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Summary

The pl6INK4A protein has been proposed as a biomarker in cervical cancer and pre-cancer. 

pl6INK4A over expression is in contrast to that seen in other cancers, where locus deletion or 

mutation is the norm. pl6INK4A is encoded on the INK4A/ARF locus, with pl4ARF and pl5ENK4B, 

on chromosome 9p21.Up regulation of pl6INK4A protein in cervical cancer and pre-cancer is an 

indirect consequence of the activities of the High Risk HPV oncoprotein E7. The indirect correlation 

between pl6IN4A expression and High Risk HPV infection has lead to an extensive analysis of its 

potential use in cervical screening. Even so, very little is known about the function of the pl6INK4A 

protein and its role in the cell. More recently, the role of miRNAs has been under investigation in 

cervical cancer. miRNAs function in post transcriptional repression by the sequestration and 

degradation of mRNA and are therefore important in the control of gene and protein expression. 

Several have miRNAs been described as oncogenes and tumour suppressor genes.

The aim of this study was to enhance our understanding of the pl6INK4A pathway in cervical cancer 

and determine its expression in a rare variant of cervical cancer; Villoglandular Adenocarcinoma, and 

to examine the role of miRNAs in cervical cancer.

pl6rNK4A pathway analysis was performed using a pl6INK4A protein null cell line; HaCaT, 

compared to pl6INK4A competent cervical cancer cell lines, both HPV positive and negative. HaCaT 

was originally reported as pl6INK4A null due to promoter hypermethylation. Using methylation 

specific PCR, immunohistochemistry and western blotting, the HaCaT cell line was found to be 

unmethylated at the pl6INK4A promoter, producing pl6INK4A message but no protein.

Analysis of pl6INK4A, with other members of its locus at the polysome (site of active translation in 

the cell), miR-24 and the natural antisense ANRIL was performed in HaCaT, HeLa (HPV 18 positive) 

and C33A (HPV negative) cell lines. All members of the INK4A/ARF locus were detected in cell 

lines. miR-24 and ANRIL were not determined as post transcriptional regulators of pl6ENK4A in 

HaCaT cells. ANRIL expression was also quantified cases in cervical pre-cancer and cancer. This data

III



suggests expression of ANRIL and the INK4A/ARF locus is uncoupled in cervical cancer and pre- 

cancer. As miRNAs are a major form of post transcriptional regulation in the cell, a larger panel were 

examined in HaCaT cells, HeLa (HPV 18) cells, SiHa (HPV 16) cells, C33A (HPV negative) cells and 

normal cervix using TaqMan® miRNA low density arrays. We determined that post transcriptional 

repression of pl6INK4A in the HaCaT cell line is associated with the specific expression of 26 

miRNAs.

miRNA expression data was analysed in HPV positive cell lines compared to HPV negative cell lines 

and cervical cancer cell lines compared to normal cervix. Comparison to normal cervix revealed 87 

miRNAs which are putative biomarkers of cervical cancer. One up regulated miRNA, common to all 

cell lines, was found; miR-301b, which has not been described previously in cervical cancer. HPV 

specific miRNA expression analysis has revealed several HPV specific miRNAs, including miR- 217 

and 23a in HPV 16 positive cells, miR-9, 363 and 888 in HPV 18 positive cells and miR-886-5p, 224 

and 452 in HPV negative cells. We also described a possible prominent miRNA cluster in the HPV 18 

positive cell line HeLa, which may be related to HPV 18 or the adenocarcinoma subtype of cervical 

cancer.

We additionally assessed the use of pl6INK4A in a rare cervical adenocarcinoma: Villoglandular 

Adenocarcinoma. Immunohistochemistry for pl6INK4A, along with a panel of 11 protein markers 

associated with DNA replication, cell division, cyclin dependant kinase regulation and apoptosis was 

performed on 7 cases of villoglandular adenocarcinoma. Detection of microsatellite stability was also 

performed. Villoglandular adenocarcinoma was originally reported as an indolent disease with a 

favourable prognosis. This perception has recently been under review due to the identification of a 

subset of more aggressive phenotypes. All cases of VGA were positive for HPV16 and/or 18 infection. 

Significant levels of cell cycle dysregulation were demonstrated using immunohistochemistry with no 

evidence of microsatellite instability. These results demonstrate considerable disruption of the normal 

cell cycle in VGA, which is likely due to the presence of HPV and also confirm the aggressive nature 

of this disease entity.
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Chapter 1 Introduction

1.0 General Introduction

Human papilloma virus (HPV) is the main etiological factor in cervical pre-cancer and cancer. Cervical 

screening has achieved a major reduction in the morbidity and mortality associated with cervical 

cancer (CC) (lARC., 2005). HPV has an inherent ability to induce cell cycle dyeregulation which is 

central to its role in CC and which forms the basis of this thesis. The cell cycle disruption seen in CC 

can also be found in other non-HPV associated neoplasms (Sherr CJ, McCormick F., 2002). An 

exception to this is the over expression of pl6INK4A, a cyclin dependant kinase regulator found to be 

over expressed in cervical pre-cancer and cancer (Klaes R et al., 2001; Murphy N et al., 2003). 

pl6INK4A is generally found to be down regulated or absent in other cancers (Otterson GA et al., 

1995; Lamy A et al., 2002; Mortier L et al., 2002; Funk JO et al., 1998; Monzon J et al., 1998; Lee DS 

et al., 2007; Karsai S et al., 2007; Shim YH et al., 2003; Kawamoto K et al., 2006; Ruesga MA et al., 

2006; Bortolotto S et al., 2000; Hui R et al., 2000; Silva J et al., 2003). Its over expression in CC has 

been demonstrated to be a consequence of the action of the high risk HPV oncoprotein E7 (Kelley MJ 

et al., 1995; Geradts J et al 1995; Sano T et al., 1998).

In recent years with the introduction of automated cytology and the advances in cervical pre-cancer 

biomarker discovery (including HPV), screening for CC and pre-cancer has become more advanced. 

Indeed in many countries with established screening programmes, HPV testing is recommended for 

use in triage with cytology for the management of cervical pre-cancer in women with low grade 

disease (Wright TC Jr et al., 2006; Jordan J et al., 2009). The indirect correlation between High Risk 

HPV E7 oncoprotein and over expression of pl6INK4A has led to the conclusion that the detection of 

pl6INK4A positivity mainly through immunochemical techniques will allow a more easily integrated 

and less expensive mechanism of patient triage (Negri G et al., 2004; Wang SS et al., 2004; . 

Szarewski A et al., 2008; Wentzensen N et al., 2007; Meyer JL et al., 2007). Very little is known 

about the function of the pl6INK4A protein and its role in the cell, other than its inhibitory action on 

cyclin dependant kinases. This study aims to add an extra level of understanding to the pl6INK4A
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pathway in CC and also determine its expression in a rare variant of CC; Villoglandular 

Adenocarcinoma (VGA).

The first chapter provides an overview of Cervical Cancer and pl6IN K 4A . This chapter covers 6 main 

topics; CC and HPV, biomarkers in CC including pl6IN K 4A , genetic aberrations in CC, the 

p l6IN K 4A  locus; E^K4A/ARF/INK4B and the HaCaT cell line (a pl6IN K 4A  protein null expressor).

1.1 Cervical Cancer (CC)

CC is a major cause of female morbidity and mortality worldwide. In 2000, the World Health 

Organisation (W HO) estimated 470,600 new cases and 233,400 deaths, 80% o f these in the developing 

world. (Cervical cancer screening in developing countries. Report of a W HO consultation; 2002). In 

Ireland each year, an average of 73 women die from CC, with survival rates lower than the European 

average and an increasing trend in mortality. It has also been reported, in Ireland, between the years 

1994 and 2001, 40% of patients presented with metastatic disease (Women and Cancer in Ireland 

report -  1994-2001). Arbyn et a/.,(2009a) found mortality rates associated with CC have decreased in 

southern and western Europe since the 1970s but in eastern Europe are decreasing at a “lower 

intensity” (Czech Republic and Poland) or remaining constant (Figure 1.1).
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Figure 1.1: World-age-standardised mortality rates in 26 member states of the EU. Dots represent 

annual rates; lines represent linear trends obtained by joinpoint regression (Arbyn M et al., 2009a).
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The main treatment option for CC is hysterectomy. As this is a cancer of younger women, the necessity 

for hysterectomy in many cases, even when providing a last chance for survival is fraught with trauma. 

Cancer of the cervix provides us with an early window of opportunity. That is, it develops in stages 

from pre-cancer (Cervical Intraepithelial Neoplasia I-III) to cancer, which means early identification, 

and treatment can prevent its occurrence. Even so, it is still the ninth most frequently diagnosed cancer 

in Ireland with half of all cases in women aged 46 and under (Women and Cancer in Ireland report -  

1994-2001). This begs the question, what are we doing wrong?

The delays in implementation of an all Ireland cervical screening programme, which could actively 

recruit women to be screened is a major failure. The screening programme, CervicalCheck, was only 

rolled out as recently as September 2008, aimed at screening women between the ages of 25-44 every 3 

years, and women from 45-60 every 5 years. The effectiveness of an organised screening programme 

over opportunistic screening has been demonstrated in several European countries (Arbyn M et al., 

2009b). This efficacy can be seen in England, where an organised screening programme began in 1991. 

Since then they have seen a steady decline in mortality rates while, Ireland has experienced an 

increasing trend (Comber H, Gavin A., 2004). The initiation of CervicalCheck will hopefully reverse 

this situation.

The availability of prophylactic vaccines against certain high risk HPV types should also act to reduce 

the incidence of CC. Two HPV vaccinations are currently available; Cervarix (GlaxoSmithKline) 

which protects against HPV 16 and 18 and Gardasil (Merek) protecting against HPV 16 and 18 and the 

lower risk types 6 and 11 which are involved in the development of genital warts (Stanley M, Lowy 

DR, Frazer I et al., 2006). The quadrivalent vaccine has been approved for females aged 11-12 in the 

USA with a catch up programme recommended for ages 13-26 (Saslow D et al., 2007). Other high risk 

HPV types can cause cancerous lesions so vaccinated individuals may still have to attend screening 

programmes. Vaccination may also affect other HPV related cancers, including anal, penile, vaginal, 

vulvar and head and neck cancer (Saslow D et al., 2007). The impact of vaccination is unknown with
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longer studies required to determine its effectiveness on CC incidence. Therapeutic vaccination 

against the E6 and E7 oncogenes may also be beneficial in reducing levels of HPV induced dysplasia 

and cancer in the future.

1.1.1 Pathology of Cervical Cancer

Cervical cancer develops from a precancerous stage known as Cervical Intraepithelial Neoplasia (CIN) 

or in the case of glandular lesions Cervical Glandular Intraepithelial Neoplasia (cGIN). CIN is 

separated into grades, I, II and III, depending on the severity of the lesion (Solomon D, Nayar R., 

2004). It is now well known that Human Papilloma Virus (HPV) is the most important etiological 

agent in the development of CC. HPV has been demonstrated in 99.7% of invasive CC (Walboomers 

JM et al., 1999). Its carcinogenic effect is mediated through the expression of its oncoproteins E6 and 

E7.

The cervix is divided into 2 anatomical regions, the endocervix, which consists of simple columnar 

epithelium and tubular mucus secreting cells and the ectocervix, consisting of stratified squamous 

epithelial cells (Figure 1.2). The junction between these regions is known as the transformation zone 

(TZ) and is located at the external os. It is thought that the majority of cervical cancers originate here, 

which may be due to the metaplastic nature of the epithelium present at the junction. The TZ is the 

region sampled on smear taking. Assessment of the grade of CIN is based on the grade of dyskaryosis 

present, with CIN I (1) corresponding to mild, II (2) to moderate and III (3) to severe. The different 

levels of CIN are also equivalent to the proportion of the mucosa replaced by abnormal cells, with CIN 

1 indicating only basal cells are affected and CIN 3 indicating full thickness abnormality. The type of 

cells and level of abnormalities present are assessed on a Papaniculaou stained smear (PAP smear).

6



Chapter 1 Introduction

Endocervix
Ectocervix

Transformation zone i

F ig u re  1.2: H & E stain dem onstrating the histo logy o f the cervical transform ation zone (TZ), w here 

there is a transition  betw een sim ple co lum nar epithelium  (endocervix) and stratified  squam ous 

epithelium  (ectocerv ix). The transform ation zone is the area sam pled on sm ear taking.

There are several types o f CC depending on the cells they arise from . The m ost prevalent is Squam ous 

Cell C arcinom a (SC C ), follow ed by A denocarcinom a (A dCa). R arer variants include adenosquam ous 

type, sm all cell (neuroendocrine) type, c lear cell and villoglandular adenocarcinom a. A lthough SCC is 

the m ost p revalen t an increase in the incidence o f  A dC a has been reported  (Bray F  e t al., 2005; 

Schorge JO  et al., 2004). Increased rates have been observed in younger w om en in Europe and A dC a 

now  accounts for 23-24%  o f all cervical cancers diagnosed in the U SA  (B ray F et al., 2005; Schorge 

JO  et al., 2004). A dC a initially begin in the cervical canal, w hich is m ore d ifficult to  sam ple. The 

in troduction o f  the cy to  brush fo r sm ear taking is thought to have im proved sam pling techniques w hich 

m ay also be a factor in the increased pick up d iagnosis o f  AdCa.

The introduction  o f  organised screening program m es has coincided w ith a decrease in the incidence 

rates o f  SCC. K itchener HC et a /.,(2006) point out that the subjective nature o f  cyto logy  screening 

w hich results in a relatively  insensitive test, requires a call, re-call system  to provide the best resu lts in 

term s o f  C C  decline (Parkin D M , Bray F., 2006; K itchener HC, C astle  PE, Cox JT ., 2006).

7



Chapter 1 Introduction

Adenocarcinom a o f the cervix presents more of a diagnostic and therapeutic challenge, as it is less 

amenable to detection in the pre-cancerous stage (cGEN), although the introduction of liquid base 

cytology (LBC) has aided in more accurate diagnoses of glandular lesions (Ashfaq R et al., 1999).

Villoglandular Adenocarcinoma (VGA) o f the cervix is a rare variant o f cervical adenocarcinoma. It 

has come to prominence in recent years due to its association within the medical literature with a more 

indolent, less aggressive clinical course which is considered by some to be suitable for less aggressive, 

fertility sparing surgery. VGA was first reported in 1989 by Young and Scully, in a cohort of 13 

relatively young (average age 33) patients (Young RH,and Scully RE ., 1989). On review of these 

cases, they concluded that conservative therapy with preservation of fertility may be appropriate, with 

some qualifications. In the first two series involving a total of thirty seven cases, no lymphovascular 

space invasion was seen, and all patients had prolonged survival (Young RH and Scully RE., 1989; 

Jones MW et al., 1993). However, as more cases have been described, it has become apparent that a 

subset o f these patients do have lym phovascular invasion, some with lymph node metastases, and that 

a small proportion of tumours can fatally recur (Bouman A et al., 1999; Kaku T et al., 1997; 

Khunam om pong S et al., 2001; Utsugi et al., 2004; Utsugi et al., 2002; M acdonald RD et al., 2006). 

HPV has also been implicated in the pathogenesis of AdCa with HPV 16 and 18 detected in the 

villoglandular subtype (An HJ et al., 2005; M atthews-Greer J et al., 2004; Jones M W  et al., 2000; 

Duggan MA et al., 1995).

1.1.2 The Human Papilloma Virus

The ability o f viral oncoproteins, E6 and E7, to subvert cell cycle checkpoints constitutes a mechanism 

by which viral oncoproteins induce genetic instability in the cervix.

HPV viruses are divided into low and high risk groups based on their cancer causing ability. High risk 

HPVs include types 16, 18, 31, 33, 39, 45, 52, 68 and 69. HPVs belonging to the low risk groups e.g. 6
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and 11 are still medically important as they cause genital warts. As well as cervical cancer, HPV has 

been linked with anogenital, head and neck and skin cancer (Munoz N et a i, 2006).

HPV is an epitheliotropic virus, which contains a circular double stranded DNA genome contained in 

an icosahedral capsid made up of 2 proteins LI and L2. The HPV genome encodes for at least 6 early 

(E) and 2 late (L) proteins, which are controlled by 2 promoters, also known as early and late (Doorbar 

J., 2006).

The HPV life cycle is closely linked to stratified epithelial differentiation (Pyeon D et a i, 2009). 

Cervical epithelium contains layered keratinocytes in various stages of differentiation. HPV virions 

initially infect the basal layer of cells above the dermis through microfissures in the epidermis (Figure 

2 .1). The exact entry mechanism of virions into the basal cell is currently unknown (Doorbar J., 2006).

On migration to the basal cell nucleus, viral genomes are established as episomes and the early 

promoter is activated resulting in low levels of viral DNA synthesis. During normal epithelial 

differentiation daughter cells migrate from the basal layer upwards and undergo terminal 

differentiation. They ultimately reach the epithelial surface where they form a comified layer of dead 

cells and are eventually sloughed off. In HPV infected differentiating cells, the late promoter is 

activated, leading to the vegetative stage of the HPV life cycle (Longworth MS, Laimins MA., 2004). 

In this stage, high levels of viral DNA are replicated, packaged into capsids and finally released from 

the cell. The virus relies on the cells of the epithelium for survival through use of their replication 

machinery; therefore viral DNA synthesis must be maintained (Narisawa-Saito M, Kiyono T., 2001). 

This is where the HPV oncoproteins come into their own, maintaining the cell cycle and preventing 

terminal differentiation. As virally infected daughter cells move up through the epithelium, the virally 

infected basal layer is maintained with only a low level of viral DNA synthesis. Low grade lesions 

maintain viral replication. High grade lesions are associated with integration of viral DNA into the host 

genome. Viral integration often occurs in the El or E2 regions downstream from the late genes. This
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can result in disruption and loss of these genes and subsequent loss of control of oncogene expression 

by E2 (Woodman CB, Collins SI, Young LS., 2007; Narisawa-Saito M, Kiyono T., 2007).

To maintain an infection high risk HPV types produce oncoproteins that act to subvert critical 

checkpoints in the cell cycle. The same proteins in low risk HPVs are thought to be less potent due to 

weaker affinities for crucial cell cycle regulatory proteins (Ciccolini F et a i ,  1994). The main 

oncoproteins are E6 and E7.
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Figure 1.3: The HPV life cycle and cervical cancer development. HPV initially infects basal cells 

through micro fissures in the epithelium. This generally leads to development of a productive viral 

infection where viral DNA is present as an episome and expression of the E2 gene tempers the activity 

of the oncoproteins E6 and E7. Infected cells rise to the epithelial surface were capsid genes LI and L2 

are expressed. A number of infections can proceed to high grade neoplasia. This is generally 

associated with integration of the viral genome, loss of E2 and uncontrolled expression of E6 and E7 

oncoproteins (Woodman CB, Collins SI, Young LS., 2007).
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The E6 oncoprotein is known to interact in several critical cellular pathways to subvert pathways of 

cellular senescence and apoptosis. E6 binds to E6AP, a ubiquitin ligase, through a LXXLL motif, a 

conserved property of E6 proteins. The E6:E6AP complex can bind several proteins inducing their 

degradation through the proteasomal pathway (Howie HL et a i ,  2009). The most well known 

E6:E6AP target is the p53 tumour suppressor protein. p53 is involved in control of two cellular 

checkpoints, G2/M and G l/S (Agarwal ML et al., 1998). It is also involved in responses to cellular 

stresses or damage, where it can control whether the cell induces repair or apoptosis (Howie HL et a i,  

2009). E6 can also promote immortalisation through the activation of telomerase and its catalytic 

subunit hTERT (Longworth MS, Laimins MA., 2004).

E7 is described as the dominant oncoprotein. Experiments have shown that E6 alone cannot induce 

transformation and immortalisation but that both oncogenes acting in tandem are required (Barbosa 

MS et al., 1991). One of the most well known functions of the E7 protein is the ability to bind and 

degrade retinoblastoma (Rb) protein, a critical regulator of the cell cycle, and its associated pocket 

proteins p l30  and pl07. Binding of Rb and its associated proteins allows the HPV virus to maintain S 

phase competence, but may also contribute to disruption of differentiation (Collins AS, Nakahara T, 

Do A, Lambert PE., 2005; Dimova DK, Dyson NJ., 2005).

HPV induced disruption of critical checkpoint and cell cycle proteins, has allowed identification of 

proteins critical in cell cycle control. Many of these proteins can be found disrupted in non HPV 

associated cancers and their dysregulated expression provides an indicator of possible cellular disarray 

and eschewing disease. Their identification may also aid in the determination of aggressiveness and 

therefore define patient treatment options. The confusion in the hterature regarding the nature of VGAs 

warrants the investigation of a panel of cell cycle related markers so as to determine the true nature of 

this disease entity.
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1.1.3 Risk Factors Implicated in tlie Development of Cervical Cancer

Although persistent HPV infection has been shown to be the most important factor in the development 

of CC (Kjaer SK et al., 2002; Cuzick J et a i, 2003; Nobbenhuis MA et a i , 1999) other risk factors 

must also be taken into account. These include behavioural, environmental and socioeconomic factors, 

but many of these can be related to the risk of having HPV infection.

Multiple sexual partners and age at first intercourse are risk factors but can be related to HPV exposure 

(Baseman JG, Koutsky LA., 2005; Bosch FX et a i,  2002). Smoking is a common risk factor in many 

cancers and has been linked to development of CC. However this may be confounded by the presence 

of HPV, as many studies have reported a positive association between HPV positive women, smoking 

and the development of CC (Bosch FX et al., 2002; Baseman JG, Koutsky LA., 2005; Deacon JM et 

al., 2000; Plummer M et al., 2003).

Other risk factors include the use of oral contraceptives (Appleby P et al., 2007), lower socioeconomic 

status (Segnan N., 1997) and immunosupression (Rieck G, Fiander A., 2006). All these factors can also 

be attributed to the risk of HPV infection.

1.1.4 Cytological Screening

Currently the primary screening method for cervical cancer and pre-cancer is the cervical smear. The 

use of liquid based cytology (LBC) rather than the traditional spatula to sample cells from the TZ of 

the cervix has revolutionised cervical cytology. One of the major advantages of LBC is the preparation 

of slides in a monolayer, allowing for easier screening. It has also reduced the number of unsatisfactory 

smears received (Ronco G et al., 2007).

LBC technology allows the retention of cervical cells in preservative for further tests, including 

determination of HPV status and immunocytochemistry for pl6ENK4A. Testing for the presence of 

high risk HPV may be the next step in screening programmes. The presence of high risk HPV indicates 

an increased susceptibility to the development of high grade lesions and cancer and positivity for

12



Chapter 1 Introduction

pl6INK4A indicates the presence of an active high risk HPV infection. Introduction of an 

immunocytochemical technique into a cytology laboratory may be more feasible than the introduction 

of molecular techniques.

Repeat testing of women, with normal cytology but high risk HPV would allow differentiation between 

temporary and persistent infections. Retrospective analysis has shown that the presence of high risk 

HPV in normal smears, that subsequently developed CIN 2/3, had an increased sensitivity for the 

detection of CIN III using HPV testing (Bulk S et a i ,  2008; Naucler P et a i,  2009).

The introduction of HPV detection in screening, as triage of low grade lesions or ambiguous results, 

may reduce the number of colposcopies performed and repeat smears required, as HPV negative 

women are less likely to progress to higher grade lesions.

1.2 Biomarkers in CIN and Cervical Cancer

A biomarker is a molecule whose expression level, presence or absence can indicate cellular 

dysregulation or a disease state. The presence of high risk HPV is an indicator of cervical dysplasia 

and thus can be called a biomarker. Biomarkers used for cancer screening, can be of prognostic and 

diagnostic value and can also aid in cancer grading and staging.

In CC the subversion of the normal cell cycle by the HPV oncoproteins E6 and E7 has enabled the 

discovery of many biomarkers which indicate the presence of HPV infection and significant cell cycle 

dysregulation. The use of HPV testing to detect lesions at increased risk of progression and high grade 

lesions, has been found to be effective but is also expensive (Szarewski A et a i ,  2008; Cuzick J et al., 

2003; Kjaer SK et al., 2002). The detection of protein markers may provide another screening option, 

which is more cost effective, and easier to incorporative into routine diagnostics. Many biomarkers 

can be attributed to an increase in cell proliferation and can therefore be used as a marker in several
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cancers e.g. Ki-67, minichromosome maintence proteins (MCMs), and geminin (Brown DC, Gatter 

KC., 2002; Tachibana KE, Gonzalez MA, Coleman N., 2005). The up regulation of other biomarkers is 

thought to be solely caused by the action of active HPV oncoproteins e.g. pl6ENK4A, pl4ARF, 

telomerase and its catalytic subunit hTERT and the transcription factor E2F (Khleif SN et al., 1996; 

Doorbar J., 2006). Research by our group has demonstrated the over expression of pl6INK4A, MCM5 

and CDC6 in cervical cancer and pre-cancer (Murphy N et al., 2005a; Murphy N et al., 2005b; Murphy 

N et al., 2003). The cellular chaos which can be identified by aberrant expression of these proteins 

may also indicate a more aggressive disease entity (Figure 1.4). Evaluation of a panel of these markers 

in VGA may aid in deciding between aggressive and conservative treatment options in the future.

Measure of HPV infection Measure of ON 2, 3, cGIN and cancer

Transient

HPV DNAtest

Pap tjist

MildPersistent

infection A c t iv e t i f e c t io R ^  dysplasia;

CIN2
CIN3
cGIN

HPV E6 & E7 mR

p16[ink4A]

mcm2j3JjTo^

Protein ‘X’

Figure 1.4: The role of biomarkers in the detection of different stages of cervical pre-cancer and 

cancer. Certain biomarkers i.e. HPV are not specific to any one stage of cervical carcinogenesis. 

Others represent higher levels of dysplasia and their increased expression is associated with transition 

to a high grade lesion i.e topoisomerase II a.
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More recently, the role of small RNAs, specifically miRNAs has been under investigation in CC. 

M icroRNAs are a family of small regulatory molecules around 22 nucleotides in length that function in 

the sequestration and degradation of messenger RNAs by RNA mediated mechanisms of gene 

silencing. Several have been described as oncogenes and tumour suppressors and may play an 

important role in the development of cancer (Zhang B et al., 2007). M icroRNAs represent a new layer 

of cellular regulation, adding another level o f complexity to the control of gene and protein expression. 

Roles in development, stem cell regulation (Foshay KM, Gallicano GL, 2009), inflammation and the 

immune response (Sonkoly E, Pivarcsi A., 2009) are only a handful of the pathways miRNAs have 

been found to be involved in. Due their ubiquitous cellular functions, it is only natural that miRNAs 

are emerging as a new type of molecular biomarker in cancer and disease.

One of the most investigated proteins in cervical pre-cancer and cancer is the cyclin dependant kinase 

inhibitor pl6IN K 4A . Cellular levels of pl6ENK4A are generally low, but it has been found to be up 

regulated due to inactivation of the Rb tum our suppressor by high risk HPV oncoprotein E7 (Figure 

1.5). As a result, p l6IN K 4A  can be used as a marker of an active high risk HPV infection (von Knebel 

Doeberitz M., 2002). This is supported by studies demonstrating its over expression in CC and pre

cancer (Klaes R et al., 2001; Sano T et al., 1998; Murphy N et al., 2003). p l6IN K 4A  has also been 

recently described as a potential marker of progression, as its over expression is strongly associated 

with histologically confirmed CIN2-I- (Carozzi F et al., 2008).
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Figure 1.5: Demonstration of Development from normal to CIN and the use of pl6INK4A staining. 

(A) H&E Normal Ectocervix (B) PAP stain normal LBC smear preparation (C) H&E CIN 1-2 (D) 

pl6INK4A CIN 1-2 (E) H&E CIN 2-3 (F) pl6INK4A CIN 2-3 (G) PAP CIN 2-3 (H) PAP pl6INK4A 

CIN 2-3 (Images taken from Murphy N et al., 2003).
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1.2.1 The potential of pl6INK4A as a Biomarker of High Risk HPV infection in CIN and 

Cervical Cancer

Studies on both smear preparations and biopsies have shown the expression of p l6IN K 4A  to correlate 

with grade of GEN and cGIN (Yoshida T et a i ,  2004; Lesnikova I et a i ,  2009; M urphy N et al., 2003; 

Klaes R et al., 2001; Nieh S et al., 2004). Both HPV testing and cytology have a limited specificity for 

the detection of low grade lesions, with high rates of false positives and false negatives reported (Gay 

JD, Donaldson LD, Goellner JR., 1985; Nanda K et al., 2000; DeMay RM., 1996; Baay MF, W eyler J, 

Vermorken JB., 2004). Therefore, the use of pl6EvfK4A to determine treatment of low grade lesions 

and atypical squamous cells of undetermined significance (ASGUS) has been recommended.

Detection of HPV as a primary test has also been suggested. However, a high proportion of younger 

women are HPV positive and the majority of these clear their infection. Therefore HPV positivity, 

although an indicator of increased risk, is not necessarily associated with CIN or the potential to 

develop cancer. Analysis of cases of CIN2/3 with preceding normal smears found 80% of the original 

smears were HPV positive (Bulk S et al., 2008 ). The role of viral persistence has also been 

highlighted, with increased risk of high grade lesions (HSIL) on persistence of an oncogenic HPV type 

(Cuzick J et al., 2003; Kjaer SK et al., 2002). Kjaer et a i ,  (2002) found in high risk HPV positive 

cases, 40% of women with low grade lesions (LSIL) and only 26% of women with HSIL cleared their 

infection. Studies have found that HPV testing has a higher sensitivity but lower specificity than 

cytology (Kulasingam SL et al., 2002; Cuzick J et al., 2003). Its use was also found to be more specific 

in women older than 30, where the virus is detected less often and therefore more likely to be 

associated with HSIL (Kulasingam SL et al., 2002).

p l6IN K 4A  has generally been found to have a higher specificity than HPV testing (M eyer JL et al., 

2007; Holladay EB et al., 2006) and its use in the identification of LSIL with the potential to progress 

has been demonstrated (Wang SS et al., 2004). A large study performed by Szarewski et a i ,  (2008)
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showed similar results on comparison of pl6INK4A cytology for the detection of CEN2+ and CEN3+ 

compared to hybrid capture 2. On comparison of pl6INK4A to HPV proofer analysis (detection of E6 

and E7 mRNA) pl6INK4A cytology had a lower specificity and a higher sensitivity with similar 

positive predictive values (PPV) for detection of CIN2+ and CEN3+. These results are to be interpreted 

with caution as pl6INK4A cytology was the last test to be performed on the LBC sample and therefore 

was performed on a subset of patients only, due to insufficient material (Szarewski A et al., 2008). 

Also a standardised, internationally validated pl6INK4A immunocytochemical technique was not used 

in this study.

Guo et ai, (2004) analysed the predictive value of pl6INK4A and HPV testing using hybrid capture 2 

on LBC specimens. pl6INK4A was found to have a higher PPV in patients who had biopsies after a 

diagnosis of LSIL for CEN 2 and 3 lesions (Guo M et a i, 2004). pl6ENK4A has a lower positivity in 

LSIL than HPV, indicating it can identify lesions with an active oncogenic virus and a high potential 

for progression. Kurshumliu et a i, (2009) on following women with LSIL and who were pl6INK4A 

negative with PAP tests showed that the low grade lesions regressed in 86.9% of cases. They therefore 

recommend it for the identification of LSIL patients for colposcopy (Kurshumliu F et al., 2009). Nieh 

et ai, (2003) also recommends pl6INK4A testing for identification of ASCUS patients on smears with 

underlying high grade lesions on histology. Carozzi et ai, (2008) examined the use of pl6INK4A in 

increasing the specificity of HPV testing. Referring HPV positive women who were pl6INK4A 

positive only to colposcopy resulted in an increased sensitivity over cytology. However, Carozzi et al., 

(2008) found that pl6INK4A positivity in lesions in younger women may be regressive if the number 

of pl6INK4A expressing cells is low (Carozzi F et a i, 2008). Negri et ai, (2004) also found 

pl6ENK4A expression in 68.8% of CINl cases that regressed, as well as pl6INK4A negativity in 

12.9% of CINl cases that progressed. pl6INK4A negativity has also been reported in cases of CIN3 

and invasive CC (Volgareva G et al., 2004). This indicates false negatives and false positives are also a
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problem in the utilisation of pl6INK4A. Murphy et ai, (2003) also found that not all pl6ENlK4A 

positive cases are HPV positive.

Interpretation of pl6INK4A staining may be hampered by staining of non-dysplastic cells. 

Endometrial, endocervical and metaplastic cells as well as tubo-endometrioid metaplasia, have been 

observed to produce positive staining (Guo M et al., 2004; Meyer JL et al., 2007; Holladay EB et a i, 

2006; Agoff SN et a i, 2003; Murphy N et a i, 2004). Trained cytologists and histopathologists should 

be adept at differentiating between benign cells and abnormal ones thus allowing accurate 

interpretation of pl6EVK4A immunochemistry (Trunk MJ et al., 2004). However the pl6ENK4A 

positivity encountered in benign glandular lesions may adversely affect their detection (Mulvany NJ et 

a i, 2008; Murphy N et al., 2004). This could be solved by the use of a panel of markers, as suggested 

by Cameron et ai, (2002).

The correlation of pl6INK4A expression with the grade of CEN strongly supports the role of 

pl6INK4A as a biomarker, indicating aberrant expression of HPV viral oncogenes and the potential for 

progression to HSIL. The detection of false negatives and positives may perhaps indicate an alternative 

pathway to cervical neoplasia, or may be a function of the antibody used or the age of the specimen. 

Time of smear/biopsy taking may also be a factor. Lesions demonstrating HPV positivity may not have 

significant oncogenes expression as of yet resulting in a negative pl6INK4A result, and some lesions 

may contain undetectable levels of HPV. This indicates that a combination of cytology, HPV and 

pl6INK4A testing may be the best approach to identify which low grade or ASCUS lesions have the 

potential for progression and to prevent unnecessary and aggressive treatments.

1.2.2 pl6INK4A Staining Pattern and HPV Integration Status

Differences in pl6INK4A antibody used, antigen retrieval techniques and scoring systems make it 

difficult to compare studies of the utility of pl6INK4A in cytological and histological samples.
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Klaes et aL, (2001), before examining their cohort (FFPE biopsies), looked at the staining ability of 5 

different pl6INK4A antibodies. They concluded the staining quality varied greatly and decided to use 

their in house produced (E6H4 clone) antibody. The staining pattern produced by pl6INK4A is also 

important. It was traditionally thought to be a nuclear stain but has been demonstrated in both the 

nucleus and cytoplasm in cervical lesions. Klaes et a l ,  (2001) used a semi quantitive scoring system, 

with > 5% of  positive cells considered sporadic, focal 5-25% and diffuse > 25%. The use of a 

pl6INK4A scoring system which also takes into account the nuclear abnormalities seen in cells has 

been assessed. This technique provided a high sensitivity and specificity in the determination of low 

grade and ASCUS cases which progress to HSIL (Wentzensen N et a l ,  2005 ; Wentzensen N et al., 

2007). Identification of pl6INK4A positive cells and any abnormalities associated with them is 

particularly important in the interpretation of smears, as there is no tissue architecture as with biopsies.

Integration of HPV virus results in loss of the inhibitory activity of the E2 protein and stabilisation of 

the E6 and E7 oncoproteins. Whether this results in a further up regulation of pl6INK4A message and 

protein is unknown. Therefore pl6ENK4A positive or negative immunochemistry cannot definitively 

indicate whether the virus is episomal or integrated. However, studies agree that diffuse staining 

indicates a high risk HPV associated lesion (Cuschieri K et al., 2008; Dray M et al., 2005).

Samama et al., (2008) examined the HPV integration status of 242 thin prep specimens using in-situ 

hybridisation, where a dotted staining pattern indicates integrated HPV and diffuse episomal. They 

found a strong association between pl6INK4A over expression and the presence of integrated HPV in 

all high grade lesions. Of five samples containing low risk HPV, 1/5 was found to be pl6INK4A 

positive while the rest were negative. They also found of 135 HPV negative samples 42 were 

pl6INK4A positive. pl6INK4A positivity has been reported in normal cervix as well as endocervical 

cells. This may occur as a result of another pathway besides HPV induced cellular damage, which may 

produce more focal staining patterns. Unfortunately focal and diffuse staining patterns cannot be 

determined on smear preparations (Samama B et al., 2008).
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A similar study by the same authors in anogenital cancers used a more defined pl6INK4A 

staingrading system of strong/diffuse and focal/scattered. A high correlation was seen between HPV 

integration and diffuse/strong pl6INK4A positivity, although, 1 HPV 16/18 positive case produced 

diffuse/strong staining with episomal DNA. This may indicate a high level of oncoprotein activity and 

the likelihood that integration will occur (Samama B et a i, 2006).

Correlation of pl6INK4A expression with specifically either episomal, or integrated DNA has not 

been confirmed. It may be that up regulation of pl6ENK4A only occurs on persistent episomal 

infection which generally leads to integration and neoplasia. A review by von Knebel Doeberitz (2002) 

shows pl6INK4A stained image of what the author states is a regressing lesion, where pl6INK4A 

staining is seen towards the top of the epithelium in abnormal cells and healthy pl6INK4A negative 

normal cells are beneath. This indicates lesions that can regress, commonly assumed to be episomal 

can induce a high level of pl6INK4A expression (von Knebel Doeberitz M., 2002). Regression of 

pl6INK4A positive lesions was also seen by Carozzi et ai, (2008) and Negri et al., (2004).

Correlation of pl6INK4A positivity and integration and also the grading of pl6INK4A positivity is the 

root of much confusion. Different studies use different antibodies, different methods of antigen 

retrieval, different specimens and alternate methods of HPV testing. If pl6INK4A staining is to be 

used as an adjunct in cytological screening its testing and interpretation must be standardised. An 

alternative to immunohistochemistry (IHC) is a pl6INK4A ELISA that has been developed by MTM 

laboratories known as the Cervatec™ ELISA. Studies so far have reported a good sensitivity for the 

detection of high grade lesions and a slightly better specificity for CIN 3 then for hybrid capture 2 

(Mao C et a i, 2007; Wentzensen N et al., 2006). Further studies may indicate a role for this in CC 

screening, although the potential for pl6INK4A positive lesions to regress makes the determination of 

a pl6INK4A positive cut off point difficult.

Studies to date have demonstrated the huge potential of pl6INK4A as a marker of increased risk of 

progression in cervical neoplasia. Still many of the cellular functions of the pl6INK4A protein remain
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elusive. We know it is a cyclin dependant kinase inhibitor which affects cells at the GI checkpoint, it 

has a role in senescence and has been shown to increase in expression as cells age (Collado M, Blasco 

MA, Serrano M., 2007; Sharpless NE., 2004) and is up regulated significantly as a result of the action 

of the HPV E7 oncoprotein (Khleif SN et al., 1996; Tam SW, Shay JW, Pagano M., 1994). The aim of 

this study is to examine the pl6INK4A pathway in CC and further elucidate mechanisms of 

pl6EVK4A translational control.

1.2.3 Mechanism of pl6INK4A Over Expression in CIN and Cervical Cancer

In cervical cancer pl6INK4A, mRNA and protein is up regulated as a consequence of the activity of

the E7 oncoprotein of high risk HPV. Normally expression of pl6INK4A mediates a G l cell cycle

arrest through inhibition of phosphoryation of Rb by blocking the activities of cyclin D and cyclin

dependent kinases (CDKs) 4 and 6. pl6INK4A competes with cyclin D for binding to CDK4 and 6.

Blocking of cyclin activity by pl6INK4A, results in an accumulation of hypophosphorylated Rb,

which remains bound to E2F transcription factors thus blocking cell cycle entry (Coleman KG et al.,

1997; Fahraeus R et al., 1996). The cip/kip family of cyclin dependant kinase inhibitors also act to

control cell cycle entry but are more broadly acting than pl6INK4A as they can interact with CDKs 4

and 6 and cyclins D, E and A. Mitogenic signals promote the assembly of active cyclin D, CDK 4 and

CDK6 complexes which also contain sequestered p 2 r '’’’ and p27’“’’‘. This allows activation of the

cyclin A and CDK 2, phosphorylation of Rb and a subsequent increase in E2F mediated production of

cyclins. Cyclin E and CDK2 can act to phosphorylate and degrade p27'^‘’’’ inducing its proteolysis.

pl6INK4A can act to destabilise Cyclin D through its interaction with CDK 4 and 6. This facilitates

the release of p 2 r “'’' and p27'“’’’ which then act to inhibit the Cyclin E CDK2 complex thus inhibiting

cell cycle entry (Sherr CJ, Roberts JM., 1999). The introduction of pl6INK4A to this system allows a

higher level of control over cell cycle entry. The roles of p 2 r ‘'’‘ and p27'"‘'’’ although far from

complete, are more fully understood than pl6ENK4A. They are thought to have roles in apoptosis, as
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transcriptional co-factors and p 2 r ‘'’' is thought to have an inhibitory effect on keratinocyte 

differentiation (Coqueret O., 2003; Devgan V et a i, 2006). This indicates there is much more to 

pl6ENK4A than cyclin dependant kinase inhibition.

The HPV E7 oncoprotein binds to Rb (Dyson N et a i, 1989) causing dissociation of the E2F 

transcription factor and proteasomal mediated degradation of the Rb protein (Chellappan S et ai, 1992; 

Boyer SN et ai, 1996). The release of E2F results in the transcription of a number of genes involved in 

the Gl-S phase transition (Bracken AP et al., 2004). pl6INK4A message and protein have been found 

significantly up regulated in Rb negative cells, indicating Rb may play a part in pl6INK4A 

transcriptional control resulting in a negative feedback loop between the two molecules (Hara E et a i, 

1996). The significant up regulation in pl6INK4A production on activity of the El oncoprotein 

implies that pl6INK4A may be a target of the E2F transcription factor but only pl4ARF and not 

pl6INK4A has shown to be induced by E2F (Gil J, Peters G., 2006). It may be that a gene or genes 

activated by E2F act to up regulate pl6INK4A expression.

Up regulated pl6INK4A protein in cervical pre cancer and cancer is largely thought to be non 

functional as its cyclin dependant kinase activity is rendered obsolete by the action of E7 (Giarre M et 

al., 2001; Mann DJ, Jones NC., 1996; Martin LG, Demers GW, Galloway DA., 1998). It has been 

observed that abrogation of cip/kip function by HPV is required for viral DNA replication and not 

malignant transformation and this is common to low and high risk HPVs (Zehbe I et al., 1999). This 

may also be true for pl6INK4A as Nakao et al., (1997) found an increase in pl6INK4A message and 

protein on immortalisation by high risk HPV, but no further changes after malignant transformation. 

This indicates disruption of cyclin dependant kinase mediated cell cycle control is required for viral 

DNA replication and occurs before malignant transformation of infected cells. Experiments have 

shown that E6 alone does not induce over expression of p 16INK4A, but it can be induced by the action 

of E7 alone (Reznikoff CA et ai, 1996). This is interesting, as E6 cannot induce immortalization alone 

(Barbosa MS et a i, 1991) and although E6 has the ability to induce differentiation resistant colonies on
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introduction into keratinocytes. These cells have a shorter lifespan and undergo senescence, while E7 

containing keratinocyes show a significant number of cells progressing into S phase (Pei XF et al., 

1998). Thus the side stepping of pl6ENK4A induced cell cycle arrest achieved by E7 may be an 

important step in the immortalisation of high risk HPV infected cells.

1.3 Genetic Abnormalities in Cervical Cancer

The cellular disruption associated with high risk HPV in CC has been analysed extensively (Doorbar 

J., 2006). Genetic alterations, including chromosomal losses and gains and epigenetics have also been 

shown to play a role in cervical carcinogenesis.

1.3.1 Chromosomal Abnormalities in Cervical Cancer

A number of the documented chromosomal abnormalities in cervical cancer have either been 

associated with the site of HPV viral integration or located within fragile sites (Thorland EC et al., 

2003). Chromosomal gains are identified more frequently than losses in CC (Yang YC et al., 2001; 

Huang FY et al., 2005). SCCs of the cervix show a significantly greater number of chromosomal gains 

than AdCa (Wilting SM et al., 2006). To date, no analyses of chromosomal losses or gains in VGA 

have been preformed. However, a study by Jones et al., (2000) identified no evidence of oncogenes 

amplification or tumour suppressor loss in VGA.

In general, the frequency of genetic alterations in cervical cancer increases with increasing degrees of 

dysplasia, from 19% in CIN 1 to 85% in invasive cancer (Yang YC et al., 2001; Umayahara K et al., 

2002). A number of CGH studies in various stages of cervical cancer have identified chromosomal 

changes involving loss of chromosomal regions 2q, 3p, 4p, 4q, 5q, 6q, 11 q, 13q, and ISq and gains of 

regions Iq, 3q, 5p, 8q 1 lq22, 20q (Duensing S et al., 2004; Yang YC et al., 2001; Wilting SM et al., 

2006; Umayahara K et al., 2006; Rao PH et a i, 2004; Kirchhoff at al., 1999; Lockwood WW et a i,  

2006).
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The most commonly detected genetic aberration in cervical cancer is gain of chromosome 3q. 

Amplifications of 3q are seen in 35-61% of high grade cervical dysplasias (Yang YC et al., 2001; 

Wilting SM et al., 2006) and 53-72% of cervical cancers (Huang FY et al., 2005; Wilting SM et al., 

2006; Rao PH et al., 2004; Kirchhoff at al., 1999; Hidalgo A et al., 2005). In contrast, this 

phenomenon is not observed in low grade cervical dysplasias (Kirchhoff M et al., 2001). Frequent 

changes in gene copy number of chromosome 5p are also described. While amphfications of 5p have 

been described in 32-58% of cervical cancers by many authors (Huang FY et al., 2005; Hidalgo et al., 

2005; Kirchhoff M et al., 2001; Hidalgo A et al., 2003), others have demonstrated deletions in 5p in 

both premalignant and invasive lesions (Kirchhoff M et al., 2001; Arias-Pulido H et al., 2002). The 

hTR gene, which codes for the RNA component of telomerase is located at the frequently gained 

region 3q36, while the hTERT gene which codes for the catalytic subunit of telomerase is located at 

the 5p region of chromosomal gain. Telomerase activity has been shown to be increased with 

increasing grades of cervical dysplasia and is associated with high risk HPV infection (Kailash U et al., 

2006; Branca M et al., 2006).

The most frequently identified deletion in cervical cancer is that of chromosome 3p (Huang FY et al., 

2005; Wilting SM et al., 2006; Rao PH et al., 2004; Hidalgo A et al., 2005; Guo Z et al., 2000). Loss 

of 3pl4.2, which encodes for FHIT (fragile histidine triad), a tumor suppressor gene, was identified in 

40% of invasive cancers by CGH and loss of heterozygosity analysis (Hidalgo A et al., 2005; Guo Z et 

al., 2000). Reduced expression of FHIT protein has been demonstrated in invasive cancers and is 

significantly associated with lymph node metastasis and parametrial invasion (Huang LW et al., 2003). 

Altered FHIT expression has been shown in 80% of tobacco related lung cancers, and interestingly 

reduced FHIT expression appears to be significantly more common in smokers than non-smokers with 

cervical cancer (Holschneider CH et al., 2005).

25



Chapter 1 Introduction

1.3.2 Epigenetic Changes in Cervical Cancer

In cancer, where genomic stability is disrupted, methylation changes can occur in the form of both 

hypo- and hyper-methylation. Hypermethylation of CpG islands of gene promoters is one of the 

earliest and most frequent alterations in the development of cancer. Many cellular pathways are 

inactivated by such epigenetic events, including DNA repair, cell cycle and apoptosis (Esteller M., 

2008).

Several genes have been consistently described as aberrantly methylated in cervical cancer, including; 

pl6ENK4A (CDKN2A), DAPK, and E cadherin (CDHl) with reported frequencies ranging from 8.5- 

57% (Dong SM et a i, 2001; Narayan G et al., 2003; Yang HJ et a i,  2006; Jeong DH et a i, 2006; 

Kang S et a i, 2006), 45.1-77.4% (Dong SM et al., 2001; Narayan G et al., 2003; Yang HJ et a i, 2006; 

Kang S et a i, 2006a; Jeong DH et a i ,  2006), 43.3-80.6% (Yang HJ et al., 2006; Jeong DH et a i ,  2006; 

Kang S et al., 2006b), respectively. Several reports have indicated that distinct methylation patterns 

within numerous genes are associated with both SCC and AdCa of the cervix. (Dong SM et al., 2001; 

Virmani AK et al., 2001; Narayan G et al., 2003; Yang HJ et al., 2006; Wisman GB et al., 2006). The 

degree of methylation tends to increase with the severity of CIN and progression to cancer (Virmani 

AK et al., 2001), further supporting its role in carcinogenesis. Table 1.1 lists the commonly described 

genes methylated in cervical cancer and their corresponding cytogenetic location.
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Table 1.1: Genes Hyper-methylated in Cervical Cancer; the commonly described genes methylated 

in cervical cancer and their corresponding cytogenetic location. A concise review of these genes has 

been written by Gonzalez et a i,  (2006).

Gene Map Function Other Cancers

pl6INK4A (CDKN2A) 9p21 Cell cycle Breast cancer (Sharma G et a i,  2007), NSCLC 

(Nakata S et a l,  2006), Oral Cancer (Shaw RJ et 

ai,  2006)

DAPK

Death-associated 

protein kinase

9q31.1 Apoptosis Pituitary Cancer (Farrell WE et ai, 2003), 

Bladder and Kidney cancer (Christoph F et ai, 

2006)

CDHl

E-cadherin

16q22.1 WNT

Pathway

Eosphageal carcinoma (Com PG et ai,  2001), 

Lobular carcinoma of the Breast (Takeno S et ai, 

2004)

FHIT

fragile histidine triad

3pl4.2 Tumour

suppressor

Gallbladder Carcinoma (Riquelme E et ai,  2007), 

Eosphageal Squamous cell carcinoma (Lee EJ et 

ai, 2006),

APC

Adenomatosis 

polyposis coli

5q21 WNT

Pathway

Eosphageal adenocarcinoma (Brock MV et al., 

2003), Barretts associated oesophageal 

adenocarcinoma (Clement G et a i,  2006)

PTEN

Phosphatise and tensin 

homolog

10q23.3 WNT

Pathway

Melanoma (Mirmohammadsadegh A et al.,2006), 

Hepatocellular carcinoma (Wang L et al., 2007)

MGMT

0-6-methylguanine- 

DNA methyltransferase

10q26 DNA Repair Barretts carcinoma (Schildhaus HU et al., 2005)

HICl

Hypermethylated in 

cancer 1

17ql3.2 Transcription

Factor

Medulloblastomas (Waha A et ai,  2003), Breast 

cancer (Fujii H et ai,  1998)

RAR p

Retinoic acid receptor 

beta

3p24 Cell

differentiation

Breast cancer (Widschwendter M et a i,  2000)

TIMP3

Tissue inhibitor of 

metalloproteinase 3

22ql2.3 Apoptosis Oesphageal Adenocarcinoma (Damton SJ et al., 

2005), Renal cell carcinoma (Bachman KE et ai, 

1999)

27



Chapter 1 Introduction

In addition to HPV, other factors may be involved in the pl6INK4A cascade in cervical 

carcinogenesis. One such process may be methylation. An over production of the pl6INK4A tumour 

suppressor protein in cervical cancer has been linked with methylation status of the promoter region of 

the gene (Jeong DH et ai, 2006), which appears to increase with increasing grades of dysplasia (Jeong 

DH et ai, 2006; Lea JS et al., 2004). This phenomenon has also been observed in liquid based 

cytology smear specimens (Virmani AK et ai, 2001) and therefore may be important for early 

diagnosis and cervical screening. However the data on methylation of the pl6INK4a gene promoter in 

cervical cancer remains somewhat conflicting. Loss of pl6INK4a protein expression has been 

associated with hypermethylation of the pl6INK4A promoter (Kang S et ai, 2006) while others have 

reported high pl6INK4A protein expression regardless of hypermethylation status (Lin Z et ai, 2005). 

HPV clearly plays an important role, and indeed several studies have shown a correlation between 

pl6ENK4A promoter hypermethylation, HPV infection and expression of the DNA methyltransferase, 

DNMT3b.

The WNT signalling pathway is the most frequently altered pathway in many cancers, including 

cervical cancer. Methylation of CDHl, APC and PTEN gene promoters has been reported in cervical 

cancer and CIN. CDHl is more frequently hypermethylated in squamous cell carcinoma than in 

adenocarcimona (Jeong DH et ai, 2006; Kang S et ai, 2006b) and like pl6E'JK4A appears to increase 

with increasing grades of dysplasia and is therefore of prognostic significance. The frequency of 

methylation of the APC and PTEN genes is also increased in patients with CC, compared with low 

grade dysplasia (Dong SM et al,  2001; Virmani AK et ai, 2001;Narayan G et al., 2003;Yang HJ et 

ai,  2006).

1.3.3 New Molecules and Cervical Cancer

As part of this thesis, the role of small RNAs in post-transcriptional regulation but also in cervical 

cancer cells was investigated. MicroRNAs are a family of small regulatory molecules around 22

28



Chapter 1 Introduction

nucleotides in length that function in the sequestration and degradation of messenger RNAs by RNA 

mediated mechanisms of gene silencing. MicroRNAs are generated through a well described pathway 

that occurs in both the cytoplasm and the nucleus (Bartel DP., 2004). Although the main function of 

miRNAs has been described in the sequestration and degradation of mRNAs, they have many more 

biological functions, which are only recently coming to light (Kloosterman WP, Plasterk RH., 2006).

More than 50% of miRNA genes have been found in regions of amplification, loss of heterozygosity, 

common breakpoint regions and at fragile sites, which may be affected in the development of cancer 

(Calin GA et al., 2004). They may also function as oncogenes or tumour suppressor genes (Zhang B et 

a i, 2007).

Relatively few studies have examined the expression of miRNAs in CC (Muralidhar B et al., 2007; 

Scotto L et al., 2008; Lui WO et al., 2007; Wang X et al., 2008; M artinez I et al., 2008; Lee 

JW et al., 2008). Studies to date have focused mainly on cell lines and squamous cell carcinoma. Lui 

et al., (2007) included 7 AdCas in their cohort, but no difference in miRNA expression was remarked 

upon. A significant down regulation of miRNA levels has been observed on comparison to normal 

cervix with down regulation of miR-143 and miR-145 seen in two studies, with miR-218 shown to be 

down regulated in HPV16+ cell lines and CEN IIT (Wang X et al., 2008; Martinez I et a i, 2008). It has 

been reported that different cancers may each have a miRNA signature which may provide the means 

for a miRNA based cancer classification system (Lu J et a i, 2005).

To date no HPV associated miRNAs have been found. This is intriguing, as virally generated miRNAs 

have been described in other viruses (Pfeffer S et a i, 2004; Pfeffer S, Voinnet O., 2006). However the 

E6 and E7 oncoproteins of high risk HPV types may affect miRNA expression. miR-34a was recently 

shown to be down regulated by HPV E6 (Wang X et a i, 2009).

Natural antisense transcripts (NATs) are another regulatory molecule that can also take the form of

small strands of RNA. They are transcribed from the opposite DNA strand to other RNA transcripts
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and generally overlap them. The most common known antisense transcripts are RNA molecules that 

are non-protein coding and partner a protein coding RNA transcript. They may affect expression of 

their partner through transcriptional interference, RNA masking or induction of methylation and 

subsequent gene silencing (Lavorgna G et al., 2004). Transcription of pl5E^K4B and p53 has been 

shown to be affected by a natural antisense partner (Yu W et al., 2008; Mahmoudi S et al., 2009). 

Recently, a large NAT, antisense non-coding RNA in the INK4A/ARF locus has been described 

(Pasmant E et al., 2007). ANRIL consists of 19 exons and is encoded for on the sense strand while the 

INK4A/ARF locus is encoded on the anti-sense strand. It overlaps pl5INK4B and its start site is less 

than 300 base pairs upstream from pl4A RF (Pasmant E et al., 2007). ANRIL may represent a possible 

NAT mechanism of INK4A/ARF locus control. It is therefore also possible as with miRNAs, that 

NATs may also play a role in disease. NAT expression has been demonstrated as deregulated in 

cancer (Perez DS et al., 2008; Berteaux et al., 2008). As of yet, no NATs have been described as being 

dysregulated in cervical cancer or as a function of HPV.

1.4 A closer look at the pl6INK4A tumour suppressor protein

Since its discovery (Serrano M et al., 1993), the role of the pl6INK4A protein in cancer has been 

extensively studied. pl6INK4A expression in CC is in contrast with that seen in other neoplasms, were 

it is down regulated or absent. Homozygous deletion, mutation and promoter methylation of the 

pl6INK4A gene, CDKN2A, has been reported in numerous cancers (Otterson GA et al., 1995; Lamy 

A et al., 2002; Mortier L et al., 2002; Funk JO et al., 1998; Monzon J et al., 1998; Lee DS et al., 2007; 

Karsai S et al., 2007; Shim YH et al., 2003; Kawamoto K et al., 2006; Ruesga MA et al., 2006; 

Bortolotto S et al., 2000; Hui R et al., 2000; Silva J et al., 2003). It is therefore thought to act as a 

tumour suppressor gene.
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1.4.1 The INK4A-ARF-INK4B Locus

The pl6INK4A gene, CDKN2A, is encoded on the INK4A-ARF-INK4B locus on chromosome 9p21. 

As well as pl6INK4A, it encodes pl5LNK4B and pl4ARF (Figure 1.6). p15E^K4B also acts as a 

cyclin dependant kinase inhibitor, whereas pl4ARF has a role in controlling p53 in part by controlling 

the level of MDM2 (Stott FJ et al., 1998). pl5INK4B (CDKN2B) has its own reading frame and is 

distinct from INK4A and ARF. pl6ENK4A and pl4A RF share exon 2 and 3 with exon 2 encoded in an 

alternate reading frame to produce pl4ARF. These genes are also under the control of different 

promoters; exon la  for pl6INK4Aa and exon ip  for pl4ARF (Mao L et al., 1995). The 3 proteins 

encoded at the INK4A-ARF-INK4B locus have all been described as tumour supressors, although 

pl6INK4A and pl4A RF have been more extensively studied than pl5INK4B (Sharpless NE., 2005).
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Figure 1.6: The INK4A/ARF/INK4B Locus encodes 3 genes, pl5INK4B, pl6INK4A and pl4ARF. 

The RD represents a newly discovered regulatory domain that is thought to participate in 

transcriptional silencing of the entire locus through interaction with the CDC6 protein (Kim WY, 

Sharpless NE., 2006).
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As each of the genes have their own promoters, they can be regulated individually but are also thought 

to be co-regulated through an evolutionary conserved regulatory domain (RD) 1.5 kilobases upstream 

from pl5INK4B (Figure 1.6). RNA interference techniques have demonstrated heterochromatisation 

of the RD domain results in silencing of the locus. It has also been found that high levels of CDC6 

facilitate the recruitment of histone deacetylases to this domain, resulting in a decreased expression of 

all products from the locus (Gonzalez S et a i, 2006). Expression of Ras due to oncogenic stress 

induces expression of p53, pl6INK4A and pl5INK4B (Malumbres M et aL, 2000; Serrano M et a i, 

1997). pl6INK4A and pl4ARF can also be down regulated in response to expression of the polycomb 

group proteins Bmi-1, CBX7 and Rnf2 (Jacobs JJ et a i, 1999; Gil J et a i, 2003; Voncken JW et a i, 

2003). pl6ENK4A specific activators include Estl/2 (Ohtani N et a i, 2001), API family (JunB) 

(Passegue E, Wagner EF et aL, 2000) and S p l/p 2 r ‘'’' (Xue L, et al., 2004). Few repressors of 

pl6INK4A specifically have been described, one example is the helix loop helix proteins, specifically 

Idl (Polsky D £'/a/., 2001).

More recent studies have linked pl6INK4A to the cellular senescence pathway, as its expression has 

been shown to increase in cells with age. Murine models have shown that older mice have decreased 

regenerative capability when compared to pl6ENK4A deficient older mice (Krishnamurthy et al., 

2006). Also the down regulating of pl6ENK4A in murine haemopoetic stem cells, decreased age 

related apoptosis associated with stress and improved repopulation of injured tissues in transplants 

(Krishnamurthy et a i, 2006; Janzen V et al., 2006). It is thought that due to the poor regenerative 

capabilities of older cells, there is a higher risk of disease incidence, so over expression of pl6INK4A, 

although not stopping the cell from replicating, actively dissuades it (Molofsky AV et al., 2006). An 

accumulation of pl6INK4A protein would then eventually lead to cell senescence.
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1.4.2 The HaCaT Cell Line

The HaCaT cell hne (a gift from Professor N Fusenig) was provided as a pl6INK4A null expression 

system to enable the elucidation of pl6E^K4A competent and non-competent pathways. The HaCaT 

cell line was first described in 1988 by Boukamp et a i, (1988). It was propagated from skin taken from 

the distant periphery of a melanoma from a 62 year old male. The area was described as not 

extensively sun exposed. It was originally propagated in low calcium at high temperature conditions, 

hence the name HaCaT. The propagation of cells resulted in the development of an immortal, non- 

tumourgenic cell line, which maintains full epidermal differentiation capacity. No HPV, mycoplasma 

or SV-40 was detected in the cell line and the identification of unique stable marker chromosomes 

indicated a monoclonal origin (Boukamp P et al., 1988). The HaCaT cell Une was also found to have 

mutations in both p53 alleles; a C —̂ T transition at codon 179 and a CC —>• TT base change at codons 

281 and 282 (Fusenig NE, Boukamp P., 1998).

A paper by Chaturvedi et al., (1999) set out to compare the death defying behaviour of normal skin 

derived keratinocytes to senescent keratinocytes and immortalised HaCaT cells. When comparing 

normal proliferating keratinocytes to HaCaT cells the authors noted only scant levels of intranuclear 

p21cipl, low levels of pl5INK4B and p27kipl and no pl6INK4A before and after addition of anti

proliferative agents. They were also found to have high levels of c-myc. To account for the lack of 

pl6ENK4A expression, exon 1 and 2 were checked for mutations and none were found. A genomic 

southern blot then detected hypermethylation in the promoter sequence and the first exon of 

pl6INK4A (Chaturvedi V et al., 1999). Gene hypermethylation can be reversed by treatment of cells 

with chemicals to induce demethylating and histone deacetylation (Karpf AR, Jones DA., 2002). This 

has never been shown in the HaCaT cell in relation to the pl6INK4A gene. Therefore, the HaCaT 

keratinocyte cell line provided an ideal model to examine pl6INK4A competency and non

competency.

33



Chapter 1 Introduction

1.5 Aims of this study

The initial objective of this study was to further elucidate the role of the pl6INK4A pathway in 

cervical neoplasia using a pl6INK4A null cell line; HaCaT.

• This initial objective changed somewhat as it was determined that the pl6INK4A null cell hne 

was in fact pl6INK4A mRNA positive but protein null.

• We then determined to examine the possible mechanisms of pl6INK4A post transcriptional 

regulation in HaCaT in comparison with HPV positive and negative cervical cancer cell lines.

• We also examined the role of miRNAs and the NAT ANRIL in HaCaT, CC and CC cell lines.

• To further examine the utility of the pl6ENK4A protein as a biomarker of HPV associated 

neoplasia, its expression (along with 11 other possible biomarkers) was examined in a rare 

variant of cervical Adenocarcinoma ; Villoglandular Adenocarcinoma (VGA).
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2.0 Materials and Methods

This chapter provides a description and background information on all the methods employed in this 

thesis. The techniques will be referred to in the following chapters also but a full description is only 

provided here.

2.1 Specimens

2.1.1 Tissue Samples

Formalin fixed paraffin embedded (FFPE) cases of cervical pre-cancer and cancer were selected from 

the archives of the Coombe Women and Infants University Hospital. Cases of Villoglandular 

adenocarcinoma of the cervix were selected from the archives of the Coombe Women and Infants 

University Hospital and the National Maternity Hospital, Holies Street.

2.1.2 Ethical Approval

Ethical approval for use of clinical specimens was obtained from the ethics committee of the Coombe 

Women and Infants University Hospital.

2.1.3 Cell lines

The HaCaT keratinocyte cell line was supplied as a gift from Professor N Fusenig. The cervical cancer 

cell lines, HeLa, C33a and SiHa (Table 2.1 for a full description) were obtained from the European 

Collection of Cell Cultures (ECACC) and the American Type Culture Collection (ATCC).

HaCaT cells were thawed from 1ml 10® stocks, mixed with 1ml of Dulbecco’s modified Eagles media 

supplemented with 200U of penicillin and 200(ag of streptomycin, 20nM of L-Glutamine and 10% fetal
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bovine serum (Lonza Group Ltd, Switzerland) per 500m l o f  media, and seeded in 2 sterile plastic flat 

bottomed 25cm^ cell culture flasks. The cells were then moved into 75cm^ and 175cm^ cell culture 

flasks. The media was changed every 3 days. At 90% confluence cells were prepared for detachment 

by incubation for 20 m inutes in 0.05%  EDTA. This aids in desm osom e disruption. The EDTA was 

then removed and the cells detached by addition o f  trypsin/EDTA solution and incubation at 37°C for 3 

minutes. An equal volum e o f  D ulbecco’s m odified Eagles media was added and the solution 

transferred to sterile 15ml falcon tubes. The suspension was centrifuged, re-suspended in 3ml o f  

D ulbecco’s m odified Eagles media and cell number quantified on a haemocytometer. For storage 10  ̂

cells were m ixed in glycerol freezing media (Sigm a Aldrich, St Louis, MO 63178, U SA ) and stored in 

liquid nitrogen until required.

Cervical cancer cell hnes were all treated in the same way. They were thawed from 1ml 10  ̂stocks, 

m ixed with 1ml o f M odified essential media supplemented with 200Units o f  penicillin and 200|Jg o f  

streptomycin, 20nM  o f L-Glutamine and 10% fetal bovine serum (Lonza Group Ltd, Switzerland) per 

500m l o f  media, and seeded in 2 sterile plastic flat bottomed 25cm" cell culture flasks. The cells were 

subsequently m oved into 75cm^ and 175cm^ cell culture flasks. The media was changed every 2 to 3 

days. At confluence cells were prepared for detachment by incubation with trypsia^EDTA for 3-5 

minutes. An equal volum e o f  M odified essential media was added and the solution transferred to sterile 

15ml falcon tubes. The suspension was centrifuged and resuspended in 3ml o f  M odified essential 

media and cell number quantified on a haemocytometer. For storage 10® cells were mixed in Recovery  

cell freezing media (Invitrogen, L ife Technologies, Maryland, 21740, U SA ) and stored in liquid 

nitrogen until required. A ll cells were grown in a humidified atmosphere supplemented with 5% CO2 .
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Table 2.1: Description of Cell Lines used in this study

Cell Line Description

HaCaT Keratinocyte cell line, propagated from normal male skin, non-tumourgenic 

(Boukamp et a i ,  1988).

HeLa Cervical Adenocarcinoma cell line contains HPV 18. Low levels of p53, Rb+.

C33A Derived from cervical cancer biopsy. Is negative for HPV DNA and RNA. p53+, 

Rb+

CaSki Epidermoid carcinoma of the cervix, propagated from a metastasis to the small 

intestine. Contains integrated HPV 16 (HPV-16, about 600 copies per cell) and is 

known to contain sequences related to HPV 18

SiHa Squamous Cell Carcinoma, grade II. p53-i- Rb+. HPV 16 positive, 1-2 copies per 

cell

2.1.3.1 Preparation of Cell Blocks

Cells were fixed, processed and embedded in paraffin to allow for immunohistochemical staining and 

to provide controls when extracting nucleic acids from formalin fixed paraffin embedded tissue.

Cells were concentrated into a pellet (40-50x10^) and washed twice with PBS (phosphate buffered

saline; Invitrogen 1600 Faraday Ave, Carlsbad, USA). The pellet was then fixed in 10% formalin for

1-2 hours and was agitated to ensure fixation. A 2% agarose solution was prepared, allowed to cool to

50°C and 2-3ml mixed with the cell pellet. This was centrifuged immediately and allowed to cool and

solidify. A cassette was next prepared and some small pieces of filter paper cut to place in the cassette.

The agarose containing the cells was trimmed and placed in the filter paper lined cassette. This was

processed on the VIP tissue processor over night. This involves permeablising the tissue/cells with

xylene and several changes of alcohol to allow infiltration of the tissue/cells with wax. The processed
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agarose was then embedded to form a wax block using the embedding station (Leica Microsystems, 

Emst-Leitz-Strass 17-37, Weltzar35578, United States).

2.1.3.2 Mycoplasma Testing of Cell Lines

Mycoplasmas are a unique, small species of bacteria lacking a cell wall, that are resistant to many 

common antibiotics. They are a well known contaminant of cell cultures which are difficult to detect 

due to their small size. They can adversely affect cells growing in culture causing chromosomal 

changes and affecting cellular metabolism and cell growth.

Mycoplasma testing was performed using the Roche Mycoplasma Detection Kit (Roche Diagnostics, 

GmbH, Indianapolis, IN, USA) which detects 4 types of mycoplasma and acholeplasma. The kit as 

based on an ELISA technique where antibodies to the 4 types of mycoplasma are coated onto wells in 

a microplate. Prepared samples are added to the wells and mycoplasma proteins in infected samples 

will bind to the coating antibody specific to the mycoplasma/acholeplasma type. Biotin labelled 

detection antibodies are then added, followed by a streptavidin alkaline phosphatase conjugate. An 

alkaline phosphatase substrate is then added which will produce a colour change to yellow if the 

sample is positive. This can be read in a microplate reader at 405nm. Positive controls are provided in 

the kit and negative controls consisted of unused media.

2.1.3.3 Roche Mycoplasma Testing

Mycoplasma testing of cell lines was performed according to the manufacturer’s protocol. Colour 

changes were read on the microplate reader at 405nm (Sunrise plate reader, Tecan Trading AG, 

Switzerland).
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2.2 RNA Extraction

There are many types of RNA in the mammalian cell, both coding and non-coding. Non-coding RNAs 

include: transfer RNAs, which act in protein synthesis, transferring amino acids to a growing 

polypeptide chain, ribosomal RNA, which combines with proteins to form a nucleoprotein or ribosome 

and acts in protein synthesis, microRNAs which can regulate gene expression and antisense RNAs 

which may also act in gene regulation. Messenger RNA (mRNA) is the coding RNA and is responsible 

for production of proteins within the cell.

RNAs are susceptible to degradation by RNases. These are naturally occurring enzymes found in the 

environment and are also released from cells on cell lysis. For this reason RNA extraction was 

performed in a dedicated area, cleaned with 70% ethanol/RNase Zap (Ambion at Applied Biosystems, 

Foster City, CA, USA). Sterile RNase and DNase free plastics and aerosol resistant pipette tips were 

also used.

Total RNA was extracted from cell lines using the following reagents: TRIzol® (Invitrogen, Life 

Technologies, Maryland, 21740, USA), RNeasy Mini/Midi kit (Qiagen, Fleming Way, Crawley, West 

Sussex, RH 10 9NQ, UK) and w/rVana™ miRNA isolation kit (Ambion at Applied Biosystems, Foster 

City, CA, USA).

TRIzol® is a solution of guanidine isothiocyanate and phenol, which acts to disrupt cell membranes

and interfere with stabilising intra-molecular interactions while maintaining nucleic acid integrity. The

addition of chloroform yields a biphasic solution with a clear aqueous upper phase containing RNA, an

interphase containing DNA and a lower organic phase containing proteins dissolved in phenol and

lipids dissolved in chloroform. The RNA can then be precipitated from the aqueous phase using

isopropanol. Both the Qiagen and Ambion kits use a solid phase matrix to bind nucleic acid and wash

away cellular debris and proteins. Nucleic acids bind to the solid phase depending on the pH and the

concentration of the buffers used. Binding is also dependant on charge, nucleic acids being negatively

charged while the solid phase is positively charged. DNA and RNA are hydrophilic and can be
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absorbed onto the membrane while hydrophobic lipids and proteins pass through, aided by washing 

buffers.

2.2.1 TRIzol® Total RNA Isolation system

Cell pellets (1x10®) were homogenised in 1ml of TRIzol® reagent, and total RNA extracted according 

to the manufacturer’s instructions. Total RNA was stored at -80°C until required.

2.2.2 /nirVana™ miRNA Isolation protocol

For analysis of miRNAs, total RNA was extracted using the Ambion m/rVana™ miRNA Isolation 

protocol (Ambion at Applied Biosystems, Foster City, CA, USA) total RNA isolation protocol 

according to the manufacturer’s instructions. Total RNA was stored at -80°C until required.

2.2.3 RNA Extraction from Formalin Fixed Paraffin Embedded Tissue

Total RNA was extracted from formalin fixed paraffin embedded tissue using the RNeasy FFPE kit 

from Qiagen (Qiagen, Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK). This was performed 

according to the manufacturer’s instructions with minor modifications. To ensure initial removal of 

wax, two 1ml xylene washes were performed followed by two 100% ethanol washes. To aid digestion 

some samples required extra addition of proteinase K and buffer PKD, with an extended incubation at 

55°C. RNA was eluted in 35|j 1 of RNase/DNase free water. The eluate was passed through the column 

twice to ensure maximal RNA recovery and stored at -80°C.
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2.3 DNA Extraction

DNA is a form of long term information storage which encodes all the genetic information in an 

organism. It exists as a double stranded molecule, unlike RNA which is predominantly single stranded. 

It is also known to be more robust than RNA being less prone to hydrolysis. DNA interacts with 

numerous proteins; many like histones act to compact DNA into a structure known as chromatin. Other 

proteins act on DNA to allow it’s unwinding for replication or conformational changes allowing access 

of transcription factors.

DNA is susceptible to degradation by DNases found in cells and the environment. DNA extraction was 

performed in a dedicated area, cleaned with 70% ethanol. Sterile RNase and DNase free plastics and 

aerosol resistant tips were also used.

DNA extraction was performed using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Fleming 

Way, Crawley, West Sussex, RH 10 9NQ, UK) from both formalin fixed paraffin embedded tissues 

and cell pellets. The Qiagen kit uses a solid phase column based technology. DNA selectively binds to 

the membrane while contaminants are washed through.

2.3.1 DNA extraction from cell pellets using the Qiagen DNeasy Blood and Tissue Kit

DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Fleming Way, Crawley, 

West Sussex, RH 10 9NQ, UK) purification of total DNA from cultured animal or human cells 

protocol according to the manufacturer’s instructions. Eluate was passed through the column twice to 

achieve the maximum yield and stored at -80°C until required.
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2.3.2 DNA Extraction from Formalin Fixed Paraffin Embedded Tissue

DNA was extracted from formalin fixed paraffin embedded tissue using the Qiagen DNeasy Blood and 

Tissue Kit (Qiagen, Fleming Way, Crawley, W est Sussex, RH 10 9NQ, UK) pre-treatment for paraffin 

embedded tissue followed by the purification of total DNA from animal tissues protocol. Depending on 

the size of the tissue 3-6 sections of fixed paraffin embedded tissue were cut aseptically at 6 microns 

and placed in sterile RNase, DNase free 1.5ml tubes. After the pre-treatment step, tissue was also 

homogenised used a micro pestle. For tougher, more fibrous tissue extra volumes of proteinase K and 

Buffer ATL were added with longer digestion incubation times. This subsequently required extra, 

proportional volumes of Buffer AL and ethanol.

2.4 Extraction of Messenger RNA from cellular Polysomal Extract 

2.4.1 Introduction

Polysomes are clusters of ribosomes which act in the translation of mRNA to protein. An individual 

ribosomal complex consists of ribosomal RNA (rRNA) molecules and more than 50 proteins which are 

organised into large and small subunits. Eukaryotic ribosomes consist of a large and small unit, 60S 

and 40S respectively. The large subunit consists of a 5S and a 28S:5.8S subunits. The subunits and 

rRNA in ribosomes are designated S, which is the Svedberg unit. This describes the way particles 

behave on sedimentation, commonly through centrifugation. Larger particles have higher Svedberg 

units as they sediment faster.

Detection of mRNA at the polysome can provide a picture of proteins being actively transcribed in the

cell. This requires collection of the cytosolic extract from cells and ultra centrifugation through sucrose

gradients. The sample is then separated into 12 fractions. Early fractions contain individual ribosomes

from 40S to 60S to SOS, whereas late fractions contain multiple ribosomes or polysomes attached to

mRNAs which were being transcribed on cell lysis. The late fractions are pooled, proteinase digested
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and RNA extracted, which can be used in further downstream analysis. MicroRNAs have also been 

shown to be associated with mRNA at the polysome (Maroney et al., 2006). This lends an extra 

dimension to mRNA analysis at the polysome. Figure 2.1 provides a graphical overview of the 

polysomal RNA extraction protocol.

Extract the cytolosic 
component qmckh'

Grow Cells

r  ---- —---------------\

• Prepare the siiciose • Protein digest samples
gradient • Combme fiiactioiLS

• Add and cytosohc 12
extract & spm at • Extract poh'somal
40.000gfor 2-3 lus RNA

Sucrose Gradient Extract
Polysomal RNA

Figure 2.1: Overview of the Polysome Extraction Protocol.

2.4.2 Cytosolic extraction from cells

Polysomal Lysis buffer was made up fresh each time and left shaking on ice until use. A 2X (1ml)

solution of lysis buffer consisted of 50mM Tris-HCL pH 7.4, 50mM NaCI, 75mM MgCl2, 0.5mg

Heparin, 0.002g Pepstatin A and Leupeptin, ImM Na3VO, 50mM VRC, Img deoxycholate and

0.024% of Triton X-lOO, To ensure a sufficient yield of polysomal mRNA from >50 x 10  ̂cells were

grown in I75cm^ cell culture flasks. On reaching 80-90% confluency media was removed, cells

washed with ice cold PBS (Lonza Group Ltd, Switzerland) and 5ml of ice cold PBS added to the flask.

Cells were kept on ice at all times. The cells were scraped in the PBS and removed to an pre-chilled

50ml falcon, followed by a further 3 ml rinse of the flask with ice cold PBS to ensure collection of all
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the cells. Once all required tissue culture flasks were scraped, collected cells were pelleted at 4°C. The 

supernatant was then removed, 1ml o f polysome lysis buffer was added to the pellet, pipetted 

vigorously and transferred to a RNase, DNase free 1,5ml tube. This was then vortexed for 15 minutes, 

shaken on ice for 10 minutes and vortexed for another 10-15 minutes. To check cytoplasmic lysis had 

occurred, leaving only nuclei intact, some lysate was placed on a slide, coverslipped and viewed under 

a microscope at high power. On completion of cytoplasmic lysis, the lysate was spun down at 4°C at 

maximum speed for 10 minutes. Supernatant was then transferred to a fresh, labelled 1.5ml RNase, 

DNase free tube and placed at -80“C until required. The remaining pellet containing nuclei was 

discarded.

2.4.3 Isolation of Polysomes

To isolate Polysomes from monosomes (individual ribosomes) a sucrose gradient from 20 -  60% was 

made according to Table 2.2, along with polysome buffer minus deoxycholate (resuspension buffer). 

The polysome gradient was created in layers in an ultra centrifuge tube, as shown in Figure 2.2, 

freezing each layer before addition of the next. Once all the sucrose layers are added the gradient was 

allowed to defrost at room temperature. The cytoplasmic extract (1ml) was diluted 1:1 with polysome 

buffer and layered on top of the sucrose gradient. The filled ultracentrifuge tubes were then placed in 

the ultracentrifuge and spun at 40,000g for 2-3 hrs at 4°C. Twelve fractions were then taken off from 

the top of the gradient down and stored at -20°C overnight. The fractions were then quantified using 

UV spectrophotometery on the Beckman DU530 UVA^IS spectrophotometer (Beckman Instruments, 

Inc. Fullerton, CA 92634, USA) at 260 and 280nm. Early fractions lack ribosomes or contain 

ribosomal subunits (1-6); later fractions contain polysomes of increasing molecular weight. As several 

ribosomes can translate an mRNA molecule at once, mRNA associated with more ribosomes is more 

actively transcribed, of a higher m olecular weight and therefore in a later sucrose fraction.
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Table 2.2; Components of sucrose gradient for polysome isolation.

Percentage 
Sucrose in each 

Gradient

Sucrose
(ml)

Resuspension 
Buffer (ml)

Hepari
n ( M l )

Leupeptin
(Ml)

Pepstati 
n  ( m1)

To Final 
volume 

with HzO

60% 13.2 1.5 562.5 22.5 22.5 15

45% 19.8 3 1125 45 45 30

30% 13.2 3 1125 45 45 30

20% 2.175 1.5 562.5 22.5 22.5 15

Sucrose Gradient

20%

30%

45%

60%

Figure 2.2: Polysome Sucrose Gradient. The gradient is made of 4 different concentrations of sucrose. 

The cytosolic extract is added to the top prior to centrifugation.
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2.4.4 Extraction of total mRNA from Polysomal Fractions

Polysomal RNA was extracted from fractions 7-12 using the Qiagen RNeasy Midi Kit (Qiagen, 

Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK). Before extraction, the polysome complexes 

were digested to release polysome bound RNA. To each of the 7 fractions, 20|il of proteinase K 

(Qiagen, Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK) and 120|il of 10% SDS was added 

and the fractions incubated for 1 hour and 30 minutes in a water bath at 56°C. The fractions are then 

combined and the RNA extracted with some modifications to the extraction protocol.

18ml of buffer RLT was added to the combined fractions with 180|al of p -  mercaptoethanol (Sigma 

Aldrich, St Louis, MO 63178, USA). This was mixed and 18ml of 70% ethanol added. This solution 

was then passed through the midi column, 4ml at a time, by centrifugation at around ISOOrpm for 1 

minute. The eluate was discarded. Next 4ml of buffer RW l was added to the column and centrifuged 

for 5 minutes at ISOOrpm and the eluate discarded. 2.5ml of buffer RPE was then added and 

centrifuged for 2 minutes at 1500rpm. This was repeated with a 5 minute spin. The RNA was then 

eluted into a new collection tube in 120|j 1 of RNase/DNase free water. The eluate was passed through 

the column twice to ensure a maximal yield of RNA.

To precipitate the RNA into a smaller volume, 15)al of 3M sodium acetate and 375|il of 100% ethanol 

were added to the eluate and placed at -20”C overnight. The sample was then spun at maximum, at 4°C 

for 30 minutes to pellet the RNA. The pellet was washed in 70% ethanol twice, followed by drying for 

10 minutes. Polysomal RNA was then eluted in 30|il of DNase/RNase free water.

2.5 Quantitation of Nucleic Acids

The concentration and quality of nucleic acids were determined by UV spectrophotometery on the 

Beckman DU530 UVA^IS spectrophotometer (Beckman Instruments, Inc. Fullerton, CA 92634, USA). 

RNA was diluted in RNase/DNase free water and calculated using the standard: an optical density
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(OD) of 1 corresponds to 40|ig/ml of single stranded RNA. To assess the RNA quality the OD 

260nm:280nm ratio was determined. Pure RNA has an OD 260nm:280nm ratio of 1.9-2.1.

To assess the quality and quantity of DNA, the sample was diluted in RNase/DNase free water and 

calculated using the standard: an OD of 1 corresponds to 50|jg/ml of double stranded DNA. To assess 

the DNA quality the OD 260nm:280nm ratio was determined. Pure DNA has an OD ratio of 1.8.

The Nanodrop'*'^ 8000 (Thermofisher Scientific Inc. Waltham, MA 02454, USA) spectrophotometer is 

another instrument which was used to measure the quantity and quality of extracted nucleic acids. It 

has a unique sample retention system which eliminates the need for sample dilutions and allows the 

measurement of l)al of sample. The instrument is connected to software which provides computer 

readouts of the nucleic acid concentration and purity.

In addition the quality and size distribution of DNA and RNA was assessed using Agarose gel 

electrophoresis on 1% gels stained with ethidium bromide (Sigma Aldrich, St Louis, MO 63178, USA) 

or GelRed Nucleic acid gel stain (Biotium, Inc. Hayward, CA, 94545, USA).

2.6 Agarose Gel Electrophoresis

Electrophoresis through Agarose gels was the method used to separate and identify nucleic acid 

molecules by size. 1% Agarose gels were prepared by boiling Ig of Agarose in 100ml of IX Tris 

Borate EDTA Buffer (lOX TBE Buffer, Sigma Aldrich, St Louis, MO 63178, USA). When using 

ethidium bromide the mixture was allowed to cool and ethidium bromide added to a final concentration 

of 0.5|ag/ml. Alternatively GelRed nucleic acid stain was also used, his can be added to the gel mix 

when hot at a 1:10,000 dilution. The Agarose was then poured into a gel casting tray and allowed to 

set. The solidified Agarose gel was placed in an electrophoresis tank filled with IX TBE buffer.
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Nucleic acids were loaded onto gels in a final volume of IX gel loading buffer (Sigma Aldrich, St 

Louis, MO 63178, USA) and run at 80 -  100 volts for 1 -  2 hours. Stained nucleic acid gels were 

visuaHsed on the MultiDoc- It UV transilluminator (UVP, LLC,Upland, CA 91786, USA) which 

allowed digital visualisation of Agarose gels.

2.7 Polymerase Chain Reaction

Polymerase Chain reaction is a straightforward technique which allows the amplification of DNA or 

cDNA reverse transcribed from RNA. It was first developed in 1984 by Kary Mullis and described in 

1985 (Saiki RK et al., 1985). Single stranded oligonucleotide primers can be designed to bind regions 

flanking the target sequence and are used to initiate the amplification of the target sequence by a 

thermostable DNA polymerase enzyme. Previously PCR had been attempted using an E.coli 

polymerase which was deactivated by the heating step required to denature double stranded template. 

PCR consists of around 40 temperature changes or cycles. This heating and cooling allows the 

denaturation of template, primer annealing and strand extension. Many PCR reactions begin with a hot 

start to activate the polymerase. At each cycle the target sequence is doubled (exponential 

amplification) until limiting reagents and loss of polymerase activity cause a levelling off. This 

technique can be applied to all templates with adjustments in cycling conditions, oligonucleotide and 

magnesium chloride concentrations.

2.7.1 PCR primer and probe design

Primers were designed using the NCBI Primer-BLAST and Nucleotide data base. Primer specificity 

was determined using BlastN (www.ncbi.nlm.nih.gov/blast). Probe was subsequendy designed with 

the help of Primer Express Software Version 3.0 (Applied Biosystems, Foster City, CA USA). Primers 

were designed across intron exon boundaries to prevent the amplification of genomic DNA.
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All primers for solution phase PCR were designed to allow conversion to TaqMan® RT-PCR. The 

following criteria were adhered to as far as possible; runs of identical nucleotide were avoided, the Tm 

was kept between 58-60°C, the guanine and cytosine content were kept within 20-80% and the last 

five nucleotides at the 3" end contained no more than two guanine and cytosine residues. For probe 

design the criteria was similar except; the T„, (melting temperature) was kept as close to 68-70°C as 

possible, the guanine and cytosine content was kept between 30-80%, no guanines at the 5’ end and not 

shorter than 13 nucleotides.

All TaqMan® and in-house designed primers and probes were obtained from Applied Biosystems 

(Applied Biosystems, Foster City, CA USA).

Commercially designed primer and probe mixes available for target genes of interest were obtained 

from Applied Biosystems (ABI, Foster City, CA, USA).

For TaqMan® PCR on cell lines, the endogenous control used was the house keeping gene 

glyceraldehydes-3-phosphate dehyrogenase (GAPDH) (Applied Biosystems, Foster City, CA, USA) 

and 18s Ribosomal RNA (Applied Biosystems, Foster City, CA, USA).

For microRNA specific PCR, the endogenous controls used were hsa-let-7-a and hsa-miR-16 (Applied 

Biosystems, Foster City, CA, USA).

For Methylation Specific PCR the primers were combined in a CpG WiZ® p l6  amplification kit 

(Chemicon® at Millipore Concord Road, Billerica, MA 01821, USA).

For HPV PCR FAM labelled MGB Primers and probe (Applied Biosystems, Foster City, CA, USA) 

designed to the E6 region of HPV 16 and 18 were used (Keegan H et a i ,  2008).
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2.8 Methylation Specific PCR 

2.8.1 Introduction

Methylation Specific PCR allows the differentiation of methylated and unmethylated DNA using 

primers specific for bisulphite converted DNA. DNA is first treated with sodium bisulphite, this 

converts unmethylated cytosines to uracil, allowing the differentiation of methylated and unmethylated 

DNA. The subsequent PCR consists of 3 sets of primer pairs: U primer set -  anneals to unmethylated 

DNA that has undergone a chemical modification, M primer set -  anneals to methylated DNA that has 

undergone a chemical modification, W primer set -  serves as a control, will anneal to any DNA that 

has not undergone a chemical modification. The methylation status of the gene of interest can then be 

determined by visualising the amplicons on an ethidium bromide stained agarose gel.

2.8.2 Bisulphite Conversion of DNA

DNA was extracted from cell pellets as in 2.3.1 and quantified by UV spectrophotometery. l|ig  of 

DNA was then treated with sodium bisulphite using the Qiagen Epitect bisulphite conversion kit 

(Qiagen, Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK) according to the manufacturers 

protocol. The converted DNA was then quantified UV spectrophotometery.

2.8.3 Methylation Specific PCR

Methylation Specific PCR was performed using the CpG WiZ® p i 6 amplification kit (Chemicon® at 

Millipore Concord Road, Billerica, MA 01821, USA) according to the manufacturers protocol. This kit 

contains 3 sets of primers specific for unmethylated, methylated and wild, or unmodified DNA. PCR 

products were visualised on a 3% Agarose gel. DNA was loaded onto gels in a final volume of IX gel 

loading buffer (Sigma Aldrich, St Louis, MO 63178, USA) and run at 80 -  100 volts for 1 -  2 hours.
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Stained gels were visualised on the MultiDoc- It UV transilluminator (UVP, LLC,Upland, CA 91786, 

USA). Unmethylated DNA produced a band at 154bp, methylated at 145bp and wild type at 142bp.

2.9 Solution Phase PCR

Solution phase PCR was performed using AmpliTaq Gold® DNA Polymerase with GeneAmp® lOX 

PCR Gold Buffer from applied Biosystems (Apphed Biosystems, Foster City, CA, USA). Each 50)j 1 

reaction also contained IX PCR Buffer, 200|aM dNTPs, 10|al of template and 1.25Units of AmplTaq 

Gold and RNase/DNase free water to 50|al.The reaction components were optimised according to each 

primer set used. All PCRs were run on the Applied Biosystems 9600 thermal cycler under the 

following conditions; 95”C for 10 minutes, 45 cycles of 94°C for 30 seconds and 60"C for 1 minute 

followed by a final extension at 72°C for 10 minutes and a 4°C hold.PCR products were visualised by 

agarose gel electrophoresis. PCR product size was determined by use of TrackltT'^ lOObp DNA ladder 

(Invitrogen, Life Technologies, Maryland, 21740, USA).
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2.10 TaqMan® PCR 

2.10.1 Introduction

TaqM an® PCR, also known as the 5 ’ nuclease assay, was first described by Holland et a i ,  (1991). It 

detects the amplification of PCR product in real time by hybridisation and cleavage of a dual labelled 

flourogenic probe during the amplification stage. The probe is labelled with a fluorescent flurophore 

reporter molecule at the 5 ’ end and a quencher flurophore molecule at the 3’ end as well as a 3’ 

blocking phosphate to prevent extension. The probe is an oligonucleotide, 20-25 bases in length, 

which is designed to hybridise within the target sequence between the forward and reverse primer. 

W hile the probe is intact the reporter molecule signal is quenched due to fluorescent energy transfer. 

This phenomenon is also known as Forster resonance energy transfer. On binding of primers to target 

sequence and elongation, the 5 ’-3’ exonuclease activity of Taq polymerase acts to cleave the probe, 

causing separation o f the reporter and quencher molecules and therefore the release of fluorescent 

signal. W ith each PCR cycle further reporter molecules are cleaved from their probes causing an 

increase in fluorescence proportional to the amount of PCR product being generated (Figure 2.3). The 

release of fluorescent signal is monitored in real time using the 7900HT or 7500 sequence detection 

system (Applied Biosystems, Foster City, CA, USA).

The most commonly used enzyme for TaqM an® PCR is Taq polymerase, which was isolated from 

Thermus aquaticus. This is used due to its ability to function in temperatures over 70“C and its 5 ’ 

exonuclease activity. This exonuclease activity is double strand specific and will only act when the 

probe is hybridised to the target molecule. Detection o f target molecule elongation relies on probe 

binding and release of the reporter molecule, therefore hybrisation of the probe prior to prim er binding 

and elongation is critical. For this reason the T^, of the probe is ~10”C higher than that of the primers to 

ensure the probes remain bound to the target molecule (Livak KJ et a/., 1995). This prevents the 

generation of PCR products without fluorescence. TaqM an® probes are designed as m inor groove 

binding probes. This consists of a probe conjugated to a minor groove binder at the 5 ’ end, which can
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be a naturally occurring antibiotic like distamycin A and synthetic molecules. The incorporation of a 

minor groove binding molecule allows the formation of extremely stable hybrids with complementary 

DNA. MGB probes also allow for higher TmS as they bind more tightly to their targets.

_ , . R = Reporter
Polym enzation ^  ^ Q uencher

F orw ard  
P rim er

^  3 '
3 ' ------------------------------

Strand  Displacem ent

Cleavage

■ 3-

■ 5'
R *v»rs*
P rim *r

S ' II  >  i  3-
3'--------------------
5 - ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------3 '

< — — 6

5 - --------------------------------------------------------------------------------------------------------------- 3-
<---------------------------5-

Polymerization
Com pleted

5 ' .
3 -

- S '

■ 6 '

Figure 2.3: Graphical representation of TaqMan Primer and Probe chemistry. On binding of primers to 

their target sequence and elongation, the 5’-3’ exonuclease activity of Taq polymerase acts to cleave 

the probe, causing separation of the reporter and quencher molecules and therefore the release of 

fluorescent signal.

54



Chapter 2 Materials and Methods

2.10.2 Human Papilloma Virus PCR

TaqManCS) PCR was performed on DNA extracted from formalin fixed paraffin embedded tissue, as in 

2.3.2. FAM labelled MGB Primers and probe designed to the E6 region of HPV 16 and 18 were used 

(Keegan H et al., 2008). For both HPV 16 and 18 Primers were used at a concentration of 0.3um and 

FAM labelled MGB probe at a concentration of 0.2um. TaqMan® PCR reactions were performed in 

triplicate in a total volume of 25uL using IX Universal PCR Master Mix, 300 nM primers, 200 nM of 

TaqMan® probe and lul of nucleic acid template. TaqMan® PCRs were performed on the 7500 thermal 

cycler (Applied Biosystems, Foster City, CA, USA) using the following cycling conditions: 50°C for 2 

minutes, 95°C for 10 minutes, followed by 40 cycles of 95°C for 20 seconds, 60°C for 1 minute.

Controls included DNA extracted from cell blocks of HeLa and CaSki cell lines and no template 

controls. TaqMan® primers and probe for 18s rRNA (20X) were used as a performance and integrity 

control at a concentration of IX.

2.10.3 TaqMan® Two Step Reverse Transcription PCR

All TaqMan® PCRs were performed using a two step method in which messenger RNA or miRNA is 

converted to complementary DNA (cDNA) and this is used as the template in the PCR reaction. 

Mature miRNAs were converted to cDNA using stem loop primers (Figure 2.4). This cDNA was then 

used in the TaqMan® PCR reaction. Real Time quantitative PCRs were performed using pre-designed 

primer and probe sets (Applied Biosystems, Foster City, CA, USA). All cDNA reactions and 

quantitative PCRs were prepared in a dedicated area in a class II laminar flow hood using aerosol 

resistant pipette tips and dedicated pipettors. Template RNA and cDNA was added to the PCR 

mastermix in a separate area.

For messenger RNA analysis, complementary DNA (cDNA) was generated using the High Capacity

cDNA Archive kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
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protocol. Each cDNA reaction contained IX reverse transcription buffer, 25mM deoxynucleotide 

triphosphate mix, IX random primers and 2.5U multiscribe reverse transcription enzyme. Multiscribe 

reverse transcriptase is a recombinant moloney murine leukemia virus reverse transcriptase and is an 

RNA dependant DNA polymerase which uses single stranded RNA in the presence of primer to 

generate cDNA. 500ng of template RNA was used in each cDNA reaction. The cDNA reaction was 

performed on the 9600 thermal cycler as follows: 25°C for 10 minutes, 37°C for 120 minutes, 85“C for 

5 minutes to deactivate the enzyme, and coohng to 4“C.

For miRNA analysis complementary DNA was generated using the miRNA reverse transcription kit 

(Apphed Biosystems, Foster City, CA, USA). The miRNA reverse transcription kit contains dNTP mix 

at lOOmM, multiscribe reverse tanscriptase (50U/|j 1), lOX RT Buffer and RNase inhibitor (20U/|al). 

Each miRNA primer and probe set comes with an aliquot of reverse transcription specific primer that 

are added to each RT reaction at a concentration of IX. lOng of template RNA was used in a final 

reaction volume of 15|il. Reverse Transcription was performed on the 9600 thermal cycler (Applied 

Biosystems, Foster City, CA, USA), using the following conditions: 30 minutes at 16°C, 30 minutes at 

42°C and 5 minutes at 85°C followed by a 4°C hold.

TaqMan® PCR was performed using Universal Master Mix (2X) and pre-designed primers and probe 

(20X), both at a concentration of IX. Universal Master Mix contains AmpliTaq Gold® DNA 

polymerase, dNTPs with dUTP, Amperase UNG® and passive reference 1. The use of Amperase 

UNG® prevents the re-amplification of PCR products containing dUTP as these are digested by the 

enzyme uracil N-glycolase (UNG). The passive reference is an internal control that can correct for inter 

well signal variation. 4|al of cDNA was added to each reaction. Each reaction was performed in 

triplicate. The thermal cycHng conditions on the 7900HT (Apphed Biosystems, Foster City, CA, USA) 

were as follows: 50°C for 1 minute (UNG Activation), 95 °C for 10 minutes (AmpliTaq Gold® 

activation) and 40 cycles of 95 °C for 15 seconds and 1 minute at 60 “C (melting and 

annealing/ex tension). Controls for TaqMan® PCR included a no template control and a cDNA 

negative control.
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2.10.4 Reference Genes

E ndogenous controls used in this study included a FA M  labelled G A PD H  and 18s rR N A  TaqM an®  

prim ers and probe. R eference genes fo r m iR N A  analysis w ere FA M  labelled hsa-m iR -16 and hsa-let- 

7a prim ers and probe. All w ere assayed in a separate TaqM an®  PC R  reaction to  the target gene. All 

reactions w ere perform ed in trip licate using U niversal M aster M ix (2X ) and prim ers and probe (20X) 

at a concentration  o f  IX . The therm al cycling conditions on the 7900H T  (A pplied  B iosystem s, Foster 

C ity, C A , U SA ) w ere as follow s: 50“C fo r 1 m inute (U N G  A ctivation), 95 °C fo r 10 m inutes(A m pliT aq  

G old®  activation) and 40  cycles o f  95°C for 15 seconds and 1 m inute at 60 °C  (m elting  and 

annealing/extension).

The 18s rR N A  w as used as an am plification  control for D N A  extracted  from  form alin fixed paraffin 

em bedded tissue. This w as perform ed on the 7700 (A pplied B iosystem s, Foster C ity , C A , U SA ) using 

the sam e cycling conditions as the 7900H T.
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Mature microRNA

'TrnTii'iti 'it
Looped RT primer

Forward primer

or
Taqivlan' probe

Reverse pnmer

Figure 2.4: Graphical Representation of miRNA cDNA synthesis followed by RT-PCR using stem 

loop primers.
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2.11 TaqMan® Low Density Array Cards 

2,11.1 Introduction

Taqman Low Density Array Cards are research tool which allows the quantification of 377 miRNA 

targets along with 4 controls, consisting of 3 miRNA endogenous controls and one non-human 

miRNA. This allows quantification of miRNAs using the comparative Ct method as described in 

section 2.12. There are two cards available; card A which contains more well defined miRNAs of 

greater research interest (377), which are more likely to be defined, with an optimised RT primer pool 

while card B contains less functionally defined miRNAs which are more narrowly expressed (290) and 

has a less optimised RT primer pool. Card B is also expected to have a lower detection rate and more 

no template controls issues. The assays contained in the cards are based on Sanger miRBase vlO. Card 

A was used in this study.

Each card allows the analysis of a single cDNA sample generated from total RNA in a two or three 

step stem loop RT reaction. Each well contains lyophilised FAM labelled TaqMan® MGB probes and 

primers specific for one mature human miRNA. Complementary DNA is generated using the same 

chemistry as described for individual miRNA TaqMans. A miRNA pre-ampHfication step can also be 

performed. This consists of a pool of gene specific forward and reverse primers which provides 

unbiased amplification of miRNA cDNA target. The endogenous controls incorporated into the cards 

consist of 4 wells containing mammalian U6, a small nuclear RNA, a well each of RNU44 and 

RNU48, small nucleolar RNAs and a well containing ath-miR-159a, an Arabidopsis miRNA, which 

acts as a negative control. The cards also contain the commonly used endogenous controls miR-16 and 

let-7a.

Relative miRNA assays on the Taqman® Low Density Array are preformed in a three step reverse

transcription polymerase chain reaction (RT-PCR). In the first cDNA is synthesised from total RNA

extract using stem loop primers, (dNTPs -i-dTTP) and Multiscribe™ Reverse Transcriptase, the cDNA

is then pre-amplified to ensure miRNA detection. The third step involves amplification of the pre-
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amplified cDNA using TaqMan® Universal Mastermix. The 384 wells of the card are filled 

simultaneously with a mixture of cDNA and TaqMan® Universal Mastermix through 8 ports each via 

a dual channel system. The reaction volume of each well is Ipl and the total required to fill the card is 

800|j 1.

2.11.2 Reverse Transcription -  cDNA generation

Each reverse transcription kit contains lOX Megaplex Pool A RT primers, lOOmM dNTPs with dTTP, 

50U/|j 1 Multiscribe, lOX RT buffer, 25mM MgCli and 20U/|j 1 RNase Inhibitor. Each reaction was set 

up in 7.5|j 1 reactions containing 300ng of template. If required nuclease free water was used to make 

up the total volume. Reverse Transcription reactions were performed on the 9700 thermal cycler 

(Applied Biosystems, Foster City, CA, USA) under the following conditions: 40 cycles of 16“C for 2 

minutes, 42 °C for 1 minute and 50 “C for 1 second, followed by reverse transcriptase inactivation at 85 

°C for 5 minutes and a 4°C hold.

2.11.3 cDNA pre-amplification

Each pre-amplification reaction was set up in 25ul reactions containing the following: IX pre

amplification master mix, IX Megaplex pool A pre-amplification primers, 7.5|al of nuclease free water 

and 2.5|il of cDNA. Pre-amplification reactions were performed on the 9700 thermal cycler (Applied 

Biosystems, Foster City, CA, USA) under the following conditions: a 95 °C hold for 10 minutes, a 55 

°C hold for 2 minutes, a 72 °C hold for 2 minutes and 12 cycles of 95 “C for 15 seconds and 60 °C for 4 

minutes, followed by a 4°C hold. Then 75(il of 0.1 X Tris-EDTA buffers was added to each reaction.
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2.11.4 TaqMan® PCR

9|j 1 of pre-amplified cDNA sample was added to 450 |j 1 of TaqM an® Universal M astermix (no 

Amperase) and 441|il of nuclease free water. This was mixed by vortexing and briefly centrifuged. The 

reaction mixes were kept on ice while the TaqM an® Low Density Array Cards were prepared.

2.11.5 TaqMan® Low Density Array Card Protocol

All cards were allowed to come to room temperature before use. The cards were placed foil side down 

and lOOjjl of sample added to each of the 8 apertures at the top left hand com er of each fill reservoir. 

The cards were then placed in centrifuge buckets containing custom made TaqM an® Low Density 

Array holders. Ensuring the centrifuge was balanced the cards were spun at 1200rpm, with an up and 

down ramp rate of 9 for 2 sets of 1 minute spins. The reservoirs were then checked to ensure filling of 

the cards was complete. Next the cards were sealed using a specially designed sealer. The sealer was 

positioned with the carriage in the start position; the card was then placed in the sealers insert plate, 

foil side up and clipped into position. The carriage is then pushed from the base of the sealer, over the 

card, to the top of the sealer in one motion. The card was then removed and the fill reservoirs trimmed 

off. The TaqM an® Low Density Array card was then run on the 7900HT (Applied Biosystems, Foster 

City, CA , USA) using the TaqM an® Array cycling block, under the following conditions: 50 °C for 2 

minutes, 94.5 °C for 10 minutes and 40 cycles of 97 °C for 30 seconds and 59.7 °C for 1 minute (Figure 

2.5).

The TaqM an® Low Density Array Card data was analysed using SDS Version 2.3 and RQ M anager 

Version 1.2.
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2.11.6 Reference genes

The TaqMan® Low Density Array Cards contained control assays, consisting of 3 miRNA endogenous 

controls, MammU6, RNU44, RNU48 and one non-human miRNA, ath-miR-159a. Both RNU44 and 

48 are small nucleolar RNAs and Mamm U6, a small nuclear RNA. Ath-miR-159a serves as a negative 

control as it is an miRNA found in Arabadopsis.

7900HT Micro Fluidic Card Workflow

Figure 2.5: TaqMan Low Density Array Card Protocol.
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2.12 Relative Quantification

Relative quantification relates the PCR signal of a target transcript to that of a control transcript. The 

control transcript can be the same as the target molecule but under different conditions or a different 

molecule. This allows you to express the data as a fold change of expression levels. This can be 

achieved using the standard curve method and the comparative Ct method. In this study the 

comparative Ct method was used.

2.12.1 Comparative Ct Method

Using the comparative Ct method the cycle or Ct at which a statistically significant amount of PCR 

product is generated, is determined for both the test and the control sample using assays to the gene of 

interest and an endogenous control or housekeeping gene. The relative gene expression is then 

calculated using the equation:

Relative Quantity =

The ACt is calculated by subtracting the Ct of the endogenous control from the Ct of the target gene. 

This normalises the Ct values. The AACt is then calculated by subtracting the average Ct of the 

calibrator sample from the Ct of each test. The relative levels of gene expression can then be 

calculated using the above formula.

2.12.2 Analysis of ACt Values

When a suitable calibrator sample is not available it is necessary to examine the data by inspection of 

the ACt values. This can tell us the normalised expression levels. A comparison between different 

samples can be performed by calculating the A fold change in expression can be calculated
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between different samples by dividing the of one into the other. This tells us the fold change in 

expression between 2 groups of data (Schmittgen TD, Livak KJ., 2008).

2.13 Protein Detection 

2.13.1 Introduction

The study of the proteome or protein complement of cells is just as relevant as the determining gene 

expression. Although detection of messenger RNA can tell us a gene is being described, it cannot tell 

us whether it is being actively transcribed to protein. The protein content of a cell will change with 

time and the various requirements of a cell at any given point. There are many methods available to 

detect proteins. Most firstly involve the extraction of proteins from cells using a lysis buffer, although 

some techniques allow the detection of proteins in situ. Techniques like mass spectroscopy, 2D- 

electrophesis and protein microarrays can provide information on the total complement of proteins in a 

cell. To detect specific proteins, older techniques such as ELISAs (enzyme linked immunosorbent 

assays), western blotting and immunohistochemistry are used. These allow the use of antibodies which 

target specific antigens of interest.

The techniques used in study rely on the use of antibodies to detect proteins, followed by a direct or 

indirect antibody detection technique. Both polyclonal and monoclonal antibodies are available for use. 

Polyclonal antibodies are produced by immunising an animal with the protein of interest and 

harvesting and purifying the antibody response, this produces antibodies which are a mix of antibodies 

targeting different epitopes of the immunising peptide. Monoclonal antibodies which are all specific to 

the same epitope are produced using a hybridoma technique. In this technique the animal is immunised 

and after an appropriate length of time the spleen is removed. Antibody producing cells are then fused 

to myeloma tumour cells forming a hybridoma. This cell is then cloned, leading to the production of 

many cells producing one antibody, all targeting the same epitope i.e. monoclonal. Monoclonal
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antibodies tend to be more specific to the target protein; results are reproducible and produce less 

background. Polyclonal antibodies are resistant to changes in epitope conformation as they target 

several regions of an epitope, but it is more difficult to reproduce results.

For direct detection of bound antibody, the primary antibody is labelled with an enzymatic, radioactive 

or fluorescent marker. Indirect labelling techniques involve the use of a secondary labelled antibody. 

Secondary antibodies should be specific to the animal which the primary antibody was produced in and 

can also be polyclonal or monoclonal. These are labelled providing a detection system for primary 

antibody binding. The most common detection system is the avidin biotin technique, in which the 

secondary antibody is biotinylated, an avidin/biotinylated enzyme complex is then added which binds 

to the biotinylated antibody. Biotin contains four binding sites for biotin so this technique also allows 

signal amplification. An enzyme substrate is then added which produced a visible signal. Another 

detection technique uses horseradish peroxidise as a conjugate, this can also catalyse the conversion of 

substrates to visible signals. Examples of substrates are 3,3-Diaminobenzidine (DAB) and also 

chemiluminescent substrates.

2.14 Western Blotting

Western blotting is the electroporetic transfer of proteins from sodium dodecyl sulphate (SDS) 

polyacrylamide gels to nitrocellulose membranes. The transferred proteins can then be detected using 

antibodies to proteins of interest. This technique was first described by Towbin et ai,  (1979).

Before loading protein lysate onto polyacrylamide gels an ionic detergent, sodium dodecyl sulphate, is 

used with a reducing agent and heat to dissociate proteins. Denatured proteins bind the SDS and 

become negatively charged. The amount of SDS that binds the protein is determined by its molecular 

weight so proteins with higher molecular weight move more slowly through the gel than those with
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lower molecular weights on application of an electric current. Markers of known molecular weight can 

be used with unknown samples allowing protein size estimation. The polyacrylamide gel itself also has 

a sieving effect on proteins with different acrylamide concentrations providing different ranges of 

separation.

A stacking gel is also used; this is layered above the resolving (polyacrylamide) gel and is where the 

denatured protein samples are loaded. The stacking gel contains chloride ions which migrate ahead of 

the protein samples; the transfer buffer contains glycine ions which migrate more slowly creating a 

layer of trailing ions. The proteins are therefore trapped in a band between these ions. The separating 

gel has a smaller pore size, with a higher pH and salt concentration and causes the glycine to become 

ionised, the gradient of ions now dissipates and the proteins are separated through the resolving gel on 

a size basis.

There are two common transfer techniques, semi-dry and wet transfers are used. Semi- dry transfer 

uses layers of filter paper soaked in buffer with the plate electrodes in direct contact with the filter 

paper, allowing for a quicker rate of protein transfer than tank transfer. In this study ‘tank’ or wet 

transfer was used. This is when the gel and the membrane are stacked between filter papers and 

sponges and completely immersed in buffer. An electric current is then passed through the buffer 

causing transfer of the proteins from the gel to the membrane. Tank transfers are run at a constant 

voltage for an optimised time with constant stirring. The buffer is also kept cold during the transfer 

using an ice pack.

Several different types of membranes can be used for protein transfer, which have different properties 

and pore size. Different pore sizes are used for the capture of different sizes of proteins, with smaller 

pore size allowing the capture of smaller proteins. Examples of different membranes include 

nitrocellulose, nylon and polyvinyl fluoride (PVDF) membranes. In this study PVDF membranes were 

used, these are durable and form a hydrophobic interaction with proteins.
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The transfer buffer plays a critical role in the success of protein transfer. The presence o f SDS in the 

transfer buffer will facilitate transfer of larger proteins. A Tris-Glycine electrophoresis buffer 

containing m ethanol is generally used. The buffer allows the creation of a current between electrodes. 

The pH of the buffer is 8.3, which is higher than the isoelectric point of most proteins. This allows the 

proteins which have a net negative charge to migrate towards the anode. During transfer the methanol 

in the buffer acts to strip the SDS from the proteins, this prevents proteins from transferring too rapidly 

through the transfer membrane. The presence of SDS can also limit the ability of the protein to make 

molecular contact with PVDF membranes.

Once transferred the blot can be probed using antibodies (primary antibodies) specific for epitopes on 

particular proteins.

2.14.1 Protein extraction from cells using Radioimmunoprecipitation Buffer

To prepare lOOmls o f Radioimmunoprecipitation buffer (RIPA); add 0.79g of tris base to 75mls of 

dHaO. Add 0.09g NaCl and stir until dissolved. Adjust pH to 7.4 with HCL. Add 1% Igepal and 

lOmM EDTA. Top up to lOOmIs and store at 4°C. D irecdy before use add, to 1ml of RIPA, Im M  

DTT, ImM  PM SF stock and ImM  N a3V 0 4 . Keep on ice. Scrape cells from T75s in ice cold PBS and 

centrifuge atl200rpm  for 10 minutess at 4°C. Remove supernatant from cell pellet and add 500p,l of 

RIPA buffer per T75 cell pellet. Vortex gently and place on ice for 5 minutes, mixing intermittently. 

Transfer to 1.5ml eppendorf and spin at 4°C at 10,000rpm for 10 minutes. Remove supernatant to fresh 

eppendorf, add 2.5)0,1 of protease inhibitor per 500|il and freeze at -20“C

2.14.2 Polyacrylamide Gel Electrophoresis

Boiled samples diluted in Lammeli (Sigma Aldrich, St Louis, M O 63178, USA) buffer were run on a

5%  stacking gel and a 12% polyacrylamide gel at 120mV. Before assembly of the gel:membrane
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sandwich gels were equilibrated by soaking in transfer buffer, along with sponges and filter paper. 

PVDF membrane was also activated by soaking in methanol for 30 seconds. Samples were run with a 

biotinylated marker and a prestained electrophoresis m arker (Bio-Rad, Hercules, CA 94547, USA). 

Protein was then transferred to a PVDF (polyvinylidene fluoride) membrane, using a wet transfer 

system (Bio-Rad, Hercules, CA 94547, USA) at lOOmV for 1 hour.

2.14.3 Coomassie Staining

To determ ine equal loading, quantities o f proteins gels containing different quantities o f lysate were 

coomassie stained. Coomassie stain was made up as follows; add 0.25g of Brilhant Blue to 90mls of 

Methanol: H 2 O and lOmls Glacial acetic acid. (Methanol: HiO = 50m ls:40m ls).Gels were covered in 

coom assie stain in a sealed box and allowed to shake for 30 minutes. The coomassie stain was then 

removed and the gel placed shaking in destain (Methanol: H 2 O) solution for around one hour changing 

the destain solution several times. To re-use the de-stain solution filter through charcoal (Sigma 

Aldrich, St Louis, M O 63178, USA) to remove the coom assie dye. The protein bands on the gel stain a 

blue colour.

2.14.4 Protein detection

Block the membrane in 5% M arvel (Chivers Ltd, Coolock, Ireland) for 1 hour to prevent not specific 

background binding of the primary or secondary antibodies to the membrane. Dilutions of primary and 

secondary antibodies are also made up in 5% marvel. Remove the marvel and add the primary 

antibody. Shake the membrane in the primary antibody at 4“C overnight. The mem brane is washed in 3 

changes o f Tris Buffered Saline Tween20 buffer (TBS-T) before addition o f the secondary antibody 

and biotinylated secondary antibody for marker detection. This is shaken at 4°C for 1 hour and then 

washed in 3 changes of TBS-T. The membranes are then placed in a cassette, chemilum inesence
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reagent added (SuperSignal West Pico Substrate (ThermoFisher Scientific Inc. PO Box 117, 

Rockford, EL 61105 USA) and covered in an acetate. In a dark room Kodak X-Omat LS film (Sigma 

Aldrich, St Louis, MO 63178, USA) is placed on the chemiluminesence treated membranes for an 

optimal exposure time. The Film is then developed.

2.15 Immunohistochemistry

Immunohistochemistry allows the detection of proteins in situ, i.e. in a section of tissue with the 

architectural and morphological features intact. This allows localisation of protein staining to a

particular region in a cell e.g. nucleus, cytoplasm or membrane, to a particular cell type or to a

particular area in a tissue section. This technique is generally performed on tissue sections but can also 

be performed on preparations of cells (cytospins).

During the tissue fixation process, proteins become cross linked causing antigen masking. To allow 

antibody binding these cross links must be reversed. The use of high temperature, enzymes and

alkaline buffers is thought to reverse these cross links (Shi SR et a i ,  1997).

2.15.1 Preparation of tissue sections

Tissue sections were cut from formalin fixed paraffin embedded blocks at 6|jm onto Starfrost® 

adhesive shdes. The slides were dried in an oven for 1 hour before staining. For the manual technique 

the slides were deparaffinised through xylene and descending grades of alcohol.
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2.15.2 LabVision (LabVision at Thermoscientific, Waltham, MA, 02454) Immunohistochemistry 

Technique

Slides were incubated in 3% H 2 O 2 in methanol for 30 minutes to block endogenous peroxidase. This 

was followed by a rinse in H 2 O. Antigen retrieval was carried out using a pressure cooker with citrate 

buffer at ph 6. Full pressure was m aintained for 60 seconds. The slides were then rinsed in running 

H 2O and transferred to the LabV ision autostainer where they were given a further rinse in tris buffered 

saline. Protein blocking was carried out using the Vectastain® Universal elite ABC kit (Vector Labs, 

Burhngam e, CA, USA) serum block for 10 minutes. The primary antibody was then applied for 60 

minutes. The slides were washed in TBS; the secondary detection reagent is applied for 30 minutes, 

followed by a TBS wash and tertiary detection reagent for 30 minutes followed by a further TBS wash. 

Once staining was complete the slides were rinsed in running water, countered in haematoxylin and put 

on the Lecia autostainer to dehydrate by passing through alcohol and xylene. The slides were hand 

coverslipped.

2.15.3 Ventana (Ventana Medical Systems, Inc. Tuscon, Arizona 85755, USA) 

Immunohistochemistry Technique

Automated im munohistochemistry was perform ed on the Ventana Benchmark LT (Ventana Medical 

Systems, Inc. Tuscon, Arizona 85755, USA), which is an im munostainer that allows the processing of 

20 slides at a time. It consists o f an upper reagent and slide carousel with a lower bulk fluids section. 

The autostainer has a deparaffinisation step so performing this manually is not required. The 

autostainer was programmed with the correct protocols for each antibody. Once the stainer is 

programmed barcoded labels for each slide can be printed and the slides loaded onto the carousel. 

Antibodies and detection reagents in dispensers were loaded onto the upper carousel. Once staining 

was complete the sHdes were rinsed in running water and put on the Lecia autostainer to dehydrate by

70



Chapter 2 Materials and Methods

passing through alcohol and xylene. The slides were hand coverslipped. Antibodies not available in 

dispensers were titrated onto slides during the imunostaining run.

2.15.4 Optimisation of Antibodies

All antibodies required optimisation of the concentration to be used on tissue sections and the pre

treatment for antigen unmasking. This involves the use of an appropriate control for each antibody. 

Using the LabVision stainer antigen retrieval had to be carried out manually. This involved the use of 

protease treatment, pressure cooker and water bath using citrate buffer and no treatment for various 

amounts of time.

The Ventana Benchmark LT has several programmes for various antigen retrieval techniques on which 

the application time can be edited. These include Protease treatment, Cell Conditioning Solution 1 

(CCl), a tris based buffer at a basic pH and Cell Conditioning Solution 2 (CC2), a citrate buffer at pH 

6 .

Once the run has completed the slides were taken off and rinsed in running tap water for 5 minutes. 

Then put on the Leica(Leica Microsystems, GmbH, Wetzlar, Germany) autostainer to dehydrate by 

passing through alcohol and xylene and hand coverslipped.
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Chapter 3 Mechanistic Investigation of pl6INK4A

3.1 Introduction

Over the past 5 years the pl6INK4A protein has come to the forefront in terms of cancer diagnostics 

and in the stratification of patients at high risk of developing high grade CIN or cervical cancer 

(Murphy N et al., 2003; Carozzi F et al., 2008; Wentzensen N et a i, 2007). Detection of pl6ENK4A 

immunopositivity in smears and cervical biopsies is considered as indicative of the presence of high 

risk HPV infection and as a putative integration marker (Sano T et a i,  1998; Dray M et al., 2005). But 

there are cases that do not conform to this rule; with false negatives (HR-HPV positive but pl6INK4A 

negative) and false positives (HR-HPV negative with pl6INK4A positive) reported (Klaes R et al., 

2001; Holladay EB et a i ,  2006). A greater understanding of the functions and transcriptional and 

translational control of this cyclin dependant kinase inhibitor is now required.

The INK4A/ARF locus is a frequent target of deletion, mutation and irregular DNA methylation in a 

wide variety of malignancies (Sharpless NE., 2005). This is not surprising as it encodes 2 products 

pl6INK4A and pl4ARF that affect both Rb and p53 respectively. These are both involved in critical 

cell cycle checkpoints.

Heritable alterations in the INK4A/ARF locus have been described as the strongest genetic risk for the 

development of melanoma, with 25 -50% of familial melanoma cases affected by a mutation at this 

locus (Nelson AA, Tsao H., 2009). Loss of pl6INK4A in sporadic melanomas has also been described 

(Funk JO et al., 1998). pl6INK4A expression is induced by exposure of skin to UV light indicating an 

inspection mechanism against UV induced cell damage (Williams M, Ouhtit A., 2005). Inherited 

mutations have also been shown to predispose to pancreatic cancer (Whelan AJ, Bartsch D, 

Goodfellow PJ., 1995) with genetic alteration of the INK4A/ARF locus found in 80-95% of pancreatic 

cancers (Schneider G, Schmid RM., 2003). Aberrant methylation of the pl6INK4A promoter has been 

described in a number of cancers. In lung cancer it may be linked to smoking and is thought to be an 

early event (Nakata S et al., 2006; Lamy A et al., 2002). Irregular expression of pl6INK4A has also 

been observed in breast cancer (Geradts J, Wilson PA., 1996). It has been found to be methylated in
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some cases but an increase in expression at mRNA level has also been observed (Hui R et al., 2000). 

Methylation and subsequent silencing of the pl6INK4A gene has also been found in hepatoblastoma 

(Shim YH et a i, 2003), oral cancer (Shaw RJ et a i, 2006) and colorectal cancer (Goto T et al., 2009).

pl6INK4A protein and message expression is significantly up regulated in cervical cancer which is at 

odds with the general loss of expression seen in other malignancies (Rocco JW, Sidransky D., 2001). 

This can be explained by the activities of the HPV oncoprotein E7, as described in chapter 1. Even 

still, methylation and deletions have been reported in cervical cancer. Several studies have shown that 

pl6INK4A gene methylation in cervical cancer is associated with a higher grade of cancer (Jeong DH 

et al., 2006; Wong WF et al., 1999). Conflicting results have been found concerning the relationship 

between p l6  gene methylation and pl6INK4A protein expression. Kang S et al, (2006) found a loss of 

pl6INK4A protein expression correlated with hypermethylation of the pl6INK4A promoter in cervical 

cancer but Lin Z et a i, (2005) reported strong pl6INK4A protein expression in squamous lesions and 

adenocarcinomas regardless of gene hypermethylation status. Dong et ai, (2001) and Narayan et ai, 

(2003) examined HPV status in relation to the methylation of genes (including pl6INK4A) in cervical 

cancers. They found no correlation between HPV status and pl6INK4A promoter methylation (Dong 

SM et al., 2001; Narayan G et al., 2003). It may be that partial methylation of the pl6INK4A promoter 

is occurring in some cancers and therefore the protein can still be expressed.

As described in chapter 1, the pl6INK4A locus resides on chromosome 9p21 and also encodes 

pl4ARF and pl5INK4B. Its transcriptional regulation is poorly understood. Its role as a cyclin 

dependant kinase inhibitor is well known, but important roles in senescence and aging are also 

emerging (Sharpless NE., 2004).

The 3 genes of the INK4A/ARF locus are encoded within 35 kilobases. pl6INK4A and pl4ARF have 

separate promoters which indicate they can be controlled separately. Their similar cell cycle functions 

indicate they may also be co-transcriptionally regulated. This may occur through the RD domain, 

upstream from pl5INK4B, which was described in chapter 1. A recently discovered chromatin
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boundary upstream from the pl6INK4A gene has been described which has been shown to control 

pl6INK4A alone (Witcher M et al., 2009). The close physical relationship between pl6ENK4A and 

pl4A RF means that the pl4A RF transcript was not described until the mid 1990’s (Stone S et al., 

1995). Any of the 3 genes in the INK4A/ARF locus can be disrupted individually leaving the others 

functionally intact.

Many transcription regulators of pl6INK4A have been described. Positive regulators consist of 

transcription factors Spl and Sp3, Est2, JunB and p38a (inducer of RAS expression) (Wu J et al., 

2007; Ohtani N et al., 07; Passegue E, Wagner EF., 2000; Kwong J et al., 2009; Serrano M et al., 

1997). Negative regulators are polycomb group proteins which include; BM Il, EZH2, RINGlb, CBX8 

and CBX7 (Ezhkova E et al., 2009; Jacobs JJ et al., 1999; Bracken AP et al., 2007; Voncken JW et 

al., 2003; Dietrich N et al., 2007; Gil J et al., 2003). Other negative regulators are Id l, CDC6 (which 

may also be involved with polycomb mediated regulation of the locus), p63, Rb and TWIST 1 and 2 

through inhibition of the h-RAS pathway (Ohani N et al., 2007; Polsky D et al., 2001; Gonzalez S et 

al., 2006; Agherbi H et al., 2009; Guo X, Mills AA., 2007; Li Y et al., 1994; Hara E et al., 1996; 

Ansieau S et al., 2008). CDC6 has been shown to act in the repression of the INK4A/ARF locus 

through binding and heterochromatisation (Gonzalez S et al., 2006). This will be examined in the 

results section of this chapter.

The INK4AyARF locus and the pl6INK4A transcript are thought to have an important role in cellular 

senescence and aging (Sharpless NE., 2004). Expression of pl6INK4A protein is known to induce the 

senescence phenotype. Its expression is also increased with increasing passages of cells (Kim WY, 

Sharpless NE., 2006; Hara E et al., 1996). Thus it is thought to play a role in induction of cellular 

senescence in older cells, restricting their replicative potential and limiting the increasing number of 

cellular replication errors that can accumulate in cells with age (Krishnamurthy J et al., 2006).

pl6INK4A mRNA and protein have been demonstrated to maintain a low level of expression in cells 

throughout the cell cycle (Soucek T et al., 1995; Hara E et al., 1996). A 4 fold increase from GO-S
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was described by one group (Tam SW, Shay JW, Pagano M., 1994). This is interesting, as it indicates 

the expression of pl6ENK4A may not be strictly cell cycle regulated. Soucek suggests it is rather the 

levels of Cyclin D l, pl6IN K 4A ’s antagonist that results in a pl6ENK4A mediated form of cell cycle 

control (Soucek T et a i ,  1995). Cyclin D l is up regulated at G1 and decreases on S phase entry. 

pl6INK4A acts to destabilise the interaction of cycUn D and CDK 4 and 6, thus preventing 

dephosphorylation of Rb and subsequent S-phase entry. Low levels of pl6INK4A may be able to 

control this interaction until an increase in levels of cyclin D saturate this pathway.

Although Hara et a i, (1996) noted no change in pl6INK4A mRNA levels throughout the cell cycle; 

they did note an increase in protein expression which did not correlate with Rb phosphorylation. This 

indicated a form of pl6INK4A post transcriptional regulation may be occurring where the transcript is 

sequestered until translation and thus protein synthesis is required. They did find an increase in both 

pl6INK4A mRNA and protein levels in late passage/senesencent cells (Hara E et al., 1996).

The function of pl6INK4A has also been shown to be abrogated in Rb negative cells. This includes 

DNA tumour virus transformed cells. Therefore the function of pl6INK4A in high risk HPV cells is 

defunct. Although a negative feedback loop is thought to exist between pl6INK4A expression and Rb, 

the Rb negative status of HPV transformed cells cannot account for the significant increase in 

pl6INK4A expression as discussed by Hara et al, (1996). The aim of this study was initially to 

examine the pl6INK4A pathway in cervical cancer, through the use of a pl6INK4A null cell line, 

HaCaT. HaCaT was chosen as it has been previously defined as pl6INK4A null due to 

hypermethylation in the promoter sequence and the first exon of pl6INK4A (Chaturvedi V et al., 

1999). HaCaT was propagated from normal skin from the distant periphery of a melanoma, is 

immortal and non-tumourgenic (Boukamp P et al., 1988). Analysis of the pl6INK4A status of the 

HaCaT cell line also led to an investigation into possible post transcriptional mechanisms of 

pl6INK4A control.
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Two possible mechanisms were investigated; miRNAs, which will be described in chapter 4 and a 

natural antisense transcript (NAT), ANRIL. ANRIL is in close proximity to the INK4A/ARF locus and 

was first identified on analysis of a germ line deletion in a melanoma family (Pasmant E et al., 2007). 

It was originally designated ANRIL or “antisense non-coding RNA in the INK4A/ARF locus”. It 

contains 19 exons and spans a region 126.3 kilobases in size. The ANRIL transcript was found to be 

encoded on the sense strand while the INK4A/ARF locus is found on the antisense strand. It overlaps 

pl5INK4B and is less than 300 nucleotides from the pl4A RF transcriptional start site (Figure 3.1). On 

examination of pl4ARF, pl6INK4A, pl5INK4B and ANRIL expression in 22 normal tissues and 12 

breast tumour tissues the authors concluded there was a co-clustering of expression, with the strongest 

positive correlation seen between pl4A RF and ANRIL (Pasmant E et al., 2007). ANRIL has mainly 

been examined in the context of susceptibility to coronary heart disease and SNPs in the ANRDL region 

have been found to be associated with a susceptibility to coronary disease (Liu Y et al., 2009; Schaefer 

AS et al., 2009; Broadbent HM et al., 2008; Helgadottir A et al., 2007). We undertook an 

investigation of ANRIL expression in cervical cancer cell lines and FFPE material to determine its 

significance in the context of cervical pre-cancer and cancer.

In this chapter we focused on the analysis of the miRNA, miR-24 (a wider analysis of miRNAs is 

performed in chapter 4). miR-24 has the ability to hybridise to pl6INK4A mRNA. Lai et al., (2008) 

found miR-24 to be among a group of miRNAs down regulated in senescent cells on comparison to 

younger cells. They linked the increased expression of pl6INK4A protein in senescence cells to the 

down regulation seen in miR-24. Further experiments found over-expression of miR-24 in WI-38 cells 

and HeLa cells reduced pl6INK4A protein levels and use of antisense miR-24 increased pl6INK4A 

protein levels (Lai A et al., 2008). We therefore hypothesised that miR-24 may be a mechanism of 

pl6INK4A post transcriptional regulation in the HaCaT cell line.
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Figure 3.1: Location o f the ANRIL Gene on chromosome 9. ANRIL is encoded on the sense strand while the INK4A/ARF/E^K4B locus is 

encoded on the anti-sense strand (http://www.ncbi.nlm.nih.gov/nuccore/89161216?content=5&v=21978475:22117409&report=graph).
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3.2 Study Aims

The use o f the HaCaT cell line, as a pl6rN K 4A  null expressor system, allows a comparison to be made 

to p l6IN K 4A  expressing cells and an insight into the biology of pl6IN K 4A . The focus of this chapter 

was a mechanistic investigation o f p l6IN K 4A  regulation. We examined possible mechanisms of 

p l6IN K 4A  control, including the NAT ANRIL and miR-24, using p l6IN K 4A  com petent and non- 

competent systems. These were examined both at the polysome and in total RNA.

Section 1 describes the characterisation o f p l6IN K 4A  mRNA and protein in the HaCaT cell line. 

Initially methylation specific PCR was used to verify the hypermethylation status of the promoter as 

described by Chaturvedi V et a i ,  (1999). As the prom oter was found to be unm ethylated further 

investigations were undertaken using TaqM an® RT PCR, immunohistochemistry and western blotting 

to assess the mRNA and protein status of the HaCaT cell line.

Section 2 describes the assessment of transcripts of the INK4A/ARF locus, the miRNA, miR-24 and 

expression of the NAT ANRIL at the polysome and in total RNA, in HaCaT, HeLa and C33A cells. 

This chapter also examines the expression pattern of ANRIL in cervical pre-cancer and cancer.
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3.3 Section 1

Aim: To determine the pl6INK4A status of the HaCaT cell line.

• Initially methylation specific PCR was used to verify the hypermethylation status of the 

promoter as described by Chaturvedi V et a i, (1999).

• As the promoter was found to be unmethylated further investigations were undertaken using 

TaqMan® RT PCR, immunohistochemistry and western blotting to assess the mRNA and 

protein status of the HaCaT cell line.

Overview: The pl6INK4A promoter was found to be unmethylated in HaCaT cells. Further 

investigation revealed the cells to be pl6INK4A mRNA positive but pl6INK4A protein null.
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3.3.1 Materials and Methods 

3.3.1.2 Methylation Specific PCR

DNA was extracted from HeLa and HaCaT cells using the Qiagen DNeasy Blood and Tissue Kit 

(Qiagen, Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK) as described in section 2.3.1. This 

was followed by bisulphite conversion of DNA using the Qiagen Epitect bisulphite conversion kit 

(Qiagen, Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK) as described in section 2.8.2.

Methylation Specific PCR was performed on bisulphite converted DNA using the CpG WiZ® p l6  

amplification kit (Chemicon® at Milhpore Concord Road, Billerica, MA 01821, USA) as described in 

section 2.8.3. The primers used were originally described by Herman JG et al ,  (1996) and are target to 

the promoter region in exon la  [NCBI accession X94154]. The kit provides methylated and 

unmethylated controls (to control the bisulphite conversion) and a wild type control (to control the 

PCR reaction).

3.3.1.3 TaqMan® PCR

Total RNA was extracted from cell lines using the m/rVana™ miRNA isolation kit (Ambion at 

Applied Biosystems, Foster City, CA, USA) as described in section 2.2.2. Three biological samples of 

Normal Cervical RNA were sourced from Biochain (Hayward, CA 94545, USA). The use of normal 

cervix although not an ideal control, due to the presence of stromal elements, allows the comparison of 

the cell hnes.

cDNA was synthesised as described in section 2.10.3. The TaqMan® primer sets are described in 

Table 3.1.
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Table 3.1: TaqMan® Primer and Probe Sets

Target ABI accession NCBI

accession

Exon

location

Start

site

(base)

Amplicon

size

Chromosomal

Location

pl6INK4A Hs00233365_ml NM_000077.3 2-3 672 117
Chr 9:21957751- 

21961207

GAPDH 4333764F NM_002046.3 3 154 122
Chr 12:6515921- 

6516020

CDC6 Hs00154374_ml NM_001254.3 2-3 388 77
C h r 17:35699186- 

35701117

3.3.1.4 Immunohistochemistry

Cell Blocks were prepared as described in section 2.1.3.1. Sections were prepared as described in 

section 2.15.1. Immunohistochemistry was performed on HeLa, C33A and HaCaT cell blocks. 

Negative controls were sections not treated with primary antibody. A pl6INK4A positive cGIN was 

used as the positive control. Automated immunohistochemistry was performed on the Ventana 

Benchmark LT (Ventana Medical Systems, Inc. Tuscon, Arizona 85755, USA) as described in section 

2.15.3. A pre-dilute pl6ENK4A antibody (clone E6H4) from MTM laboratories AG (Heidelberg, 

Germany), was used. Antigen retrieval was set as CCl for 30 minutes as described in section 2.16.4.

3.3.1.5 Western Blotting

3.3.1.5.1 Validation of Antibodies

Aliquots of three pl6INK4A antibodies were sent to Dr. David O’Connell (Conway Institute, UCD)

for validation on hEx-1 protein microarrays (Lueking A et al., 2005; Lucking A et a i ,  2003; Holt LJ et

a i ,  2000). The hEx-1 protein arrays are generated from a human fetal brain cDNA library. A
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polyvinylidene fluoride (PVDF) membrane is spotted with clones from the cDNA library. The whole 

library is represented in two arrays on which there are 27,000 clones spotted in duplicate on each.

Only one antibody suppplier (Table 3.2) revealed the specificity of the antibody. Therefore, the 

specificity of the antibodies was checked on the hEx-1 arrays to ensure they all bound the same protein 

clones and were thus all specific to pl6INK4A.

3.3.1.5.2 Western Blotting

Western blotting was performed as described in section 2.14. Optimised volumes of protein for 

blotting as determined by coomassie staining as described in section 2.14.3 were used. Protein was 

extracted from cells using an in-house RIPA buffer supplemented with protease inhibitors as described 

in section 2.14.1.

Table 3.2: pl6INK4A antibodies used in Western blotting. A fourth Abeam antibody was also used 

but did not produce a result with any optimisation protocol.

pl6INK4A

Antibody

Code Immunogen Specificity Dilution

BD Pharmingen

(San Diego, CA, 

USA)

G 175-405 Full length recombinant bacterially 

produced GST p i6 protein

Undisclosed 1/500

Novocastra

(Newcastle upon 

Tyne, UK)

NCL-p 16-432 

(6H12)

Prokaryotic recombinant fusion 

protein corresponding to entire 

human p i 6 molecule

Undisclosed 1/200

LabVision (Fremont, 

CA 94538, USA)

16P04/JC2 AA 1-32 AAl-32 1/200
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3.3.2 Results

The aim of this section was to determine the pl6INK4A status of the HaCaT cell line; which has 

previously been reported as pl6INK4A null due to promoter methylation (Chaturvedi V et al., 1999).

•  The methylation status of the pl6INK4A promoter in the HaCaT cell line was re-examined 

using methylation specific PCR.

• The status of pl6INK4A at an mRNA and protein level was also determined using TaqMan® 

PCR, immunohistochemistry and western blotting.

• The specificity of 3 pl6INK4A antibodies used for western blotting was also checked using 

the hEx-l protein array.

• TaqMan® PCR was also performed to determine the CDC6 mRNA levels in the HaCaT cell 

line as this has been shown to be a mechanism of pl6INK4A control (Gonzalez et al., 2006).

Overview: The pl6INK4A promoter was found to be unmethylated in the HaCaT cell line. Further 

investigation revealed the presence of pl6INK4A mRNA but a pl6NK4A protein null phenotype. This 

indicates a mechanism of pl6INK4A post transcriptional regulation in the HaCaT cell line.
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3.3.2.1 The pl6INK4A promoter is Unmethylated in HaCaT cells

Methylation specific PCR determined the pl6INK4A promoter is not methylated in the HaCaT cell 

line (Figure 3.2), which is different to what has been previously reported (Chaturvedi V et al., 1999). 

Controls used included HeLa bisulphite converted DNA which is unmethylated at the pl6INK4A 

promoter and known bisulphite converted methylated and unmethylated controls provided in the kit. A 

wild control DNA which is not bisulphite converted is also performed, this is to control for the PCR 

reaction. No template controls were performed for each primer set. The analysis was carried out at least 

3 times.

Figure 3.2: Agarose Gel Electrophesis of methylation specific PCR products, on a 3% gel stained with 

ethidium bromide. I5ul of sample was run in each lane. W = wild type primers producing a band at 

142 base pairs, U = unmethylated primers producing a band at 154 base pairs and M = methylated 

primers producing a band at 145 base pairs.The first lane contains a 50 base pair ladder (Roche 

Diagnostics, GmbH, Indianapolis, IN, USA), the lowest molecular weight marker shown is at 150 

base pairs.
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3.3.2.2 The HaCaT cell line is pl6INK4A mRNA Competent

Relative quantification was performed on cDNA generated from total RNA extracts as described in 

section 2.15. This was performed on each of 3 biological replicates of HaCaT, HeLa, C33A, SiHa and 

normal cervix (Biochain (Hayward, CA 94545, USA)) in triplicate. Data was analysed for pl6INK4A 

expression in 2 ways (1) Data from all cell lines was compared to data from normal cervical RNA 

(Biochain (Hayward, CA 94545, USA)) as described in section 2.12.1 (Figure 3.3 and Table 3.3), (2) 

The fold change expression of pl6INK4A mRNA in HeLa, C33A and SiHa compared to HaCaT 

(Figure 3.4 and Table 3.4).

From analysis (1) we show that the HaCaT cell expresses pl6ENK4A. The cervical cancer cell lines all 

produce a greater quantity of pl6INK4A mRNA than HaCaT. The fold changes are shown in Table 

3.3.

pl6INK 4A  expression in Cell Lines conipiired 
to Norniiil Cervix

1000

HaCaT HeLa SiHa C33A

Figure 3.3: Expression of pl6INK4A mRNA in cell lines compared to normal cervix.
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Table 3.3: Fold change values for pl6INK4A in each cell line on comparison to normal cervix.

Cell Line HaCaT HeLa SiHa C33A

Fold Change Vs Normal 

Cervix

23.0 (21.4- 

24.8)

377.0 (336.4- 

422.5)

169.2(163.7-

174.8)

212.6 (210.4- 

214.6)

From analysis (2) we can state that the cervical cancer cell lines all produce more pl6ENK4A mRNA 

than the HaCaT cell line. Table 3.4 lists the figures for fold change in each cervical cancer cell line 

compared to HaCaT.

pi6INK 4A  Expression in Cervical Cancer Cell 
Lines compared to HaCaT

100,000 --------------------------------------------------------------------

4^

HcLa SiHa C33A

Figure 3.4: Fold change in expression of pI6INK4A on comparison of cervical cancer cell 

(pl6INK4A competent) lines to HaCaT (pl6INK4A protein incompetent).
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Table 3.4: Fold change values for pl6ENK4A on comparison of cervical cancer cell (pl6INK4A 

competent) lines to HaCaT (pl6INK4A protein incompetent).

Cell Line HeLa SiHa C33A

Fold Change
13.7 8 4 ( 12.299 -

15.447)

7.239 (7.093 -  

7 .574)

9.208 (9 . 117 -  

9229)

The HaCaT cell line is producing 23 fold more pl6INK4A mRNA than normal cervix (Figure 3.2, 

Table 3.3), but the cervical cancer cell lines, HeLa, C33A and SiHa, are producing 13 fold, 9 fold and 

7 fold more pl6INK4A mRNA than the HaCaT cell line respectively (Figure 3.3, Table 3.4).

3.3.2.3 CDC6 mRNA status in the HaCaT cell line and cervical cancer cell lines

Quantification of CDC6 mRNA was performed as CDC6 has been described as a potential regulator of 

pl6INK4A at the RD domain (Gonzalez et al., 2006).

Relative quantification was performed on cDNA generated from total RNA extracts as described in 

section 2.13. This was performed on each of 3 biological replicates of HaCaT, HeLa, C33A, SiHa and 

normal cervix in triplicate (Biochain (Hayward, CA 94545, USA)).

Levels of CDC6 were analysed as per section 2.15. Expression of CDC6 was normalised to HaCaT to 

generate fold change (2 '̂ *̂'̂ ) values (Figure 3.5 (A)). The data was also compared to normal cervix 

using 2' '̂^ '̂  ̂(Figure 3.5(B)).

On normalisation to HaCaT a significant difference is only seen for HeLa, which has a fold change of 

2.27 (1.84-2.79) (Figure 3.5 (A)). On comparison to normal cervix, all cell lines have a significant fold 

change value (Figure 3.5 (B)).
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All pl6INK4A protein competent and incompetent cell lines produce more CDC6 message than 

normal cervix. Only the HeLa pl6E^K4A competent cell line produces significantly more CDC6 

mRNA than the HaCaT cell line. This indicates CDC6 does not play a major role in pl6INK4A 

regulation in the HaCaT cell line.

CDC6 expression in Cervical Cancer cell lines / a \ 
compared to HaCaT

100.00  

10.00

©
1.00

0.10

C33a HeLa Sijla

CDC6 expression in cell lines compared to 
Normal Cervix

100

10

C33a HaCaT HeLa SiHa

Figure 3.5: CDC6 TaqMan results (A) Fold change values for C33A, HeLa and SiHa compared to 

HaCaT (B) Fold Change Values for all cell lines compared to Normal Cervix.
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3.3.2.4 Determination of pl6INK4A protein status by Immunohistochemistry in HaCaT cells

Immunohistochemistry for pl6rNK4A was performed on HeLa, C33A and HaCaT cell blocks. A 

pl6ENK4A positive cGIN was used as a positive control. No antibody was applied to each sample for 

negative controls.

pl6INK4A demonstrates nuclear staining but has been shown to also demonstrate cytoplasmic 

positivity (K laes R et al., 2001; M urphy N et a i ,  2003). Slides were graded as 0 = no staining, 1 = 

< 30% of cells positive, 2 = 30-60% of cells positive and 3 = > 60% of cells positive. It was also noted 

whether there was a weak, moderate or strong intensity of staining (Table 3.5). C33A cells 

demonstrated mainly cytoplasmic pl6INK4A positivity (Figure 3.6.1 A-D) with some cells negative. 

HeLa cells showed strong nuclear and cytoplasmic positivity (Figure 3.6.2). HaCaT cells demonstrated 

no positive staining for pl6INK4A (Figure 3.6.3 A and B). pl6INK4A positive cGIN was used as a 

positive control and demonstrated strong positive staining both nuclear and cytoplasmic (Figure 3.5.3 

C and D). All negative controls showed no staining.

Table 3.5: Grade of pl6INK4A positivity in cell lines. Staining is graded as 0 = no staining, 1 = < 

30% of cells positive, 2 = 30-60% of cells positive and 3 = > 60% of cells positive. Intensity of 

staining is graded as weak, moderate or strong.

Cell Line Staining Grade Strength

C33A Mainly Cytoplasmic 2 Weak

HeLa Nuclear and Cytoplasmic 3 Strong

HaCaT Negative 0 NA
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Figure 3.6.1: pl6INK4A staining of C33A FFPE cells. (A) & (C) negative controls (no antibody 

applied) at 20X and 40X magnification respectively. (B) & (D) positive staining at 20X and 40X 

respectively. Arrows indicate the location of cells with positive nuclear and cytoplasmic staining.
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Figure 3.6.2: pl6INK4A staining of HeLa FFPE ceils. (A) & (C) negative controls (no antibody 

applied) at 20X and 40X magnification respectively. (B) & (D) positive nuclear and cytoplasmic 

staining at 20X and 40X respectively.
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Figure 3.6.3: pl61NK4A staining on FFPE HaCaT cells and positive control (cGIN and normal 

endometrium). (A) HaCaT negative control (no antibody applied) at 40X magnification. (B) HaCaT 

(antibody applied) at 40X magnification. (C) and (D) positive control at 20X and 40X respectively. 

The positive control also contains as area of normal endometrium which has been previously shown to 

produce pl6INK4A positivity (Guo M et al., 2004; Meyer JL et aL, 2007; Holladay EB et al., 2006; 

Agoff SN et al., 2003; Murphy N et al., 2004).

94



Chapter 3 Mechanistic Investigation of pl6INK4A

3.3.2.S Validation of Antibodies for pl6INK4A Western Blotting

As little information was available on the binding specificities of the pl6IN K 4A  antibodies, their 

specificity was assessed using hEx-1 protein Arrays. The MTM antibody (used for 

immunohistochemistry) could not be used on the on the arrays as it is provided pre-diluted. During the 

course of this study the other providers of pl6IN K 4A  antibody ceased production of the particular 

pl6IN K 4A  antibodies we have used. Two of the providers revealed it was due to patent restrictions as 

MTM now hold the rights to the particular antibody clones.

The hEx-l arrays revealed the antibodies were binding the same pattern of clones, which is shown by 

the red arrows and the magnified regions in Figure 3.7. These clones could represent different proteins 

or the same protein due to a high level of redundancy in the library.
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Figure 3.7: Image of hEx-1 Protein Arrays which consist of 27,000 protein clones spotted in duplicate 

on 2 PVDF membranes per array. Membranes encompassing the whole library are labelled as 1 and 2. 

A positive protein clone shows 2 dots. The arrows indicate the antibodies binding to the same pattern 

of protein clones an each membrane, with the inset being a close up of the positive protein clones. A 

(1) & A (2) = Lab Vision pl6INK4A, B (1) & (2) = Novocastra pl6INK4A and C (1) & (2) = BD 

Bioscience pl6INK4A.
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3.3.2.6 Western Blotting to verify pl6INK4A protein status in the HaCaT cell line

Western Blotting was successfully performed using three pl6INK4A antibodies to assess the 

pl6INK4A protein status of the HaCaT cell line. This was performed on HaCaT and HeLa protein 

lysate with GAPDH used as the loading control. No pl6INK4A was detected in the HaCaT cell line in 

3 biological replicates (Figure 3.8). This experiment was performed twice.

A (l)

1 2 3 4 5 6 M GAPDH

— 83kDa

— 62kDaA7

------------------------- ---------------------------- .SkDa

1 2 3 4 5 6 M pl6INK4A

32.5kDa 
25 kDa 

16.5 kDa

A(2)

B(l) B(2)

I
♦

C (l) B(3)

Figure 3.8: Protein Analysis of pl6INK4A protein expression in HaCaT cells using Western Blotting. 

Samples 1, 3 and 5 are HaCaT protein, samples 2, 4 and 6 are HeLa protein and M is a biotinylated 

marker. Blot A (1), B (1) and C (1) show GAPDH expression in all samples. Blot A(2) = BD 

Bioscience pl6INK4A antibody, B(2) = LabVision pl6INK4A antibody and C(2) = Novocastra 

pl6INK4A antibody all show pl6INK4A specific bands at 18 and 20 kDa in HeLa cells only, with 

HaCaT negative. Blot A (2) also shows a band in HeLa and HaCaT lysates at ~30kDa.
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3.4 Section 2

Aim: As the HaCaT cell line was found to be pl6INK4A mRNA positive but protein negative the 

investigation of pl6INK4A mRNA at the polysome and several mechanisms of post transcriptional 

regulation were investigated.

Translation of mRNA to protein involves the recruitment of initiation factors and ribosomes to 

facilitate the production of the corresponding protein. Polysomes (or polyribosomes) consist of a 

cluster of ribosomes bound to an mRNA molecule. They can read one mRNA strand simultaneously 

allowing protein to be synthesised at different spots on the mRNA. Translation involves three main 

steps, initiation, elongation and termination. This can often occur in a circularised formation (Figure 

3.9). mRNA found associated with polysomes is considered to be actively undergoing translation to 

protein. Even so, disruption of peptide synthesis has been shown to occur at the elongation step 

causing ribosome drop off and incomplete peptide synthesis (Petersen CP et al., 2006).

60S elF6

elF4F

40S
PABP1

AAAARibosomes

Figure 3.9: Representation of translation showing the binding of initiation factors, the recruitment of 

ribosomes to the mRNA and the circularisation of mRNA (Carthew RW, Sontheimer EJ., 2009).
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• The presence of pl6INK4A mRNA was assessed at the polysome along with other members of 

the INK4A/ARF locus.

• The status of the miRNA, miR-24 was assessed at the polysome. miR-24 has been previously 

shown to hybridise to and suppress pl6INK4A translation to protein (Lai A et al., 2008).

• The status of the natural antisense transcript ANRIL was assessed at the polysome. Its 

expression was also assessed in cervical pre-cancer and cancer.

Overview: pl6INK4A mRNA was found at the polysome in HaCaT, HeLa and C33A cell lines. 

pl5INK4B, pl4A R F and miR-24 were also detected. A reciprocal relationship between pl6INK4A 

and miR-24 at the polysome was indicated in HeLa and C33A cells only.

The natural antisense transcript ANRIL was also detected at the polysome in all cell lines but its 

expression did not indicate a direct pl6INK4A regulatory role in HaCaT cells. Different regions of 

ANRIL were detected in all cell lines and in normal cervical control RNA. This indicates further 

processing of any of these regions to small RNAs is not a factor in pl6INK4A post transcriptional 

regulation in the HaCaT cell line. Evaluation of the ANRIL transcript in cervical pre-cancer and 

cancer found no significance on comparison to normal cervix in CIN l, CIN3 and adenocarcinoma. 

Positive fold change values were found in cGIN and SCC cases.
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3.4.1 Materials and Methods 

3.4.1.2 Patient Samples

Cases of cervical pre-cancer and cancer were selected from the archives of the Coombe Women and 

Infants University Hospital. Ten cases of histologically normal cervix, ten cases of CIN 1, ten cases of 

CIN 3, five cases of Squamous Cell Carcinoma, five cases of Adenocarcinoma and five cases of cGIN 

were chosen. Two to three, 6|am sections were cut aseptically and placed into sterile eppendorf tubes. 

Total RNA was extracted using the Qiagen RNeasy FFPE kit (Qiagen, Fleming Way, Crawley, West 

Sussex, RH 10 9NQ, UK) as described in section 2.2.3. Total RNA was also extracted from HaCaT, 

HeLa and C33A cell blocks as controls.

3.4.1.3 Polysome Extraction

Cell lines were grown and the cytosolic component extracted as described in section 2.4.2 and 2.4.3. 

Polysomal RNA was extracted as described in section 2.4.4 using the Qiagen RNeasy Midi Kit 

(Qiagen, Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK).

3.4.1.4 TaqMan® PGR

cDNA was synthesised from 20|ul of FFPE extracted RNA and 500ng of total RNA from cell lines 

followed by TaqMan® PCR as described in section 2.10.3. The TaqMan primer sets are described in 

Table 3.6.

For detection of miRNAs, cDNA was synthesised from lOng of total RNA or 3|j 1 of polysomal RNA 

as described in section 2.10.3. Each miRNA cDNA reaction had to be performed individually with 

specific reverse transcription primer sets for each target. miRNA primer and probe sets are shown in 

Table 3.7.
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Table 3.6: TaqMan® Assays.

Target ABI accession NCBI
accession

Exon
location

Start
site
(base)

Amplicon
size

Chromosomal
Location

pl6INK4A Hs00233365_ml NM_000077.3 2-3 672 117
Chr9
:21957751-
21961207

pl4ARF Hs00924091_ml NM_05195.2 1-2 348 84
Chr9
:21960901-
21984490

pl5INK4B Hs00793225_ml NM_004936.3 1-2 518 140
Chr9:
21992902-
2199312

ANRIL 1 Hs01390880_ml DQ485453.1 2-3 532 142
Chr9:
22019432-
22022985

ANRIL 2 Hs01390879_ml DQ485453.1 1-2 372 133
Chr9;
21984790-
22019593

GAPDH 4333764F NM_002046.3 3 154 122
Chr 12:
6515921-
6516020

Table 3.7: miRNA TaqMan® Assays.

Target ABI Accession miRBase
Accession

Stemloop and 
Location

Stemloop and 
Location

hsa-miR-16 000391 MIMAT0000069 MI0000070 Chr 
13: 49521 n o -  
49521198

MI0000115 Chr 3:
161605227-
161605307

hsa-miR-24 000402 MMAT0000080 MI0000080 Chr 9:
96888124-
96888191

MI0000081 Chr 9:
13808101-
13808173

hsa-let-7a 002307 MIMAT0004481 MI0000060 Chr 9:
95978060-
95978139

MI0000062 Chr 
22: 44887293- 
44887366
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3.4.1.6 ANRIL Primer Design for Solution Phase and TaqMan® PCR

Primers were designed as described in section 2.7.1 to detect the ANRIL mRNA sequence 

NR_003529.2 at different regions. These were at the exon 9 and 10 boundary, the exon 14 and 15 

boundary and the exon 18 and 19 boundary. A TaqMan® probe was designed specific to the exon 14 

and 15 primer set.

A map of ANRIL mRNA is shown in Figure 3.10, demonstrating the regions amplified by the 

commercially available TaqMan® primers and the location of the in-house designed primers. The 

primer sequences are listed in Table 3.8.

Optimisation was achieved by varying the primer concentration and the magnesium chloride 

concentration (MgCL). PCR were performed as described in section 2.9. Optimised primer conditions 

are shown in Table 3.9.

Table 3.8: Primers and Probe designed to detect different regions of the ANRIL mRNA sequence.

Primer Set Sequence Amplicon size Probe

9/10 F AACAGAAGCCTACGAAGAACTCA 127

9/10 R TCCAGTGTCTTCTCCAAGGTG

14/15 F TGATTAAACTGGGGCCATTC 115 CATGGCAAGAAACATT

14/15 R AGAACGTAGAACTCGGGAAGTG

18/19 F GGCTGAGAGCATGGGAGATA 125

18/19 R GGTTCTGCCACAGCTTTGAT
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Table 3.9: Optimised ANRIL Primer conditions.

ANRIL Primer Set Primer concentration MgCI2 Concentration

Exon 9/10 0.3mM 2.0mM

Exon 14/15 0.4|iM 4.0mM

Exon 18/19 0.4nM 4.0mM

ANRIL 1 TaqMan 

ANRIL 2 TaqMan

Exon

Rev Primer 9/10

Exon 10

Fwd Primer 9/10 

Exon 9

Exon 7 

Exon 6

Exon 8 H
m r

Exon 2

Exon 3

Exon 4

Exon 5

ANRIL mRNA
3857 bp

Exon 13 

Exon 14 

Fwd Primer 14/15 

Probe 14/15

(

/

r  Rev Primer 14/15 

Exon 15 

Fwd Primer 18/19 

Rev Primer 18/19

I I

Exon 19

Exon 18

Exon 12 

Exon 11

■ Exon 17 

Exon 16

Figure 3.10: ANRIL mRNA map: indicating the location o f the amplicons o f the TaqMan® primers 

and the in-house designed primers.
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3.4.2 Results

This results section explains the optimisation of the polysome extraction technique followed by 

examination of transcripts of the INK4A/ARF locus at the polysome. The miRNA, miR-24, was also 

quantified at the polysome as it has been previously demonstrated to suppress pl6INK4A translation at 

the polysome (Lai et a i,  2008). Polysome analysis was performed on HaCaT, HeLa and C33A cell 

lines.

The natural antisense transcript, ANRIL, was quantified in the HaCaT cell line and cervical cancer cell 

lines. It was also assessed at the polysome in HaCaT, HeLa and C33A cells. Expression of ANRIL 

was also quantified at mRNA level in several cases of cervical cancer and pre cancer.

Overview: pl6INK4A, pl4ARF and pl5INK4B mRNA was detected in all cell lines at the polysome. 

C33A cells and HeLa cells had the higher level of pl6INK4A mRNA at the polysome, than that seen 

in HaCaT cells. miR-24 was also detected at the polysome in all 3 cell lines. Analysis of results from 

HeLa and C33A cells indicate the presence of a reciprocal relationship between miR-24 and 

pl6INK4A at the polysome. This was not seen in HaCaT cell lines.

Low expression levels of the NAT, ANRIL was detected in all cell lines. ANRIL was also detected at 

the polysome. Use of in-house designed primers to detect different regions of the ANRIL transcript 

found expression of all regions in all cell lines. Quantitification of levels of ANRIL in formalin fixed 

paraffin embedded cases of CENl, CIN3, cGIN, SCC and AdCa was performed. The highest fold 

change in expression on comparison to normal cervix was found in cases of cGIN. Our results do not 

indicate a role for ANRIL in the regulation of pl6INK4A (or the INK4A/ARF locus) in cervical cancer 

cell lines or cases of pre-cancer and cancer.
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3.4.2.1 Comparison of miRVana™ and Qiagen Extraction kits for the detection of small RNAs

The polysome technique required the use of the Qiagen RNeasy Midi Kit (Qiagen, Fleming Way, 

Crawley, W est Sussex, RH 10 9NQ, UK) as described in section 2.4.4 solely due to the volume for 

extraction. The Qiagen RNeasy Midi Kit (Qiagen, Fleming W ay, Crawley, W est Sussex, RH 10 9NQ, 

UK) is not optimised for the extraction o f small RNAs but for sizes above 200 nucleotides. As a result 

a comparison between the extraction kits was performed.

The w/rVana™  kit is optimised for extraction of small RNAs (< 200 nucleotides). Total RNA was 

extracted using the RNeasy Midi Kit (Qiagen, Fleming Way, Crawley, W est Sussex, RH 10 9NQ, UK) 

as described in section 2.5.4 and the m/>Vana™ miRNA isolation kit (Ambion at Applied Biosystems, 

Foster City, CA, USA) as described in section 2.2.3.

Expression of the ANRIL non-coding RNA and miR-24 was performed using TaqM an® PCR as 

described in section 2.10.3. Agarose gel electrophoresis of extracted total RNA was also performed to 

allow visualisation as described in section 2.6.

On com parison of m/>Vana™ expression values to Qiagen using relative quantification as described in 

section 2.15.1 a difference can be seen between fold change values for miR-24 on comparison with a 

higher expression of miR-24 found using the m/>Vana™ protocol (Figure 3.11, Table 3.10).

On visualisation of total RNA extracts on ethidium bromide staining of agarose gels, small RNAs were 

more easily visualised from m/rVana™  extracted samples (Figure 3.12).

As the Qiagen kit was the only kit available for extraction from large samples at the time of this study 

it was used for analysis of mRNA and miRNA at the polysome.
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Comparison of iniRVanii extraction to Qiagen 
for small RNA detection

10

HaCaT HeLa

■  ANRIL

■  miR-24

0.1

Figure 3.11: Comparison of the m/rVana™ miRNA isolation kit (Ambion at Applied Biosystems, 

Foster City, CA, USA) to the Qiagen RNeasy Midi Kit (Qiagen, Fleming Way, Crawley, West Sussex, 

RH 10 9NQ, UK) using relative quantification for the detection of the non-coding RNA ANRIL and 

miR-24.

Detector Sample
m iR \ana  

ACt

Qiagen

ACt

FC 

mi R \a n a  

compared 

to Qiagen

ANRIL

C33A 11.158 10.647 0.702

HaCaT 12.013 12.347 1.261

HeLa 9.972 10.332 1.283

miR-24

C33A -0.640 0.550 2.283

HaCaT -1.712 -0.312 2.640

HeLa -2.137 -1.297 1.791

Table 3.10: Delta Ct values for the expression of ANRIL and miR-24 using both the m/rVana™ 

miRNA isolation kit and the Qiagen RNeasy Midi Kit. Fold change values are calculated from 

comparison of the expression of ANRIL and miR-24 in the m/rVana™ miRNA isolation kit (Ambion 

at Applied Biosystems, Foster City, CA, USA) compared to the Qiagen RNeasy Midi Kit (Qiagen, 

Fleming Way, Crawley, West Sussex, RH 10 9NQ, UK). (FC = Fold Change)
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Figure 3.12: Agarose gel electrophoresis of ethidium bromide stained total RNA. 10|j 1 of RNA was 

run per sample.(A) RNA extracted using the Qiagen midi kit, from 3 biological replicates of HaCaT, 

HeLa and C33A (1x10^ cells) (B) /n/rVana extracted RNA from 4 biological replicates of C33A (1x10^ 

cells). The arrows indicate the location of small RNAs.
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3.4.2.2 Optimisation of Polysome Extraction Technique

UV spectroscopy was performed on raw fractions before and after protein digestion. Figure 3.13 shows 

a typical polysome fraction profile (Lai A et al., 2004) using UV spectroscopy readings at 260nm and 

agarose gel electrophoresis. This was performed using a semi automated technique, involving a 

gradient fractionators and OD measurement. Our polysome fraction data (before digestion) is shown in 

Figure 3.14 and 3.15. Figure 3.14 shows raw fractions measured at 260nm, which were performed 

manually. The large amounts of sucrose in the sample pre-digestion and the addition of SDS post 

digestion may have affected UV spectroscopy readings.

Agarose gel electrophoresis image before digestion of fractions 1-12 demonstrate the present of more 

RNA in the later fractions. The later fractions are where polysome associated mRNA sediments to on 

centrifugation (Figure 3.15). Readings using the nanodrop were also affected by the sucrose present.

Polysome bound 28S rRNA

18S rRNA
LMW HMW

1 2 3 4 5 6 7 8 9  10

Figure 3.13: Example of polysome fractionation UV spectroscopy readings and agarose gel 

electrophoresis (Lai A et al., 2004). This technique is generally automated using a gradient 

fractionator.
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Raw Polvsome Fractions 260iun Readings
3.5 
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2.5
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p N
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HMW
Polysom es

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Fi nctions 1 - 1 2
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•HeLa1 

•HeLa 2 

■HeLa 3 

•HaCaTl 

•HaCaT2 

•HaCaT3 

■C33A1 

■C33A2 

C33A3

F ig u re  3.14: UV spectroscopy reading at 260nm of raw Polysome fractions from all cell lines. The 

low molecular weight polysomes are in the middle fractions whereas the high molecular weight 

polysomes can be found in later fractions.

Fractions 7-12

F ig u re  3.15: Polysome extractions before protein digestion. 1% agarose gel of all 12 raw fractions 

from a HeLa Polysome extract. The high sucrose content in the samples meant they ran through the gel 

slowly. The different bands represent the 28S and 18S ribosomal RNAs which increase in quantity in 

later fractions due to a higher concentration of polysomes.
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On extraction and precipitation of polysomal isolated RNA, measurements of RNA yield using both 

the UV spectrophotometer and nanodrop were unsuccessful. To test the yield of RNA, differing 

amounts were put into cDNA reactions along with different amounts of total RNA from a total of 30|jl 

of eluted polysome RNA (Figure 3.16 and Table 3.11). GAPDH was then detected using TaqMan® RT 

PCR. There was only a difference of 2 cycles or four fold difference between a cDNA input of lOfil 

and 26|j 1 (indicating the cDNA reaction was saturated) . It was decided to use 20|il for each polysomal 

RNA cDNA reaction and 3|al for each miRNA cDNA reaction.

Table 3.11: Detection of GAPDH mRNA in varying amounts of Polysome input RNA into the cDNA 

Reaction (SD = Standard Deviation).

Sample Ct SD

H aCaT Total RN A lOOng 19.19 0.10

HaCaT Total RN A 250ng 17.72 0.04

H aCaT Total RN A 500ng 16.62 0.06

H aCaT Polysom e RN A  2ul 24.82 0.02

H aCaT Polysom e RN A 3ul 24.22 0.03

H aCaT Polysom e RN A  Sul 23.28 0.11

H aC aT Polysom e RN A  lOul 22.02 0.15

H aC aT Polysom e RN A  26ul 20.68 0.12
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I Ptct J  E x p r A S M n )

SOOng T o ta l  cD N A

1 0 ^ l  PS  cD N A26[i\ PS cD N A

2 mI PS cD N A

Cycl«

|0  O t

F igure  3.16: Amplification plot demonstrating the affect of different amounts of input polysomai RNA 

into the cDNA reaction. The amplification curve for SOOng of total (non-polysomal) RNA is at the 

lowest Ct, with the polysomai RNA having a higher Ct value, signifying the presence of less RNA in 

the polysome extracted samples.
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3.4.2.3 Validation of Polysome Extraction Technique

To ensure isolation of polysomal and not total RNA a “spike -  in” experiment was performed. Xeno 

RNA, a synthetic RNA transcript with a unique sequence that lacks homology to current annotated 

biological sequences, was used. Isolation and extraction of the cytosolic component was performed as 

in section 2.4.2. Sucrose gradients were prepared as in 2.4.3. Before centrifugation Ing, 2ng and 3ng of 

Xeno RNA was added with the cytosolic extract to the top of the sucrose gradient. This was performed 

in triplicate. The RNA was extracted as described in section 2.4.4. Amplification data was analysed 

using the 2“̂ * '' calculation where the data was normalised to GAPDH and the bottom fraction 

normalised to the top fraction.

Application of 3ng o f Xeno RNA with cytosolic extract to the sucrose gradient detected no Xeno RNA 

in the polysome containing fractions (7-12). We did on occasion find some leakage occurred from the 

top (non-polyome) fractions to the bottom (polysome) fractions.

This indicates some non-polysomal RNA can centrifuge to the bottom fractions. However polysomally 

extracted RNA which is placed on a sucrose gradient and has been depleted of the nuclear fraction and 

is still attached to the polysome. During transcription mRNA is anchored to large polysome units, with 

more actively transcribed mRNA attached to many polysomes. Thus mRNA at the polysome is 

associated with many polysomes which sediment faster on centrifugation due to their higher Svedberg 

units. To analyse subsequent polysomal mRNA, protein digestion is required to dissociate attached 

polysome units

Therefore there are many factors which prevent the collection and amplification o f non-polysomal 

associated mRNA.
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3.4.3 Determination of the Presence of mRNA Transcripts from the INK4A/ARF Locus at the 

Polysome

To determine if p l6IN K 4A  mRNA is at the polysome and thus being actively transcribed in the 

HaCaT cell line, polysomal RNA was extracted from the HaCaT cell line as described in section 2.5. 

This was also performed on HeLa and C33A cell lines. To allow for comparison, total RNA was also 

extracted from cell pellets as in section 2.4.4 using the Qiagen RNeasy Midi Kit (Qiagen, Fleming 

Way, Crawley, W est Sussex, RH 10 9NQ, UK). This was performed on three biological replicates. 

cDNA was synthesised and RT-PCR performed as described in section 2.10.3. TaqM an® assays for 

pl6IN K 4A , p l4A R F, pl5IN K 4B  and GAPDH were used (Table 3.6). miRNA TaqM an® assays used 

were hsa-miR-24 and let-7a as the endogenous control (Table 3.7). Each TaqM an® assay was 

performed in triplicate on each sample.

Analysis was performed as per section 2.12.1 and 2.12.2. Firstly the levels of each transcript was 

analysed in Total RNA samples. Three biological replicates were averaged and the plotted 

(Figure 3.17). All cell lines are producing pl6ENK4A, p l4A R F  and pI5IN K 4B mRNA and mature 

miR-24.
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Figure 3.17: Average Z Values for the Products of the INK4A/ARF locus in Total RNA compared 

to GAPDH. GAPDH is more abundant than pl6INK4A.

The presence of pl6INK4A, pl4ARF, pl5INK4B and miR-24 were then analysed at the polysome. 

The 2'^*'''' of the polysome samples were analysed (Figure 3.18). The biological replicates were 

averaged but we can see a large standard deviation exists between them. This is not wholly unexpected 

as levels of mRNA at the polysome tell us what is actively happening in a cell at a given time point and 

can vary even between biological replicates. The HeLa cell line showed the greatest variation between 

biological replicates at the Polysome.
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Polvsom eRNA analvsis : Average of Biological

100

Replicates
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1

HaCaT=C33AI0,1

0.01

0.001

0.0001

0.00001

I  P16INK4A 

I pl4ARF 

I  P15INK4B 

I  miR-24

Figure 3.18: Values for Polysome Extracted RNA averaged for 3 Biological Replicates

compared to GAPDH transcript at the polysome.

miR-24 has been proven to suppress p l6IN K 4A  translation at the polysome.Therefore the 2 '̂ *'' values 

of the.se transcripts at the Polysome were plotted individually (Figure 3.19 (A) - (C)). Our data 

suggests a reciprocal relationship does exist between miR-24 and pl6IN K 4A  at the Polysome in C33A 

and HeLa cells (Figure 3.19 (A) and (B)) but this was not seen in HaCaT cells (Figure 3.19 (C)). This 

relationship can only be seen on analysis of individual biological replicates.
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Figure 3.19 (A)-(C): 2 '̂ ^̂  Values for pl6INK4A (compared to GAPDH at the polysome) and miR-24 

(compared to let-7a at the polysome) polysome extracted RNA. (A) C33A Values indicating a 

reciprocal relationship between pl6INK4A and miR-24 at the Polysome (B) HeLa Values indicating a 

reciprocal relationship between pl6INK4A and miR-24 at the Polysome (C) HaCaT Values with no 

relationship between pl6INK4A and miR-24 evident.
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To compare the transcripts found at the polysome to those found in total RNA the fold change in 

expression between total RNA and polysomal RNA was determined as described in section 2.12.1 

(Figure 3.20). There is generally more of each transcript in total RNA then at the Polysome in C33A 

and HaCaT cells. In C33A cells miR-24 does demonstrated fewer transcripts in total RNA than at the 

Polysome. Again HeLa cells showed greater variation between biological replicates.

Total RNA Vs Polvsome RNA
100

10

O

A h
p l6 p l4  p l5  hsa*i

0.1

0.01

T

miR-24

■ C33A

■ HaCaT

■ HcLa

Figure 3.20: The fold change in expression between total RNA and Polysome RNA.

We have determined the presence of all four transcripts: pl6INK4A, pl4ARF, pl5INK4B and miR-24 

at the polysome in HeLa, HaCaT and C33A cell lines. As with total mRNA data pl6INK4A is more 

abundant in the cervical cancer cell lines than HaCaT. No relationship between the expression of miR- 

24 and pl6INK4A was determined for the HaCaT cell line but was indicated in the C33A and HeLa 

cell lines.
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3.4.4 Analysis of Expression of the Natural Antisense Transcript ANRIL in HaCaT Cells and 

Cervical Cancer Cell lines

The initial aim of this part of the study was to determine if ANRIL had any pl6IN K 4A  regulatory role. 

W e then expanded the analysis to look at ANRIL expression in Cervical Cancer and pre-cancer.

3.4.4.1 TaqMan® Analysis of ANRIL Expression in Cell Lines and Normal Cervical RNA using 

commercially available Primer Probe sets

Total RNA was extracted using the the m/rVanai"^ miRNA isolation kit (Ambion at Applied 

Biosystems, Foster City, CA, USA) as described in section 2.2.2. cDNA was synthesised and RT-PCR 

perform ed as described in section 2.13. ANRIL 1 and 2 primer and probe sets are described in Table 

3.6 and GAPDH was used as the endogenous control.

Analysing the 2'^''^ Values as described in section 2.12.1. ANRIL was detected in all cell lines using 

both TaqM an® assays. This is demonstrated in Figure 3.21 (A) and (B). ANRIL 1 could not be 

detected in normal cervical RNA (Biochain (Hayward, CA 94545, USA).

As the ANRIL 1 prim er probe set proved unreliable, the ANRIL 2 assay was used for the remainder of 

the analyses.
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3.4.4.2: Analysis of ANRIL Expression at the Polysome using the ANRIL 2 TaqMan® Assay

Total RNA was extracted using the Qiagen RNeasy Midi Kit (Qiagen, Fleming Way, Crawley, W est 

Sussex, RH 10 9NQ, UK) as described in Section 2.4.4. Polysomal RNA was isolated and extracted as 

described in section 2.4. cDNA was synthesised and RT-PCR performed as described in section 2.10.3. 

Three biological replicates of each sample were performed, each in triplicate. Data was analysed as 

described in section 2.12.1.

As described in Section 3.4.4.1 the ANRIL transcript was detected in all cell lines in total RNA. 

ANRIL was also detected at the polysome in all cell lines, although it was undetected in one HaCaT 

biological replicate.

There is down regulation in ANRIL expression on comparison of HaCaT polysomal RNA to C33A and 

HeLa, with fold changes of (on averaging biological replicates) of -2.95 (SD; -1.10 to -7.89) and -1.61 

(SD; -0.61 to -4.36) respectively. The wide range seen is a result of variations between biological 

replicates and would be expected in polysomal extracts.

Fold change values for polysomal RNA on comparison to total are non-significant for C33A and 

HaCaT, with a significant positive value for HeLa (3.66 (SD; 2.96 -  4.52)) (Figure 3.22).
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ANRIL: Total RNA Vs Poivsonie
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Figure 3.22: Fold change in expression values on comparison of ANRIL expression in total RNA to 

polysomal RNA.
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3.4.4.3 Evaluation of the ANRIL mRNA Transcript in HaCaT cells and Cervical Cancer Cell 

lines

Primers for 3 different regions of the ANRIL transcript, exons 9/10, 14/15 and 18/19 were designed as 

described in section 3.4.1.6. Different primers were designed along the ANRIL transcript to determine 

if any regions are processed further. This would be indicated by a lack of expression of one of the 

regions in a given sample. The primers are listed in Table 3.8. Each primer set was optimised for 

solution phase PCR using C33A cDNA as this was one of the highest ANRIL expressors as determined 

using ANRIL2 TaqM an® Assay. Total RNA was extracted using the miRNA isolation kit

(Ambion at Applied Biosystems, Foster City, CA, USA) as described in section 2.2.2. cDNA was 

synthesised as described in section 2.10.3.

PCRs were performed on 3 biological replicates in duplicate. All 3 ANRIL regions were detected in all 

cell lines and in normal cervical RNA (Biochain (Hayward, CA 94545, USA). This is shown in Figure 

3.23. The 9/10 prim er set detected less ANRIL transcript in two of the HaCaT biological replicates. 

After optimisation the 18/19 primer set produced non-specific bands but this was resolved by 

performing a DNA digestion.

Several different regions along the length of the ANRIL transcript can be detected in HaCaT, HeLa, 

C33A and SiHa RNA and in normal cervical RNA (Biochain (Hayward, CA 94545, USA).
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Figure 3.23: Agarose gel electrophoresis of PCR product from ANRIL primers on Cell Lines and 

Normal Cervical RNA (A) Products from ANRIL primer set 9/10 at 127 base pairs. HaCaT biological 

replicate 1 and 3 has less of this transcript (B) Products from ANRIL primer set 14/15 at 115 base pairs 

(C) Products from primer set 18/19 at 125 base pairs, which were subject to DNase digestion prior to 

amplification to reduce non-specific bands.
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3.4.4.4. Evaluation of the ANRIL Transcript in Cervical pre-cancer and Cancer

Selection of cases of formalin fixed paraffin embedded (FFPE) cancer and pre-cancer is described in 

section 3.4.1.2. Total RNA was extracted as described in section 2.2.3. RNA was also extracted from 

HeLa, HaCaT and C33A cell blocks. cDNA was synthesised from 20^1 of extracted total RNA and 

RT-PCR performed as described in section 2.10.3. Extracted RNA was quantified using the nanodrop. 

As quantification of nucleic acids from FFPE material can be unreliable a fixed amount of extracted 

RNA was used in each cDNA reaction.

Commercial ANRIL 2 TaqMan® assay (Table 3.6) was tested on a small sample of cases, using 

GAPDH as the endogenous control. The amount of cDNA in each TaqMan® reaction was varied 

between 5|al, 6|al and 8|al. The only positive results were seen for the RNA extracted from cell blocks 

(Figure 3.24).

ANRIL 2: Cell Blocks 2 Values

c L a FFI’E H/lCATM F f P E  h L a F f I e

0.1

0.01

0.001

0.0001

■  A N R I L 2

Figure 3.24: Successful ANRIL 2 RT-PCR Amplification from RNA Extracted from Cell Blocks 

compared to GAPDH.
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Solution phase PCR was then performed on a small selection of samples using in-house designed 

primers 14/15 and 18/19 (Figure 3.25). This proved successful but not quantitative; consequently a 

probe was designed for the 14/15 primer set. The primer concentration was first optimised using a 

fixed amount of probe. Then the probe was optimised. The final optimised concentrations were 900nm 

of primer and 250nm of probe.

MRIL18/19ANRn. 14/15

Figure 3.25: Amplification of cDNA synthesised from RNA extracted from FFPE cases using ANRIL 

14/15 and 18/19 primer sets (N = FFPE normal cervix, CIN3 = cervical intraepithehal neoplasia grade 

3, s e e  = squamous cell carcinoma, C33A = positive control)

Total RNA from ten cases of histologically normal cervix, ten cases of CIN 1, ten cases of CIN 3, five 

cases of Squamous Cell Carcinoma, five cases of Adenocarcinoma and five cases of cGIN were subject 

to TaqMan® PCR using the exon 14/15 primer probe set. Total RNA was extracted from cell blocks 

and RNA extracted from frozen cell pellets using the 77?(>Vana™ miRNA isolation kit (Ambion at 

Applied Biosystems, Foster City, CA, USA) were used as controls. Data was analysed as described in 

section 2.12.1.
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Using in-house designed ANRIL 14/15 TaqMan® Assay, ANRIL 14/15 was detected in all samples. 

Of the 10 normal cervices, CEN 1 and CIN 3 cases, 5 of each with the best standard deviations between 

biological replicates, were chosen for analysis.

Expression levels in normal cervix were averaged and used to calculate the fold change values

for the cancer and pre-cancer cases. The ANRIL expression levels in the controls were also compared 

to normal cervix (Table 3.12).

Table 3.12: Fold Change in Expression Values on Comparison of Controls to total RNA extracted 

from FFPE Normal Cervix (FC = Fold Change, SD = Standard Deviation).

Sample FC (-1-/- SD)

HaCaT 0.368 (0.328-0.413)

HeLa 1.789 (1.558-2.055)

C33A 0.511 (0.453-0.576)

HaCaT FFPE 0.370 (0.352-0.389)

HeLa FFPE 1.139 (0.992-1.307)

C33A FFPE 2.640 (2.353-2.962)

To obtain an overview of ANRIL expression the cancer and pre-cancer expression levels were also 

averaged and compared to normal cervix (Figure 3.26). CIN 1 and CIN 2 cases had non-significant 

fold change values on comparison to normal cervix. Adenocarcinoma cases also produced a non

significant value on averaging of cases cGIN and Squamous Cell Carcinoma both demonstrated a 

significant increased expression when compared to normal cervix.

Table 3.13 lists the fold change values for all FFPE cases on comparison to normal cervix. There is a 

variation in results on inclusion of the standard deviation values which demonstrates the variation seen
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between biological replicates. Examination of cGE^ FFPE blocks revealed large amounts of stroma in 

each case which may have added to the variation in expression seen.

ANRILl4/15 Average of FFPE cases compared 
to FFPE Normal Cervix

100.000

10.000

1.000
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Cl n
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CGIN Ad( no see

Figure 3.26: Fold Change Values for averaged cases of Cervical Cancer and pre-cancer. The asterisk 

indicates the significant fold change values.

FFPE

CASES

EC +SD -SD

CINl -1.22 -3.02 2.02

CIN3 -1.56 -4.00 1.64

cGIN* 4.16 1.44 12.01

Adeno -1.11 -3.75 3.03

s e e * 2.23 -1.08 5.35

Table 3.13: Fold Change Values for averaged cases of Cervical Cancer and pre-cancer with standard 

deviations. The asterisk indicates the significant fold change values on averaging of 5 cases (FC = Fold 

Change, SD = Standard Deviation).
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ANREL data from cell lines and FFPE cases does not indicate a role for the transcriptional repression 

of pl6INK4A by the ANRIL transcript. A division between ANRIL expression in squamous pre

cancer (CIN I and III) and cervical cancer can be seen, while ANRIL expression may be significant in 

cGIN (glandular pre-cancer). pl6INK4A, pl4A RF and pl5INK4B are known to be over expressed in 

cervical pre-cancer and cancer (Feng W et al., 2007). If the ANRIL transcript regulates this locus 

through a NAT mechanism, the expression of ANRIL should be increased with increasing grade of 

dyaplasia. The significant results in cGIN and SCC may outline a different relationship to ANRIL in 

these dysplastic variants.
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3.5 Discussion

In this chapter a mechanistic investigation of pl6INK4A performed in the pl6INK4A null cell line 

HaCaT and also cervical cancer cell lines, HeLa (HPV positive) and C33A (HPV negative). The 

detection of pl6INK4A mRNA and a distinct lack of protein in HaCaT cells lead to investigation of 

mechanisms of post transcriptional regulation. Firstly the presence of transcripts from the INK4A/ARF 

(pl4ARF/pl6INK4A/pl5LNK4B) were analysed at the polysome. The NAT ANRIL and the miRNA, 

miR-24 were analysed as possible pl6ENK4A post transcriptional regulators. We found the presence 

of all transcripts at the polysome and a possible relationship between miR-24 and pl6INK4A was 

identified in HeLa and C33A cells.

Gene expression data for all cell lines used in this study is available. This was previously performed 

using the ABI 1700 gene expression array system, where total RNA is converted to cDNA and 

hybridised to a microarray containing probes corresponding to validated mRNA sequences. Positive 

hybridisation is detected using a chemiluminescent detection system. Analysis of array data in HaCaT 

compared to HPV negative and HPV positive cell lines was performed using R-bioconducter and the 

AB array package.

On comparison of significant gene expression (p value < 0.05) of HaCaT cells compared to HPV 

negative or HPV positive, using PANTHER (http://www.pantherdb.org/) gene expression tools, 

several significant up and down regulated pathways were found. Only two pathways were significantly 

up regulated in HaCaT Vs HPV positive cells, arginine biosynthesis and 5-Hydroxytryptamine 

degradation. Examination of differences in biological processes revealed several expected results; cell 

cycle, mitosis, chromosome segregation, DNA metabolism, DNA replication and cytokinesis were all 

down regulated significantly in HaCaT on comparison to HPV positive cells. Only two significant 

positive pathways were found in HaCaT cells; nitrogen metabolism and amino acid biosynthesis. 

Positive molecular functions were protease, serine protease and cell junction protein; negative ones 

were microtubule family cytoskeleton/binding motor protein. Compared to HPV negative, the most
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significantly positive pathway, biological and molecular function in HaCaT was plasminogen 

activating cascade, electron transport and structural protein respectively; the most significantly 

negative were GAB A receptor II signalling, B-cell and antibody mediated response (mRNA 

transcription was also significant) and extracellular matrix respectively (zinc finger and KRAB box 

transcription factors were also significant).

Genes important in the pl6INK4A pathway and with positive and negative regulatory roles were 

extracted and analysed. This data is shown in supplementary Table 3.1. As expected there is a greater 

difference in expression values between HaCaT and HPV positive ceil hnes, than HPV negative. The 

down regulation of several cell cycle related genes including, CDC6, geminin and Topoisomarase II a  

on comparison to HPV positive demonstrate the high level of cell cycling in HPV positive tumourgenic 

cell lines. MCMs (involved in licensing DNA for replication) were down regulated on comparison to 

HPV positive but a significant fold change difference was not detected on comparison to HPV 

negative. The negative pl6INK4A regulator, EZH2 was down regulated compared to HPV positive 

with no significant difference seen on comparison to HPV negative. On the other hand, p63, another 

negative regulator, demonstrated the opposite, with up regulation on comparison to HPV negative.

The most significant result is seen for the pl6ENK4A positive regulator SP3 which show a significant 

down regulation (187427 and 177393 fold [2 probes]) in HaCaT compared with HPV positive with no 

significance on comparison to HPV negative. It is interesting to note the cyclin D1 (CCNDl) shows 

up regulation in HaCaT on both comparisons and that p21‘"‘’‘ is up regulated on comparison of HaCaT 

to HPV negative only. The up regulation seen in cyclin D1 indicates the activation of the G l-S 

transition in HaCaT cells. pl6INK4A protein competes with cyclin D1 for binding to CDKs 4 and 6, as 

described in chapter 1. Lack of pl6INK4A protein in HaCaT indicates the activity of cyclin D1 is 

uncontrolled. The up regulation in p21“’’' (described in chapter 1) on comparison of HaCaT to HPV 

negative, indicates different pathways are active in the cell lines.

SPl and SP3 are transcription factors that have been shown to bind to the promoter of pl6INK4A and

induce its transcription. SPl has also been shown to increase pl6INK4A expression in senescent cells
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but did not have a significant fold change difference (Wu J et a i,  2007). They have also been shown 

to activate pl5INK4B and p21‘̂'‘’’ (Pagliuca A, Gallo P, Lania L., 2000). Although a significant down 

regulation of SP3 is seen in HaCaT cells, this is only on comparison to HPV positive cells. The 

presence of pl6INK4A mRNA transcript in HaCaT does not indicate a mode of transcriptional 

repression is occurring. It may rather be that their down regulation is a function of the presence of HPV 

virus. Both SPl and SP3 can bind to a site in the promoter of HPV E6 indicating a role in HPV activity 

in the cell (Apt D et al., 1996).

The analysis of the presence of mRNA at the polysome in cells is a powerful tool. The presence of 

transcripts at the polysome indicates they are being actively transcribed. This however does not 

definitively signify protein production. Initiation of translation can still begin with post transcriptional 

regulation occurring at the polysome. Petersen et ai, (2006) suggest that miRNAs can promote 

dissociation of ribosomes from the mRNA transcript (ribosome drop off) as shown in Figure 3.27.
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ribosome drop-off

Figure 3.27: Ribosome drop off; a mechanism of post transcriptional regulation. miRNAs in the RISC 

complex (associated wdth argonaute) bind to targets in the mRNA transcript causing ribosome drop off 

and decreased protein synthesis (Petersen CP et a i,  2006).

A review by Carthew and Sontheimer (2009) suggest several mechanisms of miRNA associated

translation regulation, including; disruption of cap recognition, disruption of 60S subunit recruitment,

inhibition of circularisation and prom.otion of transcript degradation (Carthew RW, Sontheimer EJ.,

2009). The detection of all transcripts of the INK4A/ARF locus at the polysome indicates initiation of
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translation is occurring but the absence of pl6INK4A protein in HaCaT points to a mechanism of post 

polysomal initiation regulation.

The location of the ANRIL NAT (as described in section 3.1) argued a possible role in regulation of 

the INK4A/ARF locus. Analysis at the polysome does not support this hypothesis in cell lines. Also, 

detection of several different regions of the ANRIL transcript in all cell lines does not indicate the 

further processing of any regions of the transcript. Using the RNA22 algorithm (described in chapter 

4) no miRNA precursors were predicted from the ANRIL RNA sequence [NR_003529.3]. A region 

within the ANRIL sequence was shown to harbour a pl5INKB antisense which silences its expression 

through epigenetic modifications at the promoter region (Yu W et ai,  2008). Our data did not indicate 

a relationship between pl5INK4B and ANRIL as pl5INK4B was transcriptionally active in all our cell 

lines. Examination of the presence of ANRIL in cervical pre-cancer and cancer produced non

significant results in squamous pre-cancer. A possible significant expression was indicated in cGIN 

and s e e .  However a biological connection between ANRIL and the expression of products of the 

INK4A/ARF locus is not clear.

On initial analysis of the HaCaT cell line, using methylation specific PCR, it was found the pl6INK4A 

promoter was not methylated. This is in contrast to what was demonstrated by Chaturvedi V et ai,  

(1999), where methylation was found in the promoter sequence and first exon of the pl6INK4A 

sequence in the HaCaT cell line. In light of this we next examined the pl6INK4A mRNA status using 

TaqMan® RT PCR. The HaCaT cell line was found to be pl6INK4A mRNA positive, producing 

more pl6INK4A transcript then normal cervix but less than the cervical cancer cell lines, HeLa, SiHa 

and C33A. We can therefore state that the HaCaT cell line is pl6INK4A mRNA positive.

To determine the pl6INK4A protein status of the HaCaT cell line, both immunohistochemistry and

western blotting were used. One antibody was used for immunohistochemistry while three different

antibodies were used for western blotting. Performance of immunohistochemistry on cell blocks
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demonstrated mainly pl6INK4A cytoplasmic positivity in C33A cells, both nuclear and cytoplasmic in 

HeLa cells and no positivity was found in HaCaT cells. This indicated a lack of detectable pl6ENK4A 

protein expression in HaCaT cells which was further confirmed on western blotting. As little 

information was available on the exact binding sites of the 3 antibodies used for western blotting their 

specificity was checked, using hEx-1 protein arrays. The MTM antibody (Heidelberg, Germany), clone 

E6H4, used for immunohistochemistry could not be examined on the protein arrays as it is supplied 

pre-diluted. It was found that all other antibodies were binding the same pattern of clones, indicating 

they can all bind to the same epitopes. It is interesting to note that all antibodies used for western 

blotting are no longer available commercially and the E6H4 clone (initially supplied by Dako, but now 

provided by MTM (Heidelberg, Germany)) seems to be the most popular for use on formalin fixed 

paraffin embedded material.

Western results demonstrate the lack of detectable pl6INK4A protein in the HaCaT cell line. All 

western blot tested antibodies detected bands at 18 and 20kDa. The BD Pharmingen (San Diego, CA, 

USA) antibody detected an additional band in all lysates at 30kDa. On contact with BD Pharmingen 

they found they had also detected this band at around 30kDa on some HeLa lysate blots.

Extra banding in protein lysates probed for pl6ENK4A has been reported. On prolonged exposure of

protein lysates from prostatic cells induced into senescence extra bands for pl6INK4A were seen.

They were determined to be novel phosphorms of pl6INK4A that differ in expression between early

passage and senescence (Sandhu C et al., 2000). Two major populations of pl6INK4A were described

by Gump et al in the WI-38 fibroblast cell line that differed in their phosphorylation status. They found

several potential phosphorylation sites that all lay outside the protein’s conserved region (Gump J et

al., 2003). Using 2D-SDS analysis 3 pl6INK4A variants with different isoelectric points of 5.2, 5.4

and 5.6 were found in senescent fibroblasts but they were deemed unlikely to be phosphorylated

(Weebedda WK et al, 2005). It appears that senescence induces expression of different isoforms of

pl6INK4A. Although our HeLa cells were not induced into senescence, the subversion of the cell

cycle by high risk HPV may have affected post-translational modification of the pl6INK4A protein,
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thus producing two pl6INK4A protein variants. It is also possible that some cells are senesencing in 

our population of cells. Re-examination of early optimization blots indicate the 18kDa band could 

consist of 2 bands indicating the presence of 3 pl6INK4A specific bands (Supplementary Figure S3.1) 

as seen by Sandu et al., (2000) (Supplementary Figure S3.2). Unfortunately the size of their bands is 

not reported.

The presence of dimers can be discounted due to the use of SDS and a pl6INK4A complex with 

another binding protein seems unlikely as they would all be a larger size. This may be detecting a non

specific protein with some homology to pl6INK4A. A ClustalW protein blast of pl6rNK4A protein 

sequence did not detect any proteins of corresponding size with significant homology. A previous 

study has described the detection of a variant of the galectin-3 protein by a pl6ENK4A antibody 

(Gump J, Koh J., 2001), which indicates detection of non-specific protein epitopes is possible.

Previous studies have also demonstrated a lack of pl4ARF protein in the HaCaT cell line (Calabro V et 

al., 2004; Munro J et al., 1999). Munro et al., (1999) also demonstrated the lack of detectable 

pl6INK4A protein. This would suggest that there is a blockage of transcription of both transcripts 

maybe in a co-regulatory domain, but the detection of mRNA from both pl6E^K4A and pl4A RF in 

the HaCaT cell line abrogates this theory. It may be that post transcriptional mechanism is blocking the 

translation of both mRNAs into protein.

In light of this, the presence of certain mRNA transcripts was determined at the HaCaT Polysome. This 

is where mRNA is actively transcribed to protein and occurs in the cytoplasm of the cell. Post 

transcriptional regulation of the pl6INK4A transcript has been described recently in HeLa cells. Lai et 

a l, (2008) found a reduced expression of miR-24 with cellular senescence as compared to younger 

cells. pl6INK4A shows the opposite expression which indicated miR-24 may be involved in 

repressing pl6INK4A in young cells. Increasing and decreasing miR-24 expression using pre-miR-24 

and anti-sense miR-24 in fibroblast and HeLa cells showed the expected effect on pl6ENK4A protein 

levels. Using a HA-Agol expressing plasmid and pre-miR-24, followed by immunoprecipitaion (IP),
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pl6INK4A mRNA increased in the HA-Agol IP significantly. Lai et al„ (2008) used an automated 

technique which allowed the analysis of fractions of low molecular weight polysomes and high 

molecular weight polysomes (more actively transcribed mRNA is associated with high molecular 

weight fractions) (Feng Y et al., 1997). On examination of the polysome gradient they did not find a 

major alteration in the distribution of miR-24 on pre-miR-24 transfection but did find a decreased level 

of pl6INK4A protein relative to the control group. They found a modest shift of pl6INK4A mRNA 

occurred toward heavily more active polysomes, which indicates there may be some translation 

initiation suppression. However, miR-24 over expression reduced pl6INK4A at a protein level and not 

an mRNA level, with no change in pl61NK4A mRNA distribution in polysome gradients. This 

suggests the main inhibitory action of miR-24 occurs at the elongation phase (Lai A et al., 2008).

We examined the expression of pl6INK4A, pl4ARF, pl5INK4B, GAPDH (endogenous control), 

miR-24 and let-7a (endogenous control) at the polysome. Firstly on examination of the total RNA for 

all transcripts, the most abundant on normalisation in HaCaT was found to be mir-24, followed by 

pl61NK4A, pl5INK4B and pl4ARF; in HeLa the most abundant transcript detected was miR-24, 

followed by pl6INK4A, pl4ARF and pl5INK4B; in C33A the most abundant transcript was 

pl6INK4A, followed by mir-24, pl4A RF and pl5E'IK4B. The comparison between the detection of 

miRNAs to mRNAs may not be entirely accurate due to the use of different normalisers but we can say 

there is a high level of miR-24 transcript present when normalised to let-7a.

On extraction and analysis of polysomal RNA, all transcripts were found to be present at the polysome. 

Generally C33A and HeLa had higher levels of pl6INK4A and pl4A RF mRNA transcript at the 

polysome than HaCaT cells. HeLa cells were found to have the most pl5INK4B transcript at the 

Polysome. miR-24 was found to have a more variable level of expression between biological 

replicates. The HeLa cell line showed the most variability in mRNA and miRNA levels at the 

polysome. Variation between individual replicates would be expected, as transcripts at the polysome 

represent the level of translation in a cell at a given time and this can vary naturally.
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On examination of tiie normalised data for each biological replicate a possible reciprocal relationship 

as described by Lai et a i ,  (2008), was observed in HeLa and C33A polysome extracts but not in 

HaCaT. This suggests pl6INK4A is controlled at the polysome by miR-24 in HeLa and C33A cervical 

cancer cell lines but not in the HaCaT keratinocyte cell line.

Another mechanism of post transcriptional regulation was also examined: Natural Antisense 

Transcripts (NATs). We decided to examine the NAT ANRIL due to its proximity to the INK4A/ARF 

locus. It is also located on the sense strand whereas the INK4A/ARF locus is present on the antisense 

strand. We initially examined the ANRIL transcript using TaqMan® RT PCR. Two assays were 

commercially available which were designated ANRIL 1 and ANRIL2. ANRIL 1 detects a region of 

crossover between exon 2 and 3 and ANRIL2 detects a region at exons 1 and 2. We did not detect 

ANRIL 1 in normal cervical RNA (commercial) and this primer probe set did not produce consistent 

results. We therefore used the ANRIL2 primer probe set in our experiments. On normalisation to 

GAPDH the ANRIL2 transcript was detected at a low level in all cell lines; the lowest level being 

detected in SiHa cells. ANRIL2 was detected at the polysome but in low amounts and no significant 

relationship could be seen between ANRIL2 levels at the polysome and the levels of other members of 

the INK4A/ARF locus at the polysome. On examination of the fold difference between total RNA and 

polysomal RNA, only HeLa cells showed a significant result with a greater level of transcript in total 

RNA when compared to the polysome. From this we can ascertain there are low levels of ANRIL2 

transcript in all the cell lines and it can also be detected at the polysome.

Although initially thought as an excellent model for the analysis of pl6INK4A competent Vs non

competency, examination of the HaCaT cell hne has posed more questions than answers. Our results 

demonstrate the presence of pl6ENK4A message by TaqMan® PCR but a distinct lack of detectable 

protein by western blotting and immunohistochemistry. The pl6INK4A protein has a half life of 

around 10 hours (Ha TU et al., 2000). The use of several different pl6INK4A antibodies and their 

validation by protein array also strengthen the argument for the HaCaT p 16INK4Aprotein null status.

The CDC6 protein was recently described as having the ability to suppress expression of the
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INK4A/ARF locus through heterochromatisation of the upstream RD or regulatory domain. We also 

examined the status of CDC6 mRNA using TaqMan RT® PCR. Our results did not indicate a 

regulatory role for CDC6 in the HaCaT cell line on comparison to cervical cancer cell lines.

The HaCaT cell hne can now be designated as pl6ENK4A protein incompetent whereas the cervical 

cancer cell lines are pl6INK4A protein competent. The HPV positive cervical cancer cell lines have a 

significant over expression of pl6ENK4A message and protein thought to be due to the disruption of 

the Rb/E2F pathway by the HPV E7 oncoprotein. The C33A cervical cancer cell line although HPV 

negative produces significantly more pl6INK4A message and protein on comparison to normal cervix 

but not more than the HPV positive cell lines. On comparison, immunohistochemically we can see the 

C33A cells produce a predominantly cytoplasmic pattern with a weaker intensity of staining where as 

the HeLa cell line shows strong intensity cytoplasmic and nuclear staining. The pl6INK4A protein is 

a nuclear protein. The cytoplasmic staining seen in HeLa cells could be explained by the excess 

production of protein resulting in export to the cytoplasm. The general cytoplasmic and lack of nuclear 

staining in the C33A cell line cannot be as easily explained. This cell line was propagated from a HPV 

negative cervical cancer and therefore the cancer developed in a HPV independent fashion. It contains 

a point mutation in p53 and also has an Rb protein abnormal in size. This is due to an in frame 

delection in exon 20 of the Rb gene (Scheffner M et al., 1991). Although this may explain in some part 

the possible mechanism of HPV independent carcinogenesis, it provides no clue as to why the 

pl6INK4A protein found is mainly cytoplasmic.

The lack of p 16INK4A protein and the presence of its transcript indicate the presence of a mechanism 

of pl6ENK4A post transcriptional regulation in the HaCaT cell line. Investigation at the Polysome of 2 

possible mechanisms; miR-24 and ANRIL yielded negative results in HaCaTs. Both HeLa and C33A 

polysome analysis determined the presence of a possible reciprocal relationship between pl6ENK4A 

and miR-24 was found. However this would require validation by also looking at the protein status of 

all cell lines at the polysome and in total RNA. Functional studies as performed by Lai et al., (2008)

137



Chapter 3 Mechanistic Investigation of pl6INK4A

examining the effect of miR-24 up and down regulation on pl6INK4A mRNA expression would also 

determine if a relationship exists between miR-24 and pl61NK4A in our HeLa and C33A cell lines.

Due to the size of the ANRIL transcript, we next decided to design primers to detect other regions 

along the transcript; namely over exons 9/10, 14/15 and 18/19. This was performed to exclude the 

possibility that a region within the ANRIL transcript is processed further in any cell line. All ANRIL 

regions were detected in all cell lines, including commercially available normal cervical RNA. We next 

determined to examine the ANRIL transcript in RNA extracted from formalin fixed paraffin embedded 

cervical cancer and pre cancer. We first tested a small subset of FFPE extracted samples using the 

commercially available primer and probe sets. Detection of ANRDL transcript was only achieved in 

RNA extracted from cell blocks. Successful amplification of ANRIL was achieved using TaqMan® 

PCR in FFPE cases using in house design primer 14/15 and probe. ANRIL was detected in all cases of 

CINl, CIN3, cGIN, s e e  and adenocarcinoma. On comparison to normal cervix only 4 out of 5 cases 

of s e e  and cGlN showed a significant fold change value. In the case of See, this was just over the 

threshold for biological variation which means it is probably not significant to the pathology of S e e .

In cGIN the highest fold change was 8.5, but on re-examination of the tissue blocks there was a large 

amount of stroma in all which may have confounded the results.

The expression pattern of ANRIL at the polysome, in cell lines and in FFPE cases does not indicate a 

role for ANRIL in control of pl6INK4A mRNA or the INK4A/ARF locus in the cell lines and samples 

examined. pl6INK4A, pl4ARF and pl5INK4B are known to be over expressed in cervical pre-cancer 

and cancer (Feng W et a i ,  2007). If the ANRIL transcript is a negative regulator of pl6INK4A or the 

entire locus, its expression would be coupled to that of the products of the locus indicating a repressive 

role. This however does not exclude the possibility that ANRIL may be involved in the regulation of 

this locus in other non-cancerous cell types.

The ANREL transcript was found in all cell lines using both TaqMan® and solution phase PeR. We 

can say that the ANRIL transcript is present in cervical pre-cancer and cancer and that its expression is
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variable in SCC and cGIN. Its role in the biogenesis of cervical carcinogenesis or as a biomarker of 

pre-cancer is not clear as determined by our results.

The up regulation of pl6INK4A in high risk HPV positive cervical neoplasia, albeit in a non

functional capacity (unable to function as a cyclin dependent kinase inhibitor), provides a considerable 

aid in cervical cancer screening. Although the HPV virus is thought to indirectly cause its over 

expression, HPVs affect on post transcriptional regulation of the protein and on possible RNA 

regulators is not known. The pl6INK4A protein has a role in senescence and aging which would also 

need to abrogated by the HPV virus. Cells that are HPV positive are continuously cycling and do not 

age in the conventional sense. It has been suggested that the pl6INK4A protein undergoes different 

post transcriptional modifications (changes in phosphorylation and variation in isoelectric points) in 

aging which may enhance its cyclin dependant kinase activity (Sandhu et al., 2000; Weebadda at al., 

2005). We also detected additional pl6INK4A specific bands on western blotting. The HaCaT cell line 

is an immortal yet non-tumourigenic cell line. It may be that his mechanism of immortalisation 

involved bypassing of the pl6INK4A pathway on cell aging, thus resulting in no pl6INK4A protein 

production. We now know that this blockage is likely not to be due to the action of miR-24 or the NAT 

ANRIL. It may be that another small RNA is acting to suppress translation of pl6INK4A mRNA in the 

HaCaT cell line and thus contributing to the immortal phenotype of the cell. The possible role of other 

miRNAs is investigated in chapter 4.
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Chapter 4 miRNA Expression Profiling

4.1 Introduction

MicroRNAs are a family of small RNA m.olecules approximately 22 nucleotides in length. The first 

miRNA lin-4 was discovered in C.elegans in 1993 and since then many more have been characterized 

in several organisms including mammals (Lee RC, Feinbaum RL, Ambros V., 1993). miRNAs are 

thought to function in the sequestration and degradation of messenger RNAs by RNA mediated 

mechanisms of gene silencing. They are also thought to be involved or controlled by epigenetic 

alterations (Lujambio A et al, 2007; Lujambio A et a i, 2008).

MicroRNAs are generated through a stepwise process which occurs in both the nucleus and cytoplasm 

(Figure 4.1). miRNAs have been found to be coded for in both intronic and exonic regions (Kim YK, 

Kim VN„ 2007).

A pre or precursor hairpin miRNA is first generated in the nucleus, and is approximately 60nts in 

length. This pre-miRNA is initially generated as part of a longer primary transcript known as the pri- 

miRNA, which has a 5’ 7-methyl guanosine cap and a 3’ poIyA tail. This is thought to occur through 

the action of RNA polymerase II (Zeng Y., 2006). In the nucleus the pre-miRNA is generated through 

interaction with the microprocessor complex which contains Drosha, an RNase III like enzyme and its 

co-factor DGCR8, also known as Pasha, a double stranded RNA binding protein. Drosha contains 2 

RNase II domains, one is thought to cut the 3’ end of the pre-miRNA while the other cleaves the 5’ 

strand (Han J et al., 2004).
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M i c r o R N A  P R O C E S S I N G

Ti«mcr4plnn

Figure 4.1: miRNA Processing Pathway. miRNAs are processed both in the nucleus and the 

cytoplasm. The mature miRNA can be taken from either strand o f the 22nt duplex generated by Dicer. 

If one strand is known to be predominantly selected, the less dominant miRNA is labelled with an 

asterisk. If the predominant miRNA has not been identified they are labelled as 3p (from 3’ arm) and 

5p (from 5 ’ arm). miRNAs can function in mRNA degradation and translational repression. 

(http://www.m arligen.com /litebox/m icrom a-processing.jpg)

An alternative pathway of miRNA biogenesis, known as the Mirtron pathway, has also been described 

(Ruby JG et al., 2007; Berezikov E et a/.,2007). This is where cleaved intronic regions which can form 

short intronic hairpins which can mimic the characteristics of pre-miRNA and therefore enter the 

miRNA pathway, bypassing Drosha cleavage. Drosha cleavage results in generation of a stemloop with 

a 5’ phosphate and a 2 nucleotide 3’ overhang. The stemloop is known as the pre-miRNA and is 

exported from the nucleus by Exportin 5 and its co-factor Ran-GTP (Bohnsack M T, Czaplinski K, 

Gorlich D., 2004). Once in the cytoplasm the OTP is hydrolysed and the pre-miRNA released (Zeng 

Y., 2006).

The pre-miRNA is further processed in the cytoplasm by Dicer, another RNase III endonuclease,

which cleaves the double stranded region around 20 nucleotides away from the 3 ’ overhang producing
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a 5 ’ phosphate and 2 nucleotide 3’ overhang (Zeng Y, Cullen BR,. 2006). The activity of Dicer 

produces a 22 nucleotide duplex containing the mature miRNA. This duplex is imperfectly paired with 

G:U wobble pairs and nucleotide insertions (Singh SK et al., 2008).

After cleavage Dicer, and its associated proteins dissociate from the complex. The duplex must now be 

unwound to produce a functional miRNA. The duplex could potentially give rise to 2 miRNAs, 

although the strand with its 5 ’ end at the lowest thermodynamic stability is generally selected as the 

mature strand (Singh SK et al., 2008). However studies have shown that both strands can act as 

functional miRNAs in some tissues and may be subject to strand selection in other tissues (Ro S et al., 

2007; Okamura K et al., 2(X)8).

The mature miRNA is now in a complex known as RISC (RNA Induced Silencing Complex) 

containing the argonaute protein which is considered to be the core component of the complex. 

miRNAs are thought to down regulate gene expression in two ways; induction of miRNA degradation 

or by translational repression. It is thought that perfect miRNA complementarity results in target 

degradation while an imperfect match results in repression (van den Berg A, Mols J, Han J., 2008).

The general consensus is that miRNAs exert their mRNA specific function through com plem entarity in 

the targets 3 ’UTR. A noted important feature is miRNA nucleotides 2-8, also known as the seed 

region, which is central in target recognition, although most miRNAs bind with bulges and mismatches 

(Carthew RW and Sontheimer EJ., 2009).

miRNA isoforms or families have also been identified. This can be where mature miRNAs differ in 1-3 

nucleotides (these miRNAs are designated using different letters) or identical mature miRNAs are 

produced from different genes, generally located on different chromosomes (these are identified by 

number) (Jiang J et al., 2005). Single nucleotide polymorphisms or SNPs in miRNAs (pre or mature) 

and miRNA targets may also play an important role in the determination of miRNA function. A SNP 

in miR-146a has been shown to predispose to papillary thyroid cancer (Jazdzewski K et al 2009).
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So far the majority of studies have described miRNA function in the negative regulation of mRNA 

transcripts. However, we should also consider possible positive regulatory roles. It is now thought that 

small RNAs may also play a role in the activation of promoter sequences on DNA analogous to 

transcription factors (Place RF et al., 2008; Vasudevan S, Tong Y, Steitz JA., 2007). The miRNA, 

miR-373 had been shown to induce the expression of 2 genes, E-cadherin and CSDC2 by targeting 

specific sites in their gene promoters (Place RF et al., 2008). Another idea is that miRNAs oscillate 

between target up regulation that down regulation dependant on phases of the cell cycle. Vasudevan S 

Tong Y and Steitz JA (2007) looked at the interaction of miRNAs with AU-rich elements (AREs). 

They determined that on cell cycle arrest (serum starvation), a ribonucleoprotein complex is recruited 

to the ARE in TNF-a under the direction of miR-369-3 and that the protein complex contains Ago and 

fragile X mental-retardation related protein (FXRl). On induction of cell proliferation the complex, 

minus FXRl protein, guided by miR-369-3 was found to repress translation. The same association was 

found with let-7 and high mobility group A2 (HMGA2) (Vasudevan S, Tong Y, Steitz JA., 2007). The 

lack of detectable FXRl protein in the repressive complex is interesting, this suggests miRNAs work 

in tandem with ribonucleocomplexes and the components of the complex may play a role in 

determining the function of the complex and associated miRNA. miRNAs have also been shown to 

positively regulate mRNA translation to protein. miR-lOa interacts with the 5’UTR of mRNAs 

encoding ribosomal proteins and acts to enhance their translation (0rom  UA, Nielsen FC, Lund AH., 

2008).

Several on hne database resources are available for miRNA target prediction. Many consider species 

conservation and seed pairing. Moderately stringent seed pairing, allowing a mismatch or wobble base 

pair have been found to perform better than expected by chance. Databases referred to in this study 

include miRBase, TargetScan, PicTar, miRGator, RNA22, microRNA.org and miRGen. miRBase, 

TargetScan, PicTar and miRGator are used for target prediction (miRNAs to mRNA and vice versa). 

RNA22 is used as a tool for miRNA target prediction to mRNA. It does not use cross-species
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conservation and is not limited to the 3’UTR. miRGen , microRNA.org and PANTHER were used for 

gene and pathway predictions. An explanation of the algorithms involved in these databases is beyond 

the scope of this thesis but an overview is provided by Bartel DP (2009). Constraint to 3’UTR 

targeting and seed region may be a downfall of target prediction sites. If as found by Tay et a l ,  (2008) 

targeting in the coding region as well as the 3’UTR and a less stringent constraint to seed region 

complimentarity is the norm rather than the exception, miRNAs may be found to play a wider role in 

regulation in the cell.

miRNAs are involved in the regulation of many biological processes and malignancies. They function 

in stem cell differentiation and maintenance, regulation of the cell cycle and inflammation (Gangaraju 

VK, Lin H., 2009; Wang Y et a/.,2009; Felli N et a/.,2005; Linsley PS et a l, 2007; Liu Q et al., 2008) 

to name but a few.

A role for miRNAs in the development and progression of human cancers has been established. They

can act as tumour suppressors or oncogenes and can be dysregulated through events such as deletion,

mutations, amplification and epigenetic events. Errors in miRNA processing either through pri-

miRNA sequence variations or problems in the miRNA processing machinery are yet to be understood.

Calin et al., (2004) demonstrated that >50% of miRNA genes are located at regions of amplification,

loss of heterozygosity, common breakpoint regions and at fragile sites (Calin GA et al., 2004). They

have also been described in prostate, gastric, breast and colon cancers (Bonci D et al., 2008; Petrocca

F, Vecchione A, Croce CM., 2008; lorio MV et al., 2007; Sempere LF et al., 2007; Ma L et al., 2007;

Bandres E et al., 2006; Micheal MZ et al., 2003; Akao Y et al., 2007; Guo C et al., 2008).

There are relatively few studies analyzing the role of miRNAs in cervical pre-cancer and cancer, with

no studies so far solely addressing glandular lesions. These studies also present with an interesting

variable, the presence of the HPV virus. (Muralidhar B et al., 2007; Scotto L et al., 2008; Lui WO et

al., 2007; Wang X et al., 2008; Martinez I et al., 2008; Lee JW et al., 2008). A common result seen is

the down regulation of miR-143 and miR-145 in cervical cancer compared to normal (Wang X et al.,
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2008; Martinez I et al., 2008). Lui et al., (2007) found miR-143 down regulated also but Lee et al., 

(2008) found miR-145 to be up regulated in invasive SCC.

Wang et al., (2008) cloned and sequenced small RNAs from the HPV 16 positive cell line CaSki.

Small RNAs were directionally cloned (Pfeffer S, Lagos-Quintana M, Tuschl T., 2005) and sequenced 

from both directions using M l3 primers (Wang X et al., 2008). They identified 174 miRNAs including 

a novel miRNA, miR-193c. Liu et a l, (2007) using a similar technique, found 17 novel miRNAs, 14 

from cervical cancer cell lines and 3 from normal cervix. It is of significant interest that neither of the 

sequencing studies (Wang X et al., 2008; Lui WO et al., 2007) found any indication of possible HPV 

derived miRNAs.
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4.2 Study Aims

The miRNA section of this thesis is composed of two parts:

• Possible post-transcriptional Regulation Mechanisms:

From our mRNA and protein expression work we have determined that pl6INK4A is post 

transcriptionally regulated in the HaCaT cell line. As miRNAs are a major mechanism of post 

transcriptional regulation, we have compared their expression in HaCaT (pl6INK4A protein 

incompetent) and pl6ENK4A competent cell lines. We hypothesised miRNAs up regulated in 

HaCaT and down regulated in pl6ENK4A competent cell lines were putative pl6INK4A 

regulators. We propose to screen such miRNAs for positive binding to pl6ENK4A miRNA using 

current prediction algorithms.

Also, miRNAs predicted to target pl6ENK4A message, using current available miRNA target 

prediction algorithms were determined. These miRNAs were also analysed in a pl6INK4A 

competent Vs non-competent manner.

• miRNA profiling of Cervical Cancer:

The second part of the miRNA analysis involved examination of the miRNA profile of HPV 

positive and negative cervical cancer cell lines in comparison to normal cervix and miRNA 

expression in HPV positive compared to HPV negative cervical cancer cell lines. Dysregulation of 

miRNAs has been found in many different types of cancer and are emerging as a new molecular 

biomarker. They may play a role as oncomirs or tumour suppressor miRNAs in cervical cancer. 

Their function may also be affected either directly or indirecdy by the presence of HPV and the 

activity of its oncoproteins E6 and E7.

The comparisons performed in the following results sections contain many variables that cannot be 

accounted for; melanoma, HPV, (HPV 16 and HPV 18), cervical cancer (HPV positive and 

Negative) and normal cervix, in addition to the pl6INK4A protein incompetent and competent

148



Chapter 4 miRNA Expression Profiling

states. Many expression studies assume univariation in their analyses when there are in fact 

multiple denominators which can affect the outcome of the analyses.

During this study we have noted where our data correlates with previously published studies 

(Table 4.14), thus strengthening our results through association.

In the case of section 4.4.3, which looks for potential regulators of pl6Ev[K4A transcript, 

comparison of miRNA predicted hybridization to pl6INK4A and evaluation of their expression is 

used to add strength to this section.
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4.3 Materials and Methods 

4.3.1 cDNA Synthesis and pre-ampUfication

Total RNA was extracted from HeLa, SiHa, HaCaT and C33A cell pellets using the m/rVana miRNA 

isolation kit (Ambion at Applied Biosystems, Foster City, CA, USA) as described in section 2.2.2. The 

TRIzol and Qiagen extraction method were also evaluated as described in section 2.2.1 and 2.4.4. 

Commercially sourced normal cervical total RNA (Biochain (Hayward, CA 94545, USA)) was also 

used. This is not an ideal control as it contains stromal elements but does allow a comparison to normal 

to be made. cDNA was synthesised as described in sections 2.11.2 and 2.11.3. TaqMan® PCR using 

Low Density miRNA Arrays were performed as described in section 2.11.4 and 2.11.5.

4.3.2 Verification of Sample Integrity

MicroRNA amplification from total RNA extract was verified using TaqMan® primer and probe for 

the miRNA, miR-16 (Applied Biosystems, Foster City, CA, USA). Each sample converted to cDNA as 

described in section 2.11.2 and 2.11.3 and assayed in triplicate as described in section 2.10.3.

4.3.3 Relative Quantification Analysis

Human TaqMan® Low Density Array Card A was analysed using the SDS Version 2.3 and RQ 

manager Version 1.2. The threshold and baseline settings were set for each detector and appHed to all 

samples and replicates. Individual wells were checked in SDS Version 2.3 for probe degradation. The 

fold changes were calculated using Real-Time Statminer™ software from Integromics (Madrid,

Spain). Using incorporated Gennorm and Normfinder programmes Statminer selected MammU6 as 

the most consistent endogenous control and this was therefore used to normalise TaqMan® Low 

Density Array data. Parameters were set to eliminate detectors which had a positive result in only 1 of 

3 biological replicates.
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Relative quantities of the target were calculated using the following formula as described in 

section 2.12.1. Statminer software also performed T-tests separating results into significant (p-value 

<0.05).

4.3.4 Analysis of Significant mlRNAs

Analysis of miRNAs was performed using several on line resources. Firstly a list of genes predicted to 

interact with each miRNA was generated using the miRGen (version 3) on line resource 

(http://www.diana.pcbi.upenn.edu/miRGen/v3/miRGen.html). If the miRNA was not in this database, 

it was input into microRNA.org (http://www.microma.org/microma/home.do) and the top 100 genes 

predicted to interact with the miRNA input into excel. To determine the functions of genes, the gene 

expression tools from PANTHER (Protein ANalysis THrough Evolutionary Relationships) were used. 

This was accessed at http://www.pantherdb.org/tools/compareToRefListForm.jsp, and allows 

comparison of genes of interest to a reference list of all known genes. This is then split into molecular 

function, biological process, or pathways based on your gene list. The database allows you to input a P 

value. So results are only called significant if a significant number of your genes compared to the 

reference list are found in a particular known molecular function, biological process, or pathway.

The miRGator resource (http://genome.ewha.ac.kr/miRGator/miRNAexpression.html) was also used 

when examination of miRNA families was required, as this database allows the input of several 

miRNAs to produce a list of commonly regulated genes. miRGator is described in section 4.3.6.

4.3.5 Prediction of Target sites using RNA22

The RNA 22 algorithm (http://cbcsrv.watson.ibm.com/ma22.html) was used to predict binding sites 

within the mRNA of pl6INK4A and pl4A RF (both have a similar sequence at mRNA level). The 

“predict miRNA targets” interface was used. This was performed on miRNAs (common to databases 

searched) predicted to target pl6INK4A only and pl6INK4A and pl4ARF. The miRNA sequences 

were obtained from miRBase sequences (http://microma.sanger.ac.uk/sequences/index.shtml) and the 

mRNA sequence from NCBI nucleotide.
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RNA 22 is an algorithm that identifies putative miRNA binding sites and their corresponding 

heteroduplexes (Miranda KC et al., 2006). To identify target islands, RNA22 identifies patterns, which 

are conserved sequence features of miRNAs. The reverse complement of these patterns is then 

identified in target sequences. This allows the location of conserved miRNA sequence elements in the 

target of interest and thus putative binding sites. The identification of one pattern is allocated a vote of 

+ 1, a region composing of > 30 votes is designated a putative binding site. Regions of 22 nucleotides 

(designated R) are considered but regions to the left and right are also included (amounts to 36 

nucleotides in total).

Once putative target islands are identified a linker (GCGGGGACGC) is inserted between them to 

allow formation of a heteroduplex. A linear sequence is required to predict folding energy (Stark A et 

al., 2003). The Vienna package is used to then predict the heteroduplex structure and its folding 

energy. Three parameters can be adjusted by the end user in RNA22; M -  the minimum required 

number of base pairs between miRNA and target (set at 14), G -  the maximum allowed number of 

unpaired base pairs in the seed region (set at 1) and E -  the algebraically maximum allowed free 

energy in Kcals/mole (set at -20Kcal/mole, the linker adds -5.6kcal/mole). RNA22 also poses no 

restrictions on the number of G:U (wobble base pairs) in the seed region. It does not rely on cross 

species conservation and is not limited to prediction of binding in the 3’UTR. Its algorithm is rather 

based on the presence of several distinct statistically significant patterns. Experiments to validate the 

power of RNA22 have shown that regions identified with > 1 G;U pair can still lead to a substantial 

repression of miRNA target as they have also demonstrated that heteroduplexes with bulges on the 

miRNA side can still lead to repression .
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4.3.6 Prediction of miRNAs that may interact with pl6INK4A mRNA

Several on line resources were used to generate a list of miRNAs which may possible target the 

pl6INK4A (NM_000077) transcript.

I. miRBase version 5 - http://microma.sanger.ac.uk7targets/v5/

II. miRGen version 3 - http://www.diana.pcbi.upenn.edu/miRGen/v3/miRGen.html

III. miRGator - http://genome.ewha.ac.kr/miRGator/miRNAexpression.html

rV. TargetScan version 5 - http://www.targetscan.org/vert_50/

The gene identification was initially searched -  CDKN2A. Then, where allowed, the mRNA 

pl6INK4A (NM_000077) and pl4ARF (NM_058195) were input individually. The results were 

collected and sorted in Excel.

Each database selected targets based on slightly different criteria. miRBase uses a web resource known 

as microcosm and miRNA sequences are obtained from miRBase sequences, with genomic sequences 

collected from EnsEMBL. miRNAs must be conserved within at least two species to be included in the 

database. Alignment of sequences provides a scoring system with 0 indicating no complimentarity and 

100 indicating complete complementarity. It also requires an exact seed region match. The 

thermodynamic stability of the duplex is also assessed in RNAFold. (Enright AJ et ai, 2003; Griffiths- 

Jones S et ai, 2006).

miRGen provides a union of several databases in its targeting algorithm. Experimentally supported 

miRNA targets are accessed from DIANA lab Tarbase, and predicted miRNA targets are accessed 

from PicTar, Target Scan, miRanda and Diana micro-T programme (Megraw M et ai, 2006). This 

provides a comprehensive list of possible genes of interest and miRNA targets.

Target Scan predicts miRNA targets by searching for the presence of 8 and 7mer sites in the mRNA 

that match the miRNA seed region. Matches to 3’UTRs are defined by UCSC whole genome
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alignments. It also considers features of the site that may boost its efficiency e.g. AU rich nucleotide 

composition near site, near to sites with co-expressed miRNAs, proximity to residues pairing to 

miRNA nucleotides 13-16 and if the position within the 3’UTR is at least 15 nucleotides away from 

the center of a long UTR (Crimson A et ai, 2007). Target scan allows mismatches in the seed region 

when there is conserved 3’pairing as this provides a compensatory effect (Friedman RC et ai, 2009).

miRCator is similar to miRCen, in that it integrates several databases: miRanda, PicTar and Target 

Scan. miRGator also provides links to pathways through interfacing with gene ontologies, KEGC, 

GenMAPP, BioCarta and disease ontology of Ingenuity Pathway Analysis (Nam S et al., 2008).
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4.4 Results

4.4.1 RNA for miRNA expression analysis

To obtain meaningful results from miRNA analysis, the concentration and quality o f miRNA extracted 

from cell lines was determined using the m /rVana miRNA isolation kit (Ambion at Applied 

Biosystems, Foster City, CA, USA), TRIzol (Invitrogen, Life Technologies Incorporation, California, 

92008) and the RNeasy Midi Kit from Qiagen (Qiagen, Fleming Way, Crawley, W est Sussex, RH 10 

9NQ, UK). Agarose gel electrophoresis determined the m /rVana kit demonstrated the best 

concentration of small RNAs. This was previously shown in chapter 3 section 3.4.2.1.

Amplification of pre-amplified miRNAs prior to loading of TaqM an® Low Density miRNA Array 

Cards was performed using a TaqM an® miR-16 assay (Applied Biosystems, Foster City, CA, USA). 

The baseline was set at 3-5 and the threshold (Ct) at 0.17. These settings are different to those set for 

the TLDAs. This is because a standard TaqM an does not require pre-amplification and uses a different 

reaction volume. Each sample produced amplification (Figure 4.2) for miR-16 and negative controls 

remained undetected.
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miR-16Test Sample averages
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Figure 4.2: The Ct average of each cell line and normal cervix, for miR-16, showing the standard 

deviation between biological replicates. This verifies the sample integrity including successful 

amplification of miRNAs and no contamination, due to negative results in all negative controls.

Prior to analysis of miRNA profiles in all cervical cell lines, HaCaT and normal cervix, a small subset 

of samples were tested on the arrays to confirm technical reproducibility. Total RNA extracted from 

HeLa cells was assessed in duplicate on two TaqMan® Low Density miRNA Arrays. On comparison 

of results, a good concordance was seen (Figure 4.3). The correlation co-efficient across both arrays 

was 0.94 with a p value of 0.07.
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Figure 4.3: Scatter plot of comparing two technical replicates using the TaqM an® Low Density 

miRNA Arrays dem onstrating a linear relationship.

4.4.2 TaqM an® Low Density miRNA Array Quality Control

Three biological replicates of each cell line were performed, along with commercial total RNA from 3 

normal cervices. Biological replicates showed good concordance. Figure 4.4 provides a visual display 

of the distribution of ACt values across replicates. Variation is seen between normal cervical samples. 

This total RNA was sourced commercially and was therefore subject to different extraction methods 

and also contains stromal elements. In addition, a larger variation between biological replicates from 

different individuals would be expected, than that seen in cell lines.
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Figure 4.4; Box plot demonstration of the distribution of delta Ct values across biological replicates. 

Variation between SiHa replicates is due to a TLDA card fault (One of the rows of the card was faulty 

and did not amplify in any well).

Clustering analysis of all samples and replicates (Figure 4.5) demonstrates the most significant 

difference between normal cervix and SiHa. HeLa shows a slightly better correlation with C33A and 

HaCaT than normal cervix or SiHa.
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C t .s ih a l  1

Figure 4.5: Heat map showing correlation between samples, red indicates a good correlation while 

green indicates a lack of correlation.
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4.4.3 Analysis of miRNAs as a possible mode of pl6INK4A post transcriptional regulation in the 

HaCaT cell line

Aim: The aim of this analysis was to determine if miRNAs represent a possible mode of pl6ENK4A 

post transcriptional regulation in the HaCaT cell line. HaCaT, HeLa, C33A, SiHa and normal cervix 

were subjected to miRNA profiling using TaqMan® Low Density miRNA Arrays. In this part of the 

study, each cell line and normal cervix was compared to HaCaT to determine possible significant 

miRNAs. Identification of all miRNAs differentially expressed between the pl6INK4A incompetent 

and competent cell lines was performed. This also allows the characterisation of differences between 

the cell lines. For examination of possible pl6INK4A post transcriptional regulators, patterns of 

miRNA expression were examined; possible pl6INK4A negative regulators would be up regulated in 

HaCaT compared to HeLa, SiHa and C33A and the opposite for putative positive regulators.

Overview: We have determined that post transcriptional repression of pl6INK4A in the HaCaT cell 

line is associated with the specific expression of 26 miRNAs. Of these miR-9 is predicted to bind to 

pl6INK4A mRNA. Further analysis putatively identified 7 negatively and 9 positively regulating 

miRNAs. Current prediction algorithms identified no positive hybridisation between these miRNAs 

and pl6INK4A. This suggests a novel mechanism of post transcriptional regulation, which may 

involve indirect regulation of pl6ENK4A message by miRNAs.
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4.4.3.1 miRNA Expression Profiling: HaCaT comparison

miRNA patterns of expression in HaCaT (pl6IN K 4A  protein incompetent) was compared to that of 

cervical cell lines and normal cervix. This comparison is shown in Figure 4.6. Comparing the miRNA 

expression pattern of p l6IN K 4A  non competent to competent cells revealed a panel of 26 miRNAs 

significantly expressed (both up and down regulated) in HaCaT (Supplementary Table S4.1). 

Comparing each sample to HaCaT individually, C33A had 132 miRNAs common to both and 10 found 

in HaCaT only; HeLa had 129 miRNAs common to both and 7 in HaCaT only; SiHa had 69 miRNAs 

common to both and 16 in HaCaT only; Normal cervix had 199 miRNAs common to both and 2 in 

HaCaT only.

O f the miRNAs found expressed in HaCaT only miR-492 was not found in all calibrators and miR-504 

was not detected in all cervical cancer cell lines. Neither are predicted to interact with pl6IN K 4A  

mRNA.
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Figure 4.6: Venn Diagram demonstrating the significant miRNAs detected (p value > 0.5) on 

comparison of HaCaT to each ceil line and normal cervix.

4.4.3.2: 26 miRNAs are Common to all cell lines on comparison to HaCaT

Of the 26 miRNAs, only 1 is predicted to interact with pl6INK4A using current prediction algorithms; 

miR-9. All 26 miRNAs were input into the RNA 22 algorithm as described in section 4.3.5.

miR-193a-5p and miR-145, as well as miR-9 were predicted to interact with pl6INK4A mRNA. miR- 

145 shows down regulation in expression on comparison of HaCaT to HeLa and normal cervix and an 

up regulation in C33A and SiHa , while miR-9 expression is up regulated in HaCaT on comparison to 

HeLa only. Expression of miR-193a-5p is down regulated in all cell lines and normal cervix indicating 

a possible positive regulatory role. The differential expression of these miRNAs indicates they are 

associated with the pl6INK4A protein incompetent phenotype and may be exerting an indirect effect 

on pl6INK4A.
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To determine if any of these miRNAs were putative 16INK4A regulators their pattern of expression 

was examined. As expression of miRNAs in HaCaT compared to normal cervix was generally down 

regulated, focus was put on the expression pattern seen in the cell hnes.

Of the 26 miRNAs, expression of a putative negative regulator of pl6INK4A would be expected to be 

decreased in HeLa, SiHa and C33A. Therefore a pattern of miRNAs up regulated in HaCaT when 

compared to the other cell lines was examined. Although few have been described (discussed in section 

4.1), it is possible that positive regulators of pl6INK4A expression also exist. We therefore looked at 

the expression of miRNAs down regulated in cell lines when compared to HaCaT. Seven putative 

negative regulators and 9 putative positive regulators were selected, which included miR-193a-5p 

(Table 4.1).
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Table 4.1: Selected Putative Positive and Negative regulators of pl6INK4A: Of the 26 miRNAs found 

common on comparison of cell lines and normal cervix to HaCaT, 7 were chosen as putative negative 

regulators and 9 were chosen as putative positive regulators on examination of their expression 

patterns (FC = Fold Change).

miRNAs FC HaCaT Vs HeLa FC HaCaT Vs SiHa FC HaCaT Vs C33A

Putative Negative Regulators

hsa-miR-135a 35.638 14.267 14.751

hsa-miR-146a 46.123 244.228 83.780

hsa-miR-203 41.636 13.957 160.136

hsa-miR-455-3p 5.389 13.970 8.674

hsa-miR-455-5p 10.191 21.815 14.258

hsa-miR-486-5p 4.359 7.443 29.317

hsa-miR-708 246.447 424.069 249.794

Putative Positive Regulators

hsa-let-7c -16.095 -23.651 -107.053

hsa-miR-lOa -11.372 -7.716 -6.944

hsa-miR-133a -227.461 -7.639 -42.869

hsa-miR-190 -4.486 -20.704 -2.343

hsa-miR-193a-3p -9.519 -23.022 -4.283

hsa-miR-193a-5p -29.011 -140.199 -17.556

hsa-miR-340 -4.434 -18.990 -30.607

hsa-miR-342-3p -57.170 -250.030 -124.174

hsa-miR-345 -1.605 -13.912 -5.472

Analysis of the 16 miRNAs shown in Table 4.1 as described in 4.3.4 did not find any significant (P 

value < 0.05) genes or pathways that were common to all.

Analysis of miR-193a-5p alone produced one significant pathway; WNT signalling (p value 0.0036). It 

was also found to be involved in several biological processes, including protein metaboUsm and 

modification (p value 0.00001), signal transduction (p value 0.0004) and cell adhesion (0.001). A link
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between the WNT signalling pathway and pl6INK4A expression has been demonstrated previously 

(Da Forno PD et al., 2008; Delmas V et al., 2007).

4.4.3.3 Specificity of top up and down regulated miRNAs in HaCaT

As expected, top up and down regulated miRNAs in HaCaT displayed specificity. No common 

miRNAs were found on comparison of the top 10 up and down regulated miRNAs in HaCaT to each 

cell line and normal cervix. Several were found common on examination of the top 20 miRNAs. miR- 

204 was common to all in the top 20 miRNAs down regulated. miR-342-3p, 137 and 193a-5p were 

common in the top 20 down regulated on comparison to cell lines only. miRs 342-3p and 193a-5p were 

examined in section 4.4.3.2 as part of putative positive regulators of pl6INK4A. Neither miR-137 or 

204 are predicted to interact with pl6INK4A mRNA. Six miRNAs were found to be common in all 

cell lines only, on examination of the top 20 up regulated. Several of these have been examined as part 

of the miR-200 family (miR-200c, 200b and 141) in section 4.4.3.4 and as putative pl6INK4A 

regulators (miR-135b and 146a). miR-708 was significantly up regulated in HaCaT on comparison to 

all cell lines also. It is not predicted to interact with pl6INK4A.

The specificity demonstrated on analysis of top up and down regulated miRNAs indicates that different 

miRNAs and miRNA mechanisms are in place in each of the pl6ENK4A competent cell hnes, which 

are now identified and available for future analysis.

4.4.3.4 Significance of the miR-200 family in the HaCaT cell line

Members of the miR-200 family of miRNAs have a well-documented association with cancer and were 

specifically expressed in the cell lines analysed here, indicating a potentially significant role for the 

miR-200 family in the HaCaT cell line. miR-200a along with miR-200b and miR-429 form a cluster on 

chromosome 1 and miR-200c and miR-141 form a cluster on chromosome 12.
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miR-200a is the only significantly positively expressed miRNA on comparison of the HPV positive 

cell lines HeLa and SiHa to HaCaT. miR-200a is not expressed in the C33A cell line. miR-141, 200b 

and 200c were 3 of the 5 significantly positively expressed miRNAs found on comparison of HaCaT to 

all cell lines; HeLa, SiHa and C33A (also included miR-135b and 615-3p). The fold change values are 

shown in Table 4.2.

Table 4.2: Fold change in expression values on comparison of each cell hne to HaCaT for members of 

the miR-200 family. NS = non-significant expression, ND = not detected.

miRNA
Fold Change Values

HeLa SiHa C33A Norm Cx

hsa-miR-200a 294003.3 6513.904 ND NS

hsa-miR-200b 996.5 384.537 91885.62 NS

hsa-miR-429 ND 528.17 66570.57 NS

hsa-miR-200c 574.162 394.593 3533.818 NS

hsa-miR-141 1273.096 298.749 38600.42 NS

The 2 clusters were examined separately by generating a list of common predicted genes for each 

cluster using the miRGator database as described in section 4.3.6. The miR-200a cluster was predicted 

to target 1280 genes and the miR-200c cluster 1091 genes. Of these 875 were found to be common to 

both, these included several Zinc finger proteins. The miR-200 family has been shown to interact with 

the zinc finger proteins ZEBl and ZEB2 (Bracken CP et a i ,  2008). PANTHER analysis of the 

common putatively regulated gene list produced several significant biological processes including, 

nucleoside, nucleotide and nucleic acid metabolism (p value 0.00054).

It is of interest to note that miR-135b and 615-3p, part of the 5 significantly positively expressed 

miRNAs on comparison of HaCaT to all cell lines, are found on chromosome 1 and 12 respectively.
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4.4.4 Generation of a list of miRNAs predicted to interact with pl6INK4A mRNA and 

examination of their expression on TaqMan® Low Density miRNA Array analysis

Aim: Generation of a list of miRNAs predicted to interact with pl6INK4A mRNA using several 

current on line databases. The expression levels of these miRNAs were then extracted from the TLDA 

data as analysed in section 4.4.3 and examined for any indication of putative pl6INK4A mRNA 

regulation.

Overview: According to our current understanding of miRNA prediction, 14 miRNAs are predicted to 

target pl6INK4A message only, 11 to target pl4ARF only and 20 to target both. Using available 

mRNA;miRNA hybridisation prediction algorithms only miR-9 was predicted to hybridise to 

pl6INK4A mRNA. Expression analysis revealed the majority of predicted miRNAs were down 

regulated in HaCaT on comparison to cell lines and normal cervix. This does not indicate a direct 

regulatory role, but may point to an indirect or novel mechanism of pl6INK4A regulation. It may also 

indicate the presence of cell specific miRNA mechanisms as suggested by miR-24 polysome data in 

chapter 3.

4.4.4.1 Generation of a list of miRNAs predicted to interact with pl6INK4A mRNA using several 

online databases

Target Scan, miRGator and miRGen databases were searched for miRNAs which potentially interact 

with CDKN2A (encompasses pl4ARF and pl6INK4A mRNA) and sorted into lists, if the miRNA was 

detected in all 3, in 2 or in 1. Target Scan detected a total of 44 miRNAs predicted to interact with 

CDKN2A, miRGator detected 30 and miRGen 53. Only 7 miRNAs were found common to all 3. 21 

miRNAs were detected in miRGen only, and 35 in Target Scan only. 23 miRNAs were common to 

miRGen and miRGator.
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Next a transcript specific search was performed where allowed. The search term NM_000077 was 

input for pl6ENK4A mRNA and NM_058195 for pl4A RF mRNA. pl4A RF (1154 nucleotides) and 

pl6INK4A mRNA (1163 nucleotides) show alignment from nucleotides 350 and 361 respectively 

until the end of the sequence, indicating a common 3’ sequence and that miRNAs may co-regulate 

these transcripts. Only miRGen and miRGator allowed for the mRNA specific searches. The results 

for both were identical with 8 miRNAs targeting pl4ARF only, 11 targeting pl6INK4A only and 19 

common to both. A similarity in results was expected as both these databases are compendiums of 

other miRNA sites. The miRBase target registry was searched separately. 28 miRNAs were predicted 

to target pl4ARF mRNA and 19 pl6E'JK4A mRNA. On sorting, 16 miRNAs were detected for 

pl6INK4A and pl4ARF, 4 for pl4ARF only and 3 for pl6INK4A only.

On combining the data from all the databases (Figure 4.7), 12 miRNAs were predicted to target 

pl6INK4A only, 11 to target pl4ARF only and 20 to target both. Several of the miRNAs found in 

miRBase were not found in the other databases. miR-lOb was found to only target pl6INK4A in the 

first set of analysis but was found to target pl4ARF in the miRBase analysis. miR-9 was found to 

target pl6ENK4A only in miRBase but pl6INK4A and pl4ARF using the other databases. Both were 

included in the pl6INK4A only analysis bringing the total number of miRNAs in this list to 14.
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Figure 4.7: Combined results demonstrating miRNAs predicted to target pl6INK4A mRNA only. 

The asterisk indicates miRNAs common to both pl6INK4A and pl4ARF, which would be 22 if miR- 

10b and miR-9 was included; miR-l Ob was found to target pl6INK4A only in the miRGen, miRGator 

and Target Scan databases but was found to target pl4ARF on miRBase analysis. miRNAs in italics 

were found in miRBase only, -i- indicates miR-9 was found to target pl6INK4A only using miRBase 

but found to target both pl6INK4A and pl4ARF using miRGen, miRGator and Target Scan 

databases.
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4.4A.2  Refinement of putative pl6INK4A miRNA List using RNA22

miRNAs that were found to putatively target pl6INK4A only and both pl4ARF and pi6LNK4A were 

input into RNA22, with the standard parameters unchanged. miRNAs identified in miRBase, but that 

were not common to all were also input into RNA22. The results are shown in Table 4.3.

Table 4.3: miRNAs found to putatively interact with pl6ENK4A mRNA using the RNA22 algorithm. 

miRNAs listed in italics were found in miRBase only, y = positively predicted to hybridise to target 

mRNA in RNA22, n = not predicted to hybridise to target mRNA in RNA22.

RNA22 Results

pl6INK4A only Chr Strand Location Cluster pl6INK4A pl4ARF

hsa-miR-93 7 - intronic y y y

Both

hsa-miR-9 1 - intronic n y y

5 - intergenic

15 + intergenic

hsa-miR-134 14 + intergenic y y y

hsa-miR-328 16 - intronic n y y

hsa-miR-520g 19 + intergenic y y y

hsa-miR-520h 19 + intergenic y y y

hsa-miR-520d-3p 19 + intergenic y y y

Seven miRNAs were found to target pl6INK4A and pl4ARF, no miRNA was found to target 

pl6INK4A only using RNA22. Examples of binding are shown in Figure 4.8. The miRNAs are, miR- 

9. miR-93, miR-520d-3p, miR-134, miR-520g, miR-520h and miR-328. Two of these; miR-93 and 

miR-520d-3p were found in miRBase only. miR-9 was found to target pl6ENK4A only in miRBase 

but both pl6ENK4A and pl4ARF using the other databases. As the mRNA sequence of pl4ARF and 

pl6ENK4A is very similar, a concordance between potential miRNA interactors is expected. In fact on
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prediction of target sites the miRNAs bound to the same sequence in both pl6IN K 4A  and p l4A R F  

mRNA.

Using RNA22 the target sites of miR-9 and miR-328 show an overlap of 7 nucleotides. miR-520h, 

miR-520g and miR-520d-3p all target the same region. This is not surprising, as they all belong to a 

large cluster o f miRNAs on chromosome 19. The pl6IN K 4A  3 ’UTR is located from base 872 to 919 

on the NM _000077 transcript (W ang W et al., 2005). None of the miRNAs tested targeted this region.

miR-lOb, miR-lOa and miR-331-3p were all positively predicted to interact with p l4A R F  mRNA 

using RNA22.

RHA 22 R esu lt miR 9 -  UCUUUGGUUAUCUAGCUGUAUGA

S ' < - ~  t a i 'c j e t  - - > 3 '  - l i n k e r -  5 mi c r o RNA — > 3 ’

CTTAGATCATCAGTCflC CGAifVSG GCGGGACGC UCUUUGGUUAUCUAGCUGUAUGA 

 ( ( < ( ( ( ( ( .  ( ( ( ( ( ( ( (  ) ) ) ) ) ) ) )  ) ) ) ) . ) ) ) )

CT TAGATCAT- CAGTC ACCGAAGG
II I I II I I I I I  I I I II

----------- AGUAUGUCGAUCUAUUGGUUUCU

Folding energy * -2SKcal/mol

wiR-9:NH_000077 b in d in g  s i t e  -  718-740
661 g tc c c tc a g a  c a tc c c c g a t  tgaaagaacc agagaggctc tgagaaacct cgcjgaaactt 
721 aijatcatcacj tcaccgaagg tccta ca g g g  cca ca a ctg c  ccccgccaca  acccaccccg

Figure 4.8: Example of RNA 22 positive prediction results for miR- 9 interaction with p l6IN K 4A  

mRNA.

Only one o f the seven predicted putative pl6IN K 4A  targeting miRNAs were found to be significantly 

expressed (p value <0.05) in the cell lines when compared to HaCaT (Figure 4.9); miR-9. miR-9 was 

examined using miRGen and PANTHER. The W NT signalling pathway was found to be significant (p 

value 0.0002). miR-9 was also examined in section 4.4.2.2 and as stated its expression pattern does not 

indicate a role in direct pl6IN K 4A  regulation in the HaCaT cell line.
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o

iiiiR-9 Expression iii HaC'aT compared 
to each cell line and noiinal cei-A ix

100

10

0.1

r io rm O t C33A HcLa SiHa

0.01

Figure 4.9: Fold change expression values for putatively predicted pl6INK4A binding miR-9 in 

HaCaT cell line compared to Normal cervix, C33A, HeLa and SiHa.

As miR-24 has been shown to translationally repress pl6INK4A mRNA at the polysome (Lai A et al., 

2008), TaqMan® Low Density miRNA Array Data for this was also examined. Significant results were 

only found for HaCaT compared to C33A and normal cervix where fold changes of 4.23 and 0.95 were 

detected respectively.

Analysis of all miRNAs predicted to interact with pl6INK4A and pl4ARF was also performed.

Several miRNAs were not detected in all cell lines or were non-significant. miR-335 (predicted by 

Target Scan only) produced significant results in all cell lines showing a positive expression in HaCaT 

compared to C33A and a down regulation in the remaining cell lines and normal cervix. miR-lOa 

(predicted by miRGen only) showed a down regulation in HaCaT compared to all pl6INK4A 

competent cell lines, the most significant in normal cervix. miR-520f (predicted by miRGen and 

miRGator) was not detected in the cell lines and non-significant on comparison of HaCaT to normal 

cervix. Its absence in the cervical cancer cell lines indicates it may play a role in pl6INK4A regulation 

in the HaCaT cell line.
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None of the predicted miRNAs show an expression pattern that would indicate negative regulation of 

pl6INK4A in the HaCaT cell line, although further analysis of miR-520f expression is warranted. 

Interestingly, miR-520f is positively predicted to interact with the pl6INK4A promoter sequence 

(X94154) using RNA22. However, the HaCaT cell line is pl6INK4A mRNA competent and therefore 

not transcriptionally repressed.

The majority of miRNAs predicted to hybridise with pl6INK4A mRNA were found down regulated in 

HaCaT on comparison. This does not indicate a negative regulatory role, thus miRNAs may be 

regulating pl6INK4A through an indirect pathway or via a novel mechanism.
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4.4.5 miRNA expression profiling of HPV positive cell lines HeLa and SiHa, and HPV negative 

cell line C33A, compared to normal cervix

Aim: Identification of a panel of putative miRNA biomarkers in cervical cancer

Overview: From comparison of cervical cancer cell lines, HeLa, SiHa (HPV positive) and C33A 

(HPV negative) to normal cervix, we have identified 87 miRNAs which are putative biomarkers of 

cervical cancer. The majority of miRNAs were found to be down regulated on comparison to normal 

cervix. Only one up regulated miRNA, common to all cell lines, was found; miR-301b. The top 

common down regulated miRNAs identified are; miR-133a, miR-139-3p, miR-145 and miR-223. 

Several of these have been described in cervical cancer (miR-145, miR-133a and miR-223) previously 

(Martinez I et al., 2008). Five miRNAs were found to be significant in HPV cell lines only on 

comparison to normal cervix (miR-200a, miR-381, miR-493, miR-548b-5p and miR-146b-3p). Three 

of these were not detected in C33A cells (HPV negative); miR-200a, miR-493 and miR-381. A list of 

miRNAs specific to each cell line only was also generated. Several of these have been described as 

HPV 16, HPV 18 and HPV negative cervical cancer specific in Section 4.4.6. Other miRNAs 

expressed specifically in each cell line may represent cell type specific miRNAs.
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4.4.5.1 TaqMan® miRNA Array Results: Cervical Cancer Study

miRNA expression patterns of the cervical cancer cell lines HeLa, SiHa and C33A on comparison to 

normal cervix is shown in Figure 4.10. On comparison to normal cervix a list of significant miRNAs 

detetected in each cell line was generated: 213 miRNAs were detected in C33A (21, 211 j), 219 

miRNAs were detected in HeLa { 2 ] ,  2\1  [ )  and 114 miRNAs were detected in SiHa (9 |, 105J,). 87 

miRNAs were found to be common between all 3 cell lines (Table 4.4) and thus putative biomarkers of 

cervical cancer.

HeLa (219) 

26

101

SiHa (114)

Figure 4.10: Venn Diagram depicting miRNA expression in Cervical Cancer cell lines on comparison 

to normal cervix.
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Table 4.4: Fold change Values for the 87 miRNAs found common to cervical cancer cell lines on 

comparison to normal cervix. miRNAs in bold are the most significantly down regulated in all cell 

lines.

87 miRNAs Common 
to All

FC C33A Vs 
Norm CX

FC HeLa Vs 
Norm Cx

FC SiHa Vs 
Norm Cx

hsa-let-7b -30.670 -34.274 -10.346

hsa-let-7c -19.354 -128.730 -87.603

hsa-miR-100 -16.789 -25.528 -11.840

hsa-miR-IOl -23.939 -19.451 -13.919

hsa-miR-lOa -49.843 -30.437 -44.859

hsa-miR-lOb -38.829 -4036.575 -12.555

hsa-miR-125b -27.196 -183.219 -63.379

hsa-miR-126 -316.120 -3408.007 -372.195

hsa-miR-133a -11580.731 -2182.587 -64989.161

hsa-miR-135a -380.425 -919.112 -367.947

hsa-miR-135b -19.579 -43.886 -13.900

hsa-miR-139-3p -13618.247 -3818.044 -38750.308

hsa-miR-139-5p -1326.424 -219.732 -1566.597

hsa-miR-141 -21436.048 -706.991 -165.905

hsa-miR-142-3p -6075.581 -11531.422 -6030.678

hsa-miR-145 -39738993.582 -2685.565 -9020734.644

hsa-miR-146a -5553.169 -3057.179 -16188.083

hsa-miR-146b-5p -107.329 -557.305 -38.728

hsa-miR-148a -349.352 -471.915 -10.685

hsa-miR-150 -2478.008 -82872.788 -24471.544

hsa-miR-184 -186.438 -33.580 -31.360

hsa-miR-187 -36618.507 -330.047 -78208.936

hsa-miR-195 -250.872 -217.995 -51.121

hsa-miR-196b -1539.426 -46.840 -17.423
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hsa-miR-199a-3p -3011.582 -16322.957 -78435.954

hsa-mlR-200b -124849.888 -1354.054 -522.491

hsa-miR-200c -1794.498 -291.563 -200.377

hsa-miR-202 -5.783 -20.189 -38.210

hsa-miR-203 -1809.466 -470.465 -157.711

hsa-miR-211 -1477.625 -821.688 -64.984

hsa-mlR-214 -1215.191 -11011384.198 -10680109.973

hsa-miR-218 -2.700 -853.683 -23961.050

hsa-mlR-223 -42072.317 -18157.133 -10010.956

hsa-miR-23b -398.632 -78.519 -14.009

hsa-miR-24 -28.859 -6.449 -11.270

hsa-miR-26a -91.746 -178.302 -8.901

hsa-miR-27a -29.845 -10.897 -14.322

hsa-miR-27b -85.549 -38.073 -37.356

hsa-miR-28-3p -132.216 -26.446 -64.465

hsa-miR-29a -4.411 -46.946 -54.548

hsa-miR-301b 5.438 4.343 8.282

hsa-miR-30c -20.186 -10.552 -14.137

hsa-miR-320 -16.729 -18.183 -8.408

hsa-miR-323-3p -250.498 -6.313 -206.364

hsa-miR-337-5p -15197.801 -295.427 -27856.805

hsa-miR-342-3p -30.182 -65.556 -14.989

hsa-miR-342-5p -468.491 -2840.354 -89.094

hsa-miR-362-3p -13.207 -67.664 -9.279

hsa-miR-372 -5.354 -129.116 -14.333

hsa-miR-375 -719.540 -2152.910 -459.027

hsa-miR-376a -773.448 -59.445 -5369.103

hsa-miR-376c -4482.847 -111.872 -70301.678

hsa-miR-410 -872.994 -29.623 -15577.738
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hsa-miR-411 -5627.775 -85.764 -75073.363

hsa-miR-422a -4.873 -9.048 -8.945

hsa-miR-424 -499.166 -106.191 -42.029

hsa-miR-449a -14.544 -53.084 -23.372

hsa-miR-449b -18.733 -102.840 -36.565

hsa-miR-450a -311.615 -118.813 -15.767

hsa-miR-450b-5p -76.479 -60.860 -8.230

hsa-miR-455-3p -146.398 -90.958 -235.775

hsa-miR-455-5p -379.722 -271.405 -580.983

hsa-miR-483-5p -113.403 -260.633 -83.491

hsa-miR-485-3p -342.884 -22.145 -676.313

hsa-miR-486-3p -827.315 -396.145 -237.045

hsa-miR-486-5p -448.440 -66.677 -113.852

hsa-miR-487a -9.830 -17.202 -18.449

hsa-miR-489 -16.351 -36.291 -44.165

hsa-miR-494 -73.554 -30.304 -142.163

hsa-miR-502-3p -20.579 -60.411 -9.381

hsa-miR-503 -156.665 -49.739 -10.948

hsa-miR-505 -10.599 -24.621 -31.005

hsa-miR-509-5p -74.308 -439.993 -97.052

hsa-miR-517a -34.158 -140.207 -9.200

hsa-miR-519d -11.899 -181.020 -13.191

hsa-miR-539 -4603.482 -18.409 -6403.501

hsa-miR-542-3p -96.135 -76.397 -15.084

hsa-miR-542-5p -612.405 -42.209 -8.766

hsa-miR-574-3p -80.989 -34.172 -15.256

hsa-miR-618 -75.138 -93.526 -111.123

hsa-miR-625 -4.364 -46.936 -11.336

hsa-miR-642 -33.553 -25.242 -17.288
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hsa-miR-655 -12557.584 -72.932 -132734.895

hsa-miR-660 -15.090 -59.730 -11.108

hsa-miR-708 -726.758 -717.020 -1233.797

hsa-miR-885-5p -473.827 -3807.993 -1184.307

hsa-miR-99a -15.861 -32.931 -13.176
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4.4.5.2 miRNA expression profiling of cervical cancer cell lines compared to normal cervix

All of the significant miRNAs detected had significant fold change values on comparison to normal 

cervix. The majority of miRNAs showed down regulation on comparison to normal.

Of the 87 miRNAs common to the three cell lines all, bar one (mir-301b) were down regulated on 

comparison to normal cervix. miRNAs showing the top down regulation in all cell lines are miR-150, 

miR-133a, miR-145, miR-146a, miR-200b, miR-133a, miR-214 and miR-223. miR-150 (HPV 16 Vs 

C33A; Martinez I et al., 2008), miR-133a, (HPV 16 Vs C33A; Martinez I et aL, 2008), 145 and 146a 

have previously been described as down regulated in cervical cancer cell lines and tissue (Martinez I et 

al., 2008; Wang X et al., 2008). miR-146a was also shown to promote cell proliferation (Wang X et 

al., 2008). miR-218 shows the most significant down regulation in HPV 16 positive cells, SiHa. 

Martinez et al., (2008) found HPV 16 E6 acts to down regulated miR-218 expression.

If this data is sorted by value, the five most down regulated miRNAs are: in C33A, miR- 145, miR- 

200b, miR-223, miR-187, miR-141, in HeLa, miR-214, miR-150, miR-223, miR-I99a-3p, miR-142-3p 

and in SiHa, miR-214, miR-145, miR-655, miR-199a-3p and miR-187. miRNAs 214 and 199a-3p 

were both found down regulated on comparison to C33A in section 4.4.6.2.

4.4.5.3 Top miRNAs up and down regulated in cervical cancer cell lines on comparison to normal 

cervix

The top miRNAs differentially regulated in cervical cancer cell lines on comparison to normal cervix 

are listed in Table 4.5. On examination of the top 20 miRNAs down regulated four were found to be 

commonly down regulated in cell Unes on comparison to normal cervix; miR- 133a, 139-3p, 145, 223 

and one up regulated, miR-301b. The most up regulated miRNAs (9) were seen in SiHa cells on 

comparison to normal cervix. miR-301b is up regulated in all on comparison to normal cervix. This has 

not been previously reported.
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Table 4.5: The top 10 (or less) miRNAs up and down regulated in cervical cancer cell lines on 
comparison to normal cervix (FC = Fold Change).

TOP 10 
DOWN C33A

FC C33A 
Vs Norm 
Cervix

TOP 10 DOWN 
HeLa

FC HeLa 
Vs Norm 
Cervix

TOP 10 DOWN 
SiHa

FC SiHa Vs
Norm
Cervix

hsa-miR-143 -5.4E+07 hsa-miR-214 -11011384.2 hsa-miR-214 -l.lE+07

hsa-miR-145 -4.0E-h07 hsa-miR-200a -474927.411 hsa-miR-145 -9020735

hsa-miR-382 -1.5E+05 hsa-miR-150 -82872.787 hsa-miR-451 -263826

hsa-miR-200b -1.2E-K05 hsa-miR-223 -18157.133 hsa-miR-655 -132735

hsa-miR-1 -l.lE-h05 hsa-miR-199a- 
3p

-16322.957 hsa-miR-199a-3p -78436

hsa-miR-215 -l.OE+05 hsa-miR-142-3p -11531.422 hsa-miR-187 -78208.9

hsa-miR-335 -8.5E-I-04 hsa-miR-133b -7227.861 hsa-miR-411 -75073.4

hsa-miR-429 -6.9E-(-04 hsa-miR-143 -4405.951 hsa-miR-376c -70301.7

hsa-miR-199b- 
5p

-5.2E-F04 hsa-miR-511 -4328.621 hsa-miR-133a -64989.2

hsa-miR-223 -4.2E-h04 hsa-miR-1 Ob -4036.574 hsa-miR-139-3p -38750.3

TOP UP C33A TOP UP HeLa TOP UP SiHa

hsa-miR-105 1.4E+02 hsa-miR-138 29.422 hsa-miR-216a 604.776

hsa-miR-301b 5.4E+00 hsa-miR-301b 4.342 hsa-miR-23a 250.159

hsa-miR-615-5p 128.208

hsa-miR-217 124.006

hsa-miR-216b 52.802

hsa-miR-32 23.631

hsa-miR-548d-3p 20.602

hsa-miR-651 16.558

hsa-miR-301b 8.281
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4.4.S.4 Five miRNAs found in HPV positive cell lines only on comparison to normal cervix

Table 4.6 lists the miRNAs found in HPV cell lines only on comparison to normal cervix. Analysis of 

cell line data compared to C33A as in section 4.4.6 reveals, miR-200a, miR-493 and miR-381 are not 

detectable in C33A cells and miR-146b-5p produced non-significant results. miR-548b-5p is 

commonly downregulated in HeLa and SiHa on comparison to C33A. miR-200a has been described 

previously as expressed in HPV 18+ raft cuhures (Wang X et al., 2008).

Table 4.6: miRNAs common in HPV positive cell lines only on comparison to normal cervix.

miRNAs in HPV positive cell lines only FC HeLa Vs Norm Cx FC SiHa Vs Norm Cx

hsa-miR-200a -474927 -10522.4

hsa-miR-381 -197.924 -376.785

hsa-miR-493 -15.3603 -3375.08

hsa-miR-548b-5p -24.8495 -45.5201

hsa-miR-146b-3p -1588.95 -267.838

4.4.5.S miRNAs found expressed in each cell Une only on comparison to normal cervix

miRNAs were found to be expressed in each cell line only on comparison to normal cervix and are 

shown in Table 4.7. This may be specific to the cell type, HPV type present or the absence of HPV. 

Several of these have been described in section 4.4.6, as being HPV 18 specific; miR-9 and 363, HPV 

16 specific; miR-217 and 23a and HPV negative specific; miR-886-5p, miR-224 and miR-452.
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Table 4.7: miRNAs found expressed in each cell line only on comparison to normal cervix. (miRNAs 

in bold have been determined as HPV negative, HPV 18 and HPV 16 specific in Section 4.4.6).

C33A ONLY 

19 miRNAs

FC C33A Vs
Norm
Cervix

HELA ONLY 

26 miRNAs

FC HeLa Vs
Norm
Cervix

SIHA ONLY 

16 miRNAs

FC SiHa Vs 
Norm Cervix

hsa-miR-105 143.075 hsa-miR-127-3p -139.624 hsa-miR-205 -1835.888

hsa-miR-129-3p -105.724 hsa-miR-130b -3.812 hsa-miR-216a 604.776

hsa-miR-142-5p -21272.987 hsa-miR-138 29.422 hsa-mlR-217 124.006

hsa-miR-154 -30747.660 hsa-miR-210 -4.582 hsa-miR-23a 250.159

hsa-miR-193a-3p -3.517 hsa-miR-212 -18.352 hsa-miR-32 23.631

hsa-miR-199a-5p -2886.315 hsa-miR-221 -8.215 hsa-miR-451 -263825.807

hsa-miR-199b-5p -52255.152 hsa-miR-299-5p -419.298 hsa-miR-485-5p -427.950

hsa-miR-224 -395.286 hsa-miR-329 -66.526 hsa-miR-501-3p -11.726

hsa-miR-31 -8.870 hsa-miR-346 -10.120
hsa-miR-548d-

3p
20.603

hsa-miR-330-5p -229.276 hsa-mlR-363 -1002.211 hsa-miR-582-3p -11.497

hsa-miR-452 -346.458 hsa-miR-369-3p -311.513 hsa-miR-582-5p -330.546

hsa-miR-508-3p -328.075 hsa-miR-369-5p -51.025 hsa-miR-615-5p 128.208

hsa-miR-518b -11.223 hsa-miR-370 -57.136 hsa-miR-651 16.559

hsa-miR-518e -9.626 hsa-miR-409-5p -95.932 hsa-miR-873 -13.432

hsa-miR-518f -5.579 hsa-miR-431 -90.336 hsa-miR-876-5p -14.885

hsa-miR-598 -3.859 hsa-miR-511 -4328.621 hsa-miR-93 -100.879

hsa-miR-886-5p -808.887 hsa-miR-548c-5p -53.261

hsa-miR-891a -11.215 hsa-miR-570 -14.546
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hsa-miR-92a -4.284 hsa-miR-576-3p -8.024

hsa-miR-597 -4.932

hsa-miR-616 -57.897

hsa-miR-654-3p -531.553

hsa-miR-654-5p -2117.147

hsa-miR-671-3p -6.102

hsa-miR-876-3p -10.217

hsa-miR-9 -1158.079
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4.4.6 miRNA expression profiling of HPV positive cell lines, HeLa and SiHa, compared to the 

HPV negative cell line C33A

Aim: Identification of a panel of miRNAs associates with cervical carcinogenesis and HPV positivity.

Overview: miRNA expression was found to be associated with the presence of HPV 16 and 18, 

expanding our current understanding of miRNA regulation in cervical cancer. These can be grouped 

into miRNAs associated with HPV or those specific to HPV 16 or 18. 50 miRNAs were found to be 

common between the cervical cancer cell lines and therefore are putative biomarkers of cervical 

cancer. miR-548b-5p was found to down regulated in a HPV specific manner (down regulated in HeLa 

and SiHa cells and non-significant in C33A cells). Examination of common miRNAs revealed miR- 

335 (a novel finding) and miR-214 (previously described by Martinez I et a i ,  2008) to be the top up 

and down regulated miRNA respectively. Further analysis revealed miR-335 may be up regulated in, a 

HPV 18 specific manner. 33 miRNAs (28 |, 5 |)  were associated with HPV 16 and 66 miRNAs (38 |, 

28j)  with HPV 18. We have identified that 16 miRNAs clustering to Chromosome 14 (Figure 4.1 1) 

may be associated with HPV-18 mechanisms in cervical cancer.
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Figure 4.11: Graphical representation of the large miRNA cluster found on chromosome 14. miRBase 

shows 38 miRNAs while the UCSC genome browser shows 40 (miR-36 and 656). Highlighted 

miRNAs are up regulated in HeLa compared to C33A with no detection or down regulation in SiHa 

compared to C33A.
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4.4.6.1 TaqMan® Low Density miRNA Array Results: HPV Analysis

miRNA expression pattern of the HPV positive cell lines HeLa and SiHa compared to the HPV 

negative cell line, C33A, is shown in Figure 4.12. On comparison of HeLa to C33A, 156 miRNAs 

were found to be significant with 106 expressed in HeLa only. Comparison of SiHa to C33A generated 

72 significant miRNAs with 22 expressed in SiHa only. 50 miRNAs were found to be common 

between both HPV positive cell lines.

HeLa(i56) siHa(72)

Figure 4.12: Venn diagram showing miRNA expression profile of HeLa and HaCaT cell lines on 

comparison to C33A. 50 miRNAs are common between the 2 cell lines.
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4.4.6.2 miRNA Expression profiling of HeLa and SiHa on comparison to C33A

In HeLa com pared to C33A 75 miRNAs out of 156 were up regulated with 68 producing significant 

fold change values. 81 were down regulated with 71 producing significant fold change values. In SiHa 

compared to C33A, 60 miRNAs were up regulated with 12 down regulated. These are shown in 

supplementary Tables S4.2 and S4.3

Out o f the miRNAs down regulated, 7 were found to be common between HeLa and SiHa (miR-214, 

218, 548b-5p, 150,29a, 199a-3p and 93). The most highly commonly down regulated being miR-214, 

218 and 548b-5p. M artinez et al„ (2008) described both miR-214 and miR-218 as down regulated in 

HPV 16 positive cells. miR-214 is located on chromosome 1 and is clustered with miR-199a. miR- 

199a-3p was also in the top 7 common miRNAs down regulated on comparison to C33A suggesting 

this cluster is down regulated in cervical cancer. On comparison o f our TLDA cell line data to normal 

cervix down regulation of miR-214, miR-199a-3p and 218 is also seen in HPV positive cell lines and 

to a lesser extent in C33As (Section 4.4.5). miR-548b-5p is on chromosom e 6 and no data in cervical 

cancer has been published to date. Down regulation of this miRNA may be HPV specific as on 

comparison of cell line data to normal cervix, miR-548-5p was found down regulated in HeLa and 

SiHa but non significant on comparison of C33A (HPV negative) to normal cervix (Section 4.4.5).

32 miRNAs were found to be commonly up regulated (Table S 4.4), the most up regulated in both 

HeLa and SiHa being miR-335. The top 10 up regulated in each cell line on comparison to C33A is 

shown in Table 4.8. miR-335 is present on chromosome 7 which has previously been shown to 

undergo amplification in cervical cancer (Pieber D et al, 2000; M ian C et al., 1999). Interestingly on 

examination of cervical cancer cell line data compared to normal cervix, miR-335 shows down 

regulation in C33A (85009 Fold), HeLa (18 fold) and no significance in SiHa. Thus the up regulation 

seen on comparison to C33A indicates a difference between HPV positive and negative cell lines but 

may not be significant for SiHa (HPV 16) carcinogenesis: a putative H PV -18 specific mechanism. 

miR-886-3p/5p is coded for in the TGFp-1 gene which is involved in processes such as differentiation
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and cell growth. An early step in many cancers is the development of resistance to TGpp-1 (Kloth JN 

et al., 2005). It may be that miR-886 is co-transcribed with the TGFp-1 gene.

Both miR-224 and 452 belong to a cluster on chromosome X (Table 4.8). On comparison of putative 

target gene lists, 97 common genes were found. However on PANTHER analysis no significant 

pathways were identified. M embers of the miR-200 family (200b and 141) also feature in the top 10 up 

regulated list. They were also shown to be significantly up regulated in 4.4.3 on comparison o f cervical 

cancer cell lines to the pl6IN K 4A  protein null HaCaT cell line. They are known to be involved in 

regulation of epithelial to mesenchymal transition. miR-34a has also been described previously in 

relation to HPV positive cervical cancer (W ang X et al., 2009).
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Table 4.8: Fold change Values for the top 10 miRNAs expressed in both HeLa and SiHa on comparison to C33A (Y = yes, N = no).

Top 10 miRNAs Up 

Regulated in HeLa 

compared to C33a 

(common to both)

Chromosome Cluster
Fold

Change

Top 10 miRNAs Up 

Regulated in SiHa 

compared to C33a 

(common to both)

Chromosome Cluster
Fold

Change

hsa-mlR-335 7 intronic (MHST) N 4492.77 hsa-miR-335 7 intronic (M EST) N 17657.95

hsa-mlR-886-5p 5 intergenic (T G F p i) N 982.02 hsa-miR-204 9 Intronic (TRPM 3) N 3938.79

hsa-miR-224 X intronic (GABRE)
Y

miR-452
509.46 hsa-miR-886-5p 5 intergenic (T G F B 1) N 1317.70

hsa-miR-452 X intronic (GABRE)
Y

miR-224
251.37 hsa-miR-224 X intronic (GABRE) N 877.32

hsa-miR-886-3p 5 intergenic (T G F pi) N 156.73 hsa-miR-34a 1 intergenic N 691.03

hsa-miR-198
3 intronic 

(F T S L l)
N 126.80 hsa-miR-452 X intronic (GABRE)

Y

miR-224
525.04

hsa-miR-200b 1 intergenic

Y

miR-2(X)a

miR-429

92.20 hsa-miR-198 3 intronic (F T S L l) N 488.19

hsa-miR-204 9 Intronic (TRPM 3) N 79.57 hsa-miR-2(X)b 1 intergenic

Y

miR-200a,

miR-429

238.95

hsa-miR-34a 1 intergenic N 73.85 hsa-miR-886-3p 5 intergenic (T G F B l) N 218.52

hsa-m lR -l96b 7 intronic (HOXA9) N 32.87 hsa-miR-141 12 intergenic (PTPN6) Y miR-200c 129.21
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4.4.6.3 HeLa only and SiHa only specific miRNA expression (when C33A subtracted)

Tables 4.9 and 4.10 list the top 10 miRNAs found up or down regulated in HeLa only or SiHa only on 

comparison to C33A.

Of the 68 up regulated miRNAs with significant fold change values, 38 were found to be up regulated 

in the HPV 18 positive cell line HeLa only, the top 3 being miR-145, 143 and 215 (Table 4.9). miR- 

145 and 143 form a cluster on chromosome 5 and have been reported as under expressed in HPV 16 

positive cell lines previously (Martinez I et al., 2008) and in cervical cancer compared to normal cervix 

(Wang X et al., 2008). On comparison of C33A, SiHa and HeLa cell lines to normal cervix (section 

4.4.5), both were found to be under expressed (miR-143 was not detected in SiHa and miR-145 has a 

non-significant result). miR-143 and miR-145 down regulation may be specific to cervical cancer but 

not HPV as they were also found to be significantly under expressed in C33A cells (HPV negative) 

compared to normal cervix.

miR-215 forms a cluster with miR-194 on chromosome 1 (miR-192 is also present on chromosome 1). 

We found miR-192 and 194 to be down regulated in HeLa only on comparison to C33A. The 

expression of both miRNAs is down on comparison to normal cervix with no detectable miR-215 was 

found in SiHa. This expression pattern may also be particular to cervical carcinogenesis and not 

specifically HPV.

Of the 60 up regulated miRNAs in the HPV 16 positive cell hne SiHa, 28 were found to be up 

regulated only with 216b, 217 and 23a the top 3. miR- 23a has been shown to to up regulated 

previously in HPV 18 positive monolayer culture (Wang X et al., 2008). Both 216b and 217 are 

present on chromosome 1, 23a is also present on a cluster with 27a and 24-2. miR-27a and 24 were 

found to be up regulated in HeLa only. Over expression of these miRNAs may be a HPV 16 specific 

phenomenon as on comparison to normal cervix they are found to also be up regulated in SiHa only.

Of the 71 down regulated miRNAs in HeLa with significant fold change values, 28 were down

regulated only, miR-9, 363 and 888 being the top 3. Both miRs 363 and 888 are contained in different
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clusters on chromosome X. Mature miR-9 is coded for from 3 chromosomes; 1,5 and 15. Both 9 and 

363 were down regulated also on comparison to normal in HeLa only. miR-888 was also significantly 

down regulated in Hela compared to normal (3420 fold down) while C33As only exhibited a moderate 

fold change in comparison (18 fold down). This indicates their down regulation may be a function of 

HPV 18. This has not been previously described.

Of the 12 miRNAs down regulated in SiHa, 5 were found to be down regulated only; miR-410, 376c, 

411, 655 and 376a. All these miRNAs belong to a large cluster on chromosome 14. Interestingly they 

also all show up regulation in HeLa cells compared to C33A cells, indicating differential expression of 

this cluster between the cell lines.
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T able 4.9: Fold change Values for the top 10 m iRNAs found up and down regulated in HeLa only comparison to C 33A . m iRNAs in red text show the 

opposite expression in SiHa compared to C33A (Y = yes, N = no)..

Top 10 miRNAs Up 
Regulated in HeLa 

ONLY
Chromosome Cluster Fold

Change

Top 10 miRNAs Down 
Regulated in Hela 

ONLY
Chromosome Cluster Fold

Change

hsa-miR-145 5 intergenic
Y

miR-143
14797.3 hsa-miR-9

1 (intronic), 5&15 
intergenic

N -1497.2

hsa-m iR -143 5 intergenic
Y

miR-145
12243.9 hsa-miR-363 X intergenic Y -790.3

hsa-m iR -215 1 intronic (lARS)
Y

m iR -194-1
6786.9 lisa-miR-888 X intergenic Y -182.4

hsa-miR-382 14 intcrgenic Y 1171.1 h.sa-miR-6l5-3p 12 intronic (HOXC4/C5) N -167.5

hsa-m iR-487b 14 intergenic Y 583.8 lisa-niiR-34c-5p 11, intergenic Y -115.4

hsa-miR-889 14 intergenic Y 422.7 hsa-miR-10b 2 intergenic (HOX D3) N -104.0

hsa-miR-539 14 intergenic Y 250.1 hsa-miR-616 12 intronic (DDIT3) N -47.4

hsa-m iR -134 14 intergenic Y 249.3 hsa-miR-372 19 intergenic -24.1

hsa-miR-655 14 intergenic Y 172.2 hsa-miR-29b

2 9 b -1 = 7 intergenic Y miR-29a

-15.2
29b-2 = 1, intergenic 
(CD46)

Y miR-29c

hsa-m iR -187 18 intcrgcnic N 110.9 hsa-m iR -194

194-1= 1 intronic 
(IARS2)

Y
m iR -215

-11.5
194-2=11 
intergenic

Y
m iR -192
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T able 4.10: Fold change Values for the top 10 m iRNAs found up and down regulated in SiHa only comparison to C33A. m iRNAs in red text show the 

opposite expression in HeLa compared to C 33A  (Y = yes, N = no)..

Top 10 miRNAs Up 
Regulated in SiHa ONLY

Chromosome Cluster Fold Change
Top miRNAs Down Regulated 

in SiHa ONLY Chromosome Cluster Fold
Change

hsa-miR-216b 2 intergenic N 9860.67 hsa-niiR-410 14 intergenic Y -17.84

hsa-miR-217 2 intergenic Y miR-216a 962.42 lisa-mlR-376c 14 intergenic Y -15.68

hsa-miR-23a 19 intergenic
Y miR-27a, 
24-2

248.86 hsa-m iR -411 14 intergenic Y -13.34

hsa-miR-330-5p
19 intronic 

(EM L2)
N 234.08 hsa-miR-655 14 intergenic Y -10.57

hsa-miR-429 1 intergenic
Y miR- 
2(X)a/b

126.04 hsa-mlR-376a 14 intergenic Y -6.94

hsa-mlR-34c-5p 11 intergenic Y miR-34b 90.27

hsa-m iR -l48a 7 intergenic N 32.70

hsa-m iR -211
15 intronic 

(T R PM l)
N 22.74

hsa-mlR-125a-3p 1 intergenic Y 21.43

hsa-miR-450a X intergenic Y 19.76
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Main miRNA coding chromosomes in Tables 4.8-4.10 show chromosomes 1, X, 7 and 14 listed several

times. Chromosome 14q32.1 amplifications have been described in cervical pre-cancer and polysomy 

of chromosome 3 has also been described (Hidalgo A et al., 2005; Marzano R et al., 2004).

4.4.6.4 miRNAs Clustered on chromosome 14 show HPV 18 specific expression

A total of 11 miRNAs were found to be differentially expressed between HeLa and SiHa on 

comparison to C33A (Table 4.11). Five of these miRNAs are found in a large cluster on chromosome 

14, containing around 40 miRNAs (Figure 4.11). This is a well known imprinted region where the 

expression of the genes is defined by their parental origin. The corresponding miRNA family has been 

shown to be maternally imprinted in mouse but so far not in humans (Kircher M et al., 2008). 16 

members of this cluster were found up regulated on comparison of HeLa to C33A with no detection or 

down regulation in SiHa (miR-379, 411, 299-3p, 323-3p, 758,495, 376c, 376a-l, 539, 487b, 889, 655,

382, 134, 485-3p, 410) (Table 4.12). Five members of the cluster were not detected in C33A and as a 

result could not be compared and 8 members are not present on the TaqMan® Low Density miRNA 

Array.
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Table 4.11: Fold change for miRNAs found differentially expressed between HeLa and SiHa cell lines 

on comparison to C33A.

Differentially Expressed 
miRNAs

Fold change in 
HeLa

Fold Change in SiHa

hsa-miR-655 172.2 -10.57

hsa-miR-411 65.6 -13.34

hsa-miR-376c 40.1 -15.68

hsa-iniR-410 29.5 -17.88

hsa-miR-376a 13.0 -6.94

hsa-miR-888 -182.4 7.06

hsa-miR-34c-5p -155.4 90.2

hsa-miR-328 -8.4 12.8

hsa-miR-652 -2.0 8.32

hsa-miR-26a -1.9 10.3

hsa-miR-140-5p -1.8 10.4
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Table 4.12: Fold change values for 16 miRNAs at the chromosome 14 cluster on comparison of HeLa 

and SiHa cell lines to C33A.

miRNAs Chromosome 14 HeLa Vs C33A SiHa Vs C33A
hsa-miR-379 93.580 ND

hsa-miR-411 65.619 -13.340

hsa-miR-299-3p 8.347 ND

hsa-miR-323-3p 39.677 NS

hsa-miR-758 19.452 ND

hsa-miR-495 47.156 ND

hsa-miR-376c 40.071 -15.682

hsa-miR-376a 13.011 -6.942

hsa-miR-539 250.070 NS

hsa-miR-487b 583.831 NS

hsa-miR-889 422.659 ND

hsa-miR-655 172.181 -10.570

hsa-miR-382 1171.095 ND

hsa-miR-134 249.330 ND

hsa-miR-485-3p 15.483 NS

hsa-miR-410 29.470 -17.844

This cluster appears to be differentially expressed and may represent different mechanisms of 

carcinogenesis between the cell lines either dependant on HPV type or cell type.

On examination of the 16 miRNAs in cell lines compared to normal cervix it was found the most 

significant down regulation was seen in C33A cells, followed by SiHa (if the miRNA was detected) 

and then HeLa (Table 4.13).
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Table 4.13: Expression of 16 miRNAs found in a cluster on chromosome 14 on comparison of cervical 

cancer cell lines to norm.al cervix (ND = Not Detected, NS = Non Significant).

miRNAs Chromosome 14 C33A Vs Norm Cx HeLa Vs Norm Cx SiHa Vs Norm Cx
hsa-miR-379 -4226.662 -45.166 ND

hsa-miR-411 -5627.775 -85.764 -75073.363

hsa-miR-299-3p -786.627 -94.239 ND

hsa-miR-323-3p -250.498 -6.313 -206.364

hsa-miR-758 -182.613 -9.388 ND

hsa-miR-495 -3889.270 -82.477 ND

hsa-miR-376c -4482.847 -111.872 -70301.678

hsa-miR-376a -773.448 -59.445 -5369.103

hsa-miR-539 -4603.482 -18.409 -6403.501

hsa-miR-487b -24499.811 -41.964 ND

hsa-miR-889 -9279.530 -21.955 ND

hsa-miR-655 -12557.584 -72.932 -132734.895

hsa-miR-382 -152269.310 -130.023 ND

hsa-miR-134 -8740.942 -35.058 ND

hsa-miR-485-3p -342.884 -22.145 -676.313

hsa-miR-410 -872.994 -29.623 -15577.738

The up regulation seen in HeLa cells on comparison to C33A is a function of the very low levels of 

expression seen in C33A cells. Even so the down regulation seen on comparison to normal indicates 

this cluster may be involved in cervical carcinogenesis and the difference seen between HPV 18 

(HeLa) positive and HPV 16 (SiHa) positive cell lines on comparison to HPV negative (C33A) 

suggests this miRNA cluster is more active in the HeLa HPV 18 positive cell line.
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4.5 Discussion

Our miRNA analysis is composed of five main parts, the identification of miRNAs that are putative 

regulators of pl6INK4A mRNA, HPVspecific, HPV 16 specific HPV 18 specific and cervical cancer 

specific. To strengthen our analysis we also examined data from previous miRNA studies in cervical 

cancer (Table 4.14).

Analysis of possible miRNA post transcriptional regulators of pl6INK4A was carried out by a 

comparison of HaCaT, pl6INK4A protein incompetent, to pl6INK4A protein competent cell lines. A 

negative regulator of pl6INK4A transcript should in theory, have an increased expression in HaCaT 

compared to each cell line.

A potential regulator miR-9 was identified through examination of the 26 miRNAs commonly 

expressed in HaCaT when compared to all cell lines and normal cervix, and through target prediction 

analysis using several on-line algorithms. Expression analysis did not indicate a role for miR-9 in 

pl6INK4A post transcriptional regulation in the HaCaT cell Une. This was also found to be the case 

for miR-24 which is known to regulate pl6INK4A message at the polysome in HeLa cells and was 

investigated in chapter 3 (Lai A et al., 2008). Examination of all miRNAs predicted to hybridise to 

pl6INK4A mRNA using current algorithms found many of them were down regulated in HaCaT and 

did not produce an expression pattern indicating direct negative regulation. However miRNA 

functional variation between cells does exist and a novel mechanism of indirect pl6INK4A post 

transcriptional regulation may be in place. miR-335, 10a and 520f are potential candidates but are not 

predicted to bind pl6INK4A via current algorithms. They may act via novel mechanisms and could be 

investigated further using functional analysis.

Members of the miR-200 family were found significantly up regulated in HaCaT compared to cell 

lines, but no member of this family was predicted to directly interact with pl6INK4A message. This 

miRNA family is located on both chromosome 1 (200a/200b/429) and chromosome 12 (200c/141). 

These miRNAs are important in cancer being involved in control of the epithelial phenotype by
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repression of the zinc finger proteins ZEBl and ZEB2 (Park SM et al., 2008). ZEBl and 2 promote 

epithelial to mesenchymal transition (EMT), which is seen in embryogenesis and metastasis. A 

negative feedback loop also exists where ZEBl and 2 can repress the expression of miR-200 family 

members (Bracken CP et al., 2008).

Features of EMT have been described in early HPV infection and may therefore be related to the 

development of HPV associated neoplasia (Geiger T et al., 2008). HFl keratinocytes transformed with 

HPV 16 showed features of EMT, these changes occurred prior to full cellular transformation (i.e. pre- 

cancerous stage). The features of EMT observed included a reduction in cytokeratin expression, 

desmosome formation and adherens junction and focal adhesion assembly, with an increase in the 

transcription factor Twist (Geiger T et al., 2008). Elevated levels of Twist have been shown to inhibit 

RAS mediated activation of pl6INK4A (Ansieau S et al., 2008). Analysis of ABI cDNA array data of 

HaCaT compared to HPV positive and negative cell lines (chapter 3) shows a down regulation in Twist 

in HaCaT cells.

The high expression of the miR-200 family in HaCaT compared to the CC cell lines may well be a 

function of the malignant phenotype of these cells rather than a relation to pl6INK4A expression. The 

expression of Twist in HPV positive and negative cell lines inferred from cDNA array data also 

indicates the up regulation of the EMT pathway in CC.

Even so, these results appear to link EMT regulation to pl6E^K4A incompetence, a possibility that 

warrants future investigation. Repression of pl6INK4A and Rb has previously been hnked to EMT 

(Dumont N et al., 2008).

Members of the miR-200 family were also over expressed in HeLa and SiHa cell lines on comparison 

to C33A. On examination of cell line data compared to normal cervix their expression is down 

regulated. As depletion of Rb (which can be caused by the action of the high risk HPV oncoprotein E7) 

has been shown to be associated with an increase in the expression of ZEB1 (Arima Y et al., 2008), it 

may be that the miR-200 family are up regulated due to the presence of HPV but that their down
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regulation on comparison to normal cervix indicates the likely activity of ZEBl and 2, and the 

induction of the malignant EMT.

Several other possible contenders for pl6INK4A regulation emerged through examination of 

expression patterns and top expression value lists. Only one miR selected as a putative positive 

regulator was predicted to interact with pl6E'IK4A message, miR-193a-5p. Although positive 

regulation of a gene at a DNA level by a miRNA has been described it is not well known mechanism. 

Positive regulation has been shown to occur due to the action of miRNAs on promoters (Place RF et 

a i,  08), it may also be dependent on the cell cycle stage or proteins in the RISC complex (Vasudevan 

S, Tong Y, Steitz JA., 2007). 0rom  et al found miR-lOa positively regulated translation by binding 

the 5’UTR of its target mRNA (0rom  UA, Nielsen FC, Lund AH., 2008), which indicates miRNA 

induces positive regulation at mRNA level is possible. Several of the miRNAs identified are located on 

either chromosome 1 or 12 (mir-200 family, miR-135b and 615-3p and miR-137), which may indicate 

a more active role for these chromosomes in the HaCaT cell hne.

Although several of the miRNAs discussed (miR-141, 200a, 9, 193a-5p, 204) were found to be 

significantly associated with the WNT pathway on PANTHER analysis, there is no evidence to suggest 

that any element of this pathway is involved in post transcriptional regulation of pl6INK4A mRNA. 

Beta-Catenin an important downstream component of the WNT pathway has been shown to directly 

bind to the pl6INK4A promoter in melanocytes, therefore bypassing the requirement for its 

inactivation via mutation in melanoma development (Delmas V et al., 2007). This however does not 

apply to the HaCaT cell line as pl6INK4A production is being blocked post transcriptionally at the 

translational level. The requirement for pl6ENK4A inactivation in the process of cellular 

immortalisation does suggest that many more mechanisms of pl6INK4A silencing may exist. The 

HaCaT cell line was taken from the periphery of a melanoma and has been shown to be non- 

tumourgenic (Boukamp P et al., 1988). The process of its immortalisation may have induced an as yet 

undescribed mechanism of pl6INK4A silencing at mRNA level.
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Our data has identified miRNAs differing between pl6INK4A competent and non-competent cell 

lines. Further analysis may identify a novel mechanism of indirect miRNA mediated mRNA repression 

or may indicate a difference in miRNA function between cell types. It is of interest that miRNA action 

(up or down regulation) of a specific miRNA has been shown to be cell cycle linked and dependant on 

ribonucleoproteins recruited to the miRNA: protein complex (Vasudevan S, Tong Y, Steitz JA., 2007). 

A high content screening approach may allow identification of miRNAs that when knocked down 

restore pl6E^K4A competency in the HaCaT cell.

miRNA expression profiling of HeLa and SiHa cells (HPV positive) and C33A cells (C33A negative) 

allowed us to determine miRNAs significant in the pathogenesis of CC.

Much of our miRNA expression data was similar to that seen by Martinez et al, (2008). One main 

difference was the expression of miR-27a and miR-27b which they found to be up regulated in HPV 16 

positive cells compared to C33A cells (HPV negative). We found miR-27a and b up regulated in HeLa 

(HPV 18) cells compared to C33A (HPV negative) but down regulated in HeLa, SiHa and C33A cells 

on comparison to normal cervix.

Results by Lee et al,  (2008) on the comparison of invasive squamous cell carcinoma (ISCC) to normal 

cervix produced some results different to our data and that of Martinez et al, (2008). They found miR- 

145, 214 and 133a to be up regulated in ISCC compared to normal cervix. We have found these 

miRNAs down regulated in all cell lines compared to normal cervix. Martinez et al,  (2008) also found 

them down regulated on comparison of HPV 16 positive cells to normal cervix. However, they did find 

miR-127 to be associated with lymph node metastases. We found miR-127 in HeLa cells with no 

expression in SiHa. This is worthy of comment as HPV 18 is regarded as the more aggressive virus, 

being associated greater frequency of lymph node metastasis and earlier cancer recurrence (Franco 

EL., 1992; Im S  et al ,  2003).

Correlation of our miRNA expression in cervical cancer cell lines with previous studies strengthens the 

validity of our results.
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T able 4.14: m iR N A  expression  results from  previous studies in cervical cancer. m iRN A s highlighted in italics indicate sim ilar results. m iR N A s in bold 

indicate opposite results.

Study Sam ples F indings

L iu W O  e ta l . ,  
(2007)

Cell lines, 5 snap frozen 
normal cervix, 29 snap 
frozen cervical lumour and 
matched normal: 19 SCC, 7 
AdCa, 2 AdCa SCC, 1 
small cell carcinoma

Detected 166 
miRNAs in 
normal cervix 
and cancer cell 
lines

let-7b, let-7a, miR- 
23b, 196b, 143 down 
in CC cell lines.

miR-2I increased in 
CC celllines.

Found miR-21 higher in 
21/29 tumours Vs 
matched normal. miR-143 
varied between absent and 
high expression in cancer 
Vs normal.

Let-7c and miR-l93b 
were lower in normal 
Vs CC cell lines.

L ee JW  et a l., 
(2008)

Cell lines, 10 primary 
Invasive Squamous Cell 
Carcinomas, 10 normal 
cervices

70 miRNAs 
significant on 
comparison of 
ISCCC and 
normal, 68 up 
regulated and 2 
down regulated.

Up regulated = niiR- 
199-s,
miR-9, miR-199a*, 
miR-199a, niiR-199b, 
niiR-145, miR-133a, 
miR-133b, niiR-214, 
and mi R -127

Down regulaled= niiR- 
149 and 203.

miR-127 was found to 
be associated with 
lymph node 
metastases and 
knockdown of miR- 
199a reduced cell 
growth

M artinez I et 
a l., (2008)

Normal cervical RNA 
(commercial). Cell lines

miR-145, -26a, - 
99a,
let-7a, miR-143, 
let-7b, let-7c, 
miR-125b, miR- 
126 and 
miR-195 were 
found to be 
highly expressed 
in normal cervix

miRNAs
underexpressed in 
HPV negative cell 
line C33A compared 
to niormal cervix 
hsa_miR_145 
hsa_miR_l43 
hsa_miR_203 
hsa_miR_200c

HPV 16 Compared to 
normal cervix 
Overexpressed
hsa_miR_210 
hsa_miR_l 82 
hsa_miR_l 83 
Underexpressed 
hsa_miR_126 
hsa_miR_I45 
hsa_miR_451 
ambi_miR_7029 
lisa_miR_l 95 
hsa_miR_I43

In HPV 16 positive
cell lines compared to
C33A (HPV
Negative)
Overexpressed
hsa_miR_200c
hsa_miR_203
hsa_miR_193b
hsa_miR_34a
hsa_miR_31
hsa_miR_210
hsa_miR_27a
hsa_miR_503

In HPV 18 
positive 
compared to 
C33A
Overexpressed
anibi_miR_13143
hsa_let_7i
hsa_miR_31
lisa_miR_34a
hsa_iniR_193b
hsa_miR_224
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hsa_miR_199b
hsa_miR_133a
hsa_miR_368
hsa_miR_l
hsa_miR_495
hsa_miR_497
hsa_miR_l 33b
hsa_miR_223
hsa_iniR_146a
hsa_miR_218
hsa_miR_l 26_AS
hsa_miR_150
hsa_miR_376a
hsa_miR_2I4
hsa_miR_487b
hsa_miR_I Ob
ambi_miR_5021
ambi miR 7070

hsa_miR_27b
Underexpressed
hsa miR 218

Wang X et al.  ̂
(2008)

Cell lines, Paired normal 
and cancer (commercial), 
Age matched cancer cases 
and monolayer cultures Vs 
raft cultures

CasKi -  cloned 
miRNAs, most 
abundant = 
miR-21,27a, 24 
and 205. Novel 
miR = 193c

Similar miRNA 
profile in CC cell 
lines and CC tissue; 
miR- 27a, 143, 145 
down Vs norm, in 
SiHa, HeLa and 
C33A miR-205 was 
up Vs norm

In age matched normal 
and CC expression of 
miR-23a, 23b, let-7a, let- 
7c, let-7d.

CC only

Over expressed = 
miR-16, 21,205, let- 
7f, 15b, 16, 146a, 155, 
233

Underexpressed = 
miR-126, 424, 143, 
145

Rafts and monos 
(HPV 18+) = 
miR-21, 23a, 23b, 
26a, 205, let-7c, 
let-7f. Mono only 
= miR-24, 29a, 
221. Raft only = 
27a, 27b, 200a, 
200c, 203, 683, 
let-7a, b, d, e and
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We identified 87 miRNAs that are potential biomarkers of CC. Only one miRNA was found to be 

commonly up regulated on comparison to normal cervix; miR-301b. miR-301b is found on 

chromosome 22 (on the sense strand), in close proximity to miR-130b, which was found to be down 

regulated in HeLa cell lines only on comparison to C33A and normal cervix. Overlapping gene 

transcripts for miR-301b include T0P03B  (topoisomerase III beta), on the antisense strand and PPIL2 

(peptidyl prolyl isomerise) on the sense strand. No cDNA array data is available for these genes and 

miR-301b is not predicted to hybridise to either. It may be they are co-expressed

Of the top common down regulated miRNAs found in all cell lines on comparison to normal, one, 

miR-139-3p has not been described in CC previously. It is located on the sense strand of chromosome 

of chromosome 11, overlapping the PDE2A (phosphodiesterase 2A) gene on the antisense strand. It is 

predicted to bind PDE3A (encoded on chromosome 12) using miRGen but not PDE2A.

As both miR-301b and miR-139-3p are novel miRNAs in CC, further analysis of their function and 

expression is warranted.

Many of the miRNAs found expressed in each cell line only may be a function of the cell type or the 

HPV status. miRNAs found expressed in HeLa cells only may be specific to AdCa, while miRNAs in 

SiHa only may be specific to SCC. An examination of their chromosomal locations and putative 

functions may indicate their significance.

In this study we mainly focused on the analysis of miRNAs in a HPV dependant manner. The analysis 

of CC cell line miRNA profiles in a HPV dependant manner allows us to determine any miRNAs 

which may be affected by the presence of the virus and that could be a contributing factor in cell cycle 

dysregulation and the development of malignancy.

miR-214 and 218 have been reported as down regulated in HPV positive cervical cancer cell lines

previously. While we found their down regulation in both HeLa and SiHa cell hnes, Martinez et a l,

(2008) reported the down regulation of miR-218 in HPV 16 containing cell lines only. Mature miR-

218 is generated from 2 genes on chromosomes 4 and 5. These encode the genes SLIT2 and SLIT3
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respectively. SLIT 2 has been described as a potential tumour suppressor gene (Dallol A et a i, 2002) 

and Martinez et al„ (2008) also described its down regulation in tandem with miR-218 (Martinez I et 

a i,  2008). Unpublished array data from our group also indicates this co-expressing trend. Wang et al 

also found down regulation of miR-218 in raft cultures, which included HPV 18 and 16 positive cell 

lines, and also cervical cancer tissues. On comparison to normal cervix, expression data indicates the 

down regulation of these miRNAs are not HPV specific and they are more significantly under 

expressed in HPV positive cells which may indicate an exacerbated mechanism of cell disruption.

miR-548b-5p presented itself as a potential HPV specific miRNA but very little is known about it. No 

significant pathways were found on analysis of putative target genes in PANTHER, but several 

significant biological processes were highhghted including nucleotide, nucleoside and nucleic acid 

metabolism (p value 0.000003) and mRNA splicing (p value 0.0002).

miR-335 is the most significantly over expressed miRNA on comparison of HeLa and SiHa to C33A. 

Its expression has been described in cancers of the breast, ovary and in multiple myeloma (Tavazoie 

SF et al., 2008; Sorrentino A et al., 2008; Ronchetti D et al., 2008). It is an imprinted gene which can 

be co-expressed with its host gene MEST (mesoderm specific transcript homolog) (Ronchetti D et al., 

2008). Expression profiling indicates it’s over expression may be specific to HPV induced cancer, but 

on comparison to normal cervix its down regulation in HeLa and C33A is found. A previous study 

compared HPV positive cervical cancer derived cell lines to normal cervix and found MEST to be over 

expressed in cancer (Santin AD et al., 2005). Our unpublished array data also indicates an over 

expression of the MEST gene in HPV positive cell lines compared to negative.

miR-886-5p is the second most up regulated miRNA in HeLa and third in SiHa. Comparison to normal 

cervix produces a non-significant result for HeLa and SiHa with down regulation in C33A, indicating 

the up regulation seen on HPV comparison is a function of the low level in C33A and may represent a 

HPV independent mechanism. Very little is known about miR-886-5p/3p but its host gene, TGF-P is 

present under normal cellular conditions and is involved in several pathological processes. Its
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expression has been shown to induce chromosomal instability in HPV positive cells (Deng W et al., 

2008). It may is possible that the host gene and miRNA are co-expressed as TGF-P up regulation is 

also found on com parison of HPV positive to negative cell lines on cDNA arrays.

miR-34a is a known transcriptional target of p53 and has been shown to be inhibited by E6 through its 

p53 destabilization ability in raft cultures. It also has a moderate cell cycle arresting abihty (W ang X et 

al., 2009). Although it is significantly up regulated in HPV positive compared to HPV negative cells, 

our data com pared to normal cervix shows a 930 fold down regulation in C33A, a 12 fold down 

regulation in HeLa and a non-significant change in SiHa. Its expression in raft cultures was restored 

on or after capsid protein synthesis, indicating other mechanisms of activation besides p53. W ang et al 

also found no miR-34a in C33A cells. Although the down regulation seen on comparison to normal 

cervix correlates with Wang et al., (2009) the up regulation in the HPV study may indicate a difference 

in monolayer and raft cultures.

miR-224 and 452, both up regulated, are present in a cluster on chromosome X. As with miR-886-5p, 

they are non-significant in HeLa and SiHa with down regulation in C33A on comparison to normal 

cervix. miR-224 is also up regulated in hepatocellular and oral squamous cell carcinoma, and is 

involved in proliferation and apoptosis (Wang Y et al., 2008; Kozaki K et al., 2008).

miR-143 and 145 were found to be up regulated in HeLa cells only on comparison to C33A , but were 

down regulated in all cell lines on comparison to normal cervix; except for miR-143 in SiHa which 

produced a non-significant result on comparison to normal. W ang et al., (2008) found these miRNAs 

to be down regulated in cervical cancer compared to normal and demonstrated their expression is 

suppressive to cell growth (Wang X et al., 2008). M artinez et al., (2008) found a similar result on 

comparison of HPV 16 positive cell lines to normal cervix. The up regulation we see in HeLa on 

comparison to C33A, indicates a difference between the cell lines but the overall down regulation on 

comparison to normal reveals a similar mechanism of carcinogenesis between them. However the
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absence of a significant difference in miR-143 expression between the HPV 16 cell line SiHa and 

normal cervix indicates triis miRNA may not be affected in this cell line.

miR-216b, 217 and 23a were up regulated in SiHa cells only. They are also found up regulated in 

SiHa only on comparison to normal cervix, except for miR-216b which is down regulated in C33A 

cells. This may indicate a HPV 16 specific mechanism. Using PANTHER analysis of putative gene 

target lists for each miRNA are predicted to be involved in nucleoside, nucleotide and nucleic acid 

metabolism. Down regulation of miR-9, 363 and 888 in HeLa cells only may also indicate a HPV 18 

specific phenomenon.

It was noted that a significant number of miRNAs found in HeLa cells only, or up in HeLa cells and 

down regulated in SiHa cells on comparison to C33A cells are present on a large miRNA cluster on 

chromosome 14q32. This represents one of the largest known miRNA clusters containing around 40 

miRNAs. It is a conserved region, also being found on mouse chromosome 12. The cluster is located 

in a known imprinted region; the Dlkl/Gtl2 region. There are six known imprinted genes in these 

region; three are paternally expressed (DLKl, RTLl, DI03), and four are maternally expressed 

(Gtl2/MEG3, antisense -Rtll, Rian/MEG8, Mirg). The paternally expressed genes are known to encode 

proteins but the maternally expressed genes correspond to non-coding RNAs. Kircher et ai, (2008) 

using an in-silico technique, analysed the mature miRNAs produced from the DLKl region of the 

cluster for common target genes to indicate any common functions but found no significant overlaps. 

On analysis of genes for common functions developmental processes, anatomical structure 

development and cell communication were identified (Kircher M et ai, 2008).

Examination of this miRNA cluster on comparison to normal cervix found, large fold change down 

regulations in C33A, down regulations in SiHa (or no-detection) and down regulation in HeLa, but to a 

lesser extent then C33A and SiHa. The fact that several of the miRNAs are expressed in SiHa, but to a 

lesser extent than HeLa, indicates that this is not an imprinting difference between the two cell lines. 

The status of chromosome 14 specifically, in the HeLa cell line is unknown, however gain in
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chromosome 14 in this miRNA cluster region has been described in cervical pre-cancer (Hidalgo et al., 

2005) and may possibly account for its up regulation in the HeLa cell hne. In mice the clusters 

expression is controlled through an intergenic germline derived differentially methylated region (Seitz 

H et al., 2006). Expression of several of the miRNAs were up regulated in ovarian cancer cell lines, on 

treatment with de-methylating agents, indicating there may be a common human control mechanism 

also (Zhang L et al., 2008). The down regulation of miRNAs at this locus has been associated with 

poor survival in ovarian cancer (Zhang L et al., 2008).

The cancer subtype may also be a factor as HeLa is an adenocarcinoma of the cervix while SiHa 

represents a squamous cell carcinoma. Therefore the possible roles of these miRNAs in HPV 18 

positive cervical cancer/adenocarcinoma may be of significance and warrant further investigation.

Several chromosomes were prominent in our HPV miRNA analysis, these included chromosomes 1, X, 

7 and 14 as described in the previous paragraph. The significance of miRNAs encoded on these 

chromosomes may relate to chromosomal losses and/or gains. Alterations in chromosome 7 have been 

reported as an early step in neoplastic change, whereas alterations in chromosomes 3 and X were noted 

to accumulate with progression (Marzano R et al., 2004). Gains in chromosomes 1, 3q and 20 may 

characterise CIN2/3 lesions with potential to progress (Wilting SM et al., 2009). In our data one 

significant pattern was observed; miRNAs associated with chromosome 14 were up regulated in HeLa 

and down regulated in SiHa on comparison to C33A , with down regulated expression in all cell lines 

compared to normal cervix but to a lesser extend in HeLa cells. The others produced no significant 

pattern.

Although the search for a specific miRNA post transcriptional regulator of pl6INK4A is incomplete, 

this analysis tells us that this cellular mechanism is most likely more complex than a simple miRNA; 

mRNA interaction. Further elucidation of this may bring to light alternate mechanisms of cellular 

immortalisation through the evasion/disruption of the senescence pathway. The miR-200 family may 

play an important role in the HaCaT cell line and their activity may also contribute to the non-
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tumourgenic phenotype of this cell. On the other hand, the prominent over expression of the miR-200 

family on comparison to the cervical cancer cell Hnes indicates at the malignant nature of these cells 

and the probable activation of the EMT pathway. HPV specific miRNA expression analysis has 

revealed several miRNAs that may be HPV specific, including miR- 217 and 23a in HPV 16 positive 

cells and miR-9, 363 and 888 in HPV 18 positive cells. Several miRNAs were specific to the HPV 

negative cell line; miR-886-5p, 224 and 452. We also described a possible prominent miRNA cluster 

in the HPV 18 positive cell line HeLa, which may be related to HPV 18 or the adenocarcinoma subtype 

of cervical cancer. No studies to date have examined, solely, the miRNA profile of cervical 

adenocarcinoma.

We have identified miRNAs potentially involved in indirect pl6EVK4A post transcriptional regulation 

(miR-9, 10a, 335, 520f, 193a-5p), in cervical carcinogenesis (miR-200 family), in HPV associated 

cervical cancer (548b-5p) and in HPV 16 (miR-217, 23a) and 18 (chromosome 14 cluster) specific 

cancer. These are now available and characterised for future analysis.
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Chapter 5 Villoglandular Adenocarcinoma

5.1 Introduction

As discussed in chapter 1 the introduction of cervical screening programmes across Europe and the 

United States has helped to decrease the morbidity associated with this cervical cancer. Squamous 

dysplasia is the most commonly encountered lesion but a rise in the detection of glandular lesions in 

the past few decades has been noted. It has been reported that cases of cervical adenocarcinoma 

(AdCa) are increasing and now account for 15-25% of all cervical cancer (CC) cases (Bray et al., 

2005:Schorge et al JO., 2004). Detection of glandular dysplasia presents more of a diagnostic and 

therapeutic challenge (El-Ghobashy AA et al., 2005) being less amenable to detection in the pre- 

cancerous stage (Bray et al., 2005; Smith HO et al., 2000). Glandular lesions also present with non

specific architectural features on cytology, which can be seen in other normal and abnormal conditions 

(Kirwan JM et al., 2004). Difficulty in detection and the high potential for recurrence (Smith HO et al., 

2000) has resulted in surgical intervention being the most common practice. Around 80% of AdCas are 

endocervical type with other types described including mucinous, endometrioid, clear cell, serous and 

mesonephric.

Villoglandular Adenocarcinoma (VGA) of the cervix is a rare variant of cervical AdCa. It also occurs 

in a younger age group than conventional AdCa. The first description of VGA was by Young and 

Scully (1989). On review, it was reported to have an excellent prognosis and with close follow up 

could be treated conservatively. This assertion is now under review as more malignant and aggressive 

phenotypes are being described (Utsugi K et a /’04; Bouman A et al’99).

VGAs have a surface papillary component, with elongating branching glands and occasional

desmoplastic or myxoid stroma at the advancing margin (Figure 5.1). The papillae and glands are lined

with stratified non mucin containing columnar cells and exhibit only mild to moderate nuclear atypia

with scattered mitotic figures (Young RH and Scully RE., 1989; Bouman A et al., 1999; Jones MW et

at., 1993). VGA has also been found in concert with other lesions including squamous cell carcinoma

in situ, adenocarcinoma in situ and adenocarcinoma (Young RH and Scully RE., 1989; Macdonald et

al.,06; Jones MW et al., 1993; Heatley MK., 2007).
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The initial description of this entity presented a favourable prognosis, with recommendation of a 

conservative treatment due to the lack of lymphovascular space invasion and a good survival rate 

(Young RH and Scully RE., 1989). However more recent studies have disputed this, with reports of 

lymph node metastases, lymphovasular space invasion and recurrence (Dede M et al., 2004; 

Khunamompong S et al., 2001; Bouman A et al., 1999; Macdonald RD et al., 2006; Kaku et al., 1997).

Due to the potential aggressive nature of this tumour clarity on its diagnosis and treatment are required 

(Bouman A et a i ,  1999; Macdonald RD et al., 2006). Differentiation of VGA from other carcinomas 

has been demonstrated as inconsistent with poor intra-observer agreement (Alfsen GC et al., 2003).

Elucidation of the role of the HPV virus in VGA is also warranted. As discussed in chapter 1, HPV is 

the main etiological agent in the development of cervical cancer. High risk HPV acts to disrupt critical 

cell cycle pathways through the action of its oncoproteins E6 and E7. The presence of HPV has been 

demonstrated in VGA previously, with HPV 16 and 18 being the predominant types reported (An HJ et 

al., 2005; Matthews-Greer J et al., 2004; Duggan et al., 1995; Jones MW et al., 2000). It has 

previously been shown that the cell cycle disruption induced by HPV oncoproteins manifests in 

deregulation of several critical cell cycle proteins. Detection of this deregulation provides an 

indication of the level of cellular disruption present. As discussed in chapter 3, the pl6INK4A protein 

is a major marker of high risk HPV infection. It is also a putative integration marker. Over production 

of HPV oncoproteins and thus up regulation of pl6INK4A occurs due to loss of the HPV E2 gene, 

which occurs on viral integration.

In this study, archival materials from 7 cases of histologically classified VGAs of the cervix were 

selected from the archives at the Coombe Women and Infants University Hospital and the National 

Maternity Hospital, Dubhn. A panel of 12 proteins (detected immunohistochemically) involved in 

DNA replication, cell division, cyclin dependant kinase regulation and apoptosis were chosen from 

analysis of cDNA array data from cervical cancer cell lines. These included; pl6INK4A, Ki-67, Bcl- 

2, Topoisomerase II alpha, MCMs 2, 3, 5 and 7, Nuf-2, Survivin, Geminin and CDC6. A brief
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description of each of these putative biomarkers is provided in Table 5.1 As many of these can be 

disrupted by the presence of HPV oncoproteins and as the role of HPV in VGA is not clear, the HPV 

status of our cases was also assessed. In collaboration with St. Vincent’s University Hospital, the status 

of microsateUite markers in VGA was assessed. Data on the incidence of microsatellite instability 

(MSI) in cervical carcinoma is limited, but studies have reported a rate of between 6 and 25% (Chung 

TK et a l ,  2001; Helland A et al., 1997; Nishimura M et al., 2000; Jimenez P et al., 1998). However, 

the vast majority of these cases were squamous lesions, so the true incidence of MSI in cervical 

adenocarcinoma remains unknown. VGA has not previously been assessed for the presence of MSI.

Based on the importance of the pl6INK4A protein and HPV status in more common variants of 

cervical cancer we set out to assess their status in VGA. The 11 protein markers have been previously 

demonstrated in squamous cell carcinoma and may also be dysregulated in VGA (Table 5.2). The use 

of these protein biomarkers may also provide a new diagnostic algorithm for the detection of glandular 

lesions and may indicate the aggressive nature of the tumour.

Thus, VGA remains a controversial entity in terms of its diagnosis, biological behaviour and prognosis. 

In this study we aim to further elucidate the molecular biology of this lesion in terms of the association 

with high risk HPV infection, the disruption of DNA licensing and replisome proteins and the presence 

or absence of microsatellite instability.
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F ig u re  5.1: H istological Features of V illoglandular A denocarcinom a o f the cervix show ing a 

branching villous pattern and m inim um  cytological atypia on H aem atoxylin  and Eosin stain. (A) and 

(B) lOX and 20X m agnification respectively (C) and (D) lOX and 20X m agnification respectively.
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Table 5.1: Summary of protein biomarkers examined immunohistochemically and their known 

functions.

Protein

Marker
Function

Possible Interaction with HPV 

Oncoproteins

Biomarker

Potential

Likely, as possibly controlled by the

pl6INK4A
Cyclin Dependant Kinase Rb/E2F pathway which is disrupted in high Yes

Inhibitor risk HPV infection (Cuschieri K et al., 

2008)

Bel -2

Promotes cell survival, 

can control apoptosis 

(LetaiAG er a l, 2008)

Conflicting opinions; Guimaraes MC et al., 

2005 -  no correlation between expression, 

HPV &CC, Grace VM et al., 2003 -  can be 

used as a marker of CC associated HPV

Further 

investigation 

required at 

protein and 

mRNA level

Nuclear Protein

Ki-67
expressed in proliferating 

cells {Brown DC and 

Gutter KC., 2002)

May be a by-product of HPV oncoprotein 

activity (Schmidt MH et al., 2002)
Yes

Further

MCMs

Role in DNA replication 

and licensing (Tachibana 

K E et al., 2005)

May be a result of HPV induced cell cycle 

up regulation or general cell cycle up 

regulation associated with cancer (Williams 

GH et al., 1998: Honeycutt KA et al.,2006: 

Ishimi Y et al., 2003:Kukimoto I et al., 

1998)

investigation. 

Variable 

results, 

although 

MCM 3 did 

produce >30% 

positivity in 

all cases

CDC6

Role in DNA replication 

and licensing (Borlado 

LR, Mendez J., 2008)

Maybe as the CDC6 gene can be activated 

by E2F (Ohtani K et al., 1998)
Yes

Role in DNA replication Maybe as possibly controlled by the Rb/E2F

Geminin (Tachibana KE et al., 

2005)

pathway which is disrupted in high risk 

HPV infection (Markey M et al., 2004)

Yes
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Topoisomer 

ase II alpha

Role in repHcation, 

chromosome 

condensation and 

segregation (Wang Q, 

Zambetti GP, Suttle DP 

1997}

Yes, HPV can cause over expression by 

blockage of TGF-Bl inhibitory action (Lee 

D K et a l, 2002)

Yes

Role in cell death and Maybe as possibly controlled by the Rb/E2F

Survivin division (Lens SM et al pathway which is disrupted in high risk Yes

2006) HPV infection (Jiang Y et a l, 2004)

May be, as a study showed re-expression of

Involved in the spindle E2 represses nuf-2 expression. E2 is lost on Yes but further

Nuf-2 pole checkpoint (Osbome integration so nuf-2 may be repressed in investigation

MA e ta l ,  1994) early infection and re-expressed on required

integration (Teissier S et a l, 2007)
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Table 5.2: Synopsis of the expression of the protein biomarkers in CIN, cGIN, Squamous Cell Carcinoma and Adenocarcinoma (SCC = 

squamous cell carcinoma, AdCa = Adenocarcinoma, ND = Not Described).

Protein Marker Staining
Pattern

Normal
Cervix

CIN 1 CIN 3 cGIN SCC AdCa Conclusion

pl6INK4A Nuclear but can 
be cytoplasmic; 
diffuse pattern 
indicates HPV+

Negative Positive in lower 
third -  reported 
mainly nuclear or > 
50% positive 
staining

Positive in full 
thickness -  nuclear 
and cytoplasmic or 
> 50% positive 
staining

Nuclear and
cytoplasmic
in dysplastic
glandular
cells or > 50%
positive
staining

> 50% positive, 
nuclear and 
cytoplasmic

> 50% positive, 
nuclear and 
cytoplasmic

Increases with 
dysplasia

(Murphy N  et 
al., 2003)

Bel - 2 Cytoplasmie Positive Positive and 
Negative results 
seenf Dimitrikakas 
C et al.,2000 Ter 
Hannsel B et a i, 
1996)

Positive and 
Negative results 
seen( Dimitrikakas 
C et a i, 2000 Ter 
Hannsel B et a i, 
1996) Feng W et 
al., (2007) found 
weak to strong 
staining in all CIN 
cases.

Generally
negative,
weak
positivity in 
some cases 
(El-Ghobashy 
AA et al.,20 
07)

Positive and 
Negative results 
seenf Dimitrikakas 
C et a i, 2000; 
Feng W et al., 
2007)

Positive and 
Negative results 
seenf Dimitrikakas 
C et a l, 2000; Ter 
Hannsel B et a i, 
1996)

Positivity has 
been
correlated with
positive
survival
indicator
(Dimitrikakas
C et al., 2000)

Ki-67 Nuclear Basal cells at 
the basement 
membrane 
positive

Majority have 
positivity in >25% 
cells

Majority have 
strong positive in > 
50% of cells

ND Strong positivity in 
all cases (Feng W 
et a i, 2007)

Moderate to strong 
positivity
(Cambruzzi E et al., 
2005)

Positivity 
increases from 
CIN to Cancer

MCMs

(Murphy N  et a i, 
2005; Freeman A 
et al., 1999)

Nuclear Basal cells at 
the basement 
membrane 
positive

Strong positivity in 
region of CIN I

Strong positivity in 
full thickness 
epithelium

Strong 
positivity in 
majority of 
cases

Strong positivity Strongly positive Positivity 
increases from 
CIN to Cancer 
-  more well 
differentiated 
SCCs may 
have a lower 
% of positive
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cells

CDC6 (M urphy N  
et al., 2005; Bonds 
L e t  a l.,2002 )

N uclear but 
cytoplasm ic 
staining noted 
in high grade 
lesions
(M urphy N et 
al.,2005) (The 
protein is 
nuclear in G1 
and
cytoplasm ic in 
S-phase cells)

M ajority o f
cases
negative

M ajority positive All cases positive M ajority of 
cases positive

All cases positive M ajority o f cases 
positive

Positivity 
increases from 
CIN to Cancer

Geminin Nuclear Scattered 
basal cells 
positive 
( Wohlschlegel 
JA et al., 
2002)

ND ND Strong 
nuclear 
positivity in 
dysplastic 
glands 
(Martin C et 
al., 2009)

ND Strong nuclear 
staining
(W ohlschlegel JA et 
al., 2002)

ND

Topoisom erase II 
alphaf^/zf J  et al., 
2007; unpublished  
results)

N uclear and 
cytoplasm ic

Basal cells at 
the basement 
membrane 
positive

W eak nuclear 
positivity sim ilar to 
Normal

>75%  of cells with 
strong nuclear 
positivity, weak 
cytoplasmic 
staining also seen

>75% o f cells 
with strong 
nuclear 
positivity, 
weak
cytoplasmic 
staining also 
seen

>75%  o f cells with 
strong nuclear 
positivity, weak 
cytoplasmic 
staining also seen

>75%  o f cells with 
strong nuclear 
positivity, weak 
cytoplasm ic 
staining also 
seen(n= l)

Increases with 
degree of 
dysplasia, 
markedly 
between CIN 
2which shows 
a more
moderate stain 
and CIN3

Survivin (Yaqin M  
et al., 2007;
Branca M  et AL, 
2005; Frost M  et al 
., 2002)

Nuclear Positivity 
seen in lower 
basal layer

Positivity increases 
with level of 
dysplasia, 
cytoplasmic 
staining also seen

Positivity increases 
with level of 
dysplasia, 
cytoplasmic 
staining also seen

Positivity 
increases with 
level of 
dysplasia, 
cytoplasmic 
staining also 
seen

Positive, mainly 
cytoplasmic 
staining reported

ND Overall shown 
to increase 
with dysplasia 
with nuclear 
and
cytoplasm ic
staining
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5.2 Study Aims

The focus of this chapter was to examine the pl6INK4A protein and HPV status in a cohort of rare 

cervical cancers; Villoglandular Adenocarcinoma. Material was tested for high risk HPV types 16 and 

18 using TaqMan® Real-Time PCR. A panel of 12 protein markers of cell cycle regulation, DNA 

licensing and DNA replication and apoptosis (pl6INK4a, Ki-67, Bcl-2, Topoisomerase II a, MCMs 2, 

3, 5 and 7, Nuf-2, Survivin, Geminin and CDC6) were assessed immunohistochemically. Several of 

these proteins are known to be dysregulated in HPV-associated cancers, due to expression of HPV 

oncoproteins. Immunohistochemical testing for microsatellite instability (MSI) in all seven patients 

was also performed.

Overview: All cases of VGA were positive for HPV infection with HPV 18 detected in 6/7 (85.7%) 

cases, HPV 16 in 5/7 (71.4%) and co-infection in 4/7 (57%). Significant levels of cell cycle 

dysregulation was demonstrated using immunohistochemistry, with the majority of cases 

demonstrating positivity in > 30% of abnormal cells with a moderate to strong intensity of staining, for 

all but one (Bcl-2) of the tested markers. MSI analysis showed normal expression in all cases. These 

findings demonstrate considerable disruption of the normal cell cycle in VGA, which is likely due to 

the presence of HPV. These results challenge the perception of VGA as an indolent disease and 

support the emerging consensus that caution is indicated in assessment of these tumours in terms of 

prognosis and suitability for conservative fertility-conserving surgery.
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5.3 Materials and Methods 

5.3.1 Patient Samples

Formalin Fixed Paraffin Embedded (FFPE) cases of VGA were selected from the archives of the 

Coombe Women and Infants University Hospital, Dublin and the National Maternity Hospital, Dublin. 

Seven cases with a mean age of 31 years (25-38 years) were selected for immunohistochemistry and 

TaqMan® PCR. The study was approved by the Research Ethics Committee at the Coombe Women 

and Infants University Hospital. HeLa and CaSki CC cell lines were grown and processed into paraffin 

blocks, as described in section 2.1.3.1, to use as positive controls for HPV 16 and 18 TaqMan® PCR 

respectively.

5.3.2 DNA Extraction

DNA extraction from FFPE material was performed as described as in section 2.3.2. Sections of FFPE 

tissue were first cut aseptically at 6 microns and placed in sterile RNase, DNase free 1.5ml tubes. 

These were then extracted using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Fleming Way, 

Crawley, West Sussex, RH 10 9NQ, UK).

5.3.3 Immunohistocheniistry

Immunohistochemical detection was performed on the LabVision (LabVision at Thermoscientific, 

Waltham, MA, 02454) immunostainer as described in section 2.15.2. Positive and negative controls 

were used for all cases (Table 5.3).

Collaboration with in St. Vincent’s University Hospital allowed immunohistochemistry for mismatch 

repair proteins to be performed. Antibodies to MLHl (BD Biosciences, clone G 168-728,), PMS2 (BD 

Biosciences, clone A16-4), MSH2 (Calbiochem, clone F E ll) , and MSH6 (BD Biosciences, clone 44)
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were used at a dilution of 1/200 on a Bond™ automated immunostainer (Lecia Microsystems, 

Germany). Normal Bowel and colorectal cancer cases with MSI were used as controls.

5.3.4 TaqMan PCR

TaqMan® PCR was performed as described in section 2.10.2. FAM labelled MGB Primers and probe 

designed to the E6 region of HPV 16 and 18 were used (Keegan H et a i, 2008). These are shown in 

Table 5.4. Confirmation of DNA amplification was carried out using 18s ribosomal RNA as a 

housekeeping gene.

5.3.5 Grading of Immunohistochemistry

A consultant histopathologist, a pathology specialist registar and a chief medical scientist reviewed the 

slides and recorded the degree of staining in abnormal cells. The following grading scheme was used to 

review IHC staining in abnormal cells; 0 = no staining, 1 = < 30%, 2 = 30% - 60%, 3 = > 60%. The 

intensity of staining was graded as mild, moderate or strong.
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Table 5.3: Antibodies chosen for their Evaluation as Biomarkers in VGA and their Optimised 
Dilutions.

Antibody Source Dilution Control

pl6INK4A Dako kit Pre dilute Cervical Cancer

Bcl-2 Dako 1/250 Tonsil

Ki-67 Dako 1/50 Tonsil

M CM 2 Novocastra 1/40 CIN

MCM 3 Dako 1/75 Tonsil

M CM 5 Novocastra 1/40 Tonsil

MCM 7 Novocastra 1/30 Tonsil

CDC6 Santa Cruz 1/200 Breast tumour

Geminin Santa Cruz 1/400 Tonsil

Topoisomerase II a Dako 1/300 Tonsil

Survivin NeoMarkers 1/200 HeLa Cell Block

Nuf-2 Abeam 1/200 HeLa Cell Block

Normal expression of mismatch repair proteins was the presence of nuclear staining within the tumour 

cells along with staining in the nuclei of adjacent non neoplastic tissue components. Nuclear staining in 

any area of the tumour was classified as showing no loss of the mismatch repair protein.

Tumours showing complete loss of nuclear staining of the mismatch repair protein in the entire tumour 

with concurrent positive staining of nuclei of non neoplastic cells were classified as having loss of 

expression of the mismatch repair protein.
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Table 5.4: HPV 16 & 18 TaqMan® Primer and Probe Sequences.

Target Sequence

HPV 16 Forward GAACAACATTAGAACAGCAATACAACAA

HPV 16 Reverse TGGCTTTTGACAGTTAATACACCTAATT

HPV 16 Probe 6-FAM-CCGTTGTGTGATTTGT-MGB

HPV 18 Forward GAGGCCAGTGCCATTCGT

HPV 18 Reverse TGTTTCTCTGCGTCGTTGGA

HPV 18 Probe 6-FAM-CAACCGAGCACGACAG-MGB
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5.4 Results 

5.4.1 Patient History

On histological review all 7 cases showed typical features of VGA including a predominantly villous 

architecture (Figure 5.1). Nuclei tended to be mildly atypical with stratification and often focal mitotic 

and apoptotic activity. Four cases showed invasion at the base o f the tumour, all were pathologic stage 

p T la l .  Three cases were in situ, pathologic stage pTis. Six patients had hysterectomies; 2 W ertheims 

hysterectomies, 1 Total Abdominal Hysterectomy (TAH), 1 TAH with Bilateral Salpingo 

Oophorectomy and omentectomy and 2 TAH with Bilateral Salpingectomy. One patient (age 26) had 

a more conservative treatment with a Dilation and Currettage (D&C) followed by a large loop excision 

o f the transformation zone (lletz), a deep cervical biopsy and a cone biopsy.

5.4.2 HPV Status

HPV testing was performed on 7 cases of VGA. HPV 18 was detected in 6/7 (85.7%) villoglandular 

cases. HPV 16 was detected in 5/7 (71.4%) and co-infection was demonstrated in 4/7 (57%) of cases. 

Looking at single infections, HPV 18 alone was found in 2/7 (28.6%) and HPV 16 alone in 1/7 

(14.3%).

5.4.3 Immunoliistochemistry

IHC analysis showed significant dysregulation of all proteins in all cases of VGA. The IHC staining 

results are summarised in Table 5.4 and Figure 5.2 and 5.3. The expression of many of these markers 

has been described previously in CE^, cGIN, SCC and AdCa and is summarised in Table 5.2.

Cyclin Dependant Kinase Regulation: p l6IN K 4A  demonstrates nuclear staining but has also been 

shown to display cytoplasmic positivity. pl6IN K 4A  demonstrated > 60% cell positivity in 5 cases and
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30-60% in the remaining 2 cases. All cases showed strong intensity of staining. Both nuclear and 

cytoplasmic staining was observed.

Cell Proliferation: Ki-67, which demonstrates nuclear staining, had > 60% positivity in 4 

Villoglandular Adenocarcinoma cases, 30-60% positivity in 2 cases. These all were graded as strong 

intensity staining. One case had < 30% of abnormal cells positive with a moderate staining intensity.

Apoptosis: Bel- 2 (cytoplasmic staining) was negative in 3 cases. 2 cases had 30-60% positivity with 

moderate staining intensity and the remaining 2 cases had < 30% of cells positive with a mild staining 

intensity.

Survivin (nuclear and cytoplasmic staining (Yaqin M et al., 07; Frost M et al., 02;Branca M at al 05)) 

showed > 60% positivity in 3 cases; 30-60% cell positivity in 3 cases and < 30% cell positivity in 1 

case. All cases showed moderate to strong intensity of staining with survivin.

Cell Division: Nuf-2 (nuclear and cytoplasmic staining) demonstrated > 60% positivity in 5 cases and 

30-60% positivity in the remaining 2 cases. The positivity seen was mainly cytoplasmic. All cases 

demonstrated strong intensity of staining.

DNA Replication: All MCMs demonstrate nuclear positivity. MCM 3 staining was demonstrated in > 

60% of cells with strong intensity in all cases. MCM 2 had a > 60% cellular positivity in 5 cases and 

30-60% in 1 case, with all cases showing a strong intensity of staining. The remaining case was < 30% 

positive in cells and showed a moderate intensity. It is of interest that this case is positive for HPV 16 

only. MCM 5 showed > 60% positivity in 3 cases, 30-60% positivity in 3 cases and < 30% positivity in 

1 case. It is of interest that this case is positive for HPV 18 only. All cases had strong intensity of 

staining with MCM 5. MCM 7 demonstrated 60% cell positivity in 1 case, with strong intensity; 30- 

60% in 4 cases (with strong intensity in 3 and moderate intensity in 1 case) and < 30% positivity in 2 

cases with a strong intensity of staining. Both MCMs 2 and 3 showed a very clear delineation between 

normal and abnormal glandular epithehum (Figure 5.3)
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Geminin (nuclear staining) was shown to be expressed in > 60% of cells in 2 cases and 30-60% in 5 

cases with moderate to strong intensity of staining.

Topoisom erase II alpha (cytoplasmic and nuclear staining) staining was positive in > 60% of tumour 

cells in 5 cases, and 30-60% positivity was seen in the remainder of the cases. Strong intensity staining 

was seen in 6/7 cases.

CDC6 (nuclear staining in G1 and cytoplasmic staining in S-phase cells) expression was > 60% in 2/7 

cases, 30-60% in 3 cases and < 30% in 2 cases. One case graded as < 30% showed a mild intensity of 

staining. The remaining cases were moderate to strong in staining. The positivity seen was mainly 

cytoplasmic.

It is interesting to note, in relation to MCM 2 and MCM 5 results, infection with I HPV type had a 

lower cellular positivity for these markers.

5.4.4 M icrosatellite Instability

All seven cases of VGA demonstrated normal expression of mismatch repair proteins (PM Sl, M L H l, 

MSH2, MSH6) on immunohistochemistry.
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Table 5.5: Grade of staining for each Antibody and corresponding VGA case. Staining was graded as follows in abnormal cells; 0 = no 

staining, 1 = < 30%, 2 = 30% - 60%, 3 = > 60% with intensity of positive staining graded as mild, moderate or intense.

Case HPV MCM 2 MCM3 MCM5 MCM7 CDC6 Geminin

Score Intensity Score Intensity Score Intensity Score Intensity Score Intensity Score Intensity

1 18/16 3 Strong 3 Strong 2 Moderate 2 Strong 2 Strong 2 Strong

2 18 3 Strong 3 Strong 3 Strong 3 Strong 3 Strong 3 Strong

3 18 2 Strong 3 Strong 1 Strong 1 Strong 1 Strong 2 Strong

4 18/16 3 Strong 3 Strong 3 Strong 2 Moderate 1 Mild 3 Strong

5 18/16 3 Strong 3 Strong 3 Strong 1 Mild 3 Strong 2 M oderate

6 18/16 3 Strong 3 Strong 2 Strong 2 Strong 2 Strong 2 Strong

7 16 1 Strong 3 Strong 2 Strong 2 Strong 2 Strong 2 Strong

Total 18 21 16 13 14 16

Case HPV pl6IN K 4A BCL2 Ki-67 Topo II alpha Survivin N u f2

Score Intensity Score Intensity Score Intensity Score Intensity Score Intensity Score Intensity

1 18/16 3 Strong 0 3 Strong 3 Strong 3 Strong 3 Strong

2 18 3 Strong 2 Moderate 3 Strong 3 Strong 2 Strong 3 Strong

3 18 3 Strong 0 2 Strong 3 Strong 2 Strong 2 Strong

4 18/16 3 Strong 1 Mild 3 Strong 2 Strong 1 Moderate 3 Strong

5 18/16 2 Strong 1 Mild 3 Strong 3 Strong 3 Strong 3 Strong

6 18/16 2 Strong 0 2 Strong 2 Moderate 2 Moderate 2 Strong

7 16 3 Strong 2 Moderate 1 Moderate 3 Strong 3 Strong 3 Strong

Total 19 6 17 19 16 19
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Figure 5.2: Immunohistochemical staining of Villoglandular Adenocarcinoma. (A) pl6INK4A (B) 

Bcl-2 (C) Ki-67 (D) MCM2 (E) MCM3 (F) MCM5 (G) MCM7 (H) CDC6 (I) Geminin (J) 

Topoisomerase II alpha (K) Survivin (L) Nuf-2
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Figure 5.3: MCM 2 and MCM 3 immunohistochemistry demonstrating the transition from norma! 

giandular epithelium to abnormal (indicated by arrows) (A) MCM3- lOX (B) MCM 3- 40X (C) 

MCM2- lOX (D) MCM 2- 40X.
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5.5 Discussion

The use of Biomarkers is an important diagnostic aid. They allow stratification of patients into 

different groups and can play a role in deciding treatment options and in prognosis. The conflicting 

reports of the aggressiveness and invasiveness of VGA warrants the validation of a set o f biomarkers 

to aid in the determination of the level of cellular dysregulation present. This can provide an insight 

into the cellular abnormalities present and allow the formulation of an informed treatment plan on a 

case by case basis. No previous studies have critically examined the dysregulation of protein markers 

associated with DNA replication, cell division, cyclin dependant kinase regulation, apoptosis and DNA 

repair in this group of tumours.

The cyclin dependant kinase inhibitor pl6IN K 4A  is used as a marker of high risk HPV infection and 

progression, and is a putative marker of integration. It is said to have a greater specificity for squamous 

lesions than glandular (M ulvany NJ et al., 2008). Studies have described the potential pitfalls in the 

utility of p l6IN K 4A  in differentiating dysplastic glandular lesions from benign. In a previous study 

positive staining was found in glandular lesions, but this positivity was also observed in the 

endometrium and in tubo-endometrioid metaplasia, a benign lesion (Murphy N et al., 2004). This 

suggests that in the case of glandular lesions, use of p l6IN K 4A  alone may result in false positive 

results. Therefore a panel of biomarkers may provide a better end result.

In this study, an analysis of protein markers of DNA replication, cell division, cyclin dependant kinase 

regulation, apoptosis and DNA repair was performed on cases o f histologically confirmed VGA. The 

expression pattern of these markers was analysed and correlated to the HPV status o f each case. All the 

proteins detected were found to be dysregulated and for many, this abnormal expression can be 

explained by the action of the HPV viral oncoproteins E6 and E7.

The HPV status of glandular lesions has been described, with types 16 and 18 both being detected 

(M oreira MA et al., 2006). Generally AdCas are thought to be associated with HPV 18 (Smith JS et 

al., 2007). Although studies examining histological subtypes o f AdCas and invasive AdCas found the
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predominant infection was HPV 16 followed by HPV 18 (An HJ et ai, 2005; Duggan et al., 1995). We 

demonstrate the presence of HPV 16 and/or 18 in 7/7 VGA cases with co-infection in 4. These findings 

correlate with the small number of VGA cases previously tested for HPV (An HJ et a i, 2005; 

Matthews-Greer J et ai, 2004; Duggan et ai, 1995; Jones MW et ai, 2000).

It has been suggested that the risk of high grade lesions and invasive cervical cancer is increased on co- 

infection (Trottier H et al., 2006; Fife KH et ai, 2001; Lee SA et al., 2003). Two VGA cases, which 

demonstrated limited dysregulation of MCM proteins (MCM2 and MCM5), were found to be infected 

with a single high risk HPV type only. This suggests a lower level of cell cycle disruption which 

appears to correlate with the suggestion of co-infections causing a greater level of biological 

aggressiveness.

HPV 18 has a reputation of being more prevalent in AdCas and causing a quicker progression to cancer 

and a more aggressive tumour. (Franco EL., 1992; Im S et al., 2003; Burger RA., 1996; Schwartz SM 

et a i, 2001). It has been associated with a higher incidence of pelvic lymph node metastasis and deeper 

stromal invasion with a higher percentage of HPV 18 positive cases shown to relapse (Im S et al., 

2003). HPV 18 was the predominant infection (85.7%) in our cases. Thus the presence of HPV 18 in 

the majority of cases and the high incidence of co-infection may point towards a more aggressive 

tumour.

Although the HPV integration status of our VGA cases is unknown, the up regulation of the putative 

integration marker pl6INK4A suggests this is the case. The protein biomarkers examined in this study 

were found to be significantly dysregulated and the majority can be directly or indirectly linked to 

disruption of the critical cell cycle pathways, E2F/Rb by the HPV oncoproteins. Therefore, the 

presence of high risk HPV infection in every case is evidence of the presence of HPV induced cell 

cycle dysregulation. In VGA, no previous study has examined a combination of markers involved in 

DNA replication, cyclin dependant kinase regulation, cell division, apoptosis and DNA repair which 

are possibly affected by the presence of high risk HPV.
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Cyclin Dependent Kinase Inhibitor: The expression of pl6INK4A can be linked to the action of high 

risk HPV oncoprotein, E7. Differences in pl6INK4A IHC staining patterns are important with diffuse 

staining indicating a HPV associated lesion (Cuschieri K et al., 2008). Positive nuclear and 

cytoplasmic staining was seen in all VGA cases. Some pitfalls in the use of this marker have been 

described as it also demonstrates positivity in the endometrium and tubo-endometrioid metaplasia, a 

benign lesion (Murphy N et al., 2004). As all of our cases are high risk HPV positive we can infer that 

the significant pl6INK4A expression seen is a product of the viral oncoprotein E7.

Cell Proliferation: Ki -  67 is expressed in proliferating cells and is not detected in the resting phase of 

the cell cycle. It may contribute to control of replication in S phase through DNA and MCM binding 

abilities (Schmidt MH et al., 2002). All Villoglandular Adenocarcinoma cases bar one, which was 

HPV 16 positive only showed a 30-60% expression level or greater of Ki-67. Ki-67 protein expression 

increases with levels of cervical squamous dysplasia (Bahnassy AA et al., 2007) and in cases of 

Adenocarcinoma in situ when compared with endocervical glandular dysplasia and benign conditions 

(Liang J et al., 2007).

Apoptosis: The Bel -  2 oncoprotein promotes cell survival and also gives its name to a family of 

proteins which regulate programmed cell death at the mitochondria (Letai AG., 2008). It decreases in 

expression as CEN develops to cervical cancer (Ter Hearmsel B et al., 1996) and its expression has also 

been correlated to a greater 5 year survival (Dimitrakakis C et al., 2000). 3/7 VGA cases were negative 

for Bcl-2 with the remainder showing a 30-60% positivity with mild to moderate staining intensity. 

The mild intensity of staining seen in VGA, points towards the aggressiveness of this lesion. Bcl-2 also 

shows positivity in tubo-endometrioid metaplasia and endometriosis with only occasional staining of 

malignant glandular cells in cases of invasive adenocarcinoma (El-Ghobashy AA et al., 2007).

Survivin is a member of the family of inhibitor of apoptosis proteins and is thought to have a role in 

both cell death and division (Lens SM et al., 2006). Survivin is expressed in the G2/M phase of the cell 

cycle, where its expression is controlled by the Rb/E2F and p53 pathway. Rb can interact with the
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survivin promoter, repressing its transcription and E2F can also bind to its promoter and induce 

transcription (Jiang Y et al., 2004; Mirza A et a i ,  2002). This indicates a role for HPV oncoproteins in 

its dysregulation. Survivin has been shown to increase with grade of CIN and demonstrates both 

nuclear and cytoplasmic positivity (Frost M et al., 2002; Branca M et a i,  2005). A high level of 

cytoplasmic survivin expression was found in all cases of VGA except 1 which only showed < 30% of 

abnormal cells staining positive. All cases did show a moderate to strong intensity of staining. Survivin 

was found to produce background staining which may limit its diagnostic utility.

Cell Division: Nuf-2 is known to interact with a number of proteins in the spindle pole checkpoint 

(DeLuca JG et al., 2003). This checkpoint only allows separation of sister chromatids (anaphase) to 

occur when the 2 kinetochores of all the sister chromatids are attached to microtubules from the 

opposite poles and thus assembled at the metaphase plate (Bharadwaj R, Yu H., 2004). It has also been 

shown to have a role in kinetochore attachment in concert with CENP-B, where it functions to stabilise 

microtubule-kinetochore attachments and maintains tension between sister chromatids (Lui D et al., 

2007). All VGA cases showed a high expression of Nuf-2 protein in abnormal cells, with a strong 

intensity of staining. The majority of staining was cytoplasmic.

Nuf-2 expression may be affected by the presence of HPV. A recent study re-expressed HPV E2 in 

HeLa cells, and found, along with viral oncogene repression, activation and repression of several 

significant proteins. Survivin and Nuf-2 were among the proteins repressed by HPV E2 re-expression 

(Teissier S et al., 2007). Ploidy analysis in cervical cancer and CIN has found tetraploidy occurs early 

on in malignant progression and this is followed by aneuploidy (Olaharski AJ et al., 2006). Whether 

abnormal ploidy is preceded, caused by, or follows HPV integration is yet to be elucidated. Studies 

suggest that aneuploidy is associated with HPV integration (Melsheimer P et a i, 2004; Moodley M., 

2005; Rihet S et al., 1996). In early HPV infection i.e. non-integration, the HPV E2 gene is intact and 

its expression may cause Nuf-2 repression (as described by Teissier S et al., 2007) which is known to 

be involved in the spindle checkpoint. Disruption of Nuf-2 along with other proteins may cause
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abnormal sister chromatid segregation which may lead to tetraploidy and aneuploidy. Integration 

causing loss of HPV E2 in late HPV infection may cause a re-expression of Nuf-2.

DNA Replication (Figure 5.4): Minichromosome m aintenance proteins play an essential role in DNA 

replication and licensing. During G2 and mitosis, MCM s remain as a soluble nuclear pool and are 

prevented from binding DNA by cyclin activity and inactivation of their loading factors. M CM s are 

degraded in cells that have exited the cell cycle and are therefore potential markers for the excess cell 

cycling that occurs in cancer (Tachibana KE et al., 2005). Studies have demonstrated MCM over 

expression in CIN and cervical cancer (Williams GH et al., 1998; Murphy N et al., 2005; Freeman A et 

al., 1999). Little is known about any direct effects of the HPV oncoproteins on MCMs, although E6 

has been shown to have the ability to bind the n-terminus of MCM 7 and it is suggested that this may 

cause chromosomal aberrations (Kukimoto I et al., 1998). Induction of S phase progression by HPV 

oncoproteins may indirectly up regulate MCM protein expression. Combined results in cases of VGA 

show significant expression of all MCMs tested. MCMs 2 and 3 gave the highest total score while 

MCM 7 gave the lowest. MCMs 2 and 3 also showed a very clear delineation between normal 

glandular epithelium and abnormal (Figure 5.5 and 5.6). This along with the strong intensity of 

staining indicates they are excellent markers of dysplasia and their use on smear preparations may aid 

in the differentiation of benign and glandular abnormalities.

Geminin is thought to play a role in limiting the replication of DNA to one event per cell cycle

(Markey M et al., 2004). Its expression is initiated at G l-S  and reaches a maximum at mitosis. The

expression o f geminin is tightly controlled by the anaphase promoting complex which is activated at

mitosis causing geminin proteolysis (Tachibana KE et al., 2005). Geminin has been shown to be over

expressed in several cancer cell lines including HeLa. Thus it may be an indicator of cell cycle

dysregulation in CIN and cancer (Xouri G et al., 2004). M arkey et al., (2004) found Geminin levels

decrease at the M /Gl phase when Rb is activated and increase in levels at the G l/S  transition when Rb

is inactivated, indicating a role for Rb in control o f Geminin expression. This also suggests a role for

the HPV E7 oncoprotein in disruption of Geminin expression through its interaction with Rb. The
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strong positive protein expression o f Geminin in VGA indicates significant cell cycle up regulation and 

the presence o f high risk HPV oncoproteins. This again supports the contention for HPV integration in 

these cases.
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Figure 5.4: Overview o f the cell cycle. During G l the cell commits to division resulting in 

phosphorylation of Rb and release o f E2F. This commitment to division or checkpoint is controlled by 

cyclins and cyclin dependant kinase inhibitors, including pl6ENK4A. On entry into S phase the cell 

replicates the entire genome. This is controlled by several proteins including MCMs and CDC6. As 

well as cdtl and its repressor Geminin, this plays a role in lim iting the replication o f the genome to one 

per cell cycle. (Herrup K, Yang Y., 2007)
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Topoisomerase II alpha is a nuclear enzyme that controls and alters the topological state of DNA and 

thus plays a role in replication, chromosome condensation and sister chromatid segregation (Wang Q, 

Zambetti GP, Suttle DP., 1997). Its expression, at a protein level, has been shown to increase with 

grades of CIN to cancer and is significantly associated with progression of CIN II to CIN III, as well as 

high risk HPV expression (Branca M et al., 2006). Topoisomerase II alpha was significantly expressed 

in all VGA cases. This expression could be a result of the presence of high risk HPV as E7 blockage of 

TGF-Bl abrogates its ability to inhibit topoisomerase II alpha expression (Satterwhite DJ et al., 2000). 

The E6 oncoprotein also causes topoisomerase II alpha up regulation, as the degradation of p53 by E6 

removes the inhibitory action of p53 on topoisomerase (Taylor WR, Stark GR., 2001).

CDC6 is a loading factor for the MCM complex during DNA licensing (Tachibana et al., 2005) and 

can be activated by the E2F transcription factor (Ohtani K et al., 1998). CDC6 is therefore a marker of 

cell proliferation and may be affected by the HPV oncoproteins, directly through E7 induced 

expression of E2F or indirectly through cell cycle up regulation. CDC6 expression has been found to 

be expressed in high grade CIN, invasive SCC, AdCa in situ and AdCa, with a linear correlation found 

between CDC6 staining and the level of dyplasia (Murphy N et al., 2005; Bonds L et al., 2002). CDC6 

staining in VGA was mainly cytoplasmic indicating a large number of cells in S phase. In cases of 

VGA, 2 have a > 30% staining positivity, although only one case had a mild staining intensity while 

the rest were graded as strong.

Microsatellite instability (MSI), or the accumulation of microsatellite repeat alterations due to strand

misalignment during DNA replication, occurs due to mutations in mismatch repair genes. Previous

studies have detected MSI in 6-25% of tested cervical carcinomas (Chung TK et al., 2001; Helland A

et al., 1997; Nishimura M et al., 2000; Jimenez P et al., 1998). However, the number of cases of

adenocarcinoma in these series was quite limited so it remains unclear whether an association exists

between cervical adenocarcinoma and MSI. Our series of seven VGA cases all demonstrated normal

positive staining for mismatch repair proteins on immunohistochemistry. Jones et al., (2000) have

previously demonstrated no association between twelve cases of VGA and several other relatively
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common genetic mutations associated witii neoplasia (p53, K-ras-2, c-erbB-2/HER-2/neu, APC, MCC, 

BRCA-1 and int-2). Therefore the genetic pathways involved in the development of VGA remains to 

be elucidated.

If we examine the utility of the antibodies used in this study based on the totals of the staining score 

shown in Table 5.5 (maximum of 21) and the staining intensity, the top 5 for indicating cellular 

dysregulation are MCM3, pl6INK4A, topoisomerase II alpha, Nuf-2 and MCM2. These markers 

warrant further investigation in the demonstration of glandular abnormalities on smear preparations.

Much of the protein dysregulation seen in VGA is driven by the disruption of the E2F/Rb pathway by 

the HPV oncoprotein E7. pl6INK4A, CDC6, geminin, topoisomerase II alpha and survivin are known 

to be affected by this pathway. The mainly cytoplasmic CDC6 staining indicates the majority of 

tumour cells are in S phase while aberrant S phase induction is shown by the presence of MCM 

proteins and geminin. The positivity for pl6INK4A and the Nuf-2 expression seen indicates the 

presence of an integrated virus. There is currently no evidence that the expression of Bcl-2 is linked to 

HPV but it may have a role as a prognostic marker. This panel of biomarkers points to significant 

disruption of DNA licensing and replication in VGA, suggesting a more biologically aggressive entity. 

The presence of HPV 16 and 18 co-infection also supports this, with the high rate of HPV 18 infection 

in our cohort also indicative of a more aggressive disease entity.

Although the presence of HPV and the protein expression levels in VGA indicate an aggressive cancer 

the young age of the patients supports a conservative approach so as to maintain fertility. The use of 

biomarkers would allow grading of the level of cell cycle dysregulation present and provides an 

indication of the severity of dysregulation in a lesion which can provide indications for further 

investigations and/or treatment.

In summary, we have demonstrated the presence of high risk HPV (subtypes 16 and 18) in a series of 7 

cases of VGA, and the uniform over-expression of multiple cell cycle proteins. This suggests that
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VGA may be a more aggressive disease entity than previously thought, and that re-assessment of these 

tumours in terms of prognosis and suitabihty for conservative fertility-conserving surgery is required.
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Chapter 6 General Discussion

6.0 General Discussion

The aim of this thesis was to critically examine the pl6INK4A pathway and add a new level of 

understanding to its dysregulation in CC. Detection of pl6INK4A over expression in CC and pre

cancer as it has been described as a marker of high risk HPV infection and progression (von Knebel 

Doeberitz M., 2002; Carozzi F et a i,  2008).

pl6LNK4A is a cyclin dependant kinase inhibitor which acts in the inhibition of Gl-S phase entry in 

the cell (Serrano M, Hannon GJ, Beach D., 1993). pl6INK4A protein over expression in cervical pre

cancer and cancer (Klaes R et ai,  2001; Murphy N et al., 2003), is thought to be a function of the 

binding and degradation of the Rb protein, by HPV oncoprotein E7 (Dyson N., 1989; Boyer SN, 

Wazer DE, Band V., 1996). The action of HPV E7 oncoprotein increases cell cycling (through 

activation of the transcription factor E2F) resulting in pl6INK4A up regulation. This is thought to act 

through activities of E2F or through a decrease in the repressive function of Rb on pl6INK4A. The 

increased pl6INK4A protein is non-functional; as it has no effect on the levels of CDKs in E7 

transformed cells (Martin LG, Demers GW, Galloway DA., 1998).

We proposed to compare systems of pl6INK4A protein incompetence and protein competence to 

further elucidate the pl6INK4A pathway. This was facilitated through the use of the pl6INK4A 

protein null cell line, HaCaT. HaCaT cells have been previously described as pl6INK4A null due to 

promoter hypermethylation (Chaturvedi V et ai,  1999). Our initial analysis in chapter 3 found this was 

not the case in our HaCaT cells. Further examination at mRNA and protein level, indicated that HaCaT 

cells are pl6INK4A mRNA competent but pl6ENK4A protein incompetent. To examine he possible 

mechanistic control of the pl6INK4A pathway in HaCaT cells, we elected to compare HaCaT to HPV 

positive (HeLa [18-t-] and SiHa [16-t-]) and HPV negative (C33A) cervical cancer cell hnes.

Antibodies used for pl6INK4A detection on western blot were verified by detection of their binding 

patterns on hEx-1 protein arrays. Only one of the antibody providers supplied revealed the binding
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specificity o f their antibody. W e confirmed, using the hEx-1 array that all antibodies were binding the 

same pattern o f clones and thus all specific to p l6IN K 4A  protein. The extra bands produced in 

p l6IN K 4A  protein positive cells, on western blot, as discussed in chapter 3, are worthy of discussion. 

Nilsson et al observed that an acidic form of pl6I]SfK4A could be found in the nucleus and cytoplasm 

of Rb active and inactive cell lines, while a basic form was predominantly found in the cytoplasm 

(Nilsson K, Landberg G., 2006). This is one possible explanation for the additional bands on western 

blot as is the induction of novel phosphoforms of pl6IN K 4A  on induction of senescence (Sandhu C et 

al., 2000), as described in chapter 3. The nuclear and cytoplasmic staining for p l6IN K 4A  seen in 

cervical dysplasia and cancer may be a result of HPV’s effect on the cell. W e saw both nuclear and 

cytoplasmic staining in HeLa, HPV positive cells and weaker mainly cytoplasmic staining in HPV 

negative cells.

Analysis of cDNA array data, generated on the ABI 1700 gene expression array platform for cell lines

used in this study had been previously generated by our research group. Analysis of pathways

associated with HaCaT on comparison to HPV positive cell lines, indicates the high levels of cell

cycle dysregulation found in HPV transformed cells, which is not found in HaCaT cells. It is also an

indicator of the immortal, yet non-tumourgenic phenotype o f HaCaT cells. On com parison o f HaCaT

cells to C33A cells (HPV negative), there is less cell cycle pathway dysregulation in the HaCaT

population. One interesting result is the down regulation of zinc finger and KRAB box transcription

factors in HaCaT versus HPV negative, C33A cells. Zinc finger transcription factors bind to nucleic

acid and HPV oncoproteins have zinc finger domains. It may be that their up regulation in HPV

negative cells is a function of non-HPV induced cervical carcinogenesis. Examination of genes relating

to p l6IN K 4A  pathway specifically revealed a significant increase in cyclin D1 (C C N D l) com pared to

HPV positive and negative cells and a significant down regulation in the transcription factor SP3

compared to HPV positive cells. The up regulation in CCN D l is an indicator of the pl6ENK4A protein

null status of HaCaT cells and suggests that it is Rb competent. Rb has been shown to induce

expression of C CN D l and CCN D l has been shown to be down regulated in HPV transformed cells
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(Muller H et al., 1994; Lukas J et a i ,  1994). The most significant result on analysis of pl6INK4A 

gene regulators was the significant down regulation seen in SP3 on comparison of HaCaT to HPV 

positive cells. This was not seen on comparison to HPV negative cell line C33A and therefore may not 

be an indicator of pl6INK4A incompetency. SPl is a strong activator of pl6INK4A while SP3 is a 

weaker one (Pagliuca A, Gallo P, Lania L., 2000). This activation occurs at the DNA level and as 

pl6E^K4A mRNA is present in HaCaT cells, may not be a factor in its protein null status.

The presence of other transcripts of the INK4A/ARF locus; pl5EvfK4B and pl4ARF were also 

detected in HaCaT cells as well as HeLa and C33A cell lines. pl4ARF is encoded in an alternate 

reading frame to pl6INK4A and although their proteins have significandy different functions, they do 

share some homology in their mRNA sequence. HaCaT was the lowest expressor of pl6ENK4A but 

had 23 fold more expression than that detected in normal cervix. HaCaT was also determined to be 

pl5INK4B and pl4ARF competent as are HeLa and C33A cell lines. Low levels of pl5INK4B protein 

have previously been described in HaCaT cells (Chaturevdi V et al., 1999) but there has been a study 

demonstrating an absence of detectable pl4ARF (and pl6INK4A) protein (Munro J et al., 1999). This 

initially indicated a form of co-suppression at a transcriptional level. CDC6 has been described as a 

regulator of the INK4A/ARF locus, inducing its silencing through herterochromatisation in the RD 

domain (Gonzalez et a i, 2006), as described in chapter 1. Evaluation of CDC6 mRNA in HaCaT and 

CC cell lines did not indicate a role for CDC6 in pl6LNK4A regulation in the HaCaT cell line. The 

presence of pl4ARF, pl6INK4A and pl5INK4B mRNA in HaCaT cells, points to a mechanism of 

post transcriptional regulation which is preventing the translation of pl6INK4A mRNA to protein.

In all cells, active translation of protein occurs in the cytoplasm and through the activities of 

ribosomes. In growing cells, nearly all ribosomes are translationally active (Kramer G et al., 2009). 

Polysomes are clusters of ribosomes that function in the translation of mRNA to protein. Several can 

anchor to a single mRNA at the same time allowing the synthesis of multiple strands of protein 

simultaneously. Translation at the polysome involves 3 main steps; initiation, elongation and
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termination. Detection of mRNA transcripts at the polysome indicates they are being actively 

transcribed. Some automated techniques allow the differentiation between low molecular weight 

(LMW) and high molecular weight (HMW) polysomes. This adds an extra level of understanding in 

that mRNAs at LMW fractions are less actively transcribed than at an HMW fraction; that is mRNAs 

associated with more ribosomes are undergoing more translation to protein.

The detection of actively transcribing mRNA is a powerful technique, which allows disassembly of 

protein synthesis. Studies tend to focus on mRNA expression as the barometer of cellular expression. 

While this can be accurate, the protein content of the cell is the true indicator.

Analysis of the polysome extract, demonstrated the presence of all transcripts from the INK4A/ARF 

locus in all cell lines examined. C33A and HeLa were found to have a higher level of pl6INK4A and 

pl4A RF transcript at the polysome than HaCaT cells. This is not unexpected as they also have more 

abundant pl6INK4A message in total RNA. As described in chapter 3, miR-24 is a recognised form of 

pl6INK4A post transcriptional regulation and is thought to function at the polysome (Lai A et a i,  

2008). Analysis of miR-24 and pl6INK4A expression at the polysome in HaCaT cells did not indicate 

a form of post transcriptional regulation was present in this setting. However, the expression pattern 

seen in HeLa and C33A cell lines did point towards a reciprocal relationship, which requires further 

investigation.

Natural antisense transcripts (NATs) represent another mechanism of post transcriptional control, 

which may be actively affecting pl6INK4A translation in the HaCaT cell line, thus contributing to the 

pl6INK4A protein null state.We chose to assess the expression of the ANRLL transcript in HaCaT 

cells in comparison to pl6INK4A protein competent cell lines, both in total RNA, and at the polysome. 

A review by Faghini M et al provides a list of the currently proven NATs and their targets, which 

include several well known genes, such as, progesterone receptor, fragile X mental retardation, 

pl5INK4B, p21‘̂‘’’' and ZEB2 (Faghihi MA, Wahlestedt C., 2009). A p53 NAT, known as Wrap53, has 

also been described which positively regulates p53 mRNA and protein levels (Mahmoudi S et al.,
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2009). ANRIL was initially discovered on examination of a melanoma-neural system tumour family 

(Pasmant et a i, 2007). Very few studies have examined the significance of ANRIL expression. It is in 

a region found to be associated with coronary heart disease, type 2 diabetes and also linked to 

peroidontitis (Jarinova O et al., 2009; Liu Y et a i, 2009; Broadbent HM et al., 2008; Schaefer AS et 

a i, 2009). Reduced expression of ANREL and the INK4A/ARF locus has been reported in the 

peripheral blood T -  cells of individuals with a coimnon single nucleotide polymorphism in the 9p21 

region, which is associated with increased risk of coronary heart disease, stroke and aortic aneurysm 

(Liu Y et al., 2009). Therefore ANRIL and INK4A/ARF locus expression may be significant in 

relation to cardiac disease and may possibly play important roles in other tissues.

The ANRIL transcript was found to be encoded, at chromosome 9p21, on the sense strand while the 

INK4A/ARF locus is found on the antisense strand. It was also found to co-cluster with pl4ARF 

expression (Pasmant et al., 2007). ANRIL’s location and its discovery in a melanoma family (HaCaT 

was propagated from the edge of a melanoma) strengthened its possible association with regulation of 

members of the INK4A/ARF locus. Initial analysis found ANRIL mRNA was detectable in all cell 

lines and normal cervix. The highest expression on comparison to GAPDH was in the HeLa cell hne. It 

was also detected in all cell lines at the polysome. Again the highest level of expression was found in 

HeLa cells. As ANRIL is a large molecule, we designed primers to amplify several regions (exons 

9/10, 14/15 and 18/19) of the ANRDL transcript. All regions were detected, indicating the production 

of full length ANRIL mRNA in all cell lines.

Use of in-house designed ANRIL primers 14/15 was coupled to a TaqMan® probe to allow 

quantification of ANRDL expression in cases of CINl, CEN 3, cGIN, AdCa and SCC. Our results 

indicate that ANRIL expression is uncoupled to that of pl6INK4A in cervical pre-cancer and cancer, 

further confirming the autonomous role of pl6INK4A cervical dysplasia. If the ANRIL transcript is a 

negative regulator of pl6INK4A or the entire locus, its expression should be coupled to that of the 

products of the locus indicating a repressive role.
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As the function of miRNAs is largely in the post transcriptional regulation of mRNA, a larger study 

involving the analysis of possible pl6ENK4A associated miRNAs was performed. We used both 

miRNA expression data generated from HaCaT, HeLa, SiHa and C33A cell lines and normal cervix 

(commercial) and current miRNA predictive algorithms. Although several possible contenders were 

identified, through expression analysis ( miR- 9, 145, 335, 520f, 193a-5p and the miR-200 family ) and 

prediction ( miR-10a, 9), no miRNA was clearly identified as a post transcriptional regulator of 

pl6INK4A in HaCaT cells.

The role of pl6INK4A in cellular senescence suggests its evasion is required to achieve cellular 

immortalisation. The immortal yet non-tumourgenic phenotype of HaCaT cells also suggests this may 

be the case. Dickson et al demonstrated that human keratinocytes induced to express hTERT, produced 

immortal cell lines, deficient in pl6ENK4A protein, either through deletions in the locus or a deficiency 

in expression (Dickson MA et al., 2000). They also retained their differentiation capacity, as does 

HaCaT cells (Boukamp P et al., 1988). Dickson et al., (2000) were unable to identify a molecular 

event responsible for pl6INK4A deficiency in one of the hTERT transformed keratinocytes cell lines. 

Analysis of our cDNA array data for hTERT expression in HaCaT versus HPV negative and positive 

cell lines did not find a significant fold difference between the cells. hTERT is activated in HPV 

positive cell lines (Longworth MS, Laimins MA., 2004) , so it may be that HaCaT non-tumourgenic 

cells and tumourgenic cervical cancer cells (HPV positive or negative) may be similar in terms of their 

hTERT expression and some aspects of immortalisation.

An interesting characteristic of pl6ENK4A is that an increase in its expression has been associated with 

aging in both murine and human cells and tissues (Zindy F et al., 1997; Nielsen GP et al., 1999; Melk 

A et al., 2004; Krishnamurthy J et al., 2006). It has also been hailed as a biomarker of physiological 

aging (Krishnamurthy J et al., 2004; Liu Y et al., 2009). pl6INK4A has been associated with B 

lymphoid progenitors (increasing with age) but not with myleoid progenitors (Signer RA et al., 2008). 

Attemna et al., (2009) found no pl6INK4A expression in aging murine haemopoetic stem cells.
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Reprogramming of mouse embryo fibroblasts and telomerised human IMR90 fibroblast cells to (using 

Oct4, KLF2 and S0X 2 expression) generate induced pluripotent stem cells (iPSCs) was found to result 

in silencing of the pl6INK4A locus (through epigenetic changes) and to have a positive effect on 

cellular proliferation and reprogramming (Li H et a i,  2009). Introduction of the 3 (Oct4, KIF2 and 

S0X 2 ) factors to Rb and p53 functionally defiant cells revealed that the anti-proliferative capabilities 

of pl6INK4A is disengaged from its functionality. The authors state, this suggests the pl6INK4A up 

regulation seen in older cells, therefore renders their reprogramming less effective (Li H et al., 2009); 

that is pl6INK4A expression acts as a barrier to de-differentiation. This evidence points to the 

abrogation of pl6INK4A in the HaCaT cell as a mechanism of immortalisation. This mechanism 

remains undefined.

Many studies examining immortalisation make use of Simian virus 40 (SV-40) to induce 

immortalisation of cell lines. The SV-40 large T-antigen, acts in a similar fashion to HPV E7, 

disrupting pocket proteins, resulting in active free E2F (Zwicker J, Komer K, Muller R., 1999). Hara et 

al used expression of the SV-40 large T-antigen to demonstrate the effect of Rb status on pl6INK4A 

expression (Hara E et al., 1996). SV-40 large T-antigen can transform cells in combination with 

hTERT and RAS expression (Hahn WC et al., 1999). This suggested SV-40, large T-antigen may be 

present in HaCaT cells. This however is not the case, as Boukamp et al., (1988) originally found 

HaCaT cells negative for SV-40 (Boukamp P et al., 1988) and pl6ENK4A protein expression has been 

demonstrated in the presence of active large T-antigen (Hara E et a i ,  1996). SV-40 has also been 

shown to induce apoptosis on introduction into HaCaT cells (Chen SL et al., 1998).

A potential mechanism of mRNA regulation in the cell which we have not addressed is the function of

RNA binding proteins, such as ALFFl (heterogeneous nuclear ribonucleoprotein D), HuR (ELAV

(embryonic lethal, abnormal vision. Drosophila-like 1 (Hu antigen R)) and hnRNPs (heterogeneous

nuclear ribonucleoprotein). AUFl has been shown to affect pl6LNK4A transcript in a senescence

dependant manner. AUFl levels were high in early passage fibroblasts and decreased in late passage

fibroblasts, which corresponded to an increase in pl6INK4A levels (Wang W et a i ,  2005). No
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significant fold change value was found on examination of cDNA array data (Table S3.1) in HaCaT 

compared to pl6ENK4A protein competent cell lines (HPV negative and positive). HuR was also down 

regulated on HaCaT cDNA array data and hnRNFs generally produced non-significant results.

We therefore can state that the pl6INK4A protein null status of HaCaT cells, aided in the creation of 

the immortal phenotype and may also have allowed the retention of their differentiation capacity. This 

may be through an as yet undescribed mechanism of cell cycle checkpoint circumnavigation.

miRNAs represent possible new biomarkers in CC. miRNA expression analysis of CC cell lines, HeLa 

(HPV 18+), SiHa (HPV 16+) , C33A (HPV negative) and normal cervix allowed the generation of a 

list of putative miRNA biomarkers associated with CC, HPV, HPV 16 and HPV18.

The role of the miRNA processing machinery in the cancer cell must also be considered. Repression of 

miRNA maturation can promote cellular transformation and tumourgenesis (Kumar MS et al., 2007). 

Two main components of the miRNA processing machinery Drosha (acts in the formation of a stem 

loop, pre-miRNA, in the nucleus) and Dicer (processes pre-miRNA to mature miRNA in the 

cytoplasm) were quantified by TaqMan® PCR in our cervical cancer cell hnes and compared to levels 

in normal cervix. No significant variation in expression in Drosha was found, but down regulation of 

Dicer HeLa and C33A cells compared to normal cervix was seen, while SiHa cell values were not 

significant. This is interesting, as SiHa cells produced the most up regulated miRNAs on comparison to 

normal cervix. Merritt et al found Dicer and Drosha mRNA and protein levels, to be decreased in 60% 

and 51% of ovarian cancers respectively. They also found this expression was associated with 

advanced tumour stage while higher levels of Dicer and Drosha had an increase median survival 

(Merritt WM et al. 2008). Drosha is encoded on chromosome 5p which has demonstrated gains in 

advanced SCC. This 5p gain was hnked to the over expression of Drosha (Murahdhar B et al., 2007). 

Our preliminary data indicates that decrease in Dicer expression may be significant in HeLa and C33A 

cell lines and merits further investigation.
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Comparisons performed in our miRNA analyses have been validated by correlation to miRNA work 

published to date (Table 4.14 chapter 4). Martinez et al, who used a microarray technique for miRNA 

detection, shows the largest cross over with our results (Martinez I et al., 2008). On comparison of 

HPV 16 positive cells to normal cervix ,our data largely correlated with miRNAs Martinez et al found 

to be under expressed. We found correlation between common miRNAs down regulated in our cell 

lines (HeLa, SiHa and C33A) compared to normal cervix. Martinez et al lists 24 miRNAs down 

regulated in HPV 16 positive cell lines compared to normal cervix. We found the majority of these 

miRNAs down regulated in all our cell lines on comparison to normal. Although, we did note, that in 

the majority of cases the largest down regulation fold change was seen in SiHa (HPV 16 positive) cells 

with some miRNAs not detected in this cell line.

Similar results on comparison of SiHa cells to C33A cells were also found. In our analysis, we found 

that HeLa cells and SiHa cells produced similar miRNA expression. Martinez et al found similar 

expression for 3 miRNAs between HeLa and SiHa, which we also noted. Differences between our 

studies may represent the different miRNA detection methods used.

On comparison of CC cell lines to normal cervix, we identified 87 miRNAs that are putative 

biomarkers of CC. Of these 87 miRNAs, only 1 was found up regulated on comparison of CC cell lines 

to normal cervix; miR-301b. This is a novel finding. Very little hterature is currently available on 

miR-301b, but it is present at the same genomic location as T0P3B (topoisomerase (DNA) III P), a 

gene which plays a role in DNA replication. miR-139-3p was the top down regulated miRNA detected, 

also a novel finding. We also generated a list of miRNAs specific to each cell line. Further analysis of 

putative targets of significant miRNAs identified, may elucidate additional roles for these miRNAs in 

cervical carcinogenesis.

The main focus of our miRNA analysis was the comparison of HPV positive cell lines to HPV 

negative cell lines. On comparison of results with our analysis of cell lines compared to normal cervix, 

we were able to identify miRNAs which are specific to HPV 18 positive cells (HeLa), HPV 16 positive
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cells (SiHa) and HPV negative cells (C33A). miR-335 was found to be commonly up regulated in both 

HeLa and SiHa cell lines. Its expression on comparison to normal cervix indicated it may be up 

regulated in a HPV 18 specific manner. Its location on chromosome 7 indicates its up regulation may 

be a function of chromosomal amplification (Pieber D et al., 2000; Mian C et a i ,  1999). miR-335 

overlaps the MEST (mesoderm specific transcript) gene in an intronic region.

Santin et al found MEST to be up regulated on microarray comparison of early stage cancers 

compared to normal cervical epithelium (Santin AD et al., 2005). miRNAs in intronic regions are also 

thought to be co-expressed with their host genes (Baskerville S, Bartel DP., 2005). This indicates a 

MEST derived mechanism of miR-335 up regulation. The MEST gene is also located in an imprinted 

region. Loss of imprinting in this region has been associated with invasive breast cancer and the 

development of lung adenocarcinoma (Pedersen IS et al., 1999; Kohda M et al., 2001). We also found 

MEST to be over expressed on cDNA array analysis of HPV positive cell lines compared to HPV 

negative cells. The over expression of both miR-335 and MEST may play an important role in cervical 

carcinogenesis.

The most down regulated miRNA on comparison of HPV positive to negative was miRNA-214. Down 

regulation has been reported previously in HPV 16 positive cell lines compared to C33A, HPV 

negative cells (Martinez et al., 2008). miR-214 is clustered with miR-199a in an intronic region on 

chromosome 1. They overlap the dynamin genes DNM3 and DNM2 respectively. miR-199a-3p is also 

down regulated on comparison of HPV positive to negative. Using miRGen, 198 common putative 

target genes were identified.

miR-217 and 23a were identified as HPV 16 specific miRNAs. Expression of miR-216b may also be 

specific to HPV 16. miR-217 and 216b are linked, as they are both present on chromosome 2 in the 

same genomic region. The expression of miR-217 has been correlated with oestrogen receptor status 

and has been shown to be induced by TGF(3 expression (Lowery AJ et a i,  2009; Kato M et al., 2009).
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miR-23a forms a cluster on chromosome 19 with miRNAs 27a and 24. There expression is not linked, 

as miR-27a and 24 were found up regulated in HeLa only on comparison to C33A cells.

HPV 18 specific miRNAs identified included miR-9, miR-363, and miR-888. Mature miR-9 is coded 

for on 3 chromosomes, 1, 5 and 15. It has recently been described as a potential biomarker of recurrent 

ovarian cancer (Laios A et a i, 2008). miR-888 and miR-363 both reside on chromosome X in separate 

clusters. Aberrations in chromosome X have been reported in CC (Mian C et al., 1999), whether this 

is the case in HeLa cells is unknown. The miR-363 cluster is a paralogue of the miR-17-92 cluster on 

chromosome 7 (Ventura A et al., 2008). Members of the miR-17- 92 cluster can act as oncogenes 

which suggests their paralogues may also play a role in cancer (Mendell JT., 2008)

HPV negative specific miRNAs were also detected. These were miR-886-5p and the miR-452, miR- 

224 cluster on chromosome X.

Analysis of HeLa and SiHa miRNA expression data in comparison to C33A cells revealed the up 

regulation of 16 members of a large mlRNA cluster on chromosome 14 in HeLa cells. On examination 

of the 16 miRNAs in cell lines compared to normal cervix, it was found the most significant down 

regulation was seen in C33A cells, followed by SiHa (if the miRNA was detected) and then HeLa. 

This miRNA cluster is located in a large imprinted region, which suggests the miRNAs are subject to 

epigenetic regulation. Studies have shown epigenetics can be responsible for the irregular expression of 

miRNAs in cancer (Valeri N et al., 2009). The chromosome 14 miRNA cluster represents 12% of the 

known miRNome (Bueno MJ et a i, 2008) and several of the miRNAs associated with it have been 

shown to be subject to mechanisms of epigenetic control. Eight miRNAs in this cluster (mir-337, mir- 

432, mir-495, mir-368, mir-376a, mir-376b, mir-377, and mir-419) have been described as possible 

tumour suppressor genes in epithelial ovarian cancer (Zhang L et al., 2008). Down regulation of their 

expression was found to be common in several epithelial malignancies (ovarian, breast, colon). 

Treatment of immortahsed ovarian surface epithelial cell hnes with demethylating chemicals resulted 

in up regulation of 7/8 miRNAs analysed (Zhang L et al., 2008) in the chromosome 14 miRNA cluster.
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This indicates epigenetic control of this cluster is important and plays a role in malignancy. It has been 

suggested that large miRNA clusters are located at fragile sites that can undergo genomic alteration in 

cancer (Calin GA et al., 2004). Fragile regions are also associated with HPV integration (Calin GA et 

al., 2004), which can cause deletions, amplifications and re arrangements that may affect miRNA 

expression. Integration of HPV 16 has been reported in the region 14q32.3 in a case of fatal CC 

(Einstein MH et al., 2002). HPV 16 integration has also been reported in 14q23 in cancer and cell lines 

with HPV integration found at 14q24. The authors found few direct links between HPV integration and 

gene alterations (Wentzensen N et al., 2004). The evidence suggests that the difference in miRNA 

expression from the 14q32 cluster may be due to differences in epigenetic control between the cell 

lines, or it may be influenced by the sites of HPV integration. These factors possibly represent a 

difference between the HPV types present or the type of carcinoma of the cervix (glandular or 

squamous).

As far as analysis of the significant miRNAs found in this study goes, we have only scratched the 

surface. Identification of mRNA targets of the novel CC miRNAs detected (miR-301b and miR-139- 

3p) may provide a better insight into the activities of these miRNAs. This also holds true for the HPV 

specific miRNAs identified. Functional studies of these miRNAs in cell lines may point towards 

miRNA oncogenes or tumour suppressors in CC.

Previous work by our group, has been involved in the examination of several markers of HPV induced 

cell cycle dysregulation, including pl6INK4A (Murphy N et al., 2003; Murphy N et al., 2005; Martin 

CM et al., 2007). We determined to apply this knowledge to create a new diagnostic algorithim for the 

rare cervical AdCa; Villoglandular Adenocarcinoma (VGA). The prognosis and biological behaviour 

of VGA has been in dispute in recent years. Therefore a panel of markers to assess the aggressiveness 

of this entity on a case by case basis is required.

Young and Scully first described cervical VGA as a distinctive histological subtype in a case series of 

13 patients in 1989 (Young RH, Scully RE., 1989). The apparently indolent nature of VGA was
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emphasised and it was suggested that conservative therapy with maintenance of fertility may be 

appropriate with some qualifications. In the first two major series involving thirty seven cases (Young 

RH, Scully RE., 1989; Jones MW et al., 1993), no lymphovascular space invasion was seen, and all 

patients had prolonged survival. However, as more cases have been described, it has become apparent 

that a subset of these patients do have lymphovascular invasion, some with lymph node metastases, 

and that a small proportion of tumours can fatally recur (Utsugi K et al., 2004; Kaku T ey al., 1997; 

Bouman A et al., 1999; Khunamompong S et al., 2002; Heron DE et al., 2005; Garcea A et al., 2003).

Association of High Risk HPV and CC has been described in chapter 1, as has the role of its 

oncoproteins E6 and E7 in the disruption of critical cell checkpoints p53 and Rb/E2F respectively. We 

undertook an investigation of the HPV status in 7 cases of histologically confirmed VGA and an 

examination of the level of cell cycle dysregulation present. The pl6LNK4A protein is a marker of 

High Risk HPV and progression, and is also a putative integration marker (von Knebel Doeberitz M., 

2002; Carozzi F et al., 2008). However, drawbacks in its use for the detection of glandular dysplasia 

have been reported (Murphy N et al., 2004). We therefore examined the expression of 12 protein 

markers (including pl6INK4A) of DNA replication (MCMs 2, 3, 5 and 7, geminin, CDC6 and 

topoisimerase II a), cell division (Nuf-2), cyclin dependant kinase regulation (pl6INK4A) and 

apoptosis (Bcl-2 and survivin). Detection of markers of microsatellite instability (MSI), PM Sl, 

M LHl, MSH2 and MSH6 were also performed immunohistochemically.

We have demonstrated the presence of high risk HPV 16 and/or 18 in 7/7 VGA cases, with co- 

infection in 4 cases. These findings are in keeping with the small number of VGA cases previously 

tested for high risk HPV (Jones MW et al., 2000; An HJ et al., 2005; Matthews-Greer J et al., 2004; 

Duggan MA et al., 1995). Significant levels of cell cycle dysregulation was demonstrated using 

immunohistochemistry, with the majority of cases demonstrating positivity in > 30% of abnormal cells 

with a moderate to strong intensity of staining, for all but one (Bcl-2) of the tested markers. MSI 

analysis showed normal expression in all cases. These findings demonstrate considerable disruption of

the normal cell cycle in VGA, which is likely due to the presence of HPV.
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It is thought that infection with more than one HPV type increases the risk of iiigh grade lesions and 

invasive cancer (Trottier H et al., 2006; Fife KH et al., 2001; Lee SA et al., 2003). This is also 

suggested in two of our cases, with single HPV infection, where limited dysregulation of MCM 

proteins (MCM2 and MCM5), was found. HPV 18 infection is more frequently associated with 

adenocarcinomas. HPV 18 is also associated with a quicker progression to cancer and a more 

aggressive phenotype (Franco EL., 1992; Im S et al., 2003; Burger RA., 1996; Schwartz SM et al., 

2 001 ;Im S er al., 2003).

Much of the protein dysregulation demonstrated in VGA, is driven by the disruption of the E2F/Rb 

pathway by the HPV oncoprotein E7. pl6INK4A, CDC6, geminin, topoisomerase Ila  and survivin are 

known to be affected by this pathway. The mainly cytoplasmic CDC6 staining indicates the majority of 

tumour cells are in S phase while aberrant S phase induction is shown by the presence of MCM 

proteins and geminin. As with pl6INK4A, the Nuf-2 expression seen may also indicate the presence of 

an integrated virus.

The use of a panel of these biomarkers as selected from the total staining scores in chapter 5 (MCM3, 

pl6tNK4A, Topoisomerase II a, Nuf-2 and MCM2) may aid in the determination of the aggressive 

nature of rare cervical cancers, including VGA, on a case by case basis. Due to the potential for 

pl6ENK4A non-specific staining in glandular lesions, its use in a panel of biomarkers may be more 

effective.

The HPV status of our 7 cases suggests this lesion is HPV 18 driven and the influence of HPV co- 

infection on cell cycle markers indicates this is a high grade lesion. Although MSI has been described 

in CC, a role in VGA has not been found. In our cohort, VGA presents as a HPV driven lesion, with 

HPV oncoprotein E7 mediated mechanisms of cell cycle dysregulation apparent.

The studies in this thesis have demonstrated the importance of biomarker discovery and validation in

cancer. pl6INK4A although a reliable marker of High Risk HPV infection can produce false negative

and positive results (Volgareva G et a i, 2004; Murphy N et al., 2003) which suggests it use in
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combination with other biomarkers may be more effective. Our mechanistic investigation of the 

pl6INK4A pathway has posed many questions. The post transcriptional blockage of pl6INK4A in 

HaCaT cells is not a function of miR-24 or the NAT, ANRIL. Although miR-24 may play a role in 

pl6INK4A regulation in HeLa and C33A cell lines. The role of pl6E'IK4A in senescence and as a 

hindrance to de-differentiation of cells suggests its down regulation or silencing contributes to the 

development of an immortal phenotype. The frequent silencing of pl6INK4A in many different 

cancers supports this. The mechanism of pl6INK4A regulation in HaCaT cells, when elucidated, may 

point to additional means of bypassing cell cycle control. However the further elucidation of the 

possible regulating activity of miRNAs identified as differentiated in pl6INK4A protein incompetent 

compared to competent cells is warranted.

In this study, we report for the first time, the analysis of the expression of the NAT, ANRIL in cervical 

pre-cancer and cancer. Although we found the expression of pl6INK4A and ANRIL to be uncoupled 

in cervical pre-cancer and cancer, our results indicate that ANRIL expression may be significant in 

cases of cGIN and SCC.

The miRNA analysis of CC cell lines and normal cervix identified several novel possible significant 

miRNAs in CC and HPV associated CC. The analysis of post transcriptional regulation has indicated 

the importance of examining cellular expression at both mRNA and protein level. These are both 

subject to individualised regulatory mechanisms that indicate the fine tuning that occurs in a cell prior 

to initial transcription. This is why, examination of transcripts at the polysome is such a powerful 

technique. However, the possibiUty of post transcriptional regulation at the polysome (Petersen CP et 

a i, 2006) must also be considered.

The further investigation of our miRNA data requires the identification of mRNA transcripts 

potentially regulated by significant miRNAs and determination of miRNA effect at a protein and 

mRNA level. More recently studies have shown that we must also consider the role of miRNAs as
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positive regulators, either acting as transcription factors (Place RF et al., 2008) or positively regulating 

the translation of mRNAs (0rom UA, Nielsen FC, Lund AH., 2008).

We have for the first time, critically examined the dysregulation of protein markers associated with 

DNA replication, cell division, cyclin dependant kinase regulation, apoptosis and MSI in a group of 

rare cervical adenocarcinoma: Villoglandular Adenocarcinomas. We have found the originally reported 

indolent nature of this tumour, requires review as the expression of our panel of protein markers have 

indicated the present of a high level of cell cycle dysregulation in this tumour. The aggressive nature of 

this tumour is also confirmed by the detection of HPV 18 and co-infection in the majority of cases. The 

action of HPV oncoprotein E l on the critical cell cycle pathway Rb/E2F has manifested itself in the 

dysregulation seen at a protein level. Use of a panel of these markers should aid in the determination of 

the aggressive nature of this lesion on a case by case basis.

In conclusion, we have demonstrated the utility of pl6INK4A as a marker of High Risk HPV and 

progression. We have determined miR-24 and ANRIL are not mechanisms of pl6INK4A post 

transcription regulation in the HaCaT cell line. Further elucidation of the mechanism of pl6INK4A 

regulation in this cell line will determine a mechanism of non-tumourgenic cellular immortalisation.
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6.1 Future Work

The analysis of the HaCaT cell line for possible mechanisms of pl6INK4A post transcriptional control 

should be continued. Examination of possible nascent pl6INK4A protein at the polysome would 

indicate if any translation is being achieved.

To determine if any of our identified putative miRNAs are regulating pl6INK4A mRNA, anti-miRs or 

pre-miRs to reduce or increase (respectively) miRNA expression could be used, and the effect on 

pl6INK4A protein expression analysed. This could be done more rapidly using a high content 

screening technique. Once miRNAs are identified as affecting pl6INK4A protein levels a HA-Agol 

plasmid could be used to confirm binding. HA-Ago 1, after transfection of the putative miRNA as a 

pre-miRNA, is immunoprecipitated and the levels of pl6INK4A mRNA in the immunoprecipitate 

would indicate if the miRNA caused increased levels of mRNA to be associated with the Ago 

complex.

To determine pl6INK4A miRNA binding sites, a reporter assay, containing pl6INK4A mRNA sites 

which have been mutated in different regions (573’ UTR and coding region) could be used. Detection 

of the reporter on transfection of the miRNA would indicate which region in the mRNA the miRNA 

most efficiendy binds to.

As pl6ENK4A has been described as an inhibitor of de-differentiation, induction of differentiation in 

HaCaT cells using retinoic acid may be interesting. If induction of pl6INK4A protein occurs, it 

indicates lack of pl6INK4A protein expression is a function of the differentiation competent 

phenotype of the cells as well as a possible indicator of immortalisation. On the other hand, induction 

of senescence in HaCaTs may indicate bypassing of pl6INK4A is a function of senescence evasion.

Examination of ANRIL expression in a larger group of cervical cancer and pre-cancer cases should be 

performed. This would verify our suggestion that pl6INK4A and ANRIL expression are uncoupled in 

cervical carcinogenesis. It will also determine the significance of ANRIL expression in cGEN and SCC.
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Further analysis of miRNA data will involve the condensation of lists of mRNA targets for significant 

miRNAs. Initially focus should be placed on the novel dysregulated miRNAs detected and also 

putative HPV specific miRNAs. Using anti-miRs and pre-miRs, miRNAs of interest could be knocked 

up or down to determine their significance in HPV positive cells. A list of putative mRNA targets 

could also be validated using this technique at protein level. Immortalisation of keratinocytes with 

HPV 16 or 18 DNA and the use of raft cultures may determine the effect of HPV on the miRNAs and 

at what stage in the immortalisation process does miRNA dysregulation occur. Once putative mRNA 

targets have been identified for dysregulated miRNAs, miRNA;mRNA binding could be confirmed 

using a reporter assay as described above. Specific knock down of E6 or E7 in cells, along with 

monitoring of miRNA expression may indicate if miRNA dysregulation is oncoprotein specific.

We have determined a new algorithm for identifying cellular dysregulation linked to high grade disease 

in the rare cervical adenocarcinoma; Villoglandular adenocarcinoma (VGA). Further validation of 

these markers and the HPV status of VGA could be performed on a larger cohort of cases. As this is a 

rare cancer, this may not be possible. Use of these markers may be helpful in assessment of other rare 

cervical cancers. A study of the use of these markers on smears, particularly in the diagnosis of 

glandular abnormalities may also be beneficial.
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Appendix

Appendix: This Supplementary material contains additional results relevant to chapter 3 and chapter 4. 

Appendix 1 - Chapter 3:

Table S3.1: Analysis of ABI 1700 cDNA array data between pl6INK4A protein incompetent and 

protein competent cell lines (ND = Not Detected, NS = Non Significant).

HaCaT Vs HPV Negative HaCaT Vs HPV Positive

mRNA Fold Change P Value Fold Change P Value

CDC6 1.916 0.569 -6.578 0.094

CDKN2A 2.252 0.561 -11.178 0.018

Rb -1.426 0.431 -3.159 0.005

p21 19.440 0.070 1.180 0.632

p27 -2.161 0.010 -2.604 0.004

BMIl 3.307 0.138 -1.302 0.701

-3.799 0.252 -1.021 0.969

Geminin 1.040 0.924 -5.186 0.000

CDK4 1.103 0.777 1.160 0.635

-1.446 0.307 -1.297 0.422

CDK6 ND ND -1.532 0.041

2.558 0.208 -2.432 0.067

2.722 0.144 -1.099 0.873

CCNDl 9.431 0.000 8.799 0.000

6.735 0.000 4.614 0.000

p53 2.202 0.039 1.437 0.178

CDTl -4.922 0.215 -14.818 0.079

1.091 0.692 -2.507 0.003

TGFBl -4.683 0.003 -7.016 0.000

pl07 -1.311 0.699 -2.190 0.314

-2.470 0.245 -6.447 0.043

E2F3 -2.738 0.146 -8.400 0.003
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E2F6 -1.312 0.680 -1.439 0.184

E2F5 -1.494 0.636 1.140 0.590

E2F1 -4.919 0.087 -9.935 0.049

PCNA 1.812 0.066 -2.161 0.008

2.268 0.084 -2.135 0.007

CYCLIN E -3.130 0.175 ND ND

SURVIVIN -6.561 0.059 -28.641 0.017

TOPO II a -5.829 0.216 -35.703 0.002

MCM2 -1.056 0.823 -2.222 0.005

MCM3 -1.895 0.240 -3.813 0.034

MCM4 1.334 0.537 -3.771 0.012

MCM5 -1.771 0.473 -4.364 0.132

MCM6 -2.538 0.376 -4.948 0.173

MCM7 -1.135 0.636 -3.175 0.007

pl5INK4B -4.998 0.102 ND ND

3.549 0.029 NS NS

p300 -2.019 0.001 -1.266 0.146

EZH2 -2.052 0.283 -4.628 0.043

RING lb -2.969 0.111

CBX8 2.273 0.048 2.007 0.002

CBX7 -2.576 0.120 1.625 0.186

p63 4.384 0.029 1.991 0.186

Twist 1 -2.783 0.006 ND ND

Twist 2 -6.110 0.020 -2.901 0.007

SPl 1.007 0.988 -1.197 0.549

SP3 -2.360 0.150 -187427.000 0.124

-3.938 0.096 -177393.000 0.001
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EST2 -1.411 0.501 ND ND

JUNb ND ND ND ND

p38 alpha -1.537 0.339 -2.510 0.100

-2.145 0.020 -1.903 0.045

RAS 1.282 0.207 1.031 0.852

Idl 4.355 0.000 1.437 0.036

AUFl -1.176 0.608 -1.448 0.074

HuR -3.751 0.004 -2.595 0.027

hnRNP 

(5 Probes) 1.608 0.411 2.048 0.048

-1.709 0.109 -1.444 0.133

1.084 0.866 -1.214 0.378

1.685 0.164 2.367 0.007

1.081 0.797 1.276 0.261
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HaCaT HeLa M HaCaT HeLa M HaCaT HeLa M

Figure S3.1: Early optimisation blots showing the presence of pl6INK4A protein as 3 bands. Two 

protein bands close together at 18 kDa (black arrows) and one at 20kDa. The red arrow shows the extra 

band seen with the BD Bioscience band at 30kDa. A(l)  B(l )  & C(l)  = GAPDH loading control. A(2) 

= Neomarkers, B(2) = BD Bioscience and (C)2 = LabVision. (Blots B and C were cut incorrectly)

Passage 1 2  3 4

p16

Figure S3.2: Demonstrating the presence of extra p i6 protein banding on induction of senescence 

from passage 1-4 in prostatic epithelial cells (Sandhu et al., 2000).
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Appendix 2 - Chapter 4:

Table S4.1: 26 miRNAs common in HaCaT cells on comparison to all cell lines and normal cervix.

26 miRNAs in HaCaT 

Common to All

FC HaCaT Vs 

HeLa

FC HaCaT Vs 

C33A

FC HaCaT Vs 

SiHa

FC HaCaT Vs 

Normal

hsa-let-7c -16.095 -107.053 -23.651 -2071.881

hsa-miR-lOa -11.372 -6.944 -7.716 -346.124

hsa-miR-133a -227.461 -42.869 -7.639 -496452.845

hsa-miR-135a 35.638 14.751 14.267 -25.791

hsa-miR-137 -56.559 -19.171 -261.323 -53.661

hsa-miR-145 -5.300 2791.691 633.713 -14234.740

hsa-miR-146a 46.123 83.780 244.228 -66.283

hsa-miR-190 -4.486 -2.343 -20.704 -153.574

hsa-miR-193a-3p -9.519 -4.283 -23.022 -15.064

hsa-miR-193a-5p -29.011 -17.556 -140.199 -432.980

hsa-miR-193b -1.936 7.196 -13.597 -5.526

hsa-miR-203 41.636 160.136 13.957 -11.300

hsa-miR-204 -1408.940 -17.708 -69747.941 -68229.144

hsa-miR-218 11.634 -27.177 326.555 -73.375

hsa-miR-330-3p 1.720 1.866 -7.353 -5.134

hsa-miR-335 -8.971 500.822 -35.258 -169.740

hsa-miR-340 -4.434 -30.607 -18.990 -115.878

hsa-miR-342-3p -57.170 -124.174 -250.030 -3747.801
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hsa-miR-345 -1.605 -5.472 -13.912 -15.300

hsa-miR-365 -1.504 6.072 -11.829 -13.645

hsa-miR-455-3p 5.389 8.674 13.970 -16.877

hsa-miR-455-5p 10.191 14.258 21.815 -26.632

hsa-miR-486-5p 4.359 29.317 7.443 -15.296

hsa-miR-491-5p -2.782 -2.378 -8.151 -31.844

hsa-miR-708 246.447 249.794 424.069 -2.909

hsa-miR-9 37.949 -39.454 -6.821 -30.5164

Table S4.2: Fold Change expression values for miRNAs found significant in HeLa cells on 

comparison to the C33A cell line.

HeLa 139 Significant 

miRNAs

Fold Change 

HeLa Vs C33A

hsa-miR-145 14797.25

hsa-miR-143 12243.89

hsa-miR-215 6786.901

hsa-miR-335 4492.771

hsa-miR-382 1171.095

hsa-miR-886-5p 982.017

hsa-miR-487b 583.830

hsa-miR-224 509.456

hsa-miR-889 422.658
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hsa-miR-452 251.369

hsa-miR-539 250.070

hsa-miR-134 249.330

hsa-miR-655 172.181

hsa-miR-886-3p 156.728

hsa-miR-198 126.799

hsa-miR-187 110.949

hsa-miR-379 93.579

hsa-miR-200b 92.204

hsa-miR-433 88.462

hsa-miR-204 79.565

hsa-miR-34a 73.852

hsa-miR-411 65.618

hsa-miR-296-5p 60.309

hsa-miR-876-5p 59.070

hsa-miR-337-5p 51.443

hsa-miR-495 47.155

hsa-miR-376c 40.071

hsa-miR-296-3p 39.996

hsa-miR-323-3p 39.676

hsa-miR-196b 32.865

hsa-miR-141 30.320
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hsa-miR-410 29.470

hsa-miR-31 24.085

hsa-miR-758 19.451

hsa-miR-485-3p 15.483

hsa-miR-542-5p 14.508

hsa-miR-193b 13.927

hsa-miR-376a 13.011

hsa-miR-519e 10.612

hsa-miR-365 9.132

hsa-miR-299-3p 8.347

hsa-miR-138 6.998

hsa-miR-486-5p 6.725

hsa-miR-200c 6.154

hsa-miR-152 6.087

hsa-miR-139-5p 6.036

hsa-miR-184 5.552

hsa-miR-133a 5.305

hsa-miR-23b 5.076

hsa-miR-28-3p 4.999

hsa-miR-424 4.700

hsa-miR-28-5p 4.485

hsa-miR-24 4.475
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hsa-miR-629 4.211

hsa-miR-203 3.846

hsa-miR-181c 3.240

hsa-miR-503 3.1497

hsa-miR-181a 3.0764

hsa-miR-137 2.950

hsa-miR-27a 2.738

hsa-let-7f 2.544

hsa-miR-98 2.439

hsa-miR-628-5p 2.374

hsa-miR-574-3p 2.370

hsa-miR-223 2.317

hsa-miR-27b 2.246

hsa-miR-193a-3p 2.222

hsa-miR-95 2.118

hsa-miR-652 -2.019

hsa-miR-130b -2.025

hsa-miR-99a -2.076

hsa-miR-342-3p -2.172

hsa-miR-339-5p -2.174

hsa-miR-191 -2.204

hsa-miR-489 -2.219
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hsa-miR-135b -2.241

hsa-miR-339-3p -2.274

hsa-miR-128 -2.289

hsa-miR-362-5p -2.342

hsa-miR-185 -2.441

hsa-miR-532-3p -2.452

hsa-miR-671-3p -2.453

hsa-miR-597 -2.455

hsa-miR-183 -2.492

hsa-miR-149 -2.590

hsa-miR-517c -2.729

hsa-miR-423-5p -2.746

hsa-miR-590-5p -2.788

hsa-miR-331-5p -2.820

hsa-miR-103 -2.857

hsa-miR-502-3p -2.935

hsa-miR-324-3p -2.942

hsa-miR-375 -2.992

hsa-miR-532-5p -3.105

hsa-miR-331-3p -3.212

hsa-miR-744 -3.21426

hsa-miR-324-5p -3.398
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hsa-miR-345 -3.409

hsa-miR-202 -3.491

hsa-miR-449a -3.649

hsa-miR-576-3p -3.673

hsa-miR-660 -3.95

hsa-miR-130a -4.078

hsa-miR-517a -4.104

hsa-miR-222 -4.748

hsa-miR-96 -4.963

hsa-mdR-362-3p -5.123

hsa-miR-146b-5p -5.192

hsa-miR-615-5p -5.283

hsa-miR-199a-3p -5.420

hsa-miR-449b -5.489

hsa-miR-132 -6.410

hsa-let-7c -6.651

hsa-miR-125b -6.737

hsa-miR-340 -6.902

hsa-miR-570 -7.171

hsa-miR-29c -7.612

hsa-miR-212 -7.773

hsa-miR-885-5p -8.036
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hsa-miR-328 -8.421

hsa-miR-221 -10.194

hsa-miR-29a -10.643

hsa-miR-625 -10.755

hsa-miR-126 -10.780

hsa-miR-192 -11.478

hsa-miR-194 -11.492

hsa-miR-29b -15.221

hsa-miR-372 -24.116

hsa-miR-150 -33.443

hsa-miR-616 -47.444

hsa-miR-548b-5p -50.262

hsa-miR-lOb -103.95

hsa-miR-34c-5p -115.383

hsa-miR-615-3p -167.45

hsa-miR-888 -182.441

hsa-miR-218 -316.19

hsa-miR-363 -790.301

hsa-mlR-9 -1497.24

hsa-miR-214 -9061.45
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Table S4,3: Fold change expression values for miRNAs found significant in SiHa cells on comparison 

to the C33A cell line

SiHa 72 SigniHcant miRNAs Fold Change SiHa Vs C33A

hsa-miR-335 17657.953

hsa-miR-216b 9860.667

hsa-miR-204 3938.786

hsa-miR-886-5p 1317.696

hsa-miR-217 962.422

hsa-miR-224 877.322

hsa-miR-34a 691.031

hsa-miR-452 525.040

hsa-miR-198 488.186

hsa-miR-23a 248.857

hsa-miR-200b 238.951

hsa-miR-330-5p 234.078

hsa-miR-886-3p 218.523

hsa-miR-141 129.207

hsa-miR-429 126.040

hsa-miR-193b 97.836

hsa-miR-34c-5p 90.268

hsa-miR-28-5p 90.227
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hsa-miR-196b 88.357

hsa-miR-365 71.820

hsa-miR-542-5p 69.864

hsa-miR-152 39.451

hsa-miR-148a 32.696

hsa-miR-23b 28.456

hsa-miR-95 23.366

hsa-miR-211 22.738

hsa-miR-125a-3p 21.425

hsa-miR-181c 20.739

hsa-miR-450a 19.764

hsa-miR-22 19.698

hsa-miR-181a 18.437

hsa-miR-99b 18.162

hsa-miR-32 17.049

hsa-miR-136 15.664

hsa-miR-503 14.310

hsa-miR-330-3p 13.720

hsa-miR-137 13.631

hsa-miR-629 13.616

hsa-miR-125a-5p 13.196

hsa-miR-328 12.808
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hsa-miR-140-3p 12.775

hsa-miR-31 12.765

hsa-miR-424 11.877

hsa-miR-518e 11.835

hsa-miR-203 11.473

hsa-miR-140-5p 10.407

hsa-miR-26a 10.308

hsa-let-7f 9.614

hsa-miR-450b-5p 9.293

hsa-miR-200c 8.956

hsa-miR-190 8.837

hsa-miR-628-5p 8.521

hsa-miR-652 8.324

hsa-miR-512-3p 8.257

hsa-miR-891a 8.050

hsa-miR-193a-5p 7.986

hsa-miR-25 7.206

hsa-miR-888 7.066

hsa-miR-98 6.759

hsa-miR-542-3p 6.373

hsa-miR-376a -6.942

hsa-miR-150 -9.875
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hsa-miR-655 -10.570

hsa-miR-29a -12.367

hsa-miR-411 -13.340

hsa-miR-376c -15.682

hsa-miR-410 -17.844

hsa-miR-199a-3p -26.045

hsa-miR-93 -86.625

hsa-miR-548b-5p -92.073

hsa-miR-214 -8788.835

hsa-miR-218 -8874.793
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Table S4.4: Fold Change Values for 32 miRNAs found commonly up regulated on comparison of 

HeLa and SiHa to C33A.

miRNAs Up Regulated in HeLa 

and SiHa

on comparison to C33A

Fold Change HeLa Vs 

C33A

Fold Change 

SiHa Vs C33A

hsa-miR-335 4492.771 17657.953

hsa-miR-204 79.565 3938.786

hsa-miR-886-5p 982.017 1317.696

hsa-miR-224 509.456 877.322

hsa-miR-34a 73.853 691.031

hsa-miR-452 251.370 525.040

hsa-miR-198 126.800 488.186

hsa-miR-200b 92.204 238.951

hsa-miR-886-3p 156.728 218.523

hsa-miR-141- 30.320 129.207

hsa-miR-193b 13.928 97.836

hsa-miR-28-5p 4.486 90.227

hsa-miR-196b 32.865 88.357

hsa-miR-365 9.133 71.820

hsa-miR-542-5p 14.509 69.864

hsa-miR-152 6.087 39.451

hsa-miR-23b 5.077 28.456
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hsa-miR-95 2.118 23.366

hsa-miR-181c 3.241 20.739

hsa-miR-22 1.914 19.698

hsa-miR-181 a 3.076 18.437

hsa-miR-99b 1.952 18.162

hsa-miR-503 3.150 14.310

hsa-miR-137 2.950 13.631

hsa-miR-629 4.212 13.616

hsa-miR-31 24.085 12.765

hsa-miR-424 4.701 11.877

hsa-miR-203 3.846 11.473

hsa-let-7f- 2.544 9.614

hsa-miR-200c 6.155 8.956

hsa-miR-628-5p 2.375 8.521

hsa-miR-98 2.440 6.759
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