated with CTCF binding site in the E2 ORF

located 3kb downstream. Nevertheless, it was hypothesized that YY1 and CTCEF-
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known protein binding partners- formed a repressive DNA loop, which was
required to recruit the PRC1 and PRC2 complexes to repress E6 and E7 oncoprotein
expression in monolayer culture. Using 3C conformation capture it was possible to
demonstrate the formation of a DNA loop between CTCF in the E2 ORF and YY1 in
the viral LCR. In ACTCF HPV18 genome containing cells this DNA loop formation
was abrogated, as there was a clear reduction in the PCR ligation product. Upon
methylcellulose differentiation the PCR product was reduced in WT HPV18 cells
when compared to WT HPV18 cells in monolayer culture, and nearly absent in
ACTCF HPV18 differentiated cells. These results indicate that a repressive loop
formation is required in monolayer culture in order to control the balance early gene
expression; however, upon methylcellulose differentiation the formation of the
repressive loop is reduced to allow E6 and E7 expression and viral genome

replication.

Overall, these results suggest that the high-risk HPV18 genome recruits CTCF to the
E2 ORF, which is required to form a repressive DNA loop with YY1 bound to the
viral LCR. In theory, the formation of this DNA loop may facilitate the YY1-
dependent recruitment of the PRC1 and PRC2 complexes that modulate repression
of the early viral genes. However, when CTCF binding is abrogated in the E2-ORF,
this disrupts the formation of the DNA loop with YY1 in the viral LCR.

Subsequently this may favour the displacement of YY1 in the LCR by TEF-1 binding,

261



resulting in a loss of PRC1 and PRC2 recruitment, and subsequent loss of early viral

gene repression.
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Discussion



6 Chapter 6: Discussion

CTCF is a well-studied architectural protein involved in organising chromatin and
mediating long-range chromosomal interactions (Splinter et al., 2006, Li et al., 2008).
Several researchers have highlighted a role for CTCF in mediating long-range
interactions in viral DNA genomes, in order to co-ordinate and regulate viral
transcription (Kang et al., 2011, Tempera et al., 2011). Of note, CTCF binding sites
have been identified in the large DNA genome viruses, including EBV, HSV and
KSHV. Due to the large sizes of these viral genomes it is unsurprising that they
would recruit a host protein in order to facilitate long-range DNA interactions to
support viral processes. Nevertheless, it was also postulated that smaller DNA
viruses also need to recruit a chromatin organiser to regulate viral transcriptional
processes; therefore, it was hypothesized that CTCF is recruited to the HPV genome

to facilitate and regulate aspects of the HPV life cycle.

6.1 Identification of potential CTCF binding sites

Initial bioinformatics analysis was carried out to identify potential CTCF binding
sites in HPV genomes. Genome sequences of the 13 classified high-risk and two most
common low-risk HPV types were exported from the PAVE database and
transferred to the CTCF binding site database (CTCFBSDB) (Bao et al., 2008, Ziebarth
et al., 2013). Previous studies have identified and mapped core sequences that bind
to the CTCF protein and these core motifs have been represented by position weight

matrices (PWM). The CTCFBSDB determines if there are any core CTCF motifs in the
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imported HPV sequence and displays a PWM score, which represents the log-odds
ratio of the sequence generated by the CTCF motif. However, this tool only displays
the highest scoring motifs, so any other potential CTCF binding sites may be
overlooked. Nevertheless, a highly conserved CTCF binding site was observed
around nucleotide 3000 in the E2 ORF of 10 high-risk HPV types, including the most
prevalent: HPV16, HPV18 and HPV31. Interestingly, this predicted CTCF binding
site was not observed in the E2 ORF of the beta HPV types or HPV6 and HPV11,
which are two of the most prevalent low-risk types. Taken together, these findings
lead to the hypothesis that CTCF recruitment to the E2 ORF of the viral genome is

specific to the high-risk oncogenic HPV types.

Whilst the predicted E2 ORF fragments in HPV16, HPV18 and HPV31 were shown
to bind to CTCF protein in vitro by EMSA (Paris et al., 2015), it was important to
confirm and characterise this interaction in vivo. Keratinocytes are a natural host for
HPV infection, therefore the primary HFK cell culture system serves as a
physiologically relevant model for studying the HPV life cycle and HPV-host
interactions. Moreover, transfection of high-risk HPV viral episomes in to primary
HFKs extends the lifespan of these primary cells than would normally occur in
untransfected lines, thus allowing extended cell culture and generation of
organotypic raft cultures. The cell lines contain between 50-100 copies of viral
episomes per cell, which are maintained over several passages, and integration does

not occur until much later passages. Furthermore, it is possible to generate desired
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mutations in the viral episomes prior to transfection, which eventually yields a
population of HFKs containing the mutated viral episomes. In this case, a three base
pair mutation was generated in the CTCF binding motif in the E2 ORF of HPV18
prior to transfection in to HFKs, leading to the generation of the ACTCF HPV18
genome containing cell line. ChIP experiments successfully demonstrated that CTCF
binding to the E2 ORF was abrogated in the ACTCF HPV18 cell line. By using the
ACTCF HPV18 cell line in parallel to the WT HPV18 cells it was possible to
determine the biological significance of CTCF binding during the complete HPV life

cycle.

6.2 CTCF protein expression in HFK cell lines

Interestingly, western blotting demonstrated a two-fold increase in CTCF protein
expression in HPV18 genome containing cells in comparison to untransfected HFKs.
Similarly, Mehta et al also observed an increase in CTCF protein expression in
HPV31 genome containing CIN612 cells compared to untransfected HFKs (Mehta et
al., 2015). These results were the first indication that HPV genome containing cells
need to up regulate the expression of host CTCF protein in order to facilitate
processes throughout the viral life cycle. However, given that the complete life cycle
is dependent on epithelial differentiation it was also important to consider changes
in CTCF protein expression in organotypic raft cultures or upon methylcellulose

differentiation.
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Previous studies have demonstrated that CTCF protein expression decreases upon
differentiation of myeloid cell lines (Delgado et al., 1999) and corneal epithelial cells
(Tsui et al., 2016, Bravo and Felez-Sanchez, 2015) so it was hypothesised that CTCF
protein expression would decrease upon keratinocyte differentiation. Surprisingly,
upon methylcellulose differentiation of WT HPV18 and the ACTCF HPV18 genome
containing HFKSs the level of CTCF protein expression was similar to the monolayer
cultures, but still remained higher than untransfected HFKs. However, incubation of
HFKs in methylcellulose does not induce the terminal differentiation observed from
generating organotypic raft cultures. Therefore, any potential differences in CTCF
protein expression in the methylcellulose differentiated HFKs may be undetectable
because the cells have not undergone terminal differentiation. In order to generate
organotypic raft cultures, primary HFKs were seeded on to collagen plugs and
transferred to metal grids suspended at the air-liquid interface. Over a period of 2
weeks the epithelial cells are induced to undergo differentiation and stratification.
After generating organotypic raft cultures they can be homogenised and used for
DNA, RNA and protein extraction. One of the main advantages over methylcellulose
differentiation is the ability to fix and stain raft cross-sections for expression of either
host or viral proteins throughout the differentiated epithelium. Organotypic raft
cultures derived from either WT HPV18 or ACTCF HPV18 genome containing HFKs
were stained with CTCF specific antibody to visualise the localisation of CTCF
protein throughout the differentiated epithelium. Immunofluorescence staining

revealed a reduction in nuclear CTCF staining in some of the cells in the upper-most
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layers of the WT HPV18 and ACTCF HPV18 rafts, which have undergone terminal
differentiation. These findings are in corroboration with previous results that
demonstrated a reduction in CTCF protein expression upon differentiation of

myeloid cells and calcium differentiation of corneal epithelial cells (Delgado et al.,

1999, Tsui et al., 2016).

6.3 Mapping of CTCF binding sites in vivo

Although the CTCF prediction tool gave insight in to potential CTCF binding site
positions, it was important to verify occupancy of these sites in vivo, as different
cellular factors or the cellular state can influence CTCF binding (Holwerda and de
Laat, 2013). ChIP experiments were performed to determine the binding of CTCF
throughout the viral genome in WT HPV18 and ACTCF HPV18 genome containing
HFKs. Initially, WT HPV18 and ACTCF HPV18 genome containing HFKs were fixed
in 1% formaldehyde to cross-link the DNA and associated proteins. The fixation time
is a very important aspect of the ChIP protocol and can heavily influence the
efficiency of the ChIP reaction. If the cells are incubated in formaldehyde for too long
then it is more difficult to shear the chromatin evenly; however, if the incubation is
too short then the efficiency of protein cross-linking is reduced. In these experiments
the chromatin was sheared by probe sonication as opposed to enzymatic digestion.
Probe sonication often yields less sample-to-sample variation compared to
enzymatic digestion, and in this case sonication consistently sheared chromatin

fragments between 200-600bp in each of the ChIP experiments. However, the probe
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sonication procedure does generates heat that can degrade the chromatin samples or
reverse the protein cross-links; therefore, samples were sonicated on ice to minimise

chromatin degradation and maintain sample integrity.

Three independent ChIP experiments confirmed the binding of CTCF to the E2 ORF
of WT HPV18 genome containing HFKs grown in monolayer culture, and this was
further confirmed in a second cell donor. Interestingly, upon methylcellulose
differentiation, the binding of CTCF to the E2 ORF was further enriched. Moreover,
in monolayer HFKs containing the ACTCF HPV18 genomes, ChIP experiments
confirmed that there was abrogation of CTCF binding to the E2 ORF, as expected.
Furthermore, HFKs containing WT HPV16 genomes also displayed CTCF
enrichment at the predicted binding site in the E2 ORF, and again this enrichment
was further increased upon 48 hours methylcellulose differentiation. Whilst CTCF
binding was confirmed in the HFK transfection model it was also shown that CTCF
binds to the HPV16 E2 ORF in the HPV16 genome containing W12 cells, which are
derived from a low-grade cervical lesion. Interestingly, the W12 cells also displayed
CTCF binding in the L1 and L2 gene regions as well as the viral LCR upon
methylcellulose differentiation. This binding profile was not as apparent in the WT
HPV18 genome containing HFKs, but a similar enrichment in the L1, L2 and LCR
regions was observed in the HPV16 genome containing HFKs in monolayer culture.
Consensus CTCF binding sites have also been identified in the E2, L1 and L2 regions

of the HPV31 genome in naturally derived CIN612 cells and ChIP experiments
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confirmed that the HPV31 genome contains functionally important CTCF binding
sites in the L2 region (Mehta et al., 2015). Essien et al highlighted that high affinity
CTCF binding sites are occupied regardless of tissue type or the differentiation state
of the cells (Essien et al., 2009), which corroborates with the conserved binding of
CTCEF in the E2 ORF of HPV16, HPV18 and HPV31. However, whilst HPV16, 18, and
31 all contain CTCF binding sites in the E2 ORF, there seems to be a discrepancy
with CTCF binding sites in the late gene regions. However, HPV16 and HPV31 are
sister taxa and more closely related with each other than HPV18 (Bravo and Felez-
Sanchez, 2015), so it is plausible that HPV16 and HPV31 have co-evolved to contain
additional CTCF binding sites in the late gene region, which are not present in the
HPV18 genome. Binding of CTCF to additional binding sites may also be influenced
by differentiation and other cellular factors, but the HPV16 and HPV18 genome
containing cells were grown in the same cell culture conditions and both
differentiated using the same methylcellulose method. CTCF binding to the late
regions identified in the naturally occurring W12 and CIN612 cell lines may however
be due to differences in cellular factors compared to the HFK transfected cell lines. It
is also possible that additional CTCF binding sites are present within the HPV
genome, but were not detected using the consensus CTCF prediction tool software
or the selected qPCR primers. However, the use of ChIP-Seq analysis provided
deeper coverage of CTCF binding throughout the HPV18 genome and confirmed

that the only significant CTCF binding peak was located in the E2 ORF. Further
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ChIP-Seq analyses with other HPV genomes would need to be carried out to identify
other potential CTCF binding sites.

The results from the ChIP experiments are represented as fold binding over FLAG
IgG. These values represent how many times more enriched a specific protein is at a
genomic location compared to the background noise of non-specific FLAG antibody
binding. With each experiment there are both advantages and caveats to the
methodology. The main advantage of using a negative control antibody in the ChIP
reaction is the elimination of background noise caused by non-specific binding.
However the fold binding values can vary considerably between independent ChIP
experiments due to the differences in sample preparation and experimental
variability. Another method for calculating ChIP binding involves calculating the
percentage input, which calculates the percentage of DNA bound by the protein of
interest. Whilst this method is supposed to normalise starting material across
independent samples, the input chromatin is extracted and processed quite early in
the process, so total levels across different samples may actually decrease

throughout the course of the experiment.

6.4 The role of CTCF in the HPV life cycle

The co-operative actions of both E6 and E7 are known to promote the malignant
conversion of infected cells. The E7 oncoprotein interacts with the Rb protein and
related pocket proteins p130 and p107, and perturbs the normal differentiation of the

epithelium, which ultimately promotes an environment permissive for cell division
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and viral replication (Munger et al., 1989, Dyson et al., 1989). The tumour suppressor
p53 is expressed in response to cellular stress and will induce apoptosis, cell-cycle
arrest or senescence. The main role of high-risk E6 protein is to circumvent the p53-
mediated cellular stress responses by promoting the degradation of p53 via the
ubiquitin ligase E6AP, which leads to increased cellular proliferation (Scheffner et
al.,, 1990). Current E6 and E7 antibodies are not suitable for detecting protein
expression in organotypic raft cultures by immunofluorescence. Nevertheless, given
that E6 targets p53 for degradation and E7 preferentially targets p130 for
degradation, both p53 and pl30 serve as appropriate surrogate markers.
Organotypic raft cultures derived from untransfected HFKs, HPV18 WT or ACTCF
HPV18 genome containing HFKs were stained with antibodies to detect p53 and
p130 throughout the raft epithelium. The rafts derived from the ACTCF HPV18
genome containing HFKs displayed a significant decrease in p53 expression
throughout the layers of the epithelium when compared to the untransfected and
WT HPVI18 rafts. Furthermore, ACTCF HPV18 rafts also displayed a significant
reduction in pl30 expression in the upper differentiated layers of the rafts in
comparison to the untransfected and WT HPV18 rafts. These results indicated that
the ACTCF HPV18 genome containing cells displayed an increase in E6 and E7

expression in comparison to the WT HPV18 genome containing cells.

Haematoxylin and eosin staining was also performed on organotypic raft cultures

derived from untransfected HFKs, HPV18 WT or ACTCF HPV18 genome containing
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HFKs in order to determine any morphological differences between the cell lines.
The wuntransfected rafts displayed a relatively thin morphology, which is
unsurprising considering the absence of HPV episomes. The WT HPVI18 rafts
displayed increased thickness of the suprabasal layer of the epithelium, which is due
to the increased proliferation induced by the viral oncoproteins E6 and E7.
Furthermore, the rafts derived from the ACTCF HPV18 genome containing HFKs
displayed an even more hyperproliferative phenotype as indicated by the increased
thickness of the suprabasal compartment, suggesting that these cells are indeed

expressing more E6 and E7 than the WT HPV18 genome containing cells.

Indeed, initial western blotting experiments revealed an increase in both E6 and E7
oncoprotein expression in the ACTCF HPV18 genome containing HFKs grown in
monolayer in comparison to the WT HPV18 genome containing cells. Furthermore,
protein lysates were extracted from organotypic raft cultures and western blotting
demonstrated an increase in E6 and E7 protein expression in rafts derived from
ACTCF HPV18 genome containing HFKs when compared to the rafts derived from
WT HPV18 genome containing cells. These results indicate that high-risk HPV types
need to recruit CTCF to bind to the E2 ORF in order to control and attenuate the

expression of the viral oncoproteins.

As mentioned, the predicted CTCF binding site lies within the E2 ORF of the HPV18

genome. To generate the ACTCF HPV18 genome containing HFKs a three base pair
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mutation was made in this predicted CTCF binding site in the E2 ORF of HPV18.
Disruption of E2 expression by viral integration is known to result in derepression of
the oncoproteins (Berumen et al., 1994), and several studies have highlighted a key
role for E2 in repressing early gene expression. Although the three nucleotide
mutations did not alter the amino acid sequence that encodes the E2 protein it was
still important to ensure similar E2 expression between ACTCF HPV18 and the WT
HPV18 genome containing HFKs. Protein lysates were extracted from organotypic
raft cultures derived from either WT HPV18 or ACTCF HPV18 genome containing
HFKs, and western blotting confirmed similar E2 expression between three
independent rafts for each cell line. This provided strong evidence that the observed
increase in E6 and E7 expression was not due to an overall decrease in E2 protein
expression and loss of E2 mediated repression of E6 and E7. Furthermore, raft
sections were also stained with E2 specific antibody and revealed similar intensity of
E2 expression between WT HPV18 and ACTCF HPV18 rafts, but also revealed
delayed expression of E2 protein in the upper layers of the ACTCF HPV1S8 raft
sections. This is interesting because we know that E2 expression is increased in the
upper layer of the epithelium, and E2 protein binds to the early viral promoter and
displaces transcription factors TBP and SP1, leading to the repression of E6 and E7
expression (Thierry and Howley, 1991, Tan et al, 1992, Demeret et al.,, 1994).
Therefore, the delayed expression of E2 protein in the upper layer of the epithelium
corresponds to the increase in E6 and E7 observed in the ACTCF HPV18 genome

containing HFKs.
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Whilst it was clear that abrogation of CTCF binding caused aberrant early protein
expression it was also important to assess the effect on late protein expression.
Organotypic raft staining revealed a significant decrease in L1 protein expression in
the upper layers of rafts derived from ACTCF HPV18 genome containing HFKs,
when compared to rafts derived from WT HPV18 genome containing HFKs. Western
blotting is not possible with current L1 antibodies because the keratin in the upper
raft layers interferes with L1 detection; however, the late E1"E4 protein is readily
detectable by western blotting. Both WT HPV18 and the ACTCF HPV18 genome
containing HFKs were differentiated in methylcellulose for 48 hours and protein
lysates were extracted for western blotting. Results consistently showed a decrease
in E17E4 protein expression in the ACTCF HPV18 HFKs compared to the WT HPV18
HFKs. Conversely, organotypic rafts stained for E1"E4 did not show an obvious
difference in E17E4 protein expression between rafts derived from either the WT
HPV18 or the ACTCF HPV18 HFKs, which is surprising given the western blot
results. However due to the high expression of E1°E4 in the orgnaotypic raft
sections, any subtle differences in E1"E4 may be difficult to detect. Overall it seems
that abrogation of CTCF binding to the E2 ORF is also causes a reduction in late viral

protein expression.

Abrogation of CTCF binding to the E2 ORF in the ACTCF HPV18 genome containing

cell line has been shown to alter HPV gene splicing events. The abrogation of CTCF
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binding resulted in an increase in the unspliced transcripts with the potential to
encode E6 and E7, which corroborates with the observed increase in E6 and E7
protein expression. The investigation of additional viral transcripts revealed a loss of
the mRNA species with the potential to encode E6*II and E5. The loss of the E6*II
transcript is particularly interesting because the high-risk HPV E6* splice variants
are believed to have anti-oncogenic roles (Filippova et al., 2014) and can inhibit the
functions of the full length E6 protein (Pim et al., 1997). Overall it seems likely that
the virus recruits CTCF to the viral genome in order to control the equilibrium of
expression of both the full length E6 and E6* splice variants. Abrogation of CTCF
binding to the E2 ORF can also alter the expression of late viral transcripts. It is
apparent that ACTCF HPV18 genome containing cell lines display expression of late
viral transcripts after methylcellulose differentiation but also in monolayer culture.
The fact that the late transcripts are expressed in monolayer culture indicates that
there is read-through of the early polyadenylation site in the ACTCF HPV18 genome
containing HFKs. It is likely that when CTCF binds to the E2 ORF its main role is to
facilitate RNA polymerase II pausing and regulate splicing events of all of the HPV
transcripts. Therefore, upon abrogation of CTCF binding there may be a subsequent
increase in RNA polymerase II read-through along the genome and aberrant
expression of the late transcripts. Indeed there is evidence that CTCF can physically
interact with the largest subunit of RNA polymerase II (Chernukhin et al., 2007), and
Shulka et al previously demonstrated how CTCF binding can cause RNA polymerase

stalling and allow splicing and inclusion of weak upstream exons (Shukla et al.,
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2011). With this in mind it is likely that CTCF binding in the HPV genome plays a
major role in regulating gene splicing, through the modulation of RNA polymerase

elongation.

WT HPV18 and ACTCF HPV18 genome containing HFKs were differentiated in
methylcellulose for 24hr and 48hr time-points and Southern blotting was performed
to determine any differences in viral genome amplification between the cell lines.
Given that the ACTCF HPV18 genome containing cells displayed a decrease in late
E17E4 protein expression compared to the WT HPV18 genome containing cells, it
was predicted that the ACTCF HPVI18 cells would have impaired genome
amplification. There does appear to be a decrease in viral amplification in the ACTCF
HPV18 cells between 0 hour and 24 hour time points, however this is due to a
smaller quantity of DNA loaded on to the agarose gel in for the 24hr time-point.
Taken together, there was similar amplification of WT HPV18 and ACTCF HPV18
genomes after 24 hours and 48 hours in two independent cell donors. Conversely,
Mehta et al demonstrated that either mutation of the CTCF binding sites in the L2
region of HPV31 or shRNA knockdown of CTCF protein resulted in the inhibition of
HPV31 genome amplification upon methylcellulose differentiation (Mehta et al.,
2015). However, these findings may reflect that the CTCF binding sites in the late
region are involved in different viral processes compared to the CTCF site in the E2
ORF. The E2 ORF binding site may be imperative for attenuating early gene

expression and regulating gene splicing events, but is not required for modulating
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viral genome amplification. Given that the HPV16 genome containing cells also
displayed CTCF binding in the L1 and L2 ORFs it would be interesting to determine
if the mutation of these CTCF binding sites in the HPV16 late region would affect

viral genome amplification in the same way as the HPV31 genome containing cells.

6.5 The role of CTCF in regulating HPV18 chromatin structure

Stunkel and Bernard have previously mapped the positioning of nucleosomes
associated with the HPV16 and HPV18 viral genomes, and identified dynamically
associated nucleosomes across the LCR region (Stunkel and Bernard, 1999). During
this current study the FAIRE technique was used to identify and compare regions of
open chromatin throughout the WT HPV18 and ACTCF HPV18 genomes. This is a
relatively simple and efficient method for isolating open regulatory regions of the
chromatin, which are depleted of nucleosomes and other proteins. Both WT HPV18
and ACTCF HPV18 genome containing HFKs were grown in monolayer culture or
differentiated in methylcellulose then fixed in formaldehyde. The fixation time is
longer than for ChIP experiments, as it allows more stringent isolation of open
regions and nucleosome depleted areas of the chromatin. The samples are sonicated
using the same conditions as the ChIP samples, but are separated in to ‘INPUT” and
‘FAIRE’ aliquots. The ‘INPUT’ samples are reverse-cross-linked prior to DNA
isolation with phenol-chloroform. ‘FAIRE" samples are directly subjected to phenol
chloroform extraction after fixation, which allows isolation of areas of the chromatin

that are depleted of protein, as this will be trapped in the aqueous/solvent interface.
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The DNA isolated from ‘INPUT” and ‘FAIRE’ samples was amplified by qPCR using
primers spanning the HPV18 genome. The results revealed an area of open
chromatin across the LCR of the WT HPV18 genome containing cells, which is
consistent with previous observations that nucleosomes are depleted at actively
transcribed regions genomes (Lee et al., 2004). Most strikingly, the FAIRE data also
revealed an even more open chromatin region within the viral LCR of the ACTCF
HPV18 genome containing HFKs in comparison to the WT HPV18 cells, indicating
that the ACTCF HPV18 genomes are more transcriptionally active than the WT
HPV18 genomes. Moreover, Schwartz et al proposed that nucleosomes themselves
could serve as speed-bumps for RNA polymerase II progression, thus slowing down
the rates of transcription (Schwartz et al., 2009, Schwartz and Ast, 2010). Kang et al
also observed alterations in nucleosome phasing in the KSHV genome when the
CTCF binding site was mutated, however this increased chromatin accessibility was

observed directly at the region containing the CTCF binding site (Kang et al., 2013).

Taking this further, the use of FAIRE-Seq would provide even wider coverage of the
viral genome and detect more subtle changes in nucleosome occupancy throughout
the genome that may have gone undetected using FAIRE-qPCR (Tsompana and
Buck, 2014). FAIRE-Seq still has several limitations as it relies heavily on fixation
efficiency and still requires a large number of cells (1x10°-107). Recent studies have
highlighted that the assay for transposase accessible chromatin (ATAC-Seq) as an

important technique to simultaneously map open chromatin, transcription factor
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binding and nucleosome positioning. This technique requires much fewer cells (500-
500,000) and involves a simple two-step protocol (Buenrostro et al., 2015, Buenrostro
et al., 2013). The methodology involves using unfixed nuclei that are tagged in vitro
with adapters using Tn5 transposase (Goryshin and Reznikoff, 1998, Adey et al.,
2010). The adapters are inserted in to open regions of the chromatin and mapped by
high-throughput genome wide sequencing (Buenrostro et al., 2013, Buenrostro et al.,
2015). In the future, ATAC-Seq would provide more efficient analysis of nucleosome

positioning and transcription factor binding in HPV studies.

Given the observed changes in nucleosome occupancy in the HPV18 genome it was
important to determine any alterations in histone modifications associated with the
viral genome, which may confer with the aberrant expression of the viral
oncoproteins. The association of specific histone modifications within the HPV31
genome in naturally derived CIN612 cells has previously been studied (Wooldridge
and Laimins, 2008). Here, Wooldridge et al demonstrated that both the early and late
HPV31 promoters were in the active state in monolayer culture, as indicated by the
presence of the histone modifications H3K4me3, H3Ac and H4Ac. Upon
methylcellulose differentiation, the association of these histone modifications was
further enriched at both the early and late promoters (Wooldridge and Laimins,
2008). Given that the ACTCF HPV18 genome containing HFKs displayed an increase
in E6 and E7 expression it was hypothesised that histone modifications associated

with active transcription were more enriched in ACTCF HPV18 genomes compared
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to the WT HPV18 genome. H3K4me3 was a specific target as it is a well-known
hallmark of active chromatin and is enriched at promoter regions and the TSS of
active genes (Santos-Rosa 2002). Indeed, ChIP experiments demonstrated an increase
in the enrichment of the histone modification H3K4me3 within the early promoter
region of the ACTCF HPV18 genome containing cells. Similar to the Wooldridge
study, the WT and ACTCF HPVI18 late promoters still displayed active histone
enrichment whilst cells were grown in monolayer culture. Furthermore, the H3K4
methyltransferase protein can directly interact with RNA polymerase II, indicating
that deposition of H3K4me3 occurs co-transcriptionally (Zhang et al., 2015). Indeed,
ChIP experiments also revealed an increase in total RNA polymerase II enrichment
at the early promoter in ACTCF HPV18 genome containing HFKs when compared to
the WT HPV18 cells. Taken together, the observed increase in H3K4me3 and RNA
polymerase II enrichment at the viral LCR and early promoter region corroborates
with the increase in early gene expression in the ACTCF HPV18 genome containing

cells.

Whilst it was clear that ACTCF HPV18 genome containing HFKs displayed
increased enrichment of the active histone mark H3K4me3 at the early promoter, it
was interesting to investigate the association of the repressive H3K27me3
modification throughout the WT HPV18 and ACTCF HPV18 genomes. Interestingly,
WT HPV18 genome containing cells displayed peak enrichment of H3K27me3

within the LCR, and this binding peak was lost in the LCR of ACTCF HPV18
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genome containing HFKs. Overall, western blotting showed that total H3K27me3
expression was similar between WT HPV18 and ACTCF HPV18 genome containing
HFKs in monolayer and differentiated state, but levels were consistently lower than
untransfected HFKs grown in monolayer. McLaughlin-Drubin et al have also
demonstrated that E7 expressing HFKs displayed a decrease in H3K27me3
expression compared to untransfected HFKs, which is due to the increase expression
of the H3K27-specific demethylases KDM6A and KDM6B (McLaughlin-Drubin et al.,
2011). Hyland et al also demonstrated via immunofluorescence and western blotting
that E6/E7 expressing HFKs displayed reduced H3K27me3 expression compared to

untransfected HFKs (Hyland et al., 2011).

Regulation of the early viral promoter involves the co-ordinated and differential
binding of a host of transcription factors to the LCR region, which can either activate
or repress transcription. The complexity of early promoter regulation may reflect the
need to express the viral oncoproteins at precise times during the viral life cycle,
particularly in the cells that would normally undergo differentiation in the
suprabasal compartment of the epithelium. Therefore any perturbations in
regulating the early promoter may lead to aberrant expression of the early genes. A
previous study has demonstrated a role for YY1 in mediating repression of the early
promoter in HPV16 by quenching AP-1 activity in the viral LCR (O'Connor et al.,
1996). Several studies have shown that cervical cancers containing non-integrated

HPV16 episomes display mutations in YY1 binding sites in the viral LCR (Dong et
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al., 1994, May et al., 1994), providing evidence that YY1 is involved in repression of
early gene expression. ChIPs from this study have revealed a loss of YY1 binding in
the LCR of ACTCF HPV18 genome containing HFKs both in monolayer and
differentiated culture, indicating that these cells have lost the YY1-mediated
repression of early viral gene expression. Interestingly, the HPV LCR region in each
HPV type contains a different number and distribution of potential YY1 binding
sites. For example the high-risk HPV16 LCR contains 10 potential YY1 sites, HPV31
has 8 and HPV18 has 7. On the other hand, the low-risk HPV6 only has 2 potential
YY1 binding sites and HPV11 contains 4 YY1 sites (O’Connor et al., 1995). It is
possible that high-risk types such as HPV16 and 18 may have evolved to include
more YY1 binding sites to mediate repression of early gene expression. On the other
hand the low-risk HPV types contain fewer YY1 binding sites in the viral LCR,
which may reflect a lesser need to repress early gene expression compared to their

high-risk counterparts.

The drosophila PHO protein binds to polycomb response elements (PREs) and
anchors polycomb complexes to mediate transcriptional repression. PHO was also
shown to share sequence homology with the mammalian YY1 protein (Brown et al,,
1998). A previous genome-wide analysis of the human genome has demonstrated a
poor overlap of YY1 DNA binding sites at regions targeted by the SUZ12 polycomb
protein, suggesting that in humans YY1 is not necessarily a key regulator of

polycomb recruitment (Xi et al., 2007). However, due to the large abundance of YY1
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binding sites in the HPV18 LCR, which is the key regulatory region for
transcriptional control, it is likely that YY1 binding in this region is involved in

polycomb recruitment.

The HPV18 LCR is known to bind a plethora of transcription factors and HPV
proteins in order to regulate viral transcription. Whilst it has been demonstrated that
HFKSs containing the ACTCF HPV18 genomes show a loss of YY1 binding to the viral
LCR, it is possible that there is also differential binding of other factors in this LCR
region, which haven’t been investigated in this study. Indeed transcription factors
including AP-1, NF1 and Oct-1 have been implicated in regulating viral transcription
(Baldwin et al., 2007, Chan et al., 1990), O’Connor et al., 1995) so the binding profiles

of these proteins may also be altered in the ACTCF HPV18 genome containing HFKs.

Western blotting revealed that the ACTCF HPV18 genome containing cells grown in
monolayer culture displayed an increase in TEF-1 protein expression in comparison
to the WT HPV18 genome containing cells. Interestingly, a previous study has
demonstrated that TEF-1 is upregulated by HPV E6 (Mori et al., 2017), which is in
agreement with our observed increase in E6 expression in the ACTCF HPV18 cell
lines. Furthermore, TEF-1 has been shown to activate HPV16 E6 and E7 gene
expression (Ishiji et al., 1992a). Interestingly, ChIP experiments demonstrated an
increase in TEF-1 binding to the viral LCR in the ACTCF HPV18 genome containing

cells when compared the WT HPV18 genome containing HFKs. This increase in

284



TEF-1 binding to the viral enhancer in the ACTCF HPV18 genome containing cells
may be a result of the increase in overall TEF-1 protein expression that was detected.
Interestingly, several of the TEF-1 binding sites overlap with YY1 binding sites;
therefore, the increase in TEF-1 protein mediated by the augmented E6 expression

may cause the displacement or competition with YY1 binding in the viral LCR.

Given that the WT HPV18 and ACTCF HPV18 genome containing cells displayed
reduced H3K27me3 expression in comparison to untransfected HFKs, one would
predict a reduction in PRC2 complex protein expression, specifically EZH2, which is
known to catalyse methylation at lysine 27 (Cao et al., 2002, Czermin et al., 2002,
Kuzmichev et al., 2002, Muller et al., 2002). However in this study, the level of EZH2
protein was actually increased in both WT HPV18 and ACTCF HPV18 genome
containing HFKs grown in monolayer culture in comparison to untransfected HFKSs.
Similarly in another study, HFKs expressing E7 displayed increased EZH2 mRNA
expression compared to untransfected HFKs (McLaughlin-Drubin et al., 2011).
Furthermore, Hyland ef al also demonstrated an increase in both EZH2 mRNA and
protein levels in E6/E7 expressing HFKs compared to the untransfected HFKs
(Hyland et al., 2011). They also showed that organotypic rafts derived from E6/E7
expressing HFKs displayed higher levels of nuclear P-EZH2-Ser21 staining
compared rafts derived from untransfected HFKs. Furthermore reduced H3K27me3
staining in high-grade squamous intraepithelial lesions (HSILs) correlated with

increased levels of EZH2 expression (Hyland et al., 2011).
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The ChIP experiments revealed a slight increase in EZH2 binding within the viral
LCR and early promoter region in ACTCF HPV18 genome containing cells compared
to the WT HPVS cells. The antibody used for the ChIP experiment detects total EZH2
protein and is unable to discriminate between the phosphorylated forms of EZH?2.
Emerging research has demonstrated that phosphorylation of EZH2 can modulate
different functions of the protein. One study demonstrated that the Akt signalling
pathway was involved in the phosphorylation of EZH2 at serine-21, which
subsequently caused a reduction in PRC2-mediated histone methylation (Cha et al.,
2005). Given that Hyland et al detected an increase in EZH2 phosphorylated at serine
21 in E6/E7 expressing raft cultures (Hyland et al., 2011), it would be interesting to
determine if the observed increase in EZH2 binding across the ACTCF HPV18 LCR

is attributable to the P-EZH?2-Ser21 form.

Given that EZH2 function is modulated by phosphorylation events and can act as a
transcriptional activator, it was important to consider other PRC2 proteins that are
not thought to function independently of the PRC complex. ChIP experiments were
carried out to determine the binding of another PRC2 complex protein, EED, within
the viral LCR of WT HPV18 and ACTCF HPV18 genome containing cells. These
experiments revealed a loss of EED binding in the LCR of ACTCF HPV18 genome
containing cells when compared to the WT HPV18 LCR, which displayed
enrichment of EED binding. There was no difference in EED protein expression

between WT HPV18 and ACTCF HPV18 genome containing cells grown in
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monolayer culture. Furthermore, Hyland et al found no detectable difference in
EED protein expression between E6/E7 expressing HFKS and untransfected HFKs

(Hyland et al., 2011).

The H3K27me3 repressive mark is recognised by chromobox proteins within the
PRC1 complex (Cao et al., 2002). The PRC1 complex contains the E3 ligase protein
RING1B, which catalyses monoubiquitinylation of H2A on lysine 119 (H2AK119ub),
resulting in the formation of compact and silenced chromatin. ChIP experiments
showed that WT HPV18 genome containing HFKs displayed peak RINGI1B
enrichment in the viral LCR and enrichment of H2AK119ub across the early gene
region. However, ACTCF HPV18 genome containing cells displayed a loss of
RINGIB binding in the viral LCR, concomitant with a decrease in H2AK119ub

enrichment within the early gene region.

Overall, these experiments have demonstrated that upon abrogation of CTCF
binding to the E2 ORF there are alterations in polycomb protein recruitment to the
viral genome. Interestingly, polycomb proteins have been implicated in chromatin
loop formation at various cellular sites that are bound by CTCF protein (Li et al.,
2008), therefore it was important to investigate the presence of chromatin loops in

the HPV18 genome.
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6.6 Identification of a CTCF-mediated chromatin loop in the HPV18 genome

Handoko et al have demonstrated that a diverse number of chromatin looping
interactions in murine embryonic cells (mES) are anchored and connected by the
CTCF protein. They have further demonstrated that CTCF-mediated chromatin
loops form functional domains that can be either be transcriptionally active gene
clusters or silenced domains (Handoko et al.,, 2011). Furthermore, Beagan et al
demonstrated YY1-mediated loop interactions in neural progenitor cells that were
anchored by constitutively occupied CTCF sites (Beagan et al., 2017), and Donohoe et
al have already postulated that the zinc finger binding domain of YY1 can directly
interact with the N-terminus of the CTCF protein (Donohoe et al., 2007). Taken
together, it was hypothesised that there was a repressive chromatin loop formed
between CTCF in the E2 ORF and YY1 bound in the viral LCR, and upon abrogation
of CTCF binding this repressive loop would be lost, leading to the observed increase
in early gene expression. Several techniques are available to study 3D chromatin
interactions; however, in this case two regions of the genome were hypothesised to

be interacting, so 3C was the most appropriate method to investigate this interaction.

The 3C method involves cross-linking interacting chromatin regions, followed by
restriction enzyme digestion and re-ligation of the cross-linked fragments. The re-

ligated fragments are subsequently identified by PCR. The principle is that if two
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chromatin regions form an interaction, then upon re-ligation the ends of the digested
fragments will be in close enough proximity to re-ligate and form a novel product
(Dekker et al., 2002). In this study, reverse PCR primers were designed in the CTCF-
bound E2 region and L1 region proximal to the YY1 bound LCR of the HPV18
genome. If CTCF and YY1 form an interaction then, upon re-ligation, the E2 primer
would have the potential to become the forward primer and amplify a PCR product
with the L1 reverse primer. However, if CTCF and YY1 do not form an interaction
then the cut ends would not be in close enough proximity to form a ligation product.
The predicted ligation product is 350bp; therefore, PCR was used to amplify the
product, as opposed to qPCR which amplifies smaller products below 200bp.
Additionally, a commercially synthesised DNA fragment with the same sequence as
the predicted ligation product was also amplified in the PCR reaction as the positive
control and separated on an agaorse gel with the unknown samples. All of the PCR
products were sequenced to ensure specificity of the reaction. Indeed, the 3C
experiments have demonstrated the presence of a chromatin loop between CTCF in
the E2 ORF and YY1 in the viral LCR, as indicated by the presence of a ligation
product in the WT HV18 genome containing HFKs, which was significantly reduced
in the ACTCF HPV18 genome containing cells. Interestingly, the ligation product
was further reduced in the WT HPV18 genome containing HFKs after
methylcellulose differentiation, and was barely detectable in differentiated ACTCF
HPV18 genome containing cells. This indicates that this chromatin loop is

dynamically regulated throughout the viral life cycle and formation is regulated by
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cellular differentiation. Interestingly, SUZ12 which is also member of the PRC2
complex, can directly interact with the CTCF protein to mediate the suppression of
the maternal Igf2 promoters (Li et al., 2008), so it possible that there is a complex of
CTCF, YY1 and SUZ12 that is required to mediate repression and attenuation of the
early promoter. It is possible that random interactions occur in the HPV genome and
may be detected in the 3C experiment. To address this issue, a second primer was
designed in the L2 region to use in a PCR reaction with the E2 primer. A ligation
product is not expected to arise from using these two primers. Indeed, PCR
reactions failed to amplify an L2-E2 ligation product in either the WT HPV18 or
ACTCF HPV18 genome containing cells using the L2 and E2 primer set. This
provided strong evidence that the PCR product observed using the L1 and E2

primers was not due to a random ligation event in the HPV18 genome.

Further work is needed to identify the specific YY1 sites involved in this chromatin
loop formation, which could involve the mutation of individual YY1 binding sites in
a plasmid containing the LCR and E2 regions, followed by 3C chromatin loop
analysis. However, individual mutations of the YY1 binding sites are time
consuming, and formation of the chromatin loop may be dependent on the presence
of the whole viral genome. Alternatively it would be interesting to knockdown YY1
protein expression, and determine the presence of the chromatin loop formation.
This would provide strong evidence that the CTCF mediated loop formation is

dependent on YY1 protein binding in the LCR region.
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Additional work has been carried out to confirm that the E2-LCR chromatin loop is
dependent on CTCF. A doxycycline inducible HFK cell line was created in order to
induce the stable knockdown of CTCF protein. The completion of 3C experiments
using this inducible cell line confirmed that upon knockdown of CTCF protein there
was also a significant reduction in the formation of the chromatin loop product (Dr.
Campos Leon, unpublished). This provides further evidence that formation of this

chromatin loop is dependent on CTCF protein.

The aim of the 3C experiment was to determine if there was an intramolecular
chromatin loop within viral episomes. These experiments focussed on the interaction
between the E2 ORF and YY1 in the LCR, but it is possible that additional chromatin
loops are present within the viral genome. Alternatively, unbiased 3C walking could
be used to determine other sequences involved in long-range interactions with CTCF
or other regions of interest. Furthermore, chromatin interaction analysis by paired-
end tag sequencing (ChIA-PET) would be the most comprehensive experiment to
carry out in order to identify additional chromatin interactions associated with the
CTCF protein. This technique involves an initial ChIP reaction in order to enrich for
the specific protein, followed by proximity ligation and next generation sequencing
of interacting fragments (Goh et al., 2012). Furthermore, the HFK cell lines in these
experiments contain multiple copies of the viral episomes, so the current 3C method
doesn’t differentiate between intra- or inter-molecular interactions. Therefore, it is

also possible that chromatin interactions form between neighbouring viral episomes
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and not just within a single episome. Interestingly, Kang et al have already
postulated that CTCF bound to the KSHV genome may mediate inter-molecular
interactions important for sister-chromatid cohesion (Kang et al., 2011). It is also
possible that CTCF bound to the HPV genome may facilitate tethering of viral
episomes to the host chromatin. Previous work has already elucidated the role of
ChIR1 in tethering viral episomes to host chromatin and mediating viral genome
segregation (Parish et al., 2006b). ChlR1 has also been shown to interact with SMC1
and cohesion proteins (Parish et al., 2006a). Furthermore, genome wide studies have
found that occupancy of the cohesin subunits RAD21 and SMC3 are highly
correlated with CTCF-occupied sites (Hsu et al., 2017) (Wendt et al., 2008, Parelho et
al., 2008). Mehta et al have already demonstrated that the cohesion protein pSMC1
and CTCF co-localise to distinct nuclear foci in HPV31 containing CIN612 cells after
calcium-induced differentiation. They have also shown that mutation of three CTCF
binding motifs in the L2 region of the HPV31 genome resulted in the loss of both
CTCF and SMC1 binding to the L2 gene region. Furthermore, mutation of the three
CTCF binding motifs resulted in a loss of viral episome maintenance in monolayer
culture (Mehta et al., 2015). Therefore, CTCF bound to the viral genome may recruit
the cohesion complex and ChIR1 in order to facilitate the maintenance of viral
episomes in monolayer culture; however, mutation of the CTCF binding site in
HPV18 does not affect genome maintenance and therefore argues against this
hypothesis. In addition, Tempera et al have demonstrated that mutation of CTCF

binding sites can result in a reduction in stable episome copy number of EBV
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genomes, so a CTCF-mediated tethering mechanism is also likely to occur in this

viral genome as well (Tempera et al., 2010).

6.7 Comparisons to the role of CTCF binding in other DNA viruses

Findings from our study correlate with some of the data obtained from the research
studying CTCF involvement in large DNA virus life cycles. Our results have
demonstrated that CTCF binding in the E2 ORF of HPV18 is required to form a
repressive chromatin loop to attenuate early gene expression. In CMV, depletion of
CTCF caused an increase in the major immediate early (MIE) and early gene
expression and a subsequent 50-fold increase in virion production, supporting the
role of CTCF as a transcriptional repressor. The same group also proposed that
CTCF binding in the first intron can block RNA polymerase II elongation during the
initial stages of transcription (Martinez et al., 2014). Similarly, CTCF binding
between the OriP and C promoter in the EBV genome in type I latency cells was
required for enhancer blocking repression of EBNA2 expression (Chau et al., 2006).
Furthermore, Kang et al identified a CTCF binding site cluster in the first intron of
the KSHV latency control region, and subsequent mutation of this site caused
elevated expression of the lytic genes K14 and ORF74, again indicating CTCF has a

role to play in maintaining transcriptional repression (Stedman et al., 2008).

The role of CTCF in mediating long-range chromatin loops has also been

investigated in the EBV and KSHV genomes. Tempera et al demonstrated that CTCF
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mediated distinct chromatin loops in different EBV latency types. Here, they
demonstrated that in type I latency cells, where the Qp promoter is active, there was
a chromatin loop formed between Qp and OriP (40kb). Furthermore, in type III cells,
where the Cp promoter is active, there was a chromatin loop formed between Cp
and OriP (2.2kb), which is a similar distance to our chromatin loop formed in the
HPV genome (3kb) (Tempera et al., 2011). Chen et al demonstrated that abrogation of
CTCF binding in the overlapping 3’ region of LMP1 and the first intron of LMP2A,
resulted in the loss in loop formation between OriP and the LMP1 and LMP2A
regions. This subsequently resulted in repression of the LMP1 and LMP2A promoter
regions, and an alternate increase in LMP2B expression (Chen et al., 2013a). Kang et
al also used 3C to demonstrate a role for CTCF in mediating DNA loop formation in
the KSHV genome to regulate viral transcription. Here, they identified a DNA loop
formed between the CTCF binding sites in the latency control region and ORF50
(60kb apart), and loop between the 5" end of latency control region and the 3" end
(18kb). When the three CTCF binding site clusters in the latency control region were
mutated there was a 2-3 fold reduction in loop formation between the ORF50 region,
as well as a 2-3 fold reduction in ORF50 lytic mRNA and even derepression of some
latent genes (Kang et al., 2011). They also hypothesised that PRC2 recruitment and
H3K27 methylation may be directly involved in regulating KSHV loop formation,
and this is highly possible given our observed alterations in H3K27me3 enrichment
in the HPV genome. Abrogation of CTCF binding did not completely abrogate loop

formation in our monolayer cultures. Similarly, siRNA depletion of CTCF did not
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completely abolish KSHV chromatin loop formation between the latency control
region and ORF50, which Kang et al suggested is due to the involvement of other
cellular factors in mediating loop formation (Kang et al, 2011). Moreover,
abrogation of CTCF binding to the HPV18 E2 ORF is not 100% efficient, so any

residual CTCF binding it still able to mediate some loop formation.

Overall these results demonstrate that CTCF binds to multiple sites in the genomes
of DNA viruses, in order to control aspects of these viral life cycles. It is apparent
that CTCF is required to mediate distinct chromatin loops that are specific to EBV
latency types. Furthermore, CTCF is also required to mediate long-range chromatin
loops, in order to maintain the balance of latent and lytic expression in the KSHV
genome. Similarly, CTCF is needed to bind to the high-risk HPV genome, to mediate
repressive chromatin loop formation and to maintain the balance of early viral

oncoprotein expression.

6.8 Future Directions

6.8.1 The role of CTCF in transcriptional control

Whilst some of these experiments have successfully demonstrated that abrogation of
CTCF binding in the E2 ORF of HPV18 causes aberrant gene splicing events in the
viral genome, it would be advantageous to obtain a more comprehensive analysis of
viral transcript expression in WT HPV18 and ACTCF HPV18 genome containing
cells. The application of RNA-Seq would permit higher resolution sequencing of

RNA transcripts produced in the WT HPV18 and ACTCF HPV18 genome containing
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HFKSs. This technique would allow the comparison of RNA species between the WT
HPV18 and ACTCF HPV18 genome containing cells, in terms of both novel spliced
transcripts in the mutant cell line but also the altered ratios of known HPV
transcripts. Indeed, preliminary RNA-Seq has been carried out using RNA extracted
from WT HPV18 and ACTCF HPV18 genome containing HFKs grown in monolayer
culture (Dr Campos-Leon). RNA-Seq has confirmed the previously identified
increase in E6 and E7 encoding transcripts in the ACTCF HPV18 genome containing
cells. Furthermore, both the WT HPV18 and ACTCF HPV18 genome containing cells
expressed a subset of previously uncharacterised transcripts and alterations in the
ratio of known mRNA species. In terms of known viral transcripts, ACTCF HPV18
cells displayed a decrease in the transcript with splicing between 135773434, which is
has the potential to encode E8"E2 and E5. Conversely, ACTCF HPV18 cells
displayed an increase in the transcript with splicing between 92972779, which has
the potential to encode E6, E7, E2 and E5. Furthermore, the transcript with splicing
between 92973465 that encodes E6, E7 and E5 was undetectable in the WT HPV18

cells, whilst there were 391 detectable reads in ACTCF HPV18 cells.

Both the WT HPV18 and ACTCF HPV18 genome containing cells expressed a
previously uncharacterised transcript with splicing between 328473434, but with
more expressed in the WT HPV1S8 cells. The ACTCF HPV18 cells displayed a
complete loss of a novel mRNA product with splicing between 316573434, which

was abundantly expressed in the WT HPV18 cells. The loss of this particular
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transcript is interesting because the splice donor site at nucleotide 3165 is close to the
CTCF binding site at nucleotide 2989. In the ACTCF HPV18 cells where CTCF
binding is abrogated, the RNA polymerase complex will not be paused on the
transcript and therefore this splicing event may be skipped. Furthermore, two
uncharacterised transcripts spliced between 92976628 and 1509”6740 were expressed
in the ACTCF HPV18 cells and completely absent in the WT HPV18 genome
containing cells. It is clear that CTCF binding in the E2 ORF of the HPV18 genome is
required to co-ordinate splicing events and the subsequent abrogation of CTCF
binding results in aberrant gene splicing to occur. Previous genome wide ChIP-Seq
studies have shown that CTCF binding sites co-localise with RNA polymerase II
enriched regions (Wada et al., 2009), and Chernukhin et al have demonstrated that
CTCF binds to the large subunit of RNA polymerase II (Chernukhin et al., 2007).
Furthermore, CTCF has been shown to bind to the CD45 locus and cause RNA
polymerase II pausing to allow inclusion of weak upstream exons (Shukla et al.,
2011). It is likely that the interaction and interplay between RNA polymerase II
protein and CTCF is involved in modulating HPV transcript splicing and expression.
The ChIPs shown in Chapter 3, used an antibody that detects total RNA polymerase
IT and was unable to discriminate between the different phosphorylated forms of the
protein. Further ChIP experiments need to be carried out to confirm the binding of
the elongating or paused forms of RNA polymerase II throughout the viral genome,
to give a more detailed understanding of CTCF binding and RNA polymerase II

processing. Overall, the pausing of RNA polymerase II in the E2 ORF may facilitate
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the splicing of all the potential HPV transcripts, so it is something that needs further
investigation. RNA polymerase II is known to recruit splicing factors to pre-mRNA
(de Almeida and Carmo-Fonseca, 2008, Howe, 2002, Goldstrohm et al., 2001a,
Goldstrohm et al, 2001b) so it is possible that differential binding of RNA
polymerase II in the WT or ACTCF HPV18 genome may be modulating splicing
factor recruitment. It would also be interesting to investigate the recruitment of
chromatin modifying proteins to the viral genome, as it has previously been shown
that RNA polymerase II can alter chromatin organization to facilitate splicing factor

recruitment (Schwartz and Ast, 2010, Luco et al., 2010).

6.8.2 The role of CTCF in viral genome tethering

Wu et al demonstrated that BRD4 is implicated in the E2-mediated repression of
early HPV gene expression. Here they demonstrated that BRD4 mediates E2
recruitment to the HPV chromatin and blocks binding of TFIID and RNA
polymerase II, which prevents assembly of the preinitiation complex (Wu et al.,
2006). BRD4 has also been shown to bind to BPV1 E2 protein and tether BPV1 DNA
to mitotic host DNA (You et al.,, 2004). Given that BET proteins are also widely
involved in chromatin organization (Muller et al., 2011), it was hypothesized that
these proteins may associate with CTCF to facilitate its role as a chromatin insulator.
In a genome wide study the BET protein BRD2 was shown to co-localize with CTCF
sites in the human genome. Furthermore, binding of BRD2 and cohesin displayed

strong correlation at these CTCF-occupied sites, which suggests that many of the
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CTCF binding sites are occupied by both BRD2 and cohesin. Overall the binding of
BRD2 to CTCF sites is thought to maintain the integrity of insulating domain
boundaries. Conversely, the BET protein BRD4 was not strongly correlated with
genome-wide CTCEF sites. With this in mind the CTCF bound to the E2 ORF may not
bind to host BRD4 to mediate viral tethering to the host chromatin. On the other
hand, E2 protein has also been shown to bind to ChIR1, which facilitates the
tethering of viral genomes to the host chromatin (Parish et al., 2006a). Interestingly,
Mehta et al have already demonstrated that the cohesin protein pSMC1 and CTCF
co-localise to distinct nuclear foci in HPV31 containing CIN612 cells. Mutation of
CTCF binding motifs in the L2 region of the HPV31 genome resulted in the loss of
both CTCF and SMC1 binding to the L2 gene region, and a loss of viral episome
maintenance in monolayer culture (Mehta et al., 2015). Therefore, it would be
interesting to determine if CTCF bound to the viral genome forms an interaction
with the cohesion complex and ChIR1 in order to facilitate viral genome tethering

and the maintenance of viral episomes in monolayer culture.

6.8.3 Clinical implications

The results presented in this thesis have demonstrated that upon abrogation of
CTCF binding to E2 ORF of high-risk HPV18, there is a concomitant increase in the
expression of the E6 and E7 viral oncoproteins. It is clear that the high-risk virus
needs to recruit host proteins to the viral genome in order to control the equilibrium

of viral oncoprotein expression and abrogation of this interactions leads to aberrant
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oncoprotein expression. Therefore it would be interesting to experimentally
determine if CTCF binding to the E2 ORF of viral genomes correlates with clinical
outcome. Interestingly, there is evidence from our collaborators that reduced CTCF
binding in the HPV16 genome correlates with increased E6 mRNA expression in
W12 derived clones (Groves and Coleman). It is hypothesised that loss of CTCF
binding to the E2 ORF correlates with increased malignant progression. Fanelli et al
have optimised the PAT-ChIP technique which combines ChIP with high-
throughput sequencing from paraffin embedded tissue (Fanelli et al, 2011).
Therefore, to test this hypothesis, clinical sections derived from CIN1, CIN2, CIN3
and carcinoma in situ cervical tissue samples would be used in CTCF ChIP
experiments followed by qRT-PCR analysis of the E6 and E7 encoding transcripts.
The amount of CTCF bound to the E2 ORF of HPV18 would be calculated for the
tissue stage of each sample, and used to determine any significant correlation
between CTCF binding and clinical pathology. One would predict that CIN1
samples would contain higher enrichment of CTCF binding to the E2 ORF of HPV18
compared to the CIN2 and CIN3 samples. Furthermore, CTCF binding to the E2 ORF
could be compared between samples with the same histological grade, and

determine if there is a correlation between CTCF binding and progression to SCC.

Frequent insertion/deletion mutations have been identified in CTCF coding
sequences expressed in endometrial cancers with microsatellite instability

(Zighelboim et al., 2014), with one study estimating that CTCF mutations occur in
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around 25% of endometrial tumours (Walker et al., 2015). Taken together, these
findings demonstrate that the loss of function of CTCF as a tumour suppressor is a
frequent event in endometrial tumourigenesis. Data from a TCGA study identified
CTCF gene deletion or mutation in 2.6% of 191 cervical cancer samples. Overall
survival was not significantly altered between patients with normal CTCF
expression and patients expressing alterations in CTCF (P=0.935). However, the
same data revealed that relapse occurred in 28% of cases with altered CTCF
expression, whilst relapse only occurred in 16% of cases with unaltered CTCF
expression, although overall disease free survival was not significantly different
between patients with normal CTCF expression and patients expressing alterations
in CTCF (P=0.179). Another TCGA study identified alterations in the CTCF gene in
4.3% of 279 of head and neck squamous cell carcinoma samples; however, the
proportion of HPV positive samples is unknown in this cohort (Cancer Genome
Atlas Network 2015). When data were stratified according to levels of CTCF mRNA
expression in cervical SCC, the overall survival data revealed a significantly higher
survival rate in patients with high CTCF expression, when compared to those with
low CTCF expression (P=0.047) (Fig. 85). When the same stratification was used for
head and neck SCC, the data revealed that high CTCF protein expression did not
correlate with higher survival rates in HPV negative head and neck SCC (Fig. 86).
Most interestingly, in HPV positive head and neck SCC there appears to be higher
survival rates in patients with high CTCF expression compared to low CTCF

expression, although this was not significant (P=0.14) (Fig. 86). Nevertheless, this
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strengthens our case that high-risk HPV types need to recruit CTCF to the viral
genome in order to attenuate early gene expression. In the head and neck example,
lower expression of CTCF and thus reduced binding to the E2 ORF will cause an
increase in early gene expression, and may contribute to HPV induced

carcinogenesis, and the lower survival rates.

Several studies have identified mutations in CTCF binding sites in certain cancers. In
fact CTCF binding sites are emerging as mutation hot spots in the non-coding
genome sequences in many cancers (Katainen et al., 2015). Although HPV genomes
are very stable and rarely undergo mutations in the DNA sequence, viral integration
is known to disrupt and inactivate the E2 gene (Cullen et al., 1991, Pett and Coleman,
2007). Equally, disruption of the E2 ORF can interrupt the binding of CTCF to the E2
ORF binding site. Indeed, CTCF does not bind to the HPV18 genome in HeLa cells,
which were originally derived from a high-grade cervical carcinoma (Johannsen and
Lambert, 2013). We hypothesise that there is a correlation between CTCF binding
site integrity in the HPV18 genome and clinical outcome; cells displaying disrupted

CTCF binding sites within the HPV genome may be linked to a worse prognosis.
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Figure 85. Kaplan-Meier survival plot for cases of cervical SCC with high or
low CTCF expression. Cervical SCC survival data was taken form the TCGA data base
and stratified according high or low CTCF mRNA expression. Survival is signiciantly better

with high CTCF protein expression compared to low expression. P=0.04735.
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Figure 86. Kaplan-Meier survival plot for cases of HPV positive or HPV negative

SCC with high or low CTCF expression. HPV positive or HPV negative head and neck

SCC survival data was taken from the TCGA database and stratified according high or low CTCF

mRNA expression. Significance was determined. Survival is better with high CTCF expression in

HPV positive head and neck SSCs but this is not signiciant, P=0.1464. Survival is significantly

better with low CTCF protein expresison in HPV negative head and neck SCCs, P=0.01511.
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6.9 Summary and final suggestions

In conclusion, we have demonstrated that the host protein, CTCF, is recruited to the
E2 ORF of high-risk HPV genomes in order to regulate aspects of the viral life cycle.
Abrogation of CTCF binding to the E2 ORF resulted in an increase in E6 and E7
oncoprotein expression, as well as alterations in late viral gene and protein
expression. Loss of CTCF binding was shown to alter both the epigenetic landscape
and nucleosome positioning across the viral genome. Overall, we propose a model
whereby CTCF binds to the E2 ORF of HPV18 and forms a repressive chromatin
loop with YY1 bound in the LCR region. The formation of this chromatin loop is
needed to recruit the polycomb repressive complexes for attenuation of early gene
expression in undifferentiated cells. Whilst the PRC2 complex is known to be
recruited to DNA by YY1, the SUZ12 component of PRC2 is also a known binding
partner of CTCF, so this may form part of a larger complex (Fig. 87). Upon epithelial
differentiation we see a reduction in both YY1 and CTCF protein expression, but
surprisingly an increase in CTCF enrichment to the E2 ORF. Therefore, it is most
likely that loss of YY1 binding to the LCR upon cellular differentiation results in the
reduction of repressive loop formation. This in turn would allow the increased E6
and E7 expression required for viral genome replication in the suprabasal layers of
the epithelium. Importantly, by employing a mechanism to attenuate early gene
expression this will not only facilitate long-term HPV infection in basal epithelial

cells but will also help the virus evade immune surveillance.
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Further work is needed to understand the role of CTCF in mediating viral splicing
events; however, it is clear from our data that abrogation of CTCF binding to the E2
ORF causes aberrant gene splicing of both early and late transcripts. Further work is
needed to determine the binding profile of the elongating or paused forms of RNA
polymerase across the WT HPV18 genome and compare the binding in the ACTCF
HPV18 genome containing cells. It would also be interesting to investigate the
recruitment of splicing factors and chromatin modifying proteins and determine

their role in HPV splicing events.

We have successfully demonstrated that there is a chromatin loop between CTCF in
the E2 ORF and YY1 in the LCR; however, CTCF bound to the E2 ORF may be
forming additional chromatin loops in the viral genome. Furthermore, upon
differentiation there was increased enrichment of CTCF binding to the E2 ORF, but a
reduction in the E2-LCR loop formation. Therefore it is possible that a different loop
is formed between CTCF in the E2 ORF and another region of the viral genome. It is
also possible that the other identified CTCF binding sites in L1 and L2 late regions of
the HPV16 genome may be forming distinct chromatin loops. A higher resolution
technique such as ChIA-PET would allow the identification of any further long-

range interactions mediated by CTCF.

Another area to investigate further is the possibility that CTCF binding in the viral

genome is involved in viral genome tethering to the host chromatin. As mentioned
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previously, it would be interesting to determine if CTCF forms a complex with

cohesion and ChIR1.

Lastly, it would be interesting to determine if CTCF binding is correlated with
clinical outcome. PAT-ChIP experiments could be performed on clinical tissue with
different histological grades to determine the enrichment of CTCF bound to the E2
ORF of the viral genome in the infected tissue. Ultimately, the determination of
CTCF binding patterns could be used as a potential diagnostic and prognostic tool

in the clinical setting.
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Figure 87. Proposed model for CTCF-mediated repressive loop formation in the HPV18 genome. CTCF binds in the E2 ORF and forms a
chromatin loop with YY1 bound in the viral LCR. YY1 can recruit the PRC2 complex, which catalyses the methylation of lysine 27 on histone 3. PRC2 can
also recruit the PRC1 complex, which catalyses the ubiuitiniation of H2A at lysine 119. The recruitment of the PRC complexes mediates repression of E6

and E7 expression from the early promoter.
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Figure 88. Loss of repressive loop formation upon mutation of the CTCF binding site in the HPV18 genome. Mutation of the
CTCEF binding site in the E2 ORF causes abrogation of CTCF binding. There is also a loss of YY1 binding in the LCR and a loss of chromatin loop
formation between the E2 ORF and the LCR region. There is loss of both PRC1 and PRC2 repressive complex recruitment and depletion of
H3K27me3 enrichment within the LCR region. The increase in early promoter activity is indicated by enrichment of H3K4me3and increased E6 and

E7 expression. There is also increased binding of TEF-1 within the viral enhancer of the LCR region.
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