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Summary

Cervical c a n c e r  is t h e  f o u r t h  m o s t  c o m m o n  c a n c e r  w/orldw/ide a n d  r em ai ns  a rising 

c a u s e  of  c a n c e r  d e a t h s  a m o n g s t  w o m e n  wor ldwide ,  par ticular ly  in low t o  m i d - i n c o m e  

count r i es .  High risk HPV is t h e  main  etiological  f ac to r  in cervical carc inoge nes is .  Th e  

o v e re x p re s s io n  of  high risk HPV E6 a n d  E7 d u e  to  viral g e n o m e  in tegr a t ion  a n d  loss of  

high risk E2 is t h e  key f a c to r  in thi s  d i s ea se  progress ion .  T h e s e  o n c o g e n e s  s u b v e r t  

cel lular  t u m o u r  s u p p r e s s o r  g e n e s  (p53 a nd  u n p h o s p h o r y l a t e d  pRB) a n d  c r e a t e  a 

neoplas t ic  e n v i r o n m e n t  t h a t  fac i l i ta tes  in creased  cel lular  a l t e r a t i o n s  t h a t  p r o m o t e  

malignancy .  The  a im  of  this  s tu d y  w a s  to  e l uc ida te  novel  p a t h w a y s  involved in th is  

d i s e a s e  prog re ss i on  via t h e  a s s e s s m e n t  of  t h e  e ffec t of  si lencing t h e s e  viral o n c o g e n e s .  

This w a s  ach ie v e d  by ta r g e t i n g  HPV E6 a n d / o r  its splice fo rm s  using siRNAs a n d  

ascer t a in in g  d o w n s t r e a m  e f fec t s  o f  this  si lencing via a g e n o m e - w i d e  analys is  a n d  

R am an  s p ec t ro sc opy .

HPV E6 t a r g e t i n g  siRNAs w e r e  i n t r o d u c e d  into a HPV16 pos it ive cervical  can c e r  m o d e l  

sy s te m ,  which  r e s u l t e d  in t h e  s i m u l t a n e o u s  reduc t io n  in E6 a n d  E7 express ion .  This 

r ed uc t i on  w a s  c o n f i r m e d  a t  b o t h  mRNA and  pro te i n  levels using TaqMan® RT-PCR a n d  

w e s t e r n  blot  ana lysis  respect ive ly .  The  silencing of  t h e s e  o n c o g e n e s  r esu l t ed  in di st inct  

morpho logica l  p h e n o t y p e s .  E6#2 p o r t r a y e d  cellular  shr inkage ,  m e m b r a n e  b leb bin g  

wi th no  e f f ec t  on ce l lu la r  p ro l i fe ra t ion  and  indicat ive  of  t h e  induc t ion  of  ap o p to s i s  

while E6#4, a G1 a r r e s t  in cell cycle a c c o m p a n i e d  by an e n l a rged  f l a t t e n e d  m o r p h o l o g y  

of  in c re a se d  g ra nu la r i t y  a n d  loss of  c o n ta c t  inhibit ion,  in add i t ion  t o  an inc re a se  in 

f lu o re sc enc e ,  indica t ive  of  s e n e s c e n c e .

The  eva lu a t io n  of  d o w n s t r e a m  e f f ec t s  via t r a n s c r i p t o m e  m ic roar ray  analysis re v e a le d  

16 d if fe rent ia lly e x p r e s s e d  g e n e s  c o m m o n  t o  b o t h  siRNAs, wi th a FC >2 and  FDR <0.05 

which  w e r e  r e p r e s e n t a t i v e  of  t h e  overal l  d if ferent ial  g e n e  p a t t e r n  o b s e r v e d  b e t w e e n  

t h e s e  m o rp h o lo g ie s .  An o v e r r e p r e s e n t a t i o n  of  in n a te  i m m u n e  r e s p o n s e  g e n e s  and  

p a t h w a y s  w a s  o b s e r v e d  in t h e  a p o p t o t i c  profile,  par t icu la rly  indu ce rs  of  non -c ano n ic a l



NF-kB signalling pathway. An overrepresentation of cell cycle arrest genes and 

pathways, particularly p53 signalling pathway, DNA repair genes and chromosomal 

maintenance genes w ere observed in the senescent profile. These responses were  

validated via the assessment of p21 surrogate biom arker expression. Hence, these 

results revealed how the silencing of E6 oncogene could result in the E7 becoming a 

cellular stressor and therefore causing cell death as in the case of E 6# l, while the 

silencing of both oncogenes could result in a halt in DNA replication due to  

chromosomal instabilities leaving the cell in a senescent state.

A biochemical analysis study was then used to further evaluate cellular changes due to  

the induction of cell death. This study dem onstrated vast changes in biochemical 

components (proteins and nucleotides) in the cytoplasm of these dead cells compared 

to  scrambled control siRNA, fu rth er substantiating that the induction of apoptosis was 

inducing global cytoplasmic changes via cleavage of cellular proteins. These 

approaches reveal the potential of RNAi to provide gene specific therapies for all HPV- 

related diseases and the potential of Raman spectroscopy as a possible novel screening 

m ethod for early detection of cervical neoplasia.
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Chapter One

Introduction



1. Introduction
1.1. Cervical cancer overview

Cancer is a leading cause of d ea th  worldwide and accounted for 14.1 million n e w  cases 

and 8.2 million dea ths  wor ldwide in 2012, represent ing an 11% and 16% rise 

respectively from 2008 figures according to  recently published da ta  from the  

Internat ional  Agency for Research on Cancer (lARC), (Ferlay, e t  a!., 2013) (Bray, e t  al., 

2013).  It is projec ted  tha t  by 2035, an es t imated 24 million new cases  and 15 million 

d ea th s  per  year  will be a t t r i but ed to  cancer  (Ferlay, e t  a!., 2013).  lARC 2012 statistics 

expose  striking pat terns  of cance r  in w o m e n  with evident  increases  in b re as t  and 

cervical cancers,  demonst ra t ing the  n eed  to  prioritise prevent ion and control  globally 

in t h e s e  cancers (Ferlay, e t  al., 2013) (Bray, e t  al., 2013).

Cervical cancer is a malignant t u m o u r  t h a t  affects t h e  lower  portion of t h e  female  

genital sys tem,  and s tarts as th e  gradual  d ev e lo pm en t  of pre-cancerous  cha ng es  in the  

cells lining th e  cervix. These pre -cancerous  changes  initially a ppea r  as lesions, which 

slowly progress into aggressive neoplas tic and possibly metas ta t ic  cells. It is t h e  fourth 

m os t  commonly  diagnosed female  cance r  and four th leading cause  of cance r  dea th  in 

t h e  world causing over a q u a r te r  of a million dea th s  every  year,  70% of which occur  in 

developing countries as depic ted  in Figure 1-1. (Ferlay, e t  al., 2013) (Bray, e t  al., 2013). 

Annually, m ore  than  half a million w o m e n  are d iagnosed worldwide with cervical 

cancer  (Ferlay, e t  al., 2013) (Bray, et  al., 2013).
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Figure 1-1: Worldwide Cervical Cancer rates. Age-standardised incidence and m orta lity rates of 
cervical cancer worldw ide per 100,000 in the year 2012 (Ferlay, et al., 2013) (Bray, et al., 2013).

1.2. Cervical cancer epidemiology

The disproportionate incidence of cervical cancer, w ith a higher burden in less 

developed regions, as shown in Figure 1-1, can also be seen across Europe. Cervical 

cancer is a comnnon incident form  and cause o f cancer m orta lity in women in the 

western world; nevertheless rates vary w idely across Europe w ith Central and Eastern 

Europe accounting fo r half o f the 20 highest rates in Europe, as depicted in Figure 1-2. 

In the European Union (EU), cervical cancer accounted for 6% and 5% of the tota l new 

cancer cases and cancer deaths, respectively, amongst females in 2012 and it is
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estimated that there  will be 35 ,000  new cases by the year 2035 (Ferlay, et al., 2013)  

(Bray, et al., 2013).

This disproportionality can be explained by the lack of population-based screening 

programs which have had a remarkable effect on cervical cancer incidence across 

Nordic countries in Europe which by 2008 had age-standardised incidence rates of 

<14.5 per 100,000. However, not all European countries have im plem ented cervical 

screening (Albania, Azerbaijan, Cyprus and M alta ) and some have only recently  

introduced population-based cervical screening programmes (Armenia 2007, Czech 

Republic 2008, Ireland 2008, Latvia 2009) and /o r  vaccination programmes.
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Figure 1-2: Cervical Cancer rates of 20 highest countries in Europe. Age-standardised incidence and 
m orta lity  rates o f Cervical Cancer per 100,000 in Europe in 2012 (Ferlay, et al., 2013).
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Cervical cancer is the second most common and second leading cause o f cancer death 

in women under 44 in the Irish Republic. It is currently the 9*  ̂ most common cancer in 

Irish women, w ith 357 new cases and 101 deaths reported due to  cervical cancer in 

2012, representing a 20% and 18% rise from 2007 figures (Ferlay, et al., 2013) (Bray, et 

al., 2013) (CervicalCheck-National Cancer Screening Service, 2012). Cervical cancer 

m orta lity in Ireland has steadily increased by an average of 1.5% since 1978, which is in 

contrast to neighbouring countries, such as Northern Ireland, England, Wales and 

Scotland, who have seen a steady decrease in the rates since the early 1970s, as 

illustrated in Figure 1-3 (Ferlay, et al., 2013) (Bray, et al., 2013) (Comber & Gavin, 

2004).
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Figure 1-3: Britain & Ireland Cervical Cancer Mortality Rates. Graph of age-standardised mortality 
rates of cervical cancer per 100,000 in Ireland & United Kingdom from 1970-2010. (Figure created by 
author from  data in (Ferlay, et al., 2013) (Bray, et al., 2013))
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Possible explanations fo r this trend, is the absence o f comprehensive population- 

based screening in Ireland prior to  2008, which meant tha t screening was done in an 

opportunistic manner. In September 2008, Ireland im plem ented a free, quality 

assured, national cervical screening programme-CervicalCheck, modelled on the 

successful BreastCheck model, fo r 1.1 m illion women aged 25 to  60 years (National 

Cancer Screening Service, 2008). Also in September 2010, a free school-based national 

vaccination programme was launched to  target 12-year-old girls in firs t year of 

secondary school and a one-off catch up HPV vaccine programme fo r 13-15 year old 

girls (National Immunisation Advisory Committee of the Royal College o f Physicians of 

Ireland, 2011). The results of these implemented programmes, although yet to  be 

seen, are expected to fo llow  trends similar to  o ther developed regions where 

screening programs have had a significant impact on cervical cancer incidence.

1.3. Human papillomavirus and cervical cancer

Several risk factors have been implicated in the aetiology o f cervical cancer. Human 

papillomavirus (HPV) has been established as the main aetiological cause o f cervical 

cancer w ith >99.7% of incidence occurring as a result of HPV infection. (Walboomers, 

et al., 1999) (Bosch, et al., 2002). The m ajority of HPV infections occur via sexual 

transmission but very rarely via fom ites (inanimate objects) or perinatal transmission 

and will clear w ith in 1 to  2 years. Approximately 50-80% of sexually active women 

contract some form  of HPV at least once in the ir lifetim e but only a small proportion 

w ill develop cervical cancer. Persistent unresolved infection by high risk oncogenic HPV 

types is an indispensable cause fo r premalignant and malignant lesions o f the cervix. 

However, gaps in our understanding o f HPV biology still remain.
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1.3.1. HPV overview - a historical perspective

Since the start o f the 1900s, varying indications o f viral aetiology in the induction of 

oncogenesis have been made, v^/ith the first link, being the discovery that Rous 

sarcoma (retro) virus (RSV) caused tum ours in cottonta il rabbits in 1911 (Ullmann, 

1923) (Kingerey, 1921) (Rous, 1911) (Rous & Beard, 1935) (Rous, et al., 1936). This laid 

a foundation fo r the premise by Harald zur Hausen in the 1980s tha t an oncogenic 

virus in cervical cancer biopsies induced chromosomal changes by DNA integration into 

the ir host genome, resulting in aberration o f normal functioning and tum our grow/th 

(de Villiers, et al., 1981) (Durst, et al., 1983) (Gissmann & zur Hausen, 1980). The 

recognition o f this w/ork how/ever, did not come until the 1990s, when a number of 

epidemiological studies validated HPV as the causative agent fo r cervical cancer. This 

resulted in the classification o f certain HPV types as carcinogenic to  humans by 

International Agency fo r Research on Cancer (International Agency fo r Research on 

Cancer lARC, 2007). In October 2008, Harald zur Hausen was awarded one half o f the 

Nobel Prize in Physiology or Medicine fo r his discovery of the role o f HPV in cervical 

cancer.

1.3.2. HPV reservoir and transmission

PV types are generally ubiquitous, w idely distributed and can affect species such as 

cows and rabbits. However, humans are the only natural reservoir of HPV. HPV 

infection is via d irect skin-to-skin or skin-to-mucosa contact which requires m icro

abrasions in the epithe lium  to  access basement membrane cells, where primary 

human keratinocytes are natural host cells of the virus in vivo. HPV is transmissible 

during acute and persistent infection stages. M ultip le HPVs types can exist in varying 

skin and mucosal epithelia l sites in symbiosis w ith the ir host over long periods o f time, 

where upon immune suppression or deficiency, latent infections become activated and 

give rise to  benign tum ours like warts and papillomas (de Villiers, et al., 2004).
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1.3.3. Papillomavirus taxonomy

Papillomaviruses (PV) are a diverse group o f viruses found in mammalian, reptile and 

bird species (Bernard, 2005). PVs can be categorised on the basis o f genomic analysis 

into 118 PVs types and at evolutionary level into 16 genera, five o f which infect 

humans; Alpha a-. Beta (3-, Gamma y-. Mu |i- and Nu v-PVs, as illustrated in Figure 1-4 

(Bernard, 2005) (de Villiers, et al., 2004). Alpha and Beta human PVs are the tw o  main 

genera and account fo r 90% of all characterised HPV.

Lines divide 
species

Genus

Non-human 
papillonnaviruses 
(>80 types)

I  Most common \  
high-risk subtypes 
linked to cancer

I  Subtypes responsible 
for over 90% of 
genital warts

Subtypes mainly 
responsible for 
con^mon skin warts

Figure 1-4: HPV genera showing a, P-, y-, j i-  and v-papillomaviruses. a infects skin and mucosal 
surfaces while 3-, y-, ki- and v-infect only sl<in. (Crow, 2012)
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Alpha viruses (Super g roup A) viruses are characterised as gen ita lly  tra n sm itte d  HPVs, 

as illus tra ted  in Figure 1-5 and examples are HPV 6, 11, 16, 18, 2 and 10. Lr HPVs 6 and 

11 in fec t oral sites in 1% o f sexually active individua ls and are o ften  associated w ith  

benign papillom as. W h ile  HPV 2 and 10 in fect cutaneous sites and cause w arts 

(Brentjens, e t al., 2002). Hr-HPV16 and 18 in fect mucosal sites and cause lesions th a t 

can develop in to  cancer. Beta viruses (Super group B) cause cutaneous in fections like 

w arts  (HPV4 in subgroup B2), non-m elanom a skin cancer (NMSC) in im m uno 

com prom ised humans (HPVS in subgroup B l)  and la ten t in fections in the  norm al 

popu la tion  (M id d le to n , e t al., 2003) (Peh, et al., 2002). Only th ree  M u and Nu HPVs are 

know n and th e y  cause w arts verrucas and p lantar w arts (Doorbar, 2006) (Castellsague, 

2008).

Papillomaviruses

Mucosal
Cutaneous lesions

ligh risk 
(Oncogenic)

Low risk

ligh risk 
(Oncogenic)

Low risk

vy

- P .

Cutaneous 
infections

A
Non-melanoma 

skin cancer

W
Figure 1-5: Classification of Human Papillomavirus. Diagram depicting the classification o f mucosal 
and cutaneous infections in to high risk and low risk HPVs. Genitally transm itted HPVs highlighted in 
red. Figure created by au thor from  data in (Brentjens, et al., 2002) (Middleton, et a!., 2003) (Peh, et 
al., 2002) (Doorbar, 2006) (Castellsague, 2008).
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1.3.4. HPV classification

HPVs can be classified on the basis o f oncogenic propensity (Table 1-1). High-risk 

Human Papillomaviruses (Hr-HPV) are usually associated w ith  cervical cancer while 

low-risk Human Papillomaviruses (Lr-HPV) are associated w ith genital warts and 

papillomas. Probable high risk types may be associated w ith cervical cancer 

(Somsubhra & Sachchithanantham, 2010).

Table 1-1: HPV Risk Types. HPV16 and 18 are most commonly associated w ith cervical cancer, 
accounting for 70% of cases, while HPV 6 and 11 are associated w ith genital warts accounting for 
90% o f cases (Somsubhra & Sachchithanantham, 2010).

Oncogenic Propensity Risk Types

16. 18. 31. 33. 35. 39, 45. 51. 52. 56. 58. 59. 68. 73

High-risk and 82

Probable high-risk 26, 53, and 66

Low-risk types 6 ,11 , 40, 42, 43, 44, 54,61, 70, 72, 81 and CP6108

1.4. HPV -  molecular biology

HPV like other viruses has evolved unique mechanisms to  adapt, maintain and regulate 

host cellular processes. HPV is a small non-enveloped icosahedral double stranded 

DNA virus (Castellsague, 2008). The half-life of an HPV infection is usually 3-5 weeks for 

Lr-HPV, 8-10 weeks fo r Hr-HPV and 16 months for Hr-HPV16. Infection is usually 

overcome w ith in tw o  years in most women, but persistent unresolved Hr-HPV 

infection can lead to  integration into host DNA, thereby causing cervical cancer in a 

small num ber o f women.
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1.4.1. HPV structure

HPVs share a common genetic structure o f circular dsDNA genome tha t encodes 

approximately 8 open reading frames (ORFs) all transcribed from  a single DNA strand. 

All genetic inform ation is located on only 1 of 2 strands. This single stranded 8kbps 

viral HPV DNA molecule is bound to  cellular histones and contained w ith in  a 

pentam etric protein capsid. ORFs can be divided into 3 functional parts; Early region 

(early ORF), Late region (late ORF) and Upstream regulatory region (URR)/Non-coding 

region (NCR)/Long control region (Long coding region LCR), as portrayed in Figure 1-6. 

The LCR encodes an assortment of cis-elements required fo r replication and 

transcription of the viral DNA. These include the viral origin o f replication responsible 

fo r regulation of replication, and the early prom oter, p97, which can control 

transcription o f some genes in the early region. Viral early genes are transcribed from 

either promoter, depending on environmental conditions, whereas the late genes are 

solely transcribed from  the late prom oter, p742/p670 (Fehrman, et al., 2003). The 

early ORF encodes non-structural proteins tha t can be divided into 6 coding regions 

(E l, E2, E4, E5, E6 and E7) responsible fo r maintaining high HPV numbers and 

imm ortalisation. E l, E2 and E6 give rise to  more than one protein via d ifferential 

splicing.
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Figure 1-6: Diagram of HPV16 genome. ORFs responsible fo r transcription and regulation (E6, E7, El, 
E2, E4 and E5) as well as structural ORFs L I and L2 are highlighted in the arrangement. Viral gene 
transcription is controlled by URR w ith in  which enhancer sequences to which E2 and other cellular 
factors bind. The early p97 viral prom oter responsible for E l to  E7 transcription and late p670 viral 
prom oter responsible fo r L I and L2 transcription are located at around 4000 and 7000bp respectively 
(not shown)lnvalid source specified..

1.4.2. HPV lifecycle

The E2 o f human papillomaviruses is a DNA-binding protein necessary for the in itia tion 

o f viral DNA replication and genome segregation. E2 protein mediates effects such as 

G1 arrest, abrogation o f m ito tic  checkpoint control and in itiation o f apoptosis via p53 

dependent and independent pathw/ays. E2 protein acts as a transcription factor; 

functioning as an activator by regulating early prom oter p97 in low levels and causing 

E6 and E7 transcriptional repression, via Specificity protein 1 transcrip tion factor (Spl)
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d i s p l a c e m e n t ,  in high levels  (Mas s i mi ,  e t  al.,  1999) .  T h e  E2 p r o t e i n  h a s  a n  N - t e r m i n a l  

t r a n s a c t i v a t i o n  d o m a i n ,  a f l ex ible h in g e  r eg io n  a n d  a C - te r m in a l  r e g i o n  r e s p o n s i b l e  f o r  

DNA b in d in g  a n d  d i m e r i s a t i o n .  It l o a d s  E l  h e l i c a s e  t o  speci f ic  s i t e s  o n  t h e  viral  g e n o m e ,  

w/hich i n t e r a c t s  us ing  f o u r  speci f ic  p a l i n d r o m i c  r e c o g n i t i o n  s i t e s  (ACCg(N 4 )cGGT) o n  t h e  

HPV15  LCR t o  u p  r e g u l a t e  HPV o n c o g e n e  e x p r e s s i o n  ( M as s im i ,  e t  al.,  1999) .  E l  a n d  E2 

a c t  a s  c o - f a c t o r s  in r ec og n iz in g  t h e  o r ig in  o f  r e p l i ca t i o n .

T h e  E l  o f  h u m a n  p a p i l l o m a v i r u s e s  is a 6 7 . 5 - 7 6 . 2 k D a  s i t e  speci f ic  h e x a m e t r i c  h e l i c a s e  

w i t h  t h e  l a rg e s t ,  m o s t  c o n s e r v e d  o p e n  r e a d i n g  f r a m e  in PVs. E l  p r o t e i n  b in d s  ce l lu la r  

p r o t e i n s  like r ep l i ca t ion  p r o t e i n  A a n d  DNA p o l y m e r a s e ,  a  p r i m a s e ,  e s s e n t i a l  f o r  viral 

g e n o m i c  r ep l i c a t ion .  HPV E l  h a s  a n  N - t e r m i n a i  r e g io n ,  a v a r i a b le  s p a c e r  a n d  a l a rg e  C- 

t e r m i n a l  r eg ion .  M u c o s a l  PVs h a v e  a d d i t i o n a l  N - t e r m i n a l  r e s i d u e s  h e n c e  a r e  m o r e  

v a r i e d  in size t h a n  o t h e r  PVs (V\/ilson, e t  al.,  20 0 2) .  N - t e r m in a l  r eg io n  ac t iv i ty  is 

e s s e n t i a l  f o r  r ep l i ca t ive  p e r f o r m a n c e  a n d  p h o s p h o r y l a t i o n .  It is r e s p o n s i b l e  f o r  h i s t o n e  

b in d in g  a n d  a l lev ia t ing  c h r o m a t i n  c o n d e n s a t i o n  t h e r e b y  p r o m o t i n g  n e w  viral  DNA 

e l o n g a t i o n  a n d  sy n th e s i s .  T h e  C - te rm in a l  r e g i o n  h a s  a 3'  t o  5'  A T P a s e /h e l i c a s e - l i k e  

ac t iv i ty  w h e r e  all e s s e n t i a l  r ep l i ca t ive  f u n c t i o n s  a r e  lo c a te d .  P o s t  t r a n s c r i p t i o n a l  

p h o s p h o r y l a t i o n  in E l  e n a b l e s  r e g u l a t i o n  o f  its ac t iv i ty  in t h e  cell cycle.

T h e  E5 p r o t e i n  o f  h u m a n  p a p i l l o m a v i r u s e s  is a s h o r t  m e m b r a n e - a s s o c i a t e d  

h y d r o p h o b i c  t r a n s f o r m i n g  p r o t e i n  e x p r e s s e d  f r o m  t h e  s a m e  p o l yc i s t ro n ic  mRNA 

e n c o d i n g  E2. It is in vo lve d  in b o t h  ea r ly  a n d  l a t e  s t a g e s  o f  viral life cycle.  It is l o c a t e d  

o n  t h e  3 '  e n d  o f  t h e  ea r ly  r eg io n  a n d  i n f lu e n c e s  t h e  ac t ivi ty of  cell s ignal l ing p a t h w a y s  

a n d  t h e i r  g r o w t h  f a c t o r  r e c e p t o r s .  For  e x a m p l e ,  HPV E5, in c o n j u n c t i o n  w i t h  HPV E7, 

s e n s i t i s e s  t h e  r e s p o n s e  t o  e p i d e r m a l  g r o w t h  f a c t o r  (EGF) in t h e  EGF r e c e p t o r  p a t h w a y ,  

t h e r e b y  m a i n t a i n i n g  t h e  a c t i v a t i o n  o f  t h e  r a s / m i t o g e n - a c t i v a t e d  p r o t e i n  (MAP)  k in a se  

c a s c a d e  a n d  r e p r e s s i n g  e x p r e s s i o n  o f  t h e  c y c l i n - d e p e n d e n t  k in a s e  inh ib i to r ,  

p 2 2 WAFi/cipi^ T h e  fu n c t i o n a l  a s s o c i a t i o n  b e t w e e n  HPV E5 a n d  16  kDa V-AT Pase  is y e t  t o  

b e  wel l  e s t a b l i s h e d  b u t  m a y  b e  inv o lv ed  in inh ib i t ing  ac id i f i ca t ion  o f  e n d o s o m e s  a n d  

i m p a i r e d  cell-cell  c o m m u n i c a t i o n  (DiMaio  & M a t t o o n ,  20 0 1 )  ( C o n r ad ,  e t  al . ,  1993) .
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The E4 of human papillomaviruses has been associated with the destabilisation of 

cytokeratins to  aid viral progeny release, although the exact biological function in late 

phases of viral life cycle remains unclear. HPV E4 protein is encoded by a spliced E1AE4 

mRNA transcribed on a single polypeptide and is expressed as a fusion protein with the  

N term inus of the E l protein. E4 contributes to  the mechanism of d ifferentia tion- 

dependent virus replication (Nakahara, et al., 2002) (Roberts, et al., 1997). The E6 and 

E7 proteins of human papillomaviruses will be discussed in detail in section 1.6.

The Late ORF encodes tw o structural proteins responsible for viral assembly; Late 

protein 1 (L I) and late protein 2 (L2). L I is the m ajor protein and makes up 80%  of total 

viral protein, while the 70KDa L2 is the minor protein. Viral assembly and release is 

propagated by L I and L2 proteins. L I ORF is the most conserved within genom e hence 

used in identifying new PVs types. Regions of L2 tha t interact w ith L I are evolutionarily  

conserved (Lowe, et al., 2008). L2 protein has an N term inus shown to bind DNA in a 

sequence-dependent m anner and a nuclear localisation sequence (NLS) confirming its 

role in packaging (Zhou, et al., 1994). L I and L2 proteins are assembled as capsomeres 

which form  an icosahedral viral capsid around viral genom e during generation of viral 

progeny (Fehrman, et al., 2003). The 55nm  diam eter capsid consists of 72 capsomers 

arranged on an icosahedral surface lattice (Baker, et al., 1991). Capsids undergo a 

m aturation process via disulphide cross-linking of the proteins to enable viral assembly 

and release.

1.4.2.1 . Viral entry and mode of infection

The most susceptible regions of the cervix to neoplastic transform ation by HPV are the  

cervical basal layer transform ation zone at the squamous-columnar junction between  

the ecto- and endo-cervical epithelium  and the  pectineal line of the  anal canal 

(Palefsky, 1999) (Poletti, et al., 1998) (Carter, et al., 2001) (Stanley, 2010). The cervical 

epithelium  is composed of self-renewing progenitors-columnar basal cells attached to  

basal m em brane tha t proliferate into daughter ceils tha t separate from  the  m em brane  

and migrate into the suprabasal layer. Under normal conditions, cells in the  suprabasal
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layer term inate cell cycle and in itia te  term inal d ifferentia tion (Jones, et al., 2007) 

(Madison, 2003). As these cells move upwards, they acquire protective characteristics 

such as cross linking w ith interm ediate filaments, lipid emission and cornified envelop 

form ation to  make up the mucosal layer. Finally, the cells approach the surface and 

form the stratum corneum which is constantly sloughed off, as illustrated in Figure 1-7. 

This process is continuous to  ensure structural in tegrity o f the epithelium  (Fehrman, et 

al., 2003).
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Figure 1-7: Progression of HPV infection in the cervical epithelium. Micro abrasions in the cervical 
epithelium  enables HPV infect basal cells resulting in controlled expression of early genes (E l, E2, E4, 
E5, E6 and E7) w/hich maintain the viral genome as an episome. As these cells move in to  upper layers, 
progeny assembly occurs due to  expression of late genes (L I and L2). Persistent unresolved infection 
advances into high grade and invasive cancer whereby viral genome is integrated into host DNA and 
oncogenes E6 and E7 are over expressed. (Woodman, et al., 2007) Copyright Permission sought and 
reuse request is free o f charge
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On infection w ith  HPV, the virus requires access to  the progenitor-colum nar basal cells 

to  in itiate a successful infection (Boxman, et al., 2000) (Boxman, et al., 2001). Micro 

abrasions due to  environmental trauma in the cervical epithelium , typically a 

consequence o f sexual intercourse, facilita te viral access to columnar basal cells. The 

ability of HPV to  successfully infect a host and establish the ir genome is dependent on 

induction and maintenance of viral DNA synthesis and cell pro liferation in the 

suprabasal layer via E l, E2, E6 and E7. The exact mechanism of HPV entry into basal 

cells is yet to be fu lly elucidated. It is however, thought to  occur via interaction w ith 

heparin sulphate proteoglycans, which results in conformational change in LI and L2 

capsid proteins. An additional secondary receptor protein is then required, such as cell 

adhesion receptor alpha 6-integrin, which promotes viral uptake by clathrin- 

dependent endocytosis (Giroglou, et al., 2001) (Culp & Christensen, 2004) (Johnson, et 

al., 2009). On viral entry, the acidic nature w ith in  the late endosome/lysosome offers a 

reducing surrounding and thereby assists in the uncoating of the viral genome. 

Transport then occurs o f the HPV genome to  the nucleus via the L2 protein (Day, et al., 

2003) (Bousarghin, et al., 2003) (Smith, et al., 2007). W ith in the nucleus, HPV 

commences the 'productive ' form  of its life cycle (Figure 1-7) by establishing a stable 

episorne o f low copy number o f between 10-200 per host cell, through the activ ity of 

early genes El, E2, E4, E5 and in some cases E6 and E7 genes (International Agency for 

Research on Cancer lARC, 2007) (Moody & Laimins, 2010) (De Geest, et al., 1993) 

(Stanley, et al., 1989) (McBride, et al., 2006) (M iddleton, et al., 2003).

HPVs can portray a unimodal, productive lifecycle, or bimodal, productive and non

productive lifecycle depending on the risk category and regulation by host 

d ifferentiation. Specifically, low risk types portray a unimodal, productive lifecycle, and 

as previously stated are usually associated w ith genital warts and papillomas, whereby 

HPV viral proteins are expressed and viral progenies are generated (Figure 1-8). 

Whereas, high-risk types frequently associated premalignant lesions and cervical 

cancer, portray a bimodal, productive and non-productive lifecycle, whereby persistent 

unresolved infection leads to  the non-productive phase, where no viral progeny are
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g e n e r a t e d  (Figure 1-8). The  abili ty t o  swi tch f r o m  t h e  n o n -p ro d u c t i v e  t o  p rod uc t iv e  

cycle is d u e  t o  t h e  onco g en ic  po te n t i a l  o f  t h e s e  HPVs.

HPV

i k Late HPV e x p re ss io n  
(L 1 ,L 2)
H igh-level replication  
Virion production

1  Early HPV g e n e  e x p re ss io n  
I  (E 6, E7. E 1 ,E 2 , E5)

Low-level HPV replication  

Transient cell c y c le  d egred ation  
Low p 53  leve ls

Strong E 6/E 7 e x p re ss io n  

No cell c y c le  control 

p 53  dow nregulation

Figure  1-8: HPV lifecycle in cervica l  w a r t s  a n d  t u m o u r s .  D iag ram  show ing  cellular c h an g es ,  viral 
p ro te in s  a n d  cel lu lar  p ro te in s  e x p re s s e d  a t  d i f fe ren t  s t a g e s  o f  t h e  cycle (DiPaolo & A lvarez-Salas ,  
2004).  Copyright Permission sought and paym ent required.

I.4.2.2. Productive infection- episomal maintenance of viral genome

The e s t a b l i s h m e n t  of t h e  viral g e n o m e  as a n u c le a r  p lasmid  a t  low levels,  which 

e x p r e s s e s  ear ly  ge n e s ,  ind ica tes  a successful  in fec t ion  (Frattini,  e t  al., 1995).  From 

s tu d i es  on co t ton ta i l  rabbi t  pap i l lomavirus,  it can  be  in fe r red  t h a t  s u b s e q u e n t  t o  a 

micro t r a u m a  in t h e  cervical ep i th e l i um ,  m o s t  in f e c te d  basal  cells a r e  induced  t o  fill t h e  

w o u n d  giving rise t o  an  act ive  papi l lomavi rus  in fec t ion .  Howeve r ,  a f e w  infec ted  basa l  

cells wi th HPV e p i s o m e s  d o  no t  d i f f e r en t ia te  a n d  t h u s  r em a in  u n d e t e c t a b l e  until
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t r ig ge re d  by an  u n k n o w n  s t imulus ,  such  as  w o u n d  repa i r  o r  h o r m o n a l  regulat ion .  

(Gravitt ,  2011) .

The  e f fect ive repl icat ion  of  t h e  viral g e n o m e  re qui re s  t h e  ac t ivat ion of h o s t  cellular 

repl ica t ion  m a c h i n e r y  such as DNA p o l y m e r a s e ,  which  is a b s e n t  in t h e  viral g e n o m e ,  as 

well  as t h e  re - induc t io n  of  cell division cycle,  which  is usually sw i t c h e d  off in 

d i f f e re n t i a te d  cells. The fu nc t io n  of  E6 a n d  E7 is t o  faci l i t ate  cel lular  repl icat ion,  by 

inhibi t ing p53 a n d  u n p h o s p h o r y l a t e d  R e t i n o b la s to m a  Prote in  (pRB) respect ively  

(M u n g e r ,  e t  al., 2004) .  In o r d e r  t o  p r o p a g a t e  virally in fec ted  cells, HPV u p - re g u la te s  

early g e n e  ex p re ss io n  t o  c o m b a t  c h a n g e s  in t h e  cel lular  e n v i r o n m e n t  t h a t  p e r t u r b  t h e  

g e n e r a t i o n  of  n e w  infect ious  vir ions via g e n o m e  ampl if ica t ion ,  a s s e m b l y  a n d  re le as e  in 

t h e  su p r a b a s a l  and  p ro te c t i v e  layers.  The  ear ly g e n e s ,  par ticular ly E6 a n d  E7, 

c o o p e r a t e  t o  s t im u la t e  d i f f e r en t ia t in g  cells t o  r e - e n t e r  S p h a s e  of  t h e  cell cycle, 

t h e r e b y  inhibit ing cell cycle a r r e s t  a n d  ac t iva t ing h o s t  repl ica t ion  mach inery .  E6 and  E7 

a r e  s t rongly  r e g u la te d  t o  p r e v e n t  t h e  prog re ss i on  into carc inoge nes is .  In t h e  u p p e r  

ep i thel ia l  layers,  ampli f ica t ion  of  t h e  HPV g e n o m e  occurs,  t h e r e b y  produc ing  

t h o u s a n d s  of  copies  p e r  cell (Figure 1-8) a n d  inst igat ing sy nth es i s  o f  capsid pro te ins .  In 

t h e  superficial  l ayer  viral a s s e m b l y  occur s  wi th capsid pr o te in s  e n c a p s u la t in g  viral 

g e n o m e .  The  final e l e m e n t  of  t h e  p ro d u c t i v e  infec t ion is virion re le a s e  with s l ough ed  

k e r a t i n o c y te s  (Hum me l ,  e t  al., 1992)  (Ozub un  & M eyer s ,  1997)  (Bedell,  e t  al., 1991).

1.4.2.3. Non-productive infection - viral genome integration

The swi tch  f r o m  a prod uct iv e  t o  a n o n - p r o d u c t i v e  in fect ion is d r iven  by p e r s i s t e n t  

u n r e s o lv e d  Hr-HPV infect ion,  resu l t ing in viral g e n o m e  in tegra t ion  into t h e  ho s t  

g e n o m e .  This p ro cess  m arks  t h e  e n d  of  HPV's p rodu c t iv e  life cycle,  as  large sec t ions  of  

t h e  g e n o m e  b e c o m e  inac t iva ted .  In teg ra t io n  is p r o p o s e d  t o  oc cur  a t  fragile s i tes  within 

h o s t  DNA, o f te n  n e a r  c -myc  locus a n d  g e n e s  involved in t h e  n o n - h o m o l o g o u s  e n d  

joining (NHEJ) p a t h w a y  (Dali, e t  al., 2008) .  NHEJ is a n  e r r o r  p r o n e  p a t h w a y  t h a t  repa ir s  

d o u b l e  s t r a n d e d  DNA breaks.  It can t a k e  place a t  any  s t a g e  of  t h e  cell cycle, over riding
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any of the three checkpoints G l/S , intra-S and G2/M phase making it an advantageous 

avenue fo r viral subversity.

One major consequence o f viral integration is the disruption o f the regulatory viral E2 

gene. This results in overexpression o f viral E6 and E7 proteins, which are consistently 

expressed in HPV-positive cervical cancers. In Hr-HPV low grade lesions, where the 

episomal genomic state is predominant, HPV early gene expression occurs in non

differentiated replicating basal and parabasal cells. HPV genes alter normal cellular 

DNA replicative machinery thereby compromising chromosomal integrity, instigating 

DNA recombination and neoplastic transform ation, as depicted in Figure 1-8 (Huang, 

et al., 2008).

However, in high grade lesions and invasive carcinomas where HPV genome 

integration is predom inant and HPV oncogenes E6 and E7 are overexpressed, the cell's 

DNA replicative machinery is reactivated in term ina lly d ifferentiated cells of the 

interm ediate and upper epidemial layers to  ensure viral replication and propagation 

(Vinokurova, et al., 2008). HPV abrogates the epithelium  via neoplastic transform ation 

resulting in abnormal cells tha t lose control of replication, thereby transform ing the 

cervix.

1.4.3. Cervical cancer pathology

Cervical carcinoma develops by a progression of events in itiated by viral infection of 

basal cells of the cervical mucosal epithelium , which results in subversion of normal 

cellular functioning, leading to  easily detectable histological changes collectively 

known as Cervical Intraepithelial Neoplasia (CIN). These pre-cancerous abnormalities 

or cervical changes are histologically atypical and may revert to  normal mucosa, persist 

as precancerous lesions or advance to  invasive carcinoma. The extent o f layering o f 

dysplastic cells along the basal membrane o f the transform ation zone is used to  grade 

CIN; from  mild (1/3) to  moderate (2/3) to  severe (abnormal cells occupying the fu ll or 

near full thickness of cervical epithelium ) to  Carcinoma in situ (cells metastasise into
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underlying tissue) as outlined in Table 1-2. (Lyngea, et al., 2009). Pre-cancerous 

changes can also be detected by cytological screening via the Pap smear test, which 

may be classified by the Bethesda System (Table 1-2).

Table 1-2: Correlation between histology and cytology of cervical pre-cancer. This table shows the 
correlation between histology and cytology grades of cervical pre-cancer and on the rate of 
regression, persistence and development of cervical cancer fo r each disease grade. Women 
infected w ith HPV16 make up 50% of all cases

Dysplasia Mild M oderate Severe CIS
Classification

CIN 3 CIN 3CIN 1 CIN 2

HSIL** HSIL** HSIL**LSIL

70-90

QJO

>12

*  LSIL -  Lo w -grade  S quam ous In tra e p ith e lia l Lesion, * * H S IL -  H igh -grad e  S quam ous In tra e p ith e lia l Lesion
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1.4.4. Cervical cancer staging

Staging is based on colposcopy inspection, palpation, curettage and biopsy, chest X-ray 

and intravenous urography. The clinical staging of cervical cancer is shown in Figure 1- 

9. Cervical cancer can be subtyped based on histological examination in to  squamous 

cell carcinoma, which accounts fo r 85% of all cases and depicted as abnormal tissue 

invading the cervical stroma, and adenocarinoma, which accounts fo r 5-15% and arises 

from  the endocervical canal, and adenosquamous, also known as small cell carcinoma 

or neuroendocrine carcinoma, which are much rarer lesions including mixed 

adenosquamous tum ours, adenocanthomas and sarcomas.

Screening fo r cervical cancer is recommended approximately 3 years a fter starting 

vaginal intercourse w ith many screening programs recommending the commencement 

o f screening in women in the ir the m id-twenties. It normally involves e ither a 

conventional Pap smear test or liquid based cytology (LBC) Pap smear tests. In Ireland, 

LBC screening intervals range from  every three years in women under 50 years to 

every five years in women over the age o f 50. Cervical cancer prevention strategies 

include the use of prophylactic vaccines fo r girls ages 11-18.
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Figure 1-9: Clinical staging based on FIGO. Clinical staging in carcinoma of the cervix is based on the 
international federation o f gynaecology and obstetrics (FIGO) system. Invalid source specified.
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1.5. Other aetiology factors of cervical cancer

Other risk factors tha t have been associated w ith cervical cancer may be categorised 

e ither on the basis o f pathogenesis (viral or environmental) or as genetic risk factors as 

illustrated in Figure 1-10. They may be directly linked w/ith HPV infection or play a role 

independent o f HPV. These factors include tobacco smoking, alcohol consumption, 

dietary factors, sexual behaviour, high parity, fam ily history and prolonged use o f oral 

contraceptives (Castellsague & Munoz, 2003) (Castellsague, 2008).

Aetiology

r

Genetics

I
Family History

Human
Leukocyte
Antigen

Pathogenesis

Infection
with

Human
Papillomavirus

Co-infection 
with 

other STDs

Environmental
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Prolonged use 
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Oral contraceptives

High parity

Dietary factors

Tobacco smoking

Figure 1-10: Classification of Cervical Cancer Risk factors. Figure created by author.
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1.5.1. Pathogenesis

1.5.1.1. Viral risk factors

M ost HPV infections are transient and resolve over tim e but persistence and 

progression into cervical dysplasia can be influenced by imm unity. Sexual transm itted  

diseases (STDs) like Herpes Simplex Virus (HSV), Chlamydia trachom atis  and Human 

Im m unodeficiency Virus (HIV) weaken the imm une system thereby exacerbating CIN 

progression into cervical cancer. Hence, STIs are regarded as HPV-dependent factors 

(Smith, e t al., 2002) (Smith, et al., 2002) (Bosch & de Sanjose, 2003). For exam ple, the  

association betw een infection with HIV and CIN severity has been dem onstrated by 

various studies, which suggest HIV-induced advanced im m une suppression, declining 

CD4"  ̂ count and high plasma HIV RNA levels as a basis for increased risk of developing 

cancer (Massad, et al., 1999) (Delmas, et al., 2000) (Moscicki, et al., 2001) (Luque, et 

al., 1999) (Nappi, et al., 2005) (Sellors, et al., 2003).

1.5.2. Environmental risk factors 

1.5.2.1. Sexual Behaviour

Genital HPV infection is the most com mon sexually transm itted infection (STI) among 

young sexually active wom en, with more than 80% being infected by at least one HPV 

type in the ir lifetim e (Baseman & Kotsky, 2005). Changes in sexual behaviour patterns  

aided HPV transmission in both younger and older wom en. Additional factors 

mediating HPV transmission include, but are not limited to, age at first sexual contact, 

num ber lifetim e sexual partners, current HPV infection status, contact w ith high risk 

individuals (W iner, et al., 2003) (W iner, et al., 2012) (Andersson-Ellstrom, et al., 1995) 

(Rositch, e t al., 2013).There is a direct relationship between the risk of CIN3/cervical 

cancer and age of first sexual intercourse and number of lifetim e sexual partners 

(Wang, et al., 2003) (Burchell, e t al., 2006) (Stone, et al., 2002) (W iner, et al., 2003).
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1.5.2.1.1. Prolonged use of oral contraceptives

Studies have demonstrated tha t a linear dose-response relationship exists between 

cervical cancer and oral contraceptive use, which tends to wane or disappear on 

stopping oral contraceptives. It has been demonstrated that women who had used 

oral contraceptives for more than 10 years had the highest odds ratio o f 4.48 of 

developing cervical cancer, w ith 95% confidence interval of 2.24-9.35, (M itrani- 

Rosenbaum, et al., 1989) (Elson, et al., 2000) (Monreno, et al., 2002).

While epidemiological studies investigating associated risk of oral contraceptives with 

cervical cancer have consistently shown that long-term use increases the risk fo r 

carcinomas, confounding effects by HPV infection cannot be excluded (M itrani- 

Rosenbaum, et al., 1989). Mitrani-Rosenbaum et al. (1989) examined the biological 

effect of oestrogen on the expression of HPV-16 viral oncogenes using estradiol. 

Estradiol was shown to  stimulate the transcription of E6 and E7 known to  be directly 

associated w ith alteration, immortalisation and oncogenic potential of HPV (M itrani- 

Rosenbaum, et al., 1989). This effect was through the binding o f specific oestrogen 

receptor complex to oestrogen-responsive element consensus sequence 

GGTCANNNTGACC located in the E2 ORF (Mitrani-Rosenbaum, et al., 1989). In 2000 

Elson et al., investigated the synergistic cooperation between HPV16 oncogenes and 

oestrogen receptor signalling using HPV16 infected transgenic mice. Experimental 

studies revealed a facilitation of carcinogenesis in the cervix when mice were 

continuously exposed to oestrogen (Elson, et al., 2000). Consistent w ith this finding, 

Moreno et al. (2002) performed a large pooled analysis, providing evidence for the 

association of oral contraceptives w ith  HPV carcinogenesis. They concluded from this 

work that oral contraceptives, like estradiol, did not aid infection or persistence w ith 

HPV (HPV-independent), rather they contributed to  the progression of cervical 

carcinogenesis (Monreno, et al., 2002).
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1.5.2.1.2. High parity

High parity has also been shown to be associated with increased risk of cervical cancer 

in HPV positive wom en (M unoz, et al., 2002). Pooled lARC analysis on multiparous 

wom en reported a 4-fold increased risk in w om en with 7 or more full term  pregnancies 

compared w ith nulliparous w om en w here both groups were HPV-positive. Results 

from  studies also showed a 2-fold increase in risk in HPV-positive wom en with 7 or 

more pregnancies compared with w om en w ith 1 or 2 full term  pregnancies (Castle, et 

al., 2002). M ode of childbirth also appeared to affect risk of cervical cancer; wom en  

who had given birth only by caesarean section and nulliparous had similar risks while 

wom en who had given birth only vaginally or vaginally and caesarean section had a 

much higher risks with odd ratios of 2.5 and 2.2 respectively (M unoz, e t al., 2002).

Interestingly, the combined effect of oral contraceptive and high parity had an overall 

increased risk compared to  nulliparous wom en who had never used oral 

contraceptives. This suggest that the inducing effect of oestrogen may be of clinical 

significance in developm ent of cervical cancer in the presence of HPV infection as it 

could act to enhance progression from  dysplasia to  Carcinoma in situ (Bosch, et al., 

2006). Oral contraceptives and high parity, although HPV-independent, are factors 

that play similar roles by maintaining the transform ation zone of the cervix. Thereby  

facilitating exposure to  HPV and other cofactors by changing horm one levels which 

alter imm une response to  HPV infection and increase likelihood of cervical carcinoma 

(Castellsague & M ufioz, 2003) (Hinkula, et al., 2004).

1.5.2.1.3. Dietary factors

Dietary factors account for 30% of cancers in industrialised countries and this 

proportion thought to be about 20% in developing countries and are the second to  

cigarette smoking as a preventable cause of cancer (W HO/FAO, 2003). The role of diet 

in the sustenance and prom otion of good health, growth and developm ent is 

unequivocal but this relationship is complicated by biological and social factors such as
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sedentary lifestyles, genetic susceptibilities, socio-economic status and the progressive 

change from plant-based to  high-fat, energy-dense animal-based diets in both 

developing and developed countries. Despite recognition by current literature of 

strong associations between dietary factors and cervical neoplasia, there has been 

inconsistent contradictory evidence of suspected dietary factors acting as independent 

risk factors/HPV cofactors or confounders of HPV-related factors (Garcia-Closas, et al., 

2005) (Tomita, et al., 2010) (Gonzalez, et al., 2011) (Tomita, et al., 2009).

1.5.2.1.4. Tobacco smoking

Tobacco smoking has been linked w ith cancers such as lung, pancreas, kidney, penile, 

anal, liver bladder, laryngeal, head and neck as well as acute leukaemia (Harris, 1996). 

Tobacco is a free radical generating environmental toxin and therefore can be 

intuitively regarded as HPV independent. However, may potentially act as a 

contributory risk factor in HPV mediated cervical carcinogenesis. Nevertheless, most of 

the current literature available on the relationship between smoking and the incidence 

o f HPV infection report conflicting results (Winer, et al., 2003) (Olsen, et al., 1998) 

(Matsumoto, et al., 2003). Many case control studies have demonstrated moderately 

and statistically significant associations w ith cervical cancer, even adjusting fo r HPV 

(Lacey, et al., 2001) (Deacon, et al., 2000) (Hildesheim, et al., 2001) (Castle, et al., 

2002). This relationship also appears to  correlate w ith dosage and lose correlation with 

term ination o f smoking. Studies have shown tha t smoking confers higher risk in HPV 

positive squamous-cell carcinoma than adenocarcinoma (Vaccarella, et al., 2008).

1.5.3. Genetics

A complex interaction between genes and environmental factors and varying 

epidemiological evidence suggests both host and viral genetic factors are vital 

determinants in a woman's susceptibility to cervical cancer development. However, 

the predisposition to  such factors has only been consistent in studies of human 

leukocyte antigen (HLA) class I &1I genes (Hildesheim & Wang, 2002). The highly 

polymorphic nature of HLA molecules determines peptide-binding a ffin ity and dictates
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dif ferent ial  risks for  cervical cancer .  Individuals t h a t  h a v e  HLA m ol ecules  t h a t  bind t h e  

HPV an t ig en  w/ith high affinity a d e c r e a s e d  risk t o  d e v e l o p i n g  cervical  c a n c e r  is s een ,  

while HLA m ol ecules  t h a t  do  n o t  recognis e  or  bind HPV an t ig ens  an i n c r e a s e d  risk is 

se e n ,  infer ring HLA s t a t u s  is a c o n t r i b u t o r y  f a c to r  t o  HPV cervical c a rc in o g e n es is .  The  

focal po i n t  o f  m o s t  s tu d ie s  on  HLA a n d  cervical c a n c e r  p a t h o g e n e s i s  ha s  m o v e d  on 

f rom  HLA Class II t o  Class I g e n e s  as m o r e  HLA Class I g e no ty pi ng  m e t h o d s  b e c o m e  

available.  Conflicting r e p o r t s  r ega rd i ng  poss ib le  a ss o c ia t i o n s  of  HLA class I A-C and  E-G 

in cervical neopla s ia  ha ve  b e e n  r e p o r t e d  t h u s  r eq u i r e  f u r t h e r  a s s e s s m e n t s  s t u d ie s  to  

clarify th e i r  assoc ia t ions  wi th  cervical c a n c e r  (de  Boer,  e t  al., 2007)  (Gonsa lves ,  e t  al., 

2008) (Hi ldeshe im,  e t  al., 1998)  (Apple,  e t  al., 1995)  (Sanjeevi ,  e t  al., 1996)  (Odunsi ,  e t  

al., 1996).  Pro tec t ive  alleles HLA class II DQBl  and DRBl  g e n e s  ha ve  b e e n  cons is t en t ly  

a ss o c ia te d  wi th  cervical neopl as ia  (Engelmark,  e t  al., 2006)  (Zoods ma ,  e t  al., 2005)  

(Madele ine ,  e t  al., 2008) (Engelmark,  e t  al., 2004)  (Schi ffman & Kjaer, 2003) .

1.6. HPV oncogenicity

A com pl ex  inte rp lay  exists  b e t w e e n  d if fe ren t  p r o t e i n s  t h a t  contro l  g e n e  t r ans c r i p t io n  

t o  main t a in  a virally 'p r o d u c t i v e '  ph a se .  HPV can u n d e r g o  c h a n g e s  like t h e  loss of  

t e rm in a l  di f fe rent ia t ion ,  which a t t e n u a t e s  full viral life cycle,  a n d  t h e  in t e g r a t i o n  of  t h e  

viral nu c le a r  plasmid into t h e  ho s t  g e n o m e ,  which  d is rup ts  a n d  r e n d e r s  its repl ica t ion  

de fec t ive  a n d  resu lt s  in u p - r egu la t io n  of  E6 a n d  E7 o n c o g e n e  ex p re s s io n  (Doorbar ,  

2006).  Neoplas t ic  p rog re ss i on  in t h e  cervical e p i t h e l i u m  is as  a c o n s e q u e n c e  of  an  

e xp on ent ia l  in cr ea se  in t h e  ex p re ss io n  of  E6 and  E7 f r o m  low g r a d e  CIN t o  c a r c inom a  

in situ)  (Cat tani ,  e t  al., 2009).  The  explo i ta t ion  of  cel lu la r  p r o c e s s e s  r e q u i r e d  for  cell- 

cycle con t ro l  a n d  ap o p to s i s  by E6 a n d  E7 e n d o r s e s  t h e i r  po ten t ia l  t o  p r o m o t e  cel lular  

t r a n s f o r m a t i o n ,  induc t ion  and  m a i n t e n a n c e  (Ghi ttoni ,  e t  al., 2009).  I n t egr a t i on  of t h e  

HPV g e n o m e  wi th  ho s t  DNA is, t h e r e f o r e ,  a key e v e n t  in HPV induc ed  ca rc in o g e n es is  

(Huang,  e t  al., 2008).  The  m o le c u la r  p ro c e s se s  t h a t  a r e  involved a n d  dr ive this  

t r a n s f o r m a t i o n  a r e  y e t  t o  be fully e lu c id a te d  a nd  t h e  m e c h a n i s m  of  t r a n s f o r m a t i o n  is 

t h e  focus  of  this projec t .  E6 p r o m o t e s  t r a n s f o r m a t i o n  by t r igger ing cell cycle

27



d e r e g u la t i o n  a n d  tu m o u r i g e n e s i s .  Th e re fo re ,  a t h o r o u g h  u n d e r s t a n d i n g  o f  its 

in te rac t ion s  is re qu i r ed  for  t h e  d e v e l o p m e n t  of  t h e r a p e u t i c  p r o s p e c t s  t h a t  i m p e d e  its 

activity a nd  h e r e a f t e r  p r e v e n t  f u t u r e  HPV in du ced  cancers .

1.6.1. HPV E6

1.6.1.1. E6 structure

HPV E6 is a small  basic cys te ine  rich p ro te in  of a b o u t  1 5 0 -1 5 8  a m i n o  ac ids  in length.  

HR-HPV E5 is t h e  m o s t  p o t e n t  a n d  significant  of  t h e  HPV p r ima ry  o n c o p r o t e i n s  

r e sp ons ib le  fo r  p ro m o t i n g  mal ignancy ,  as  its func t ions  involve cell t r a n s f o r m a t i o n .  It is 

a highly variab le  p ro te in  wi th  c o n s e r v e d  moti f s  and  in t ragenic  splicing (Nomine ,  e t  al., 

2006) .  E6 is m a d e  up  of  atypical  highly c o n s e r v e d  N and  C te r m in a l  zinc f inger  d o m a i n s  

c h a r a c te r i s e d  by t w o  cys t e ine s  mot i f s  (Cys-X-X-Cys) s e p a r a t e d  by 30 a m i n o  acids a n d  a 

C- te rmina l  PDZ binding mot if ,  as  s h o w n  in Figure 1-11. Efforts in isolat ing a nd  

exam in in g  a na t ive  s t ab le  fo lde d  full l en gth  f o r m  h a v e  b e e n  h i n d e r e d  d u e  t o  its 

t e n d e n c y  t o  fo rm  a g g r e g a t e s  on  synth es i s ,  part icular ly HPV16 E6. T hou gh ,  s tud ies  

using varying s pec t ros cop ic  m e t h o d s  such  as NMR, c ircular  d ichro ism,  a n d  

f l u o r e s c e n c e  s p e c t r o s c o p y  have  p ro v e n  insightful (Liu, e t  al., 2009)  (Nomine ,  e t  al., 

2006) (Zanier,  e t  al., 2007).

.^0-CXXC-3.> 63-CXXC-66 I06-C X X C -I00 I39-CXXC-142

Finger PDZ

148-KTQL-15I

Figure  1 -11;  S c h e m a t ic  d e sc r ip t io n  o f  HPV16 E6 S t r u c tu r e .  The  a m in o  t e r m in a l  p o r t io n  o f  E6 
c o n ta in s  t w o  cyste ine-r ich  z inc-binding m otifs .  Similarly, t h e  carboxyl t e rm in a l  a lso  cons is ts  o f  tw o  
c y s te in e - r ich  z inc-binding m otifs  in ad d it io n  to  a PDZ binding m o ti f  ( p r e s e n t  in only high risk ty p es )  
(G h i t to n i ,  e t  a!., 2009).
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E6 is regulated by the upstream regulatory region (URR) via E2 over expression, which 

drives almost all early gene expression (Zhou, et al., 1994). E2 viral protein averts 

uncontrolled expression of transform ing proteins E6 in HPV infected cells, by hindering 

their expression from  the URR (Schmitt, et al., 1994) (Nom ine, et al., 2006). In Hr- 

HPV16 and 18, E6 and E7 are expressed as a polycistronic pre-m RNA from  a single 

prom oter im m ediately upstream of E6 ORF, unlike Lr HPV6 and 11, w here they are 

transcribed from  tw o separate promoters individually (Zheng, 2010). A distinctive 

characteristic of oncogenic E6 is the presence of an intron which enables splicing in the  

E6 open reading fram e (Zheng, 2010). Therefore, in Hr-HPV, the  E6E7 cassette gives 

rise not only to  full length E6E7 mRNA but also E6 splice variants, E6*l and E6*ll (Figure 

1-12). E6*ll is the least abundant protein detected in transform ed HPV cells and cell 

lines, fo llow ed by E6 and E6*l. The exact functions of the E6 splice variants are unclear 

at present. However, there is some evidence that they play a role in the transcription  

of E7, w ith unspliced transcripts encoding E6 primarily and splice transcripts encode 

both the  splice E6 variants and E7.
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226 409 5 5 9 1 562 858 880

E7 E7SD SA
5' 3' E6/E7

5' 3' E6*l/E7

5' 3 ' E6*ll/E7

Figure 1-12: Schematic description and organisation o f HPV16 E6 Open Reading Frame. E6E7 
cassette is expressed as a bicistronic pre-mRNA from  a single promoter p97 and gives rise to  full 
length E6E7 mRNA, along w ith spliced E6*l/E7 and E6*ll/E7 transcripts. The spliced transcript E6*l is 
generated by SD at position 226 and SA at position 409. The spliced transcript E6*ll is generated by 
SD at position 226 and SA at position 560. Both the spliced (E6*l/E7 and E6*ll/E7) and unspliced 
(E6/E7) transcripts are produced in high risk HPVs but no unspliced transcript is produced in low risk 
HPV. Numbering refers to transcript numbers, SA to splice acceptor; SD to splice donor Figure 
adapted by author from (Venturini, e t al., 1999). Copyright Permission sought and reuse request is 
free o f charge.

E6 is an oncogenic multifunctional protein; it can act as a transcriptional transactivator 

and a weak transcriptional repressor. Its transcription activation domain can be used 

to transactivate the adenovirus E2 promoter, via zinc finger domain. It can also 

function as a weak transcriptional repressor of the immediate early promoter in the 

cytomegalovirus and the long terminal repeat in moloney murine leukaemia virus 

(Etscheid, et al., 1994). Both functions can be observed in Hr and Lr HPVs. In Hr-HPVs, 

the transcriptional transactivator function may be coupled to its transforming ability 

(Etscheid, et al., 1994).

30



1.6.1.2. Protein Interactions of E6

E6 has been identified to  interact w ith  and inactivate diverse proteins essential to  

cellular functioning, including tu m o u r suppressor genes, genes involved in apoptosis, 

transcription, cell proliferation and epithelia l function, as portrayed in Figure 1-13. On 

binding these proteins, E6 prom otes transform ation  by triggering cell cycle 

deregulation, thus exerting its influence as an oncogenic protein. HPV E6 circumvents  

cellular response to  viral infections by diverse m ethods, w/hich could involve e ither E6 

or E6-E6AP complex binding directly to  pro-apoptotic  proteins a n d /o r m anipulation at 

the transcriptional level, as is the case of Survivin w/hose p ro m o ter activity is 

appreciably up-regulated to  cause apoptosis suppression. The most im portant effect of 

E6 expression in the  Hr types is the  loss of a m ultifunctional cellular regulatory protein  

p53, which has tu m o u r suppressor properties (Figure 1-13).

E3 ubquitin 
ligase

M ediators of 
d iffe ren tia tion  & 
Epithelial 
organisers

E6AP
E6BP/ERC-55 

p53, C-myc,

hOlg, hScrib

Bak, 
Procaspase 8,

F/»DD
CBP, p30, 

HADA3

MUPPl

Htert, XRCCl, 
hMICM7

M ediators of 
chromosomal 
instability

Transcriptional
regulators

Figure 1-13: High risk HPV E6 interactions. HPV E6 interacts w ith  diverse host proteins to  mediate 
apoptosis, organise epithelium , suppress tum ours, and regulate transcription and proliferation. The 
outer boxes represented circumvented functions while the quadrants o f the circles represent the 
proteins Hr-HPV E6 interacts w ith in regards to  each function. Figure created by author.
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I.6.I.2.I. E6andp53

p53 is t h e  m o s t  i m p o r t a n t  ce l lu la r  t a r g e t  o f  E6. It is a t u m o u r  s u p p r e s s o r  g e n e  tha t  

e n c o d e s  a 5 3 -k i lo da l to n  (kDa) p r o t e i n ,  w h ic h  r e g u l a t e s  t h e  cell cycle by conse rv ing  

g e n o m e  s tabi l i ty a n d  p r o m o t i n g  a p o p t o s i s  a f t e r  i r r e p a r a b l e  DNA d a m a g e .  This t u m o j r  

s u p p r e s s i v e  act ivi ty r e q u i r e s  p 5 3  a c c u m u l a t i o n  in t h e  n u c l e u s  t o  p r o c e e d .  p 5 3  has 

s e v e n  d o m a i n s :  an  acidic  N - t e r m i n u s  ac t iva t io n  d o m a i n  1, a c t i v a t io n  d o m a i n  2, an 

a p o p t o t i c  pro l i ne  rich d o m a i n ,  a c e n t r a l  DNA-binding  c o r e  d o m a i n ,  a nuc lear  

loca l i sa t ion  s igna ll ing (NLS) d o m a i n ,  h o m o - o l i g o m e r i s a t i o n  d o m a i n  a n d  a r e g u l a t o r y  C- 

t e rm in a l .  On t r a n s c r i p t i o n ,  p53  is i m p o r t e d  into t h e  n u c le u s  using NLS via a - im p o r t i n  

a n d  t r a n s p o r t e d  in to  p r o m y e l o c y t i c  le u k e m i a  p r o t e i n - n u c l e a r  b o d i e s  fo r  fur th e r  

a c t iva t ion  a n d  biological  fu nc t i o n in g .  M d m 2  r e g u l a t e s  p5 3  by a l lowing  its nuclear  

e x p o r t  fo r  d e g r a d a t i o n  by 26S p r o t e a s o m e .  p53  is p r o t e c t e d  f r o m  M d m 2  b y p l 4  ARF 

( a l t e r n a t e  r e a d i n g  f r a m e  (ARF) p r o d u c t  o f  t h e  CDKN2A locus)  a n d  c-Abl. To o v e r c o m e  

p53  func t io n ,  m o s t  v i ru ses  d i r ec t ly  t a r g e t  p53  o r  p5 3  t a r g e t  g e n e s .  For exa mp le .  

Hepat i t i s  B virus X p r o t e i n  (HBVx) r equ is i t io ns  p5 3  in t h e  c y t o p l a s m  (W ang ,  e t  al., 

1994) ,  whi le  s i m ia n  v irus  4 0  (SV40) la rge  T - a n t i g e n  p r e v e n t s  t r a n s a c t i v a t i o n  of  p53 

t a r g e t  g e n e s  (Michalovitz,  e t  al., 09 86) .  Hr-HPV, h o w e v e r ,  a b o l i s h e s  p5 3  by induc ing 

t h e  u b i q u i t i n - p r o t e a s o m e  p a t h w a y ,  w h ic h  n o r m a l l y  co n t r o ls  p 5 3  t u r n o v e r  ra te .

HPV16 E6 a b r o g a t e s  p 5 3 - m e d i a t e d  t r a n s c r i p t i o n a l  r e p r e s s i o n  o f  t a r g e t  a p op to s i s  

induc ing  g e n e s  via c o m p l e x  f o r m a t i o n  wi th  E6AP, lead in g  t o  u b i q u i t i n - d e p e n d e n t  

d e g r a d a t i o n  of  p 5 3  (Ho & B e nc hi m ol ,  2003) .  H e n c e ,  in c o n j u n c t i o n  w i th  E6AP, E6 acts  

a s  a n  a n t i - a p o p t o t i c  p r o te in .  E6AP is an  E3 ubiqui t in  l igase t h a t  w o r k s  in c on ju nc t io n  

wi th  E l  ub iqui t in  ac t iv a t in g  e n z y m e  a n d  E2 ubiqui t in  c o n j u g a t i n g  e n z y m e .  All ubiqui t in 

l igases s h a r e  El  ATPase  e n z y m e ,  w hic h  a c t i v a t e s  ub iquit in  f o r  c o n j u g a t i o n  and  

t r a n s f e r s  it t o  E2, a n  i n t e r m e d i a r y  ca r r ie r  fo r  ub iqui t in .  E3 is a m u l t i - p r o t e i n  comp lex  

e n z y m e  t h a t  a c t s  as  a c a ta ly s t  t o  fac i l i t a te  E2 docking .  It b r ings E2 -ubiq ui t in  in close 

pr oxi mi ty  t o  t a r g e t  p r o t e in  fo r  t a ggi ng .  HPV E6 m o d u l a t e s  E6AP's aff ini ty fo r  p53, 

f o r m s  a t e r n a r y  c o m p l e x  a n d  p r o m o t e s  p5 3  ub iq u i t in a t io n .  Lr-HPVs, s u c h  as H P V - 6 a n d  

H P V - l l ,  d o  n o t  h a v e  t h e  c a p a c i t y  t o  d e g r a d e  p53 .  O t h e r  r o u t e s  by w h i c h  E6 o v e r c c m e s  

p53  act ivi t ies,  inc lud e  p 5 3  d e s t a b i l i s a t i o n  via b ind ing  t o  its C - te r m in u s ,  in te r f e r e n c e
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w ith  its DNA binding  ability, cy to pl a sm ic  s e q u e s t r a t i o n  a n d  in te ra c t io n  wi th  

t r an sc r ip t io na l  co- ac t iv a to rs  such  as a d e n o s i n e  d e a m i n a s e  3 (ADAS), p3 0 0  and  CBP 

(Ganguly & Parihar,  2009) (Kumar ,  e t  at., 2002)  (Huang & McCance ,  2002) .  The  binding 

o f  E6 t o  CBP/p300,  which  a re  p53  co-ac t iva to rs ,  m a n ip u la te s  cell cycle prog re ss io n  by 

d e c r e a s in g  t h e  affini ty of  p53  for  its DNA binding  site.  Hence ,  E6 binding  and  

in te rac t ion  wi th b o th  CBP/p 300 a nd  p5 3  respect ive ly,  p r o m o t e s  viral survival and  

e n h a n c e s  prol i fe ra t ion  of  in fec ted  cells, t h u s  faci l i tat ing o n c o g e n i t y  (Schmi tt ,  e t  al., 

1994) (Nar i sawa-Sai to  & Tohru ,  2007)  ( Z i m m e r m a n n ,  e t  al., 1999).

1.6.1.2.2. E6-mediated hTERT induction

H u m a n  t e l o m e r a s e  is a n o t h e r  t a r g e t  of  t h e  E6-E6AP complex.  H u m a n  t e l o m e r a s e  is a 

r i bonuc leo  e n z y m e  co m p lex  t h a t  e x t e n d s  c h r o m o s o m a l  e n d  length,  t h e r e b y  

s u p p r e s s in g  s e n e s c e n c e .  It is m a d e  up of  a catalyt ic  t r a n s c r ip ta s e  (hTERT) a nd  an  RNA 

c o m p o n e n t  (hTR). The m a i n t e n a n c e  of  t e l o m e r e  length plays a key role in 

im m or ta l i s a t io n  a n d  t u m o u r i g e n e s i s  o f  vary ing  h u m a n  c an ce r s  cells (Horner,  e t  a!., 

2004) .  HPV E6 ind uc es  hTERT exp re s s io n  via t w o  E boxes  a t  its p r o m o t e r ,  by m e a n s  of 

t h e  t ransc r ip t ion a l  a c t iv a to r  Myc (Wu, e t  al., 1999).  This act ivi ty of  E6 also re qu i r e s  

a l t e r a t io n  of  t h e  nu c le a r  t r ansc r ip t io n  f ac to r ,  X-box binding 1 (NFXl) i soforms,  which  

involves NFXl-91 d e g r a d a t i o n  enab l in g  NFXl-123 e n h a n c e m e n t  of  t h e  E6-E6AP ef fec t  

o n  hTERT (Ka tzene l le nbog en ,  e t  al., 2009) .

1.6.1.2.3. E6 targeting of PDZ-domain proteins

Hr-HPV E6 p ro te in s  t a r g e t  c er ta i n  cel lular  p r o t e i n s  conta in ing  a PSD95 /Dlg /ZO- l  (PDZ) 

d o m a i n ,  such  as m a m m a l i a n  h o m o l o g s  of  discs large 1 (DLGl/hDLG) a n d  Scribble 

(Scrib/Vartul) .  It d e g r a d e s  t h e s e  pro te ins ,  w hic h  a re  i m p o r t a n t  in cell signalling and  

a d h e s io n ,  t h r o u g h  its C- te rmina l  motif .  C o n se q u e n t l y ,  E6 a l te rs  t h e  physiological  s t a t u s  

of  r e c e p t o r s  l inked or  t ra ff icked by PDZ pro t e ins ,  such  as (31-adrenerg ic  r ecep to r .  This 

c a u s e s  loss of  cel l -ce l l  c o n t a c t s  m e d i a t e d  by t ig h t  ju nc t io ns  a n d  la te ra l  dif fusion of 

integra l  m e m b r a n e  p ro t e in s  b e t w e e n  t h e  apical  a n d  la te ra l /b a sa l  sur faces ,  t h e r e b y  

d is r upt in g  t rans -ce l lu la r  t r a n s p o r t  a n d  p r o m o t i n g  t r a n s f o r m a t i o n  a n d  t u m o u r i g e n e s i s .
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Ultim ately this leads to  apical and baso-lateral surfaces no longer having specialised 

functions of receptor-m ediated endocytosis and exocytosis and cells lose polarity as 

observed in HPV-associated cervical cancers (Ganguly & Parihar, 2009).

1.6.1.2.4. E6 and other proteins

The E6 protein also targets other molecules as outlined in Table 1-3. One group in 

particular is pro-apoptotic proteins, like Bak, FADD and procaspase 8. E6 modulates 

the activity of procaspase 8 and binds C-term inal end of tum our necrosis factor 

receptor (TNFR 1), thereby altering response of the  tum our necrosis factor (TNF) family  

(Filippova, et al., 2004) (Tungteakkhun, et al., 2010) (Thomas, et al., 2002). The TNF 

family are a group of cytokines involved in regulation o f systemic inflam mation  

induction of apoptosis. Activation of TNF receptors triggers the binding of intracellular 

death domain w ith  its adaptor protein, which forms a scaffold onto which other 

regulatory cellular proteins are recruited. These recruited proteins elicit the initiation  

of pathways NF-kB, MARK and death signalling. TN F-R l activation results in the binding 

of Fas-Associated protein w ith  Death Domain (FADD) via its adaptor, which exacts the  

cleavage of downstream  caspases and activation of NK-kB pathway resulting in 

apoptosis (Filippova, et al., 2007).

Although little is known about how squamous epithelial cells respond to a PVs 

infection, IFNs intrude on d ifferent aspects of the viral lifecycle and activate immune  

natural killer cells to stim ulate the immune system. The absence of a strong immune  

response suggests viral interference with im m une response. Some mechanisms 

involved include the disabling of IFN inhibitory effects; E5 inhibits transcription of to ll

like receptors (TLRs), such as TLR9, Tyrosine kinase 2-m ediated Janus Kinase- Signal 

Transducer and Activator of Transcription signalling pathway (JAK-STAT) activation via 

interferon alpha (IN F-a) as well as transactivation o f interferon regulatory factor-3  

(IRF-3) which arbitrates apoptosis on viral detection. (Ronco, et al., 1998) Finally, E5 

has been found to deregulate the p l6 /p R b  pathway via a unique pathway involving 

activation of E2F-responsive genes, M C M 7 and cyclin E (Malanchi, et al., 2002).
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Table 1-3: Summary of Hr-HPV E6 functions. This table shows a list of observed biological effects of E6 
targeting. (See Table 8-3 in the appendix for changes to these targets post silencing with E6 siRNAs).

Target molecules of E6 Implicated biological effect

E6AP/p53 Degradation o f p53/suppression o f apoptosis

PDZ-domain-containIng proteins

Degradation o f PDZ proteins/loss of cell 

polarity

CAL

Deregulation of the vesicular trafficking 

processes

NFXl-91

Degradation o f NFXl-91/activation o f hTERT, 

im m ortalisation

Paxillin

Interference in the association of paxillin and 

focal adhesion kinase

IRF3

Inhib ition of IRF-3's transcriptional activity 

thereby inh ib iting the IFN-induced signalling

Bak Degradation o f Bak/suppression o f apoptosis

FADD

Degradation of FADD/suppression of 

apoptosis

Procaspase 8

Degradation o f procaspase 8/suppression of 

apoptosis

GADD34/PP1 Suppression o f apoptosis

Tyk2

Im pairm ent of Tyk2 activation thereby 

inh ib iting IFN-induced signalling

CBP/p300

Down-regulation o f p53 activity by targeting 

the transcriptional coactivator

MCM7 Induction of chromosomal abnormalities

TSC2 (tubulin) Activation o f mTOR signalling

BRCAl Release the inh ib ition o f ER signalling
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1.6 .1.3.H P V  E7

E7 of Hr-HPV (HPV16 a n d  18) is f r e q u e n t l y  ass oc i a t ed  with geni ta l  m a l ig na nc i e s  t h a n  Lr 

t y p e s  (HPV6 and  11) as it has  a h i ghe r  affinity for  t u m o u r  s u p p r e s s o r  g e n e s  (Schmit t ,  et  

a!., 1994) .  E7 is a highly c o n s e r v e d  a -hel ical  p ro te in  wi th  e x t e n d e d  s t r a n d  a n d  r a n d o m  

coils, cons is t in g  of  9 8  a m in o  ac ids  wi th  c o n s e rv e d  reg ions  kn ow n  as c o n s e r v e d  region 

1, 2 a n d  3 (CR1,2,3) t h a t  r e p r e s e n t  1 - 1 5 ,  1 6 - 3 7  and  3 8 - 9 8  a m i n o  ac ids  respec t ive ly  

(Figure 1-14).  CR2 a n d  CRB reg ion s  s h a r e  s e q u e n c e  ho m o lo g y  w i th  c o r r e s p o n d i n g  

reg ions  in a d e n o v i r u s  ElA a n d  SV40 large T an t ige ns .  It is a small  21kDa z inc-binding 

p h o s p h o r - p r o t e i n  t h a t  is l o c a t e d  in t h e  nuc leus ,  w h e r e  it e x e c u t e s  its cell t r a n s f o r m in g  

a nd  t r ans -ac t iva t in g  func t ions .  CRl  is t h o u g h t  to  be involved in t r a n s f o r m a t i o n  and  

blocking TGF-R and  r e p r e s s i o n  of  c -myc ,  CR2 with pRb binding via t h e  LXCXE mot i f  and  

case in  k inase  II p h o s p h o r y la t io n  ( r e s id ue s  31 and  32) and  CR3 has tw in  CXXC e l e m e n t s  

c a p a b l e  of  zinc b ind ing  similar  t o  HPV16 E6. The CR3/Carboxyl t e r m i n a l  z inc-binding 

d o m a i n  a lso  m e d i a t e s  d imer ic  a n d  mul t ime r i c  c o m p le x e s  fo r m a t i o n  in vivo  (Liu, e t  al., 

2006) (Nar i sawa-Sai to  & Tohru ,  2007) .

22-LXCXE-26 3I-SS-32

Zvr* FingerCRl CR2 CR3

58-CXXC-6I

Figure 1-14: Schem atic  descr ip tion  o f  HPV16 E7 S tructure .  The amino term inal portion  of E7 
conta ins  th ree  conserved regions CRl, CR2 and CR3 (homologous to  adenovirus ElA oncoprotein). 
CR2 con ta ins  a core LXCXE motif t h a t  binds pRB and pocket proteins. The carboxyl terminal also 
consists of tw o  cysteine-rich zinc-binding motifs in addition to  a PDZ binding motif . (Ghittoni, e t  aL, 
2009).

36



1.6.1.3.1. E7 and its cellular targets

E7 can bind via LXCXE m otif in its CR2 region and aberrantly inhibit retinoblastom a  

protein (pRb) and other "pocket proteins" fam ily m em bers, like p l0 7  and p l3 0  

(Chakrabarti & Krishna, 2003), by itself or in collaboration with ras or HPV E6. p l0 7 , 

R b /p l0 5  and R b 2 /p l3 0  represent m em bers of the Rb fam ily of negative cell cycle 

regulators that function as tum our suppressors. They bind to the E2F fam ily of DNA- 

binding transcription factors in a hypo-phosphorylated state and in so doing regulate  

proliferation and differentiation (Giacinti & Giordano, 2006) (Narisawa-Saito & Tohru, 

2007). Progression into S phase of the cell cycle is preceded by E2F release, following  

pRb phosphorylation by G1 cyclin-dependent kinases (CDK), like p l6 IN K 4a, Cdk 

2/Cyclin A and Cdk 2/Cyclin E. E7 exploits this by binding unphosphorylated pRb, 

preventing the anticipated pRb-E2F complex form ation hence inducing cells to  enter  

the S phase. E7 then ensures proteasomal degradation of pRb by its C-term inal 

cleavage via calcium-activated cysteine protease calpain and com plete exit of the cell 

cycle which enables viral replication in the upper epithelial layers. E7 together w ith E6 

causes genomic instability via p53 and pRb fam ily m em bers resulting in polyploidy. In 

addition, acute loss of pRb fam ily m em bers induces centrosome am plification and 

aneuploidy (Schmitt, et al., 1994) (Narisawa-Saito & Tohru, 2007) (Liu, et al., 2006). E7 

can block transcriptional activation function of retinoblastom a protein fam ily members  

(Rb).

O ther proteins that E7 can complex w ith include; cyclin associated kinase p33cd 2, 

CDK-inhibitor (CKI) p27 and CKl p21 to  abate cell-cycle inhibition, transcriptional co

repressors histone deacetylases (HDAC) to  prom ote cellular growth, IR F l and p48 to  

escape im m une detection, cellular p600 for anchorage-independent growth and 

cellular transform ation, both subunits of protein phosphatase 2A (PP2A) thereby  

hindering dephosphorylation and term ination  of PKB/Akt signalling pathway (Horner, 

e ta l., 2004).
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1.6.1.3.2. E6 and E7

In summary, E6 and E7 are cooperative viral oncoproteins expressed in ail HPV-cervical 

cancers and increased expression of both is observed in integrated viral forms. HPV 

infects and uses viral oncogenes E6 and E7 to subvert norm al cellular function, thus 

maintaining an altered cell cycle state w hereby viral genom e replication and 

amplification is unhindered. This 'a ltered state ' presents a challenge for the immune  

system, which often rapidly clears the infection, as it is unable to  prevent cell growth  

and stim ulate apoptosis due proteasomal degradation of p53 and displacement of 

retinoblastoma protein pRb. E6 com plem ents E7's ability to  im m ortalise human 

keratinocytes, therefore E6 is considered the m ore potent and significant of the tw o  as 

its functions involve cellular transform ation (Vinokurova, et a!., 2008).

1.6.1.3.3. DNA methylation in Cervical Cancer

The progression from  precancerous cervical lesions to  cervical carcinogenesis is 

multifactorial process and mainly due to  persistent unresolved Hr-HPV infection in 

addition to environm ental, immunological, genetic and epigenetic factors (Section 1.5). 

The persistent unresolved Hr-HPV infection resulting in viral genom e integration into 

the host genom e whereby large sections of the genom e become inactivated is 

proposed to  occur at fragile sites within host DNA (Dali, e t al., 2008). It has also been 

established tha t viral integration causes genetic alterations such as deletions, 

amplifications and DNA rearrangements as well as epigenetic modifications to  the DNA 

m ethylation status resulting in the over expression of viral oncogenes E6 and E7 hence 

favouring tum our progression (Chaiwongkot, et al., 2013) (Saavedra, et al., 2012). 

W hile the  link betw een HPV and aberrant m ethylation in cervical cancer remains 

unclear, it has been suggested as a means by which HPV conceals itself (W hiteside, et 

al., 2008) (Leonard, et al., 2012). That is, Hr-HPV E6 and E7 a lte r host DNA m ethylation  

status by increasing the expression and action of DNA m ethyltransferase (D N M T l)  

which preserves m ethylation pattern during each cellular division via p53 and pRb 

degradation (Figure 1-15).
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Figure 1-15: The regulation of host and HPV gene methyiation by Hr-HPV E6 and E7. (A) in high 
concentrations, p53 forms a complex with specificity protein 1 (Spl) and chromatin-remodelling 
proteins which subsequently binds to the DNMTl promoter region. Therefore, Spl is inhibited from 
activating the transcription of DNMTl. However, the degradation of p53 due to E6 and E6AP 
binding releases Spl to activate DNMTl transcription. (B) The binding and phosphorylation of pRb 
by E7 releases E2F which positively regulates the promoter activity of DNMTl. Hr-HPV E7 can also 
directly bind DNMTl, causing its conformational change and exposing its DNA binding site. This 
results in increased DNA binding affinity and the formation of a stable DNMTl/DNA interaction. 
The consequence of DNMTl overexpression is cellular transformation and tumourigenesis via the 
hyper-methylation of tumour suppressor gene promoters (Jimenez-Wences, et al., 2014).
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1.7. Prevention of cervical cancer

The implication o f HPV oncogenes as the main instigators o f cervical dysplasia and the 

asymptomatic nature of the disease reiterate the param ount importance o f early 

detection in halting and preventing the progress o f cervical carcinogenesis. Prevention 

programs targeted against the disease comprise o f tw/o stages, primary prevention 

programs which involve the im plem entation o f vaccination programs and secondary 

prevention programs which involve cervical screening programs (conventional Pap 

smear tests, liquid based cytology (LBC), visual inspection w ith  acetic acid and HPV 

testing fo r high risk types), which are directed towards the detection and subsequent 

treatm ent o f precancerous lesions amongst women aged 25 to  60 years (Figure 1-16).

Figure 1-16: The course of HPV prevention. This diagram depicts prim ary and secondary HPV 
prevention programmes and the ir stages of intervention. Figure created by author.
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Vaccine development is targeted at prevalent HPV types responsible fo r more than 

half the burden of cervical cancer (HPV16 and 18 which make up 50% and 20% 

respectively of all cases). These prophylactic vaccines target infectious agents to 

prevent development o f diseases, unlike therapeutic vaccine treatments, w/hich are 

used to  treat existing conditions by strengthening body defences. Presently, tw o 

vaccines against cervical cancer are available. They are Merck's quadrivalent Gardasil 

vaccine (FDA approved in 2006) that offers protection against HPV15 and 18 as well as 

HPV6 and 11, which cause genital warts, and GlaxoSmithKline's bivalent Cervarix 

against HPV16 and 18. These vaccines are made up of HPV antigens comprising of 

d ifferent virus-like particles, which are not infectious but stimulate an antibody 

response. These vaccines have been shown to be safe and effective, as well as offering 

cross protection against less common HPV types tha t cause cervical cancer (Bonanni, 

et al., 2009). W orld Health Organisation (WHO) recommends 9-13 year old girls, who 

have not been exposed to HPV, will benefit most from vaccination (Parry, 2007). Post 

vaccination protection has been formally proven to  be 7.3 years fo r Cervarix and 9 

years for Gardasil w ith  clinical trials showing at least five years protection post

vaccination. According to WHO, at the end of 2011, 40 countries had introduced 

vaccination programs as part o f the ir national public health strategy (World Health 

Organisation, 2012). The increasing adoption of vaccine administration by developed 

countries is proposed to  have a major impact in the elimination o f cervical cancer, 

though a positive outcome is evident, it w ill only become apparent once vaccinated 

cohorts reach screening age.

Cervical screening involves a number of methods directed towards the detection and 

treatm ent of precancerous lesions. Detection of cervical pre-cancer facilitates 

treatm ent before lesions become invasive which improves prognosis (World Health 

Organisation, 2012). European guidelines for quality assurance in cervical cancer 

screening is one of the steps towards establishing appropriate standards or protocols 

for cervical screening. Currently the main form o f cervical screening is the Pap smear 

test, o f which there are tw o methods the conventional pap smear test and liquid based 

cytology (LBC). Pap smear test, while it has effectively reduced the incidence of
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cervical cancer, exhibits a broad sensitivity range w ith high levels of inaccuracy when  

detecting particularly low-grade squamous intraepithelial lesions (LSIL) and equivocal 

lesions (ASCUS). The use of LBC which involves the processing of a sample in a 

preservative fluid is however, a more efficient m ethod of cervical sampling for 

laboratory exam ination and has resulted reduction in the num ber of unsatisfactory 

smears (Gibb & M artens, 2011). A major shortcoming with cervical cytology is the fact 

that up to  80% of low grade abnorm alities can spontaneously regress, resulting in an 

increased likelihood of over referrals, overtreatm ent and inappropriate follow  ups. 

Nevertheless, Pap sm ear remains the most affordable test available, in spite of the  

varying levels of proficiency amongst these tests due to issues relating to  sensitivity 

and specificity (Coste, et al., 2003) (Kulasingam, et al., 2002) (Cuzick, e t al., 2003). 

Hence, research has focused on identifying new tests to use in conjunction w ith  pap 

smears.

In spite of the efficacy of these prevention programs, neither are widely available to  

many at greatest risk of developing cervical cancer and this is reflected in the disease 

disproportionality betw een  developed and developing countries. Disparities in the  

prevalence of risk factors (HPV), accessibility and use of medical practices, accessibility 

and quality of trea tm en t facilities can dictate the differences in the  likelihood of 

cervical cancer progression betw een developing and developed regions. Issues' 

relating to  the adoption o f prim ary or secondary prevention programs include lack of 

public health polices, general and professional HPV education, media awareness, 

clinical settings, financial resources.

1.8. Treatment of Cervical Cancer

Standard trea tm en t options fo r cervical cancer include surgery, radiotherapy and 

chem otherapy or varying com binations thereof depending on the stage of disease and 

thus w hether the trea tm en t is in an effort to trea t or avert metastasis and relieve  

symptoms, thereby improving quality of life and prognosis (Roque, et al., 2014). 

Surgery is the standard of care for the m anagem ent and treatm ent for early-stage,
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non-bulky cervical cancer (Roque, et al., 2014). It aims to  surgically rem ove parts of the  

fem ale  reproductive system containing the  tum ou r and can be described into types on 

the  basis of w/hich organs or tissues are rem oved such as hysterectom y (total, radical 

or m odified radical) and bilateral salpingo-oophorectom y (Figure 1-17). Therefore, 

surgery offers an instant curative therapy  while preserving ovarian and vaginal 

functions and though radical hysterectom y is the m ainstay of surgical m anagem ent of 

cervical cancer, less drastic measures provide small but significant role in CIN 

m anagem ent. Such surgical procedures include loop electrosurgical excision procedure  

(LEEP), cold knife cone biopsy, cryotherapy, e lectrofu lgaration , cold-coagulation and 

pelvic exenteration  (Stern, et al., 2012 ). The LEEP is a relatively inexpensive procedure  

th a t can be perform ed in an o u tp a tien t setting. It involves the use o f a thin, low - 

voltage electrified w ire loop to  cut out abnorm al tissue. How ever, the  cold knife cone 

biopsy is the standard procedure to  excise deeply seated lesions in the endocervix and 

avoid d iatherm y artefacts at th e  margins which could obscure the  extent to  which the  

lesion or cancer has been rem oved (Stern, e t al., 2012) (Roque, et al., 2014). 

Cryotherapy is a non-surgical procedure used to  destroy abnorm al cervical tissue using 

liquid carbon dioxide. A prior requ irem ent of lesion diagnosis and visualization is 

essential as specimens for histopathology cannot be obtained subsequently (Stern, et 

al., 2012).
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Figure 1-17: Types of Hysterectomy. Hysterectomy involving surgical removal of uterus w ith  or 
w ithou t other tissues or organs. Total hysterectomy; uterus and cervix are removed. Total 
hysterectomy w ith salpingo-oophorectomy; a) uterus and one/unilateral ovary and fallopian tube are 
removed b) uterus and both/b ila tera l ovaries and fallopian tubes are removed. Radical hysterectomy; 
uterus, cervix, both ovaries, both fallopian tubes, and nearby tissue are removed Invalid source 
specified..

Combinations of radiation therapy and chemotherapy are employed for the successful 

treatment of locally advanced disease. However, for women w ith advanced and 

recurrent cervical cancer, chemotherapy is the standard option for palliative 

treatment. Radiation therapy employs high-energy x-rays (external-beam high-energy 

to 18 MV) or other types of radiation such as implants loaded with Iridium-192 to kill 

cancer cells or prevent them from growing, via external radiation therapy or internal 

radiation therapy (Burd, 2003). Conversely, chemotherapy uses drugs to stop the 

growth of cancer cells, either by killing the cells or by stopping them from dividing. 

Chemotherapeutic drugs used in the treatment of cervical cancer can be classified into 

cytotoxic platinum-based anti-cancer drugs (Cisplatin and Carboplatin), alkylating 

agents (Ifosfamide), anti-metabolites (Fluorouracil, Gemcitabine), m itotic inhibitors
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(Pacl i taxel ,  D o ce t ax e l )  a n d  inh ib i tors  o f  t r a n s c r i p t i o n  or  re p l ic a t io n  (T o p o te c a n ,  

I r in o te can )  (Al le r ton & B u t l e r -M a n u e l ,  2014) .  An e x a m p l e  of  su ch  is Cidofovir ,  a b r o a d  

s p e c t r u m  acyclic n u c l e o s i d e  p h o s p h o n a t e  d e r iv a t i v e  a g a i n s t  DNA v i r u se s  like HPV t h a t  

inh ib it s  ce l lular  p ro l i f e r a t i o n  (Yizhuo, e t  al., 209) (De S c h u t t e r ,  e t  al., 2013 ) .  Similarly,  

t h e  c o m b i n a t i o n  of  a cy to tox ic  c h e m o t h e r a p e u t i c  a g e n t ,  Podoph yl l in  t h a t  a r r e s t s  

mi t os i s  in m e t a p h a s e  a n d  a DNA p o l y m e r a s e  inhib i tor ,  V id a r a b in e  s u p p r e s s e s  HPV 

g e n e  e x p r e s s i o n  a n d  cell g r o w t h  in a d d i t i o n  t o  sens i t i z ing  cervical  c a n c e r  cell l ines t o  

a p o p t o s i s .  (Burd,  20 0 3 )  T h e s e  t r e a t m e n t  o p t i o n s  t h o u g h  very  e f f ec t iv e  a t  t r e a t i n g  CIN, 

a r e  radical  o p t i o n s  w i t h  s igni f ican t  s id e  e f f ec t s ,  n o n e  of  wh ich  t a r g e t  t h e  c a u s e  of  t h e s e  

les ions  o r  c a n c e r .  In ad d i t i o n ,  t h e y  w e a k e n  cervical  in teg r i t y  a n d  t h e r e f o r e  all ca r ry  

risks of  in c rea s i ng  t h e  risk of  p r e t e r m  b i r th  h e n c e  a l t e r n a t i v e  t r e a t m e n t  m o d a l i t i e s  a r e  

be in g  r e s e a r c h e d .

1.9. Therapeutic Nucleic Acids (TNAs)

An a l t e r n a t i v e  a p p r o a c h  t o  c u r r e n t  t r e a t m e n t  is t h e  u s e  of  m o l e c u l a r  t h e r a p e u t i c  

t a r g e t i n g  t e c h n i q u e s ,  such  as t h e r a p e u t i c  nuc le ic ac ids  (TNAs), a g a i n s t  HPV16 E6 a n d  

E7 (DiPaolo & Alvarez-Sa las ,  20 04 )  (Jiang & Milner,  20 05)  (Alvarez-Sa las  & DiPaolo,  

200 7)  (Yamato ,  e t  al., 2008 )  (Tan, e t  al., 2012) .  TNA t e c h n o l o g i e s  c a n  b e  c a t e g o r i s e d  

into t h r e e  a p p r o a c h e s  on  t h e  bas is  o f  t h e i r  f u n c t i o n s  (Figure 1-18) ,  a n t i g e n e ,  a n t i s e n s e  

a n d  a p t a m e r  a p p r o a c h e s .  Th e  a n t i g e n e  a p p r o a c h  involves  t r ip le x- fo rm in g  

o l i g o n u c l e o t i d e s  (TFOs), w h ic h  block g e n e  t r a n s c r ip t io n .  The  a n t i s e n s e  a p p r o a c h  

inc ludes  s ingle  s t r a n d e d  a n t i s e n s e  o l i g o n u c l e o t i d e s  (AS-ODNs),  r i b o z y m e s  (Rz), w hi ch  

a re  cata ly t ical ly  ac t i ve  o l i g o n u c l e o t i d e s  t h a t  t r i g g e r  RNA c l e a v a g e  a n d  inhibit  mRNA 

t r a n s la t i o n ,  a n d  RNA i n t e r f e r e n c e ,  w h ic h  e m p l o y s  smal l  in te r f e r in g  RNA m o l e c u l e s  

(siRNAs) t h a t  i n d u c e  t r a n s l a t i o n a l  inhib i t ion .  Finally, t h e  a p t a m e r  a p p r o a c h  involves  

t h e  u s e  of  RNA a p t a m e r s  t h a t  inh ibi t  p r o t e i n  f u n c t io n .
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Figure 1-18: Modes of action of therapeutic nucleic acid technologies. In the antigene approach, 
TFOs bind DNA and block gene transcription. In the antisense approach, e ither mRNA cleavage 
may be triggered (ODNs or RZ) or translational inhibited (siRNAs). In the aptamer approach, RNA 
aptamers bind and inhib it protein function. TFOs: trip lex-form ing oligonucleotides; ODNs: 
Oligodeoxyribonucleotide; RZ: Ribozymes; RNAI; RNA interference; siRNAs: small interfering RNA 
molecules; RISC: RNA-induced silencing complex; TNA: of therapeutic nucleic acids (DiPaolo & 
Alvarez-Salas, 2004).

TNA technologies are valuable application tools involving DNA/RNA manipulation 

and/or alterations to derive a complimentary mRNA which can be used to provide vital 

information on functional genomics and aid in the development of novel targeted anti

sense therapeutics for diseases in humans, plants and animals. The hybridisation of 

such complimentary antisense nucleotides to a specific target mRNA via varying 

mechanisms, results in the disruption of normal cellular processing of the genetic 

message of the gene in question thereby assisting in determination of the function of 

that gene. The degree to which the genetic message is disrupted can be termed as 

"knock-down" (partial elimination) or "knock-out" (completely elimination). These 

techniques may involve the reduction of one or more of an organism's genes via 

alteration in organism's chromosome or the binding of short complementary DNA or 

RNA oligonucleotide sequence to organism's mRNA transcript or a gene. The change in 

gene expression by an oligonucleotide sequence results in a transient knockdown 

whereby there is a temporary change in gene expression.
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1.9.1. Antigene Technology-TFOs

Triplex-Forming Oligonucleotides (TFOs) are long stretches of DNA sequences that 

recognise and bind specific sequences in the m ajor groove of homopurine stretches. 

Duplex double stranded DNAs (dsDNAs) are W atson-crick bonded and TFOs specifically 

form  Hoogsteen or reverse Hoogsteen hydrogen bonds betw een the bases of the  

pyrimidine or purine TFO and the bases of the purine strand of the dsDNA helix; via T- 

A: T and C"-G:C triplexes. Triplex form ation results in blocking of mRNA elongation by 

polymerases or inhibition of transcription by interference with regulatory protein  

binding to dsDNA and has been reported to  successfully inhibit transcription in vitro 

(Popa, et al., 1996). The level of control afforded by TFOs is advantageous in that it aids 

control and modification of cell functioning at genomic DNA level as only one or tw o  

targets are present per cell. However, TFOs require stringent conditions of targeting  

only purine-pyrim.idine dsDNA and acidic conditions to  ensure protonation of cytosines 

to form  stable helix. Nucleotide modifications to TFOs have been reported by Sorensen 

et al. to  alleviate problems relating to the form ation of a stable triplex form ation at 

physiological tem peratures (S0rensen, et al., 2004).

1.9.2. Aptamers

Aptamers are single stranded nucleic acids th a t function by folding into specific 

globular structures and are often used in analytical chemistry to isolate high affinity  

ligands that bind to a wide variety of proteins and cell surface epitopes in picomolar to  

nanom olar affinities via SELEX procedure. They can be incorporated as modified  

nucleotides into RNA transcripts and used as probes to  inhibit protein function. So far, 

no reports have established successful use of aptam ers on HPV despite showing 

promise as efficient tools in viral detection and identification as single stranded  

DNA/RNA aptamers (Gopinath, et al., 2006) (Ramalingam, e t al., 2011) Reviewed in 

(Sundarama, et al., 2013).
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1.9.3. Antisense Technology

The overall aim of the antisense approach is to significantly decrease quantities of 

disease gene protein made in order to obviate or reverse disease progression. It 

involves the synthesis of a complementary molecule to disease gene mRNA using its 

DNA sequence to specifically obstruct translation which may result in gene silencing 

via degradation of target mRNA by RNAse H. The goal of introducing an antisense 

agent into a cell in vivo  or in v itro  is to supress or completely block production of a 

specific gene product which can be achieved at any point from DNA sequence to 

protein translation as illustrated in Figure 1-19.
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Figure 1-19; Diagram of available methods for antisense knock-down/knock-out. Diagrammatic 
representation o f available methods fo r antisense knock-down or knock-out of a specific gene. A, 
The normal cellular process o f transcription and translation. B. Prevention o f transcription by DNA 
targeting agents. C. Prevention o f mature mRNA form ation by pre-mRNA targeting. D. Prevention 
o f translation by disruption of the translational apparatus. E. Prevention of translation by RNase H 
digestion of mRNA Invalid source specified..

1.9.3.1. Antisense Oligodeoxynucleotide (AS-ODNs)

AS-ODNs molecules are the  first and most com m on approach to  gene suppression or 

elim ination. They involve the introduction of a synthetic oligonucleotide sequence  

com plem entary  to  mRNA transcribed from  the  gene of interest into a cell to  ensure  

high specificity and affin ity  to  targ e t mRNA. These sequences bind the ir targets via 

W atson-crick bonding, significantly inhibit and in terfere  w ith genetic processes of the
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normal or "sense" sequence such that the  DNA:RNA heteroduplex form ed causes 

translational arrest by physically blocking ribosomal binding and activating RNase H 

which cleaves the target mRNA. The initial use of AS-ODNs; which w ere  unmodified, 

revealed they were  highly unstable in biological fluids as they w ere  being targeted by 

endogenous nucleases hence limiting their usage. This steered the developm ent of 

several nucleotide analogues or modifications to  increase stability. Three possible 

protective modifications which can be introduced on the nucleotide w ithout changing 

hybridisation specificity or harming the cell include alteration of the  phosphate 

backbone, alteration of the  base and alteration of the  2'OH group in riboses as 

depicted in Figure 1-20.These antisense-motivated nucleotide modifications led to  

w hat has been term ed as evolution of generations of AS-ODNs.

(A)
5' Base

0̂ 3 l>0 CH2 O

OH on

(B)
5' Base

CH2 O

Figure 1-20: Nucleotide structure. The structure of Ribonucleotide (A) and Deoxyribonucleotide 
(B). Diagrann showing three chemical modifications sites tha t confer protection against the action 
o f endogenous nucleases, they include phosphate backbones highlighted in red fo r (A) and (B), 
bases highlighted in blue fo r (A) and (B) and 2'OH in ribonucleotides highlighted in green fo r (A) 
only. Figure created by author's edits.

1.9.3.1.1. Antisense oligonucleotide Technology in Cervical Cancer

E6 and E7 are stable oncogenic targets in cervical cancer that are advantageous to the  

use of antisense approach to  degrading viral RNAs. Studies using antisense RNAs have 

showed inhibition, apoptosis, cell cycle arrest and reduction in E7 protein expression in 

cultured cell lines and confirm the validity of targeting high risk HPV E6 and E7 for 

cervical cancer therapy (Alvarez-Salas, et al., 2003) (DiPaolo & Alvarez-Salas, 2004)
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(Sima, e t  al., 20 07 )  (Reyes-Gut ie r rez  & Alvarez-Salas,  2009) .  Howeve r ,  difficult ies ha ve  

a r i sen as a re su l t  of  an  a p p r o p r i a t e  del ivery m e t h o d  of  large  a n t i s e n s e  RNA mo le cu le s  

t o  pa t ie n t s .  This h a s  prope l le d  t h e  a l t e r n a t e  u se  of  small  a n t i s e n s e  m o ie t ie s  su ch  as 

AS-ODNs. Relat ive s u cces s  has  be  r e p o r t e d  w/ith E6 a n d  E7 t a rg e t i n g  AS-ODNs a nd  PS- 

ODNs, w/ith g r o w t h  inhibi t ion in HPV16 cu l t u r ed  cell l ines a nd  inh ib i ted  t u m o u r s  

g r o w t h  in n u d e  mic e  mo de ls .  T h e r e f o r e  t h e  c o m b i n a t i o n  of  AS-ODNs a n d  PS-ODNs 

could resu l t  in a very  e ff ic ient  t h e r a p e u t i c  tool  a ga in s t  HPV variabil i ty.

1.9.3.2. Ribozymes

A n o t h e r  c lass of  a n t i s e n s e  mo le cul e s  a r e  small  cata lyt ic RNA m ol ecu le s  or  e n z y m e s  

cal led r ib o z y m e s  (Rz) which c leave  t a r g e t  RNA on  hybr id i sa t ion  via W at son-cr ick  

bo n d in g  a n d  a r e  v i e w e d  as p o te n t ia l  a n t i s e n s e  a g e n t s  d u e  t o  th e i r  RNA process i ng  

capabil i t ies (Kruger,  e t  al., 1982)  ( James  & Gibson,  1998)  (D oudna  & Cech,  2002)  

(Kurreck, 2003) .  The  e f f ec t iv en es s  of  t h e s e  t rad i t ion a l  a n t i - s e n s e  o l ig on ucl eo t id es  

t e c h n i q u e s  h as  b e e n  l imited d u e  t o  u n d e s i r a b le  s ide e f fec t s  which  u l t imate ly  h i nde r  

p r og re ss io n  into  v iable  t h e r a p ie s .  Rzs p o ss es s  b o t h  en z y m a t ic  c leavage  a n d  l igature 

p r o p e r t i e s  h e n c e  do  n o t  r equi r e  RNase  H activity for  c le avage  like AS-ODNs. They  can 

be  c h a r a c t e r i s e d  on  t h e  basis o f  th e i r  m o d e  of  ac t i on  a n d  catalys is  for  e x a m p l e  G ro u p  I 

intron.  G r o u p  II in t ro n ,  RNase P, H a m m e r  h e a d  Rz, Hairpin Rz, Twis te r ,  GIRl  b r anchi ng  

an d  pept idyl  t r a n s f e r a s e s .  Rzs can ca ta lyse  se l f -c leavage  which  is re f e r r ed  t o  as 

in t r a m o l e c u l a r  o r  "in-cis" catalysis a n d  c leavage  of  ex t e rn a l  s u b s t r a t e s  r e f e r r e d  t o  as 

i n t e r m o l e c u l a r  o r  " in- t rans"  catalysis.

Rz e n g i n e e r i n g  h as  fo c u s s e d  on  a l te r ing  na t ive  s u b s t r a t e  recogni t ion  s e q u e n c e s  t o  give 

rise t o  c is-cleaving  Rz t h a t  c leave  t a r g e t  RNAs in t r a n s - o r i e n t a t i o n s  a nd  t rans -c leav ing  

Rz t h a t  c le a v e  a n y  RNA in s e q u e n c e  specific m a n n e r .  This theo re t ic a l ly  e n s u r e s  t h a t  

any  d i s e a s e - a s s o c i a t e d  t a r g e t  mRNA w ou ld  be  se lec t ively c l eaved  be for e  t r ans la t io n  

can occur .  This m a k e s  Rzs a po ten t ia l ly  v a lu abl e  tool  for  viral repl icat ion inhibit ion,  

m o d u l a t i o n  of  t u m o u r  pr og re ss io n  a nd  analysis  of  g e n e  func t ion .  The  m o s t  re le v a n t  

catalyt ic  Rz or ig ina t ing  f ro m  p lan t  viroids or  v i ruso ids  a r e  h a m m e r h e a d  a n d  ha irp in  Rz
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Therefore due to  properties of relatively small size, inherent simplicity and ability to 

incorporate a wide variety of flanking motifs w/ithout altering site specific cleavage 

capacity.

1.9.3.2.1. Ribozymes therapeutics and HPV

The poor secondary structure of the mRNA translational start site makes it highly 

accessible to  antisense molecules and has been exploited by Rzs. Synthesised 

ham m erhead Rzs has displayed efficient catalytic activity against HPV16 E6 and E7 with  

target size and pre-denaturation step being crucial for activity. The cooperative effect 

of ionic strength, Mg2"  ̂ concentration and tem perature  was also suggested to  enhance 

disruption of E6/E7 gene expression. Hairpin Rzs have also been tested in vitro in-cis 

configuration downstream  of HPV16 E6 and E7 and resulted in significant delay in 

growth rate of transfected cells. The greatest hindrance to  the use of Rz is its 

dependence on W atson-crick bonding with target sequences hence specificity is 

dependent on target comprising of easily accessible sequences to interact w ith  

antisense Rz.

1.9.3.3. RNA Interference

RNA interference (RNAi) is one of the most powerful gene probing antisense tools tha t 

functions via a gene suppression strategy. It is an ancient protective mechanism tha t 

has been translated into an undoubtedly powerful molecular tool w ith profound  

applications as a means for gene manipulation (Fire, et al., 1998). RNA interference  

(RNAi) was initially observed and coined by Andrew Fire et al in 1998 and has potential 

therapeutic applications in a w ide range of disorders such as M endelian disorders, 

m ulti-factorial disorders, infectious diseases and modulation of normal physiological 

responses. In plants (petunias), this occurrence had evolved as an anti-viral defence  

mechanism and had been earlier term ed co-suppression by Jorgensen and colleagues 

in 1990 (Napoli, e t al., 1990). In recent years, intense activity has been focused in this 

area as it has also been established th a t a process similar to tha t found in nem atodes  

can be stim ulated in m am m alian cells using small double stranded RNA molecules to  

achieve precise sequence gene suppression. It involves sequence-specific mRNA
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degradation of viruses and rogue genetic elements on induction by double-stranded 

RNA (dsRNA) thereby regulating chromatin structure, gene transcription and 

translation and preserving genome integrity.

The RNAi mechanism in mammalian cells involves the cleavage o f long dsRNA 

molecules into shorter 21-23 nucleotide long duplexes called small or short interfering 

RNAs (siRNAs) w ith 2 nucleotide overhangs at both 3' ends by an endogenous RNase II- 

Like enzyme, Dicer (Macrae, Li, Zhou, Cande, & Doudna, 2006) (Bernstein, Caudy, 

Hammond, & Hannon, 2001) (Hammond, Bernstein, Beach, & Hannon, 2000). In an 

ATP-dependent step, siRNA duplex unwinds and the antisense strand o f the duplex 

becomes integrated into a m ulti-subunit protein complex known as the RNAi induced 

silencing complex (RISC) which guides and enables binding o f the siRNA to  the target 

RNA sequence. This results in the specific suppression o f target gene or genomic 

region expression or function (Fire & Mello, 2006). On hybridisation, RISC directs the 

degradation o f such complem entary RNA sequences by activating its slicer activity 

(endo and exo-nuclease) hence preventing translation o f tha t transcript as explained in 

Figure 1-21 (Elbashir, et al., 2001). Only the antisense siRNA strand interacts w ith  the 

catalytic protein o f RISC-Argonaute 2 which uses its catalytic domain to  cleave target 

mRNA hence by repeating this process, RISC ensures no mRNA or pro te in  o f tha t 

sequence is made (M artin  & Caplen, 2007).

53



o (D
ShRNA
•xprM slon

i i i i i i i i i f i i in i im m ii i
Long daRNA

. j i fm n n n m iP '
•IRNA

•  0 0 m  •  » o  • • •  • • •u i j l . !!!!.!!! 11 i . fsri'rr
V tlR N A

. . in i i i im i i i i i i in "Oic«r
n m m m n m m

H302

RISC L o M ttig  ConiBMx LUIUUU

TaroM mRNA

bvRtSCtm iiiiiitatiu

CytopiM m

Figure 1-21; Schematic representation of RNAi mechanism. Long double-stranded RNA (dsRNA) or 
small hairpin RNA (shRNA) are processed by Dicer to  form  a small interfering RNA (siRNA), which 
associates w ith  RNA-induced silencing protein complex (RISC) and mediates target sequence 
specificity fo r subsequent mRNA cleavage (Chen, Cheng, & Mahato, 2008). Copyright license 
permits non-commercial re-use as long as the original author and source are properly attributed.

1.9.3.3.1.RNAi and HPV
The com plete reliance o f Hr-HPV on E6 and E7 expression for malignancy (expression 

from  the same prom oter and same mRNA) m ake them  highly attractive targets for 

RNAi therapeutics. Current therapies against cervical cancer attain a level of efficacy, 

but as no curative trea tm en t exists, there  is a need to  im prove overall survival rates. 

These therapies offer highly invasive physical interventions in the ir trea tm en t of 

cervical cancer making RNAi, which offers direct antiviral intervention, a m ore  

attractive option. RNAi can be em ployed to  specifically target of HPV oncogenes.
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hence  can be utilised via large-scale genonne -wide screens  to  identify novel anti-viral 

drug targets,  th e re b y  contribut ing to  potent ia l  therapies .

Most published works on siRNA-induced RNAi have focused on high risk HPV16 and 18 

which account  for  70% of all cases  of cervical cancer .  These s tudies  have shown that  

siRNAs designed to  selectively t arge t  e i ther  HPV16 E6 an d /o r  E7 can cause  ext remely 

specific and highly p o t en t  HPV silencing, result ing in reduced ceil growth or apoptosis 

in both cells and pre-clinical animal  models  (Jiang & Milner, 2005) (Butz, e t  al., 2003) 

(Khairuddin, e t  al., 2012) (Wu, e t  al., 2011) (Yoshinouchi,  et  al., 2003).

Although th e  efficacy of siRNAs like AS-ODNs and Rzs is limited due  to  its d ep e n d en ce  

on ta rge t  site binding, overall its except ional  high activity at  low concentra t ions  

wi thout  a p p a ren t  toxicity makes  it a m or e  adva n tageou s  and compelling antisense  

therapy.  In summary ,  th e  use of ant is ense  RNAs against  E6 and E7 mRNAs has shown 

Therapeut ic  Nucleic Acids (TNAs) t o  be quite useful and s o m e w h a t  successful in in- 

vitro models,  desp i te  t h e  limitation of t rans ien t  knock-down of ta rg e t  (synthetic 

siRNAs) w he re  by t h e  re-express ion of t a rg e t  mRNA can occur  af ter  a few days. 

Nevertheless,  RNAi has o p en e d  up a potent ial ly auspicious application of TNAs in 

cervical carcinogenesis  and p ropo se s  to  be th e  m os t  effective cervical cance r  therapy  

as its activity can be re ta ined a t  concent ra t ions  of 100 fold lower th an  AS-ODNS and 

Rz.

1.10. Chapter summary

High-risk HPVs are  t h e  primary etiological factors  in th e  dev e lo p m e n t  of cervical 

cancer.  Cervical cancer  remains  a significant burden  on t h e  heal thcare  sys tem s 

worldwide and particularly in low to  mid income countries.  The pers is tence  and 

irresolution of this infection in a minori ty  of  w o m e n  often results in t h e  integration of 

th e  viral g e n o m e  into hosts,  causing abnorma l  changes  to  cervical cells t h a t  can 

progress into cervical cancer.  The overexpress ion of E6 and E7 proteins  are  crucial in 

mediat ing HPV-induced carcinogenesis .  These  proteins work t o g e t h e r  to  at tain the
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induc t ion  a n d  m a i n t e n a n c e  of  cel lular  t r a n s f o r m a t i o n  owing  t o  th e i r  i n t e r f e r e n c e  with 

cell-cycle cont ro l  a n d  a p o p t o s i s  leading  t o  u n c o n t r o l l e d  cell p rol i fe ra t ion  a n d  cervical 

c a n c e r  d e v e l o p m e n t .

C u r re n t  t h e r a p e u t i c s  ag a in s t  HPV (such as vacc ina t ion) ,  t h o u g h  ef fec t ive  a r e  n o t  

cura t ive .  RNAi s h o w s  g r e a t  po ten t ia l  in of fe r ing  highly specif ic t h e r a p i e s  for  HPV 

di seases .

1.11. Hypothesis

The hy p o th e t i ca l  basis  for  thi s  s t u d y  w a s  t h a t  while  high-risk HPV E6 a n d  E7 ar e  

n e c e s s a r y  bu t  no t  suf ficient  t o  dr ive m a l i g n a n t  p rog re ss i on  in cervical  c ance r ,  t h e s e  

o n c o g e n e s  provid e  e n v i r o n m e n t a l  con d i t i o n s  t h a t  p r o m o t e  m a l i g n a n t  t r a n s f o r m a t i o n .  

Hence ,  it w a s  h y p o t h e s i s e d  t h a t

•  Selec t ive  t a r g e t i n g  of  E6 in polyc ist ronic  E6/E7 mRNA sp e c ie s  of  an  Hr-HPV 

cervical cell line m o d e l  (SiHa) will highl ight  d i f f e re nc es  in t h e  biological  roles of  

E6 a n d  E 7 o n c o g e n e s .

•  Silencing of  E6 in th i s  m o d e l  will resu l t  in a dec l ine  in rep lica t ion ,  possibly via 

s e n e s c e n c e  or  cell d e a t h  (b a se d  k n o w n  fu nc t io ns  of  E6) a n d  t h e r e f o r e  give a 

b e t t e r  insight  in to  t h e  role of  E6 in i m pedi ng  a p o p t o s i s  in cervical 

carc inoge nes i s .

•  Targe t ing  of  high risk HPV o n c o g e n e s  (E6/E7) as a m o le cul a r  t h e r a p e u t i c  

vacc ine  a p p r o a c h  will po ten t ia l ly  provide  less invasive a n d  dras t ic  t r e a t m e n t  

for  cervical cancer .
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1.12. Project Aims

The premise for this study was that oncogenic proteins E6 and E7 drive malignancy by 

prom oting a neoplastic atm osphere which aids and increases turnover of pro- 

oncogenic modifications. This study therefore aim ed to

•  Silence the expression of HPV oncogenes in a cervical cancer cell model using 

E6 targeting siRNAs and assess the effects of silencing endogenously expressed 

viral oncogenes via RNAi.

•  Examine the downstream  effects of silencing events using techniques such as 

gene expression microarray analyses and Raman spectroscopy.

•  Investigate novel pathways implicated in these silencing events and ultimately  

in the pathogenesis of cervical cancer.

By identifying deregulated genes involved in cervical carcinogenesis and elucidating 

the effect of subsequent changes to their biochemical compositions, these  

technologies offer highly promising avenues and novel therapeutics in gene therapy  

developm ent for HPV m ediated cervical cancers.
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Chapter Two

Materials and Methods
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2. Materials & Methods

This c h a p t e r  p rov id es  a full desc r ip t i on  of  t h e  m e t h o d o l o g i e s  e m p l o y e d  in this  thes i s .  

For s o m e  of  t h e  m o r e  nove l  t e c h n i q u e s  s o m e  b a c k g ro u n d  in fo rm a t i o n  is also provided .  

Severa l  o f  t h e  t e c h n i q u e s  a r e  u s e d  in a n u m b e r  of  c h a p t e r s .  W h e r e  this  occurs,  t h e  full 

de sc r ip t io n  of  t h e  t e c h n i q u e  is res t r i c t ed  t o  this  cha p te r ,  wi th  specif ics a p p e a r in g  in 

t h e  r e le v a n t  c h a p t e r s  only.

2.1. Preparation and Handling of Reagents

All l a b o ra to ry  r e a g e n t s  a n d  chemica ls  w e r e  of  analyt ical  g r a d e ,  p u r c h a s e d  f rom Sigma- 

Aldrich I reland Limited (Wicklow,  Ireland) and  s t o r e d  acco rd in g  t o  t h e  m a n u f a c t u r e r ' s  

ins t r uc t io ns  un l es s  o t h e r w i s e  s t a t e d .  Solid ch em ic a ls  w e r e  w e i g h e d  using an  e l ec t ron ic  

ba lance .  M o d e l  WaSO (Adam E q u i p m e n t  Co Ltd, UK) a n d  p r e p a r e d  in d e io ni sed  w a t e r  

(dHjO).  For t r a n s f e r  of  liquid v o l u m e s  up t o  1 ml, Gilson p i p e t t e s  w e r e  u s e d  (Gilson S.A, 

France).  V o lu m e s  g r e a t e r  t h a n  1 ml w e r e  m e a s u r e d  using  a m o t o r i s e d  F ish erbrand  

p i p e t t e  f i l l e r / d i sp ens e r  (T he rm o  Fisher Scientific Inc., I reland) a n d  d is posa b le  plast ic  

p i p e t t e s  (Sa rs ted t  Ltd, Ireland).  The  pH of  all so lu t io ns  w a s  m e a s u r e d  using a R720 pH 

m e t e r  (Re age con  Diagnost ics Ltd, Ireland).  Cell cu l ture  r e a g e n t s  w e r e  p u r c h a s e d  f r o m  

Lonza (B re nnan  & Co m p an y ,  I reland)  a n d  Sigma-Aldrich I reland Limited (Wicklow, 

Ireland),  un less  o t h e r w i s e  s t a t e d .

This c h a p t e r  p rov id es  a full de sc r ip t ion  of  t h e  m e t h o d o l o g i e s  e m p l o y e d  in th is  thes i s .  

For s o m e  of  t h e  m o r e  nove! t e c h n i q u e s  s o m e  b a c k g ro u n d  i n f o r m a t io n  is also pro vi ded  

Severa l  o f  t h e  t e c h n i q u e s  a r e  u s e d  in a n u m b e r  of  ch ap te r s .  W h e r e  this  occurs,  t h e  full 

de sc r ip t io n  of  t h e  t e c h n i q u e  is re s t r ic te d  t o  this c h a p te r ,  w i th  specif ics a p p e a r i n g  in 

t h e  r e le v a n t  c h a p t e r s  only
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2.2.Cell culture

2.2.1. Cell line

T he SiHa cell l ine e s ta b l i s h e d  from  f r a g m e n ts  o f  a primary t i s s u e  s a m p le  o b ta in e d  a fter  

su rgery  from  a 5 5  y ea r s  old f e m a le  J a p a n e s e  p a t ien t  o f  Asian d e s c e n t  w a s  u se d  

th r o u g h o u t  t h e  c o u r s e  o f  t h e s e  e x p e r im e n ts .  This HPV16 p o s i t iv e  g r a d e  II s q u a m o u s  

cell carc in om a w a s  c o m m e r c ia l ly  o b ta in e d  fr o m  t h e  A m erican  T yp e  Culture Collection  

(ATCC). It co n ta in s  1-2  c o p ie s  o f  in te g ra ted  HPV16 p er cell and  is p 5 3  an d  Rb posit ive  

(Herrington, e t  al., 1 9 9 2 ) .  SiHa ce lls  w e r e  m a in ta in ed  in M o d if ie d  Eagle M ed iu m  

(MEM) s u p p le m e n t e d  w ith  L-g lu tam in e (2m m ol/L ) ,  penicillin (2 0 0 U ) ,  s tr e p to m y c in  

(200 |jg ) ,  10% n o n - e s s e n t ia l  a m in o  acids (NEAA) and 10% h e a t - in a c t iv a te d  fe ta l  b ov in e  

se r u m  (FBS). All cell cu ltu r e  w o rk  w a s  carried o u t  aseptica l ly  in a BKF 4-RX lam inar f lo w  

h o o d  c a b in e t  (G e r m fr e e  L aboratories  Inc., USA) and an Esco A irstream  Class II 

Biological S a fe ty  C ab in e t  (Esco GB Ltd, UK).

2.2.2. Resuscitation of frozen cell line stocks

T he cell line w a s  quickly t h a w e d  from  a 1m l 1x10®cells s tock  by g e n t le  ag ita tion  in a 

37°C w a te r  b ath  and sp lit  eq u a lly  (500|iL) in to  t w o  T-25cm^ s ter i le  v e n t e d  cu lture flasks  

(Sarstedt  Ltd, Ireland) c o n ta in in g  5 m ls  o f  c o m p l e t e  g ro w th  m e d ia .  T h e fo l lo w in g  day,  

m e d ia  w a s  c h a n g e d  a n d  e v e r y  2 -3  d ays  th e r e a f t e r .  On a tta in in g  80%  c o n f lu e n c e ,  ce lls  

w e r e  tra n sfe rr ed  t o  a T-75cm ^ s ter i le  v e n t e d  cu lture  flask co n ta in in g  14m ls  o f  

c o m p le t e  m e d ia  an d  t h e n  to  a T -175cm ^ s ter i le  v e n t e d  cu lture flask c o n ta in in g  50m l o f  

c o m p le t e  g r o w t h  m e d ia .  SiHa cells ,  w h ich  g r o w  as a t ta c h e d  m o n o la y e r s  (Figure 2 -1),  

w e r e  cu ltured  in T -175cm ^ ster i le  v e n t e d  cu lture  flasks at 37°C in a h um id ified  5% CO2 

a t m o s p h e r e  u s ing  a Form a Steri-Cycle CO2 In cubator (T herm o Fisher Scientific  Inc., 

Ireland).
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Figure 2-1; Light Microscopy image of SiHa Squamous Cell Carcinoma. (Magnification 200x)

2.2.3. Sub-culturing of SiHa cervical cell line

Cells were examined daily using an inverted phase contrast and Fluorescence Zeiss 

Axiovert 35 microscope (NY, USA). SiHa cells were passaged at 80% confluency by 

decanting the complete growth media and washing in 5ml o f 0.01 M phosphate- 

buffered saline (PBS, w ithou t Ca and Mg) at 37°C to  remove residual FBS. Cells were 

then detached from  the bottom  o f the flask by using 1ml (T-25cm^ flask), 2mls (T- 

75cm^ flask) or 3mls (T-175cm^ flask) o f trypsin-ethylenediam ine tetra  acetic acid 

(0.05mg/m l Trypsin EDTA) (Sigma-Aldrich Ireland Lim ited, W icklow, Ireland) and 

incubating the flask at 37°C fo r Smins, until all cells were detached from  the flask. 

Trypsin EDTA was neutralised by the addition o f 3mls (T-25cm^ flask), 5mls (T-75cm^ 

flask) or 7mls (T-175cm^ flask) o f complete growth media. Cells were transferred in to a 

sterile 15ml tube and pelleted by centrifugation in an lEC Centra centrifuge (Thermo 

Fisher Scientific Inc., MA, USA) at lOOOrpm for 5mins. Following centrifugation, the 

supernatant was discarded and the cell pellet resuspended in 1ml complete growth 

media.



2.2.4. Cell counting

Cells were counted using a bright-line haem ocytom eter Hausser Scientific, PA, USA 

(Sigma-Aldrich Ireland Ltd, Ireland) and cover slips (VWR International Ltd, Ireland). 

Cells were cultured, harvested and resuspended in 1ml complete grow/th media as 

described above in section 2.2.2 and 2.2.3. Cell v iab ility was assessed w/ith the trypan 

blue exclusion assay using a 4 fold d ilu tion factor o f cell suspension w ith 0.4% (v/v) 

trypan blue (Invitrogen, Life Technologies, Maryland, USA, Gibco/Life Technologies 

Corporation, Ireland). Cells were added to  the counting chamber o f the slide and 

viewed using an inverted phase contrast microscope. Viable cells exclude trypan blue 

and appear colourless while dead cells are blue due to  the ir disrupted cell membranes. 

The number o f viable cells was counted in each o f the four Im m ^ square corners o f the 

grid and averaged (Figure 2-2). The tota l num ber o f viable cells in 1ml was calculated 

using the equation; average num ber of cells per Im m ^ x dilution factor x conversion 

factor which corresponds to one Im m ^ haem ocytom eter square containing lO^'ml of 

solution. For example;

Total number of viable cells in 1ml Average X 4 X 10^
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Figure 2-2; Schematic representation of a Haemocytometer. Haemocytometer showing side view and 
grid identifying different squares used In counting at a depth of 0.1 mm. Red square = 1.0 mm^, green 
square = 0.0625 mm^, yellow square = 0.040 mm^, blue square = 0.0025 mm^.
(http://en.wikipedia.0rg/wiki/File:Haem0cyt0meter_Grid.png)

2.2.5. Preparation of cell stocks

Cell stocks w ere  prepared from  80%  confluent cultures, harvested using trypsin EDTA 

and counted as per section 2.2 .4 . Cells w ere  then aliquoted such th a t 2x10® cells in 1ml 

was placed in each cryovial and pelleted at lOOOrpm fo r 5m ins. The supernatant was 

rem oved and 1ml of Recovery™ Cell Culture Freezing M edia  (Invitrogen, Life 

Technologies, M ary land , USA) was added to  the  cell pellet and m ixed gently and stored  

for 24hrs at -8 0 °C . The vials w ere  then transferred  to  a liquid nitrogen tank (Therm o  

Fisher Scientific Inc., Ireland) for long-term  storage.
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2.3. siRNA transfection

Several techniques can be used to introduce nucleic acids into cells depending on the 

cell type. They can be categorised into chemically based, such as calcium phosphate, 

d iethylam inoethyl (DEAE)-dextran and cationic lipid-based reagents, or by physical 

methods such as electroporation, sonoporation, particle based, nucleofection and viral 

transduction (Groskreutz & Schenborn, 1997) (McCutchan & Pagano, 1968) (Bennett, 

et al., 1998) (Loyter, et al., 1982) (Patil, et al., 2005).

In this study, a cationic lipid transfection was used to  introduce nucleic acids into 

mammalian cells. It is based on the principle tha t neutral and cationic lipids w ith  an 

overall net positive charge, at physiological pH, w ill form  liposomes, which have an 

overall positive surface charge. This positive-charged head group allows fo r an 

interaction w ith  the negatively charged cellular membrane and nucleic acids. That is, 

liposomes fuse w ith nucleic acids to  form  a transfection complex, which can then fuse 

w ith  the cell membrane via endocytosis despite the negatively charged cell membrane 

surface (Feigner, et al., 1993) (Feigner, et al., 1994) (Gao & Huang, 1995). On 

internalisation through the plasma membrane, the membrane bound vesicle releases 

the nucleic acid, which then proceeds to  target complem entary sequences in the 

cytoplasm and nucleus.

Based on current literature, tw o  types o f cationic lipid transfection protocols may be 

used to  ingress nucleic acids into mammalian cells tha t is forw ard and reverse 

transfection (Figure 2-3). The main difference between them  is tha t the reverse is 

carried out as the cells are seeded and the forward a fter the cells have been seeded 

fo r a period o f time. The Forward Transfection protocol (FTP) is the most consistently 

employed transfection protocol fo r adherent cell types. It involves seeding cells 24hrs 

before transfection. However, in the Reverse Transfection protocol (RTP), the cells lose 

a day o f doubling the ir numbers as the freshly passaged cells are seeded and 

transfected on the same day. This protocol is therefore more suitable fo r suspension 

cells and high throughput applications w ith autom ated robotic systems and reduced
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hands-on t im e. Similar volumes of the  DNA, nucleic acid, cells and transfection reagent  

per well are required for both FTP and RTP. Both FTP and RTP methods w e re  employed  

in this study.

Pr»-Ptated Trantfection; 2 day mettiod

Day 1:
Plate cels 

24 hours poor to transfection

Day 2: Overlay transfection comptexes onto cels

R*v*r»« Tran«f*ctlon I day m*tt«od

Day 1: Mix ceMs arxl banslaction complejies

Figure 2-3: Schematic representations of forward and reverse transfection protocols. In the
forward transfection (pre-plated Transfection: 2 day method), the cells are seeded on the firs t day 
and transfected on day2. In the reverse transfection (1 day method), cells are seeded and 
transfected on the same day. (www.am bion.com )
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2.3.1. Transfection reagent selection

Th e  choice o f  a su itab le  transfec tion  reag en t  fo r  FTP and RTP a f te r  se lecting th e  

a p p ro p r ia te  g ene  tran s fe r  m e th o d  is a crucial step in successful RNA in te r fe ren ce  

(RNAi). L ipofectam ine™  R N A iM A X  ( Inv itrogen , Life Technologies, M a ry la n d , USA) w as  

th e  transfection  reag en t o f  choice, as it had previously been d e te rm in e d  w ith in  our  

lab o ra to ry  to  be th e  m ost e ff ic ien t reag en t fo rm u la t io n  fo r  s iR N A /m iR N A  de livery  and  

g e n e  knockdow n in th ese  SiHa cells. RNAi analysis sh ow ed  this reag en t to  be suitable  

fo r  both  FTP and RTP in SiHa cells.

2.3.2. siRNA transfection using Lipofectamine™ RNAiMAX in 6well plate 
format

To d e te rm in e  th e  m ost p ro fic ien t m e th o d  of siRNA transfec tion  into SiHa cells, both

RTP and FTP w e r e  carried out .  For each w e ll  to  be tran s fec ted  in th e  RTP m e th o d ,

5 0 0 | i l  O p t i -M E M ®  I R educed S eru m  M e d ia  was added w ith  th e  a p p ro p r ia te  a m o u n t  o f  

siRNA (final c o ncen tra t io n  of lO n M  p e r  w e ll) )  and gent ly  m ixed. This is th e  s ta n d a rd  

siRNA co ncen tra t io n  f o r  all transfections carr ied  in this la b o ra to ry .  Five pi

L ipofectam ine™  R N A iM A X  w as th e n  ad ded , m ixed  gently , and incubated  a t roo m

te m p e r a tu r e  fo r  1 0 -2 0 m in s  to  en ab le  th e  fo rm a t io n  o f s iR N A-L ipofectam ine™  

R N A iM A X  com plexes . Freshly passaged SiHa cells at 7 0 -8 0 %  confluency w e r e  d ilu ted  in 

c o m p le te  g ro w th  m ed ia  w i th o u t  antib iot ics  (C W O A ) such th a t  SOOpI con ta in ed  3x10 '’ 

cells. A 2 .5 m l a l iq u o t  o f  this m e d iu m  conta in ing  cells was added  to  th e  w e lls  to  m a k e  a 

final vo lu m e  o f  3m ls in each w ell .  T he  cells w e r e  incubated  fo r  2 4 -7 2 h rs  at 37°C  in a 

h u m id if ied  5% CO^ a tm o s p h e re  until requ ired  fo r  e x p e r im e n ta l  analysis.

In th e  FTP m e th o d ,  SiHa cells d ilu ted  in C W O A  w e r e  seeded  at 1.5x10^ per w ell in 6 -  

w ell plates and incubated  fo r  24hrs  a t 37°C  in a h u m id if ied  5% C O 2 a tm o s p h e re .  The  

fo l lo w ing  day, siRNAs (final c o n cen tra t io n  of lO n M  per w e ll)  and 5|il L ipofectam ine™  

R N A iM A X  w e r e  sep ara te ly  d ilu ted  in 250 |i l  O p t i -M E M ®  I Reduced S erum  M e d ia ,  

co m b in e d , m ixed  gent ly  and in cu b a ted  at room  te m p e r a tu r e  fo r  1 0 -2 0 m in s  to  en ab le  

fo rm a t io n  o f  s iR N A-L ipofectam ine™  R N A iM A X  com plexes . Fresh m ed ia  o f  2 .5m ls  

C W O A  w as a d d ed  to  th e  p re -p la te d  cells a f te r  w ashing w ith  PBS. The  siRNA-
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Lipofectamine™ RNAiMAX complexes in Opti-MEM® I Reduced Serum Media was 

added to appropriate wells to  give a final siRNA concentration of lOnM  in 3mls (as w ith 

RTF) and incubated fo r 24-72hrs at 37°C in a humidified 5% CO^ atmosphere, until 

required for gene knockdown assay. Medium was not changed in e ither protocol after 

the addition of the transfection complexes.

For clarification purposes, the term 72hrs post transfection will imply the seventy-two 

hours immediately follow ing the transfection of the cells w ith no regard to tim e points 

beforehand. That is, fo r the forward transfection protocol, this tim e point w ill 

commence on Day2 (24 hours after cells were seeded) of the experiment when 

transfection is carried out. While, for the reverse transfection protocol, this tim e point 

commences on Dayl wherein cells are seeded and transfected on the same day.

2.3.3. Cell harvesting protocol

Following the desired incubation time, media was aspirated from each well and cells 

washed w ith 1ml ice-cold PBS twice. To disaggregate the attached monolayer o f cells, 

a Smins incubation exposure to Trypsin EDTA at 37°C was carried out and complete 

media added to  neutralise Trypsin EDTA. Disaggregates were transferred into sterile 

RNase/DNase-free eppendorf tubes on ice and pelleted by centrifugation at 1,200 rpm 

for Smins. Following centrifugation, the supernatant was discarded and the cell pellet 

was washed w ith  ice-cold PBS, re-pelleted and stored at-80°C until required fo r gene 

knockdown assays.

2.4. RNA isolation

Factors considered in selecting the right RNA preparation and purification technology 

were sample type, sample size and throughput. Technologies can be classified into 

magnetic particle methods, direct lysis methods, spin basket formats and organic 

extraction methods. Organic extraction involves sample homogenisation in a 

guanidinium thiocyanate phenol-containing solution, which on centrifugation, 

separates into a lower organic phase, a middle phase containing denatured proteins
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and genomic DNA, and an upper aqueous phase that contains RNA. Alcohol 

precipitation and rehydration is then utilised for RNA recovery and collection. 

However, the spin basket form at technology involves sample lysis in RNase inhibitory 

buffer, binding o f nucleic acids to the membrane (glass fibre or derivitised silica or ion 

exchange membrane) via centrifugation, washing of the membranes and finally sample 

elution in to a tube by centrifugation.

The isolation of high yields of high quality RNA, free from other nucleic acid and 

cellular component contamination, is im portant for molecular biology applications. 

Extracted RNA was purified intact from cells w ith the removal and prevention of 

inh ib itory substances such as RNase contamination, which rapidly degrades RNA. 

RNases are ubiquitous enzymes released on cell lysis and can be difficult to inhibit. 

Therefore, precautions to  ensure optim um RNA yield and RNA quality were taken. 

Maintenance of good laboratory hygiene and practice of clean microbiology 

techniques including the use o f sterile powder free gloves, RNase-free tips, RNase-free 

tubes, RNase-free water, automated pipettes dedicated to RNA work (to prevent cross 

contamination w ith RNAses from shared equipment), proper storage of isolated RNA in 

RNase-free solution at -80°C for periods longer than 24hrs, and carrying out of 

procedures where possible in hoods.

2.4.1. mirVana™ miRNA isolation kit protocol

The mirVana™ miRNA Isolation Kit was selected and used to  isolate tota l RNA (large 

mRNA and ribosomal RNA) ranging in size from Kilo-bases down to  10-mers from SiHa 

cell pellets. It is a hybrid method that combines the effectiveness o f organic extraction 

(Guanidinium thiocyanate) w ith the ease of sample collection and purification on an 

efficient glass fibre filte r (GFF), and washing and elution of the spin basket format. 

Total RNA was extracted from each SiHa pellet using the Ambion mirVana™ miRNA 

Isolation protocol (Ambion at Applied Biosystems, Foster City, CA, USA (Ambion)). The 

to ta l RNA isolation protocol was performed according to  the manufacturer's 

instructions and tota l RNA was eluted in 100|il of nuclease-free water.
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2.4.2. DNase digestion protocol

DNase digest ion and purification was pe r fo rm ed  on all mirVana™ miRNA isolation Kit 

ext ra c t ed  RNA using TURBO DNA-free™ Kit (Invitrogen, Life Technologies,  Maryland,  

USA) as  per  t h e  manufactu rer ' s  instructions.  This r emove d  post  digest ion enzymes,  

divalent  cations and fur ther  en su red  efficient and com plet e  DNA digestion.  This 

protocol  involved the  use of incubating the  RNA with IX TURBO DNase buffer and 4 

Units of  TURBO DNase enzyme (more efficient r e com binan t  enginee red  form of DNase 

I) at  37°C for 30mins.  To inactivate th e  TURBO™ DNase Reaction and re move  divalent 

cations,  r e -s uspend ed  DNase Inactivation Reagent  w as  ad d ed  to  RNA samples  a t  room 

t e m p e r a t u r e  and mixed occasionally for 5mins.  The sam ples  w e re  th en  centri fuged to 

pellet  t h e  DNase Inactivation Reagent .  Purified RNA su p e r n a t an t s  w e r e  t rans fe rred  to 

fresh t u b e s  and s tored at -80°C until required.

2.5. Nucleic acid quantitation and quantification

S pec troph otomet r i c  quantification is th e  most  widely used m e th o d  to  q u an t i t a t e  RNA 

in a sample .  It oper a t es  on th e  principle th a t  nucleic acids absorb  ultraviolet  light in a 

specific pa t t e rn  and detec t ion of such pat t er ns  can be quant if ied t h a t  is t h e  m o re  light 

absor bed by t h e  sample,  th e  higher t h e  nucleic acid concent ra t ion in t h e  sample

2.5.1. NanoDrop™ ND-2000

The Nucleic acid concentra t ion and quality was d e t e r m in e d  using th e  NanoDrop™ ND- 

2000 s p e c t r o p h o to m e te r  (Thermo Fisher Scientific Inc., Wal tham,  MA, USA). The 

NanoDrop™ ND-2000 S p ec t ro p h o to m e te r  is a full spec t rum (190nm-840nm) 

s p e c t r o p h o to m e te r  tha t  measu res  0.5-2ul nucleic acid samples  wi th high accuracy and 

reproducibility.  It uses  a sample  re tent ion technology th a t  employs  surface tens ion 

a lone t o  hold th e  sample  in place. The ND-2000 can also m easu re  highly co n cen t r a ted  

samples  (SOX higher concentrat ion than  s tand ard  cuve t te  sp ec t r o p h o to m e te r )  w i thout  

dilution.
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The ND-2000 consists of t w o  m e a s u r e m e n t  pedes ta ls  (upper  and lower). It o p e r a t e s  by 

th e  user  pipett ing the  liquid sample  ont o  t h e  end of a receiving optic fibre cable ( lower 

m e a s u r e m e n t  pedestal ) and bringing th e  source  optic fibre cable in con tac t  wi th th e  

sample  by closing the  sampl ing arm.  This causes th e  liquid sample  t o  bridge t h e  gap 

(1mm and 0.2 mm paths) b e t w e e n  t h e  fibre opt ic ends  and automat ica lly d ra w th e  

sam pl e  column b e tw een  t h e  up pe r  and lower m e a s u r e m e n t  pedes ta ls ) .  The spectral  

m e a s u r e m e n t  is initiated using t h e  opera t ing sof tware  on th e  c o m p u te r  and t h e  d a ta  is 

logged in an archive file on t h e  computer .

N anodrop  results we re  in t erpr e ted  using 1) th e  A260 /280 ratio of sample  a b so r b an ce  

a t  260 and 280nm.  The ratio of ab so rbance  a t  260 and 28 0n m provides an e s t im a te  of 

t h e  purity of RNA with re spect  to  con taminan ts  t h a t  absorb  in th e  UV spect rum.  A ratio 

of approximate ly 2.0 is general ly accep ted  as "pure"  for RNA. If t h e  ratio is appreciably 

lower  in e i ther  case,  it may indicate the  p re sence  of protein,  phenol  or o th e r  

co n tam inan t s  t h a t  absorb  s trongly at  or nea r  280nm.  The A260/2S0 ratio is 

considerably influenced by pH; lower  pH results in a lower  ratio and reduced  sensitivity 

t o  protein  contaminat ion.  2) A260/230:  Ratio of sample  abso rbance  at  260 and  230nm.  

This is a secondary  m eas u re  of  nucleic acid purity, being usually higher t h a n  the  

respect ive 260/280 values for "pure"  nucleic acids. It is usually in a range of 1.8-2.2; if 

lower,  it may indicate co-puri fied contaminat ion.  3) Concentra t ion (ng/ul):  Sample 

concen tra t ion  in ng/|il  based on abso rbance  at  260nm  minus  t h e  ab so rbance  at  340nm 

( that  is normal ised at  340nm) and  t h e  se lected analysis constant .

2.5.2. Agilent 2100 bioanalyser

The Agilent 2100 Bioanalyser (Santa Clara, CA, USA) is a chip-based microfluidics 

e lec t rophores is  sys tem used for sizing, quant i ta t ion  and quali ty control of DNA, RNA, 

prote ins  and cells on a single plat form.  It is an efficient a u t o m a t e d  ins t rum en t  t h a t  

provides  powerful da ta evaluation tools  such as RNA integrity Num ber  (RIN) for 

unbiased total  RNA quality control .  Samples  and a ladder  (RNA reference  s tandard )  are 

loaded into des ignated wells on t h e  RNA Lab Chip and placed into t h e  Bioanalyser
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where each sample is individually analysed and a gel-like image and an 

electropherogram generated by the software. The softw are autom atically compares 

the peak areas from  the unknown RNA samples to  the combined area o f the RNA 

Ladder RNA peaks to  determ ine the concentration o f unknown samples. Figure 2-4. 

The ratio o f tw o  m ajor ribosomal RNA species (18S and 28S ribosomal RNA peaks) fo r 

each sample is also calculated and used as an indication o f the degree o f RNA 

degradation. The RNA Nano 6000 kit (Aglient, Santa Clara, CA, USA) was used, 

according to  manufacturer's instructions, to  assess RNA in tegrity  o f all samples prior to  

m icroarray analysis. This was achieved via visual evaluation o f gel images and RIN 

values using the 2100 Bioanalyser Expert software.
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Figure 2-4: Schematic representations of RNA profile integrity. I) Electropherogram showing regions 
of RNA quality. II) Example of Agilent Bioanalyser electropherograms and gel-like images of varying 
RNA integrity. Panel [A] represents a highly intact RNA, panel [B] represents a m oderately intact RNA 
and panel [C] represents a degraded RNA. RNAs of better quality have higher RNA Integrity Number 
(RIN).(http;//genomics. nchresearch.org/submitting_RNA.html) 
(http://cgs.hku.hk/porta l/index.php/b ioanalyser-analysis/data-collection)
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2.6. TaqMan® RT-PCR

PCR is one of the most powerful technologies in molecular biology and involves the 

copying or amplification of specific sequences w ith in a DNA or cDNA template to 10^ 

or 10® folds. Real time PCR, of which Taqman® RT-PCR is an example of, in particular 

has become the foremost tool for DNA and RNA quantification and detection. In real 

time or quantitative PCR (qPCR), the amount of PCR product is measured after each 

cycle. Hence, it is possible to view the exponential doubling of the initial amount of 

target and correctly estimate the quantity of genetic material initially present. Figure 

2-5.

AR„

1

Cycle

Plateau phase 
Linear phase
Geometric phase 

: or Exponential phase
Threshold setting

(click and drag)

Background

Baseline Range
(red triangles)

Baseline

Figure 2-5: Schematic representations of end point vs real time PCR.
(www.lifetechnologies/appliedbiosystems.com)

The PCR reaction exploits the 5' nuclease activity of AmpliTaq Gold’ DNA Polymerase
« ft

to cleave a TaqMan probe during PCR. The TaqMan probe contains a reporter dye at 

the 5' end of the probe and a quencher dye at the 3' end of the probe. During the 

reaction, cleavage of the probe separates the reporter dye and the quencher dye.
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which results in increased fluorescence o f the reporter. Accumulation o f PCR products 

is detected directly by m onitoring the increase in fluorescence of the reporte r dye.

The ABI Prism 7900 Sequence Detection System was used fo r fluorescence detection in 

qPCR (Applied Technologies, USA). qPCR reactions were run for 40 cycles, as per 

general standard, and were made up o f 3 m ajor steps; denaturation, annealing and 

extension. The denaturation tem perature was determ ined by the DNA polymerase of 

choice, w ith  tim e intervals increased to  accommodate high GC content. Recommended 

annealing tem peratures o f 5-10°C below melting tem perature (Tm) o f selected primers 

were im plem ented and the extension step was carried out at tem peratures fo r optimal 

DNA polymerase activity o f 70-72°C (additional 60°C annealing step fo r small 

amplicons was also incorporated).

Gene expression was determ ined by tw o-step RT-PCR. TaqMan® Two-Step RT-PCR is a 

very specific and sensitive quantita tive method designed for the reverse transcription 

(RT) and polymerase chain reaction (PCR) am plification o f a specific target RNA from  

e ither to ta l RNA, mRNA or poly (A)^ RNA into cDNA. It is a highly profic ient and 

convenient system that uses small inputs o f RNA to  execute RT, as well as PCR, in tw o  

distinct reaction-mixes, which enables the interm ediate product cDNA to  be archived 

or stored. Two-Step RT-PCR is thus versatile and cDNA synthesis can be primed using 

sequence specific primers, random hexamers/primers or oligod(T)i6. Template RNA, 

from  which cDNA used fo r RT-PCR, tha t was isolated was devoid o f RNase and genomic 

DNA contam ination under aseptic conditions.

2.6.1. TaqMan® RT-PCR protocol

Step 1: cDNA synthesis

250ng o f RNA was used a tem plate in the first step o f the PCR reaction. The cDNA 

reaction was perform ed using the Ambion High Capacity cDNA Archive kit (Invitrogen, 

Life Technologies, Maryland, USA) as per manufacturers protocol. The RT reaction was
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carried out on the 9600 Therm al Cycler (ABI) at 25°C for lOm ins, 37°C for IZOmins, 

85°C for 5mins to  deactivate the enzym e, and cooling to  4°C. The generated cDNA was 

then stored at -80°C until required.

Step 2: PCR

Real tim e quantitative PCR was perform ed using optim ally designed prim er and probes 

sets and TaqMan® Universal PCR M aster M ix following cDNA generation. Primer and 

probes sets used w ere either pre-form ulated  TaqM an gene expression assays or 

custom -designed TaqM an gene expression assays. For applications th a t involved viral 

detection, splice junction variants, detection of specific pathogens and species not 

available in the TaqMan® Gene Expression Assays, custom-designed assays were  

ordered. A cDNA scrambled control siRNA and no tem pla te  control (NTC) were  

prepared for each prim er and probe set.

Primer Design

Gene-specific primers w ere designed using a suitable prim er design softw are program, 

considering general PCR prim er design param eters of 18-24  nucleotides in length, 

com patible Tm, 50% GC content, GC rich 3' ends, devoid of polybase (poly(dG)) 

sequences or repeating motifs and no com plem entarity  betw een primers. HPV16 full 

length E6, full length E6 and E6*l and E7 specific TaqMan® primers and probes w ere  

designed using Primer Express Softw are Version 3.0 and synthesised by Applied 

Biosystems (Applied Biosystems, Foster City, CA USA). Guidelines em ployed in prim er 

design include; Tm of 58-60°C, 2 0 -8 0 %  guanine and cytosine (GC) content, 

circum vention o f identical nucleotide runs and 3' ends o f <2GCs in the last five 

nucleotides. Probe guidelines w ere  similar w ith exceptions of length of > 13 

nucleotides, Tm of 68-70°C, 30-80%  GC content and no Gs at the  5' end. NCBI program  

BLASTN (h ttp ://w w w .n cb i.n lm .n ih .g o v /b las t/) was used to  check specificity of the  

selected sequences.

PCR reactions w ere perform ed as 20 ni reactions in triplicates on the 7900HT (ABI) 

under the  following therm al cycling conditions: 50°C for Im in  (UNG activation), 95°C  

for lOm ins (AmpliTaq Gold® activation) and 40  cycles of 95°C for 15secs and Im in  at
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60°C (melting and annealing/extension). An endogenous control was used to  normalise 

differences in the amount o f cDNA that is loaded into PCR reaction wells. FAM labelled 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) positive control TaqMan® 

primers and probe and FAM labelled 3-2- microglobulin (B2M) endogenous control 

TaqMan® primers and probe were included as endogenous controls. These controls 

were assayed separately from  TaqMan® PCR reactions of the target gene and also in 

triplicates of 20 |il reactions using the same thermal cycling conditions on the 7900HT.

All cDNA and PCR reactions were prepared in a class II laminar flow  hood. Maintenance 

o f good laboratory hygiene and practice of clean microbiology techniques were used 

throughout fo r example using sterile powder free gloves, aerosol resistant RNase-free 

tips, RNase-free tubes and w ater and dedicated automated pipettes to  RNA work to 

prevent cross contamination w ith RNAses from shared equipment.

2.6.2. TaqMan® RT-PCR analysis 

2.6.2.1. Terminologies

Baseline is the background or "noise" of the reaction and refers to  the signal level 

during the initial cycles of PCR wherein there is little  change in fluorescence signal. It is 

manually or automatically determ ined for each reaction and often falls between cycles 

3-15.

Threshold is the statistically significant level of increase in signal used to  distinguish 

the amplification signal from the background over the calculated baseline. It is 

automatically set at 10 times the standard deviation of the fluorescence value o f the 

baseline but can be manually set at any point in the exponential phase.

Threshold cycle (Ct) is the cycle number at which the reaction crosses the threshold. It 

is inversely proportional to  the amount o f starting genetic material hence can be used 

to  determine initial cDNA copy number.

Standard curve is the graph o f the log o f each known concentration in the dilution 

series plotted against the Ct fo r tha t concentration. It is used to determ ine the starting

76



amount of the target template. Reaction parameters of slope, intercept and 

correlation coefficient can be obtained fo r absolute quantification.

Absolute quantification is a qPCR experiment in which samples of known 

concentrations are serially diluted and amplified to  generate a standard curve from 

which an unknown sample can be quantified.

Relative quantification is a qPCR experiment in which the target of interest in one 

sample (treated) is compared against the same target of interest in another sample 

(untreated). Results are expressed as fold changes in the treated in relation to  the 

untreated. House-keeping or endogenous gene (normaliser gene) is used as a control 

for experimental variability.

Reference gene is an internal control/house-keeping/endogenous gene fo r the 

normalisation of expression levels between experiments. It is expressed at the same 

level as the gene of interest and remains relatively constant at all points o f the 

experiment. Examples include 18S ribosomal RNA subunit, Glyceraldehyde 3- 

phosphate dehydrogenase glycolysis enzyme, 3-actin cytoskeletal gene.

2.6.2.2. Relative quantification

In this study, the Comparative CT Method (AACT) of relative quantification was 

employed fo r Taqman® RT-PCR. The data output is expressed as a fold-change o f 

expression levels in a calibrator (normal sample) and one or more test samples. AACT 

uses arithm etic formulas to  achieve the result for relative quantitation provided PCR 

efficiencies between the selected target and endogenous control(s) are relatively 

equivalent. It calculates the relative gene expression using the follow ing equation:
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Relative Quantity OR Fold Difference = 2’^ ''^

sam ple "  c a lib ra to r “  A A Q  i e  

C t  (gene o f  in te re s t in sam ple) "  C t  (n o rm a lis e r gene in sam ple) ~  A C t  sam ple  

C t  (gene o f in teres t in calib ra tor) ■ Q  (n o rm a lis e r gene in calibrator) ~  A C t  sam ple

AACT is calculated by adjusting the Cts for the gene of interest in both the calibrator 

(untreated) and test sample in relation to  the  Ct of a normaliser gene from  the same 

tw o  samples. The resultant AACT is expressed as fold difference or change in 

expression. The constraint of this m ethod is th a t the efficiencies for both the target 

and normaliser genes are identical. Relative quantification was calculated using the  

analytical software (Applied Biosystems RQ M anager V I . 2). Gene expressions of 

untreated cells w ere used as the calibrator sample in all calculations. To ensure the  

validity of this calculation, TaqMan®Gene Expression Assays guidelines recom m end  

running at least three replicates for each sample, input of cDNA tha t span the 

expression levels of target genes, 900nM  prim er concentration, 250n M  probe 

concentration and running of target and endogenous control reactions in separate  

wells.

2.7. Affymetrix microarray analysis.

Affym etrix microarray technology is a pow erful tool used to investigate genom e wide  

expression profiles. It provides exceptional and favourable circumstances to  study 

interactions between pathways and genes, thereb y  enabling the identification of novel 

genes and the  classification of regulatory pathways involved in disease pathogenesis. 

This study employed the use of Affym etrix Gene Chip® Gene 1.0 ST array system which 

is intended to  quantify gene expression of w ell-annotated  genes, using a single probe 

set per gene consisting of numerous probes th a t are distributed along the com plete  

length of the genomic locus. Classical m icroarray design assumes tha t the 3'end of 

each gene is clearly distinct, each transcript has an intact poly-A tail and that the entire
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length of the gene is expressed as a single unit (no alternative splicing). GeneChip Gene 

1.0 ST Array however, offers whole-transcriptom e coverage and its design is based on 

the most recent genomic content thereby offering the highest probe coverage (up to 

26 probes across the full length of the gene). This enables accurate detection for 

w/hole-transcriptome microarray analysis and delivers higher resolution and accuracy 

than other classical 3'-biased microarray solutions. This approach therefore facilitates 

detection of m ultip le transcript isoforms, plus those tha t might be missed using a 3'- 

biased expression design, such as splice variants, non-polyadenylated transcripts, 

transcripts w ith  alternative polyadenylation sites, and truncated transcripts. Hence, 

the whole-transcript coverage of this array provides the most accurate, sensitive, and 

comprehensive measurement o f protein coding and long intergenic non-coding RNA 

transcripts.

2.7.1. Affymetrix GeneChip® Gene 1.0 ST array technology

These Affym etrix oligonucleotide arrays were synthesised using a process combining 

photolithography and combinatorial chemistry. The arrays are composed of a naturally 

hydroxylated quartz wafer. Photolithographic masks sets were contrived to  allow the 

successive addition of specific nucleotides to  particular locations on the chip. On 

exposing these masks to  ultraviolet light, unprotected linkers become deprotected and 

accessible fo r nucleotide coupling. This occurs during the first step o f synthesis. The 

single type nucleotide solution is then used to  wash the wafer surface to  enable 

attachment to  the activated linkers. The follow ing step involves the placement o  ̂

another mask over the wafer for the next round o f deprotection and coupling and this 

process is repeated until the probes reach the ir full length. The GeneChip® Human 

Gene 1.0 ST Array interrogates 28,869 well-annotated genes w ith 764,885 distinct 

probes. Each gene is denoted using a series o f d ifferent 25-mer perfect match (PM) 

oligonucleotides. The probe sets are designed to  be spread across the transcribed 

regions of each gene. The Gene 1.0 ST Array System uses a PM-only design w ith  probes 

tha t hybridise to  sense targets. Background is estimated using a set o f ~17,000 generic 

background probes (BGP). This is a pool of probes tha t were designed based on the 

fact that they are not present in the human genome hence are not expected to  cross-
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hybridise to  transcribed human sequences. Background is calculated by subtracting the  

mean BGP intensity of the BGP probes w ith the same GC content as the PM probe. For 

each of the possible 26 bins of varying GC count (from  zero G/Cs out of a 25 -m er  

sequence, to  all 25 bases being G/Cs), there  are approxim ately 1,000 25-m er probes 

representing each bin. Standard poly-A controls and hybridisation controls are also 

represented on the arrays to  allow/ appropriate troubleshooting along the entire  

experim ental process.

The Affym etrix W T assay was em ployed for sample preparation. It involves synthesis of 

double stranded cDNA (ds-cDNA) from  mRNA by reverse transcription w ith random  

oligo d(T) primers m anufactured to contain a T7 RNA prom oter site. The ds-cDNA is 

then used as a tem plate  by T7 RNA polymerase to  generate numerous copies of 

antisense cRNA. The second cycle of cDNA synthesis, involves the  use of random  

primers in reverse transcription of generated cRNA to  ssDNA in the sense orientation  

and dUTP is incorporated into the DNA. This ssDNA sample is then treated with a 

com bination of uracil DNA glycosylase (UDG) and apurinic/apyrim idinic endonuclease 

1 (APE 1) to  specifically identify and cleave DNA strands w ith  unnatural dUTP residues. 

Subsequently, DNA is term inally  labelled with the  Affymetrix® proprietary DNA 

Labelling Reagent (covalently linked to  biotin) by deoxynucleotidyl transferase (TdT) 

and the  fragm ented labelled DNA sample is hybridised onto the GeneChip® Gene 1.0 

ST array. The entire process is described in Figure 2-6.
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Figure 2-6: Schematic representation of Gene Expression analysis using Affymetrix microarrays.
The above shows the synthesis of ds-cDNA from  to ta l extracted RNA from which antisense cRNA is 
generated. Subsequently, cRNA to  ssDNA in the  sense orientation and dUTP is incorporated in to  the 
DNA. This ssDNA sample is then fragmented, te rm ina lly labelled and hybridised onto the GeneChIp® 
Gene 1.0 ST array, (w ww .affym etrix.com /index.affx)
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2.7.2. Affym etrix GeneChip® analysis protocol

All therm al cycle reactions w ere  perform ed on a 9600  Thermal Cycler (Applied  

Biosystems, Foster City, CA, USA) with a heated lid unless stated otherwise. Prior to  

the start of any therm al cycle reactions, samples were  flick-mixed and spun down.

2.7.2.1. Double stranded cDNA synthesis

Double stranded cDNA was prepared from 150ng of total RNA using the  GeneChip® 

W T cDNA synthesis kit (Affymetrix, Santa Clara, CA, USA). Initially, the  Poly-A RNA 

controls w ere  prepared as per the  Ipig protocol in the  GeneChip® W T  Sense Target 

Labelling Assay Manual (Affymetrix, Santa Clara, CA, USA). Then, the T7-(N)e primers  

w ere prepared by dilution in the  diluted Poly-A RNA controls solution to a final 

concentration of 2 .5|ig /( il as stated in protocol. The T7-(N)e primers/Poly-A RNA 

controls mix solution and total RNA w ere  mixed, spun-down and incubated at 70°C for 

Smins and cooled on ice for 2mins. The following reagents w ere  added to the total 

RNA/ T7-(N)e primers/Poly-A RNA controls mix, IX  1st strand buffer, O . IM  DTT, and 

lO m M  dNTP mix, RNase inhibitor and superscript™ II reverse transcriptase for first 

strand cDNA synthesis reactions. This reaction was carried out under therm al cycling 

conditions of 25°C for lOmins, 42°C for Ih r ,  70°C for lOmins and 4°C for 2mins.

For second strand cDNA synthesis reactions, the  following reagents w ere  added to  the  

first stand synthesis reactions, RNase-free w ater, 1 7 .5 m M  MgCI2, lO m M  dNTP mix, 

DNA polymerase I and RNase H. The reaction was carried out under therm al cycling 

conditions: 16°C for 2hrs w ithout a heated lid and then for at 75°C for lOmins and 4°C 

for 2mins with  a heated lid.
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2 .1 .2 .2 . cRNA synthesis and purification

The GeneChip® WT cDNA am pl i f ica t ion  kit (Affymetrix,  S a n ta  Clara, CA, USA) w as  

e m p l o y e d  f o r  t h e s e  reac t ions .  For cRNA sy n th e s i s  r ea c t ions ,  t h e  fo l lowing r e a g e n t s  

w e r e  a d d e d  t o  ds-  cDNA syn th es i s  r eac t io ns ,  IX in vi tro t r a n s c r i p t i o n  (IVT) buf f e r ,  IVT 

NTP mix a n d  IVT e n z y m e  mix. The  cRNA r e a c t i o n  t h e n  ca r r ie d  o u t  u n d e r  t h e r m a l  

cycling c o n d i t i o n s  of  37°C for  16hr s  a n d  cool ing  t o  4°C. The  pur if ica t ion s t e p  re qui re d  

t h e  u s e  o f  t h e  GeneChip® s a m p l e  c lean  up  m o d u l e  (Affymet rix,  San ta  Clara,  CA, 

USAj.The p ro to c o l  w a s  p e r f o r m e d  as o u t l i n e d  in t h e  GeneChip® WT S e n s e  Ta rg e t  

Labelling A ssay  Manua l .  The  cRNA w a s  e l u t e d  in RN ase- f r ee  w a t e r  a nd  t h e  final v o l u m e  

w a s  a p p r o x i m a t e l y  13.5| i l .  The  cRNA yield w a s  d e t e r m i n e d  on  t h e  N a n o D r o p  ND-1000 

s p e c t r o p h o t o m e t e r  ( sec t ion  2.5.1) ,  us ing t h e  RNA se t t ings .

2 .7 .2 .3 . Single stranded DNA synthesis and purification

ss-cDNA w a s  s y n t h e s i s e d  f ro m  cRNA using  t h e  GeneChip® WT cDNA s y n th e s i s  kit 

(Affymetrix,  S a n t a  Clara,  CA, USA). A c R N A / r a n d o m  p r im e r  mix w a s  p r e p a r e d ;  lOiig of 

cRNA w a s  a d d e d  t o  r a n d o m  p r i m e r s  (3|j,g/|al) a n d  RNase - f ree  w a t e r ,  final v o l u m e  8^1. 

The  ssDNA r e a c t i o n  w a s  t h e  car r ied  o u t  u n d e r  t h e r m a l  cycl ing co nd i t i on s  o f  70°C for  

Smins,  25°C f o r  Sm ins  a nd  4°C fo r  2min s .  The  pur if icat ion p r o c e d u r e  r e q u i r e d  t h e  use  

of  t h e  GeneChip® s a m p l e  c lean  up  m o d u l e  (Affymetrix,  S a n t a  Clara, CA, USA). The 

pro to col  w a s  ca r r ied  o u t  as  ou t l ined  in t h e  GeneChip® WT S e n s e  Ta rg e t  Labelling Assay 

Ma nual .  Th e  ssDNA w a s  e l u t e d  in RNase - f ree  w a t e r  a n d  t h e  final v o l u m e  wa s  

a p p r o x i m a t e l y  28| i l .  The  ssDNA yield w a s  d e t e r m i n e d  on  t h e  N an o D r o p  ND-100 0 

s p e c t r o p h o t o m e t e r  ( sec t ion  2.5.1),  us ing  t h e  ssDNA se t t ing.

2 .7 .2 .4 . Fragmentation and Labelling o f Single stranded DNA

DNA f r a g m e n t a t i o n  a n d  labell ing w a s  p e r f o r m e d  using t h e  GeneChip® WT T erm in a l  

Labelling Kit. For t h e  DNA f r a g m e n t a t i o n  re a c t i o n ,  single s t r a n d e d  DNA (5.5| ig)  w a s  

a d d e d  t o  16.8| iL o f  f r a g m e n t a t i o n  m a s t e r  mix (IX cDNA f r a g m e n t a t i o n  buf fer ,  10U/(J.I 

UDG, lOOOU/i^l APE 1 a n d  RN ase- f r ee  w a te r ) .  The  f r a g m e n t a t i o n  re ac t io n  w a s  t h e n
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carried out under therm al cycling conditions of 37°C for Ih r , 93°C for 2mins and 4°C  

for 2mins. The labelling reaction required addition o f 15nL of fragm entation  master 

mix ( IX  TdT buffer, TdT and Im M  DNA labelling reagent) to  45nl of fragm ented  single 

stranded DNA. The labelling reaction was carried out under therm al cycling conditions 

of 37°C for Ih r , 70°C for lOm ins and 4°C for 2mins.

2.7.2.5. Hybridisation to GeneChip® Gene 1.0 ST arrays

Fragm ented ssDNA (27nl) was added to  73|it of hybridisation cocktail ( IX  hybridisation 

mix, 1 X Eukaryotic hybridisation controls, 3nM  control oligonucleotides, DMSO). The 

cocktail was heated to  99°C for 5mins, 45°C for 5mins and hybridised to GeneChip® 

Gene 1.0 ST arrays. 80|il o f each specific sample was injected into the array cartridges 

and hybridisation was perform ed at 45°C for 18hrs in a GeneChip® Hybridisation Oven 

640 (Affym etrix, Santa Clara, CA, USA).

2.7.2.6. GeneChip® washing, staining and scanning

Subsequent to  hybridisation, each chip was washed and stained w ith  streptavidin  

phycoerythrin, followed by a second cycle of washes and signal am plification using 

biotin labelled anti streptavidin phycoerythrin antibodies. The arrays w ere then re 

stained with streptavidin phycoerythrin and a concluding cycle of washes carried out. 

The entire procedure was carried out using the GeneChip® Fluidics station 450  

(Affym etrix, Santa Clara, CA, USA). Fluorescent signals w ere  measured on the arrays 

using the GeneChip® Scanner 3000 7G (Affym etrix, Santa Clara, CA, USA). Images were  

analysed using the Expression Console™ software (Affymetrix, Santa Clara, CA, USA).
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2.8. Senescence p-Galactosidase Staining

Cellular senescence is o ften  associated w i th  aging and a g e -re la te d  diseases like skin 

aging, osteoarthritis  and cancer. It is characterised  by decreased cell division, changes  

in cellular m orphology, shape and physical ap pearan ce  as well as changes in patterns  

o f gene expression. M o s t  dividing cells (w ith  som e exceptions) have limiting replicative  

capacity know n as th e  Hayflick limit. M o s t  cells on approaching this limit or on being  

challenged by oncogenic stimuli, m ove f r o m  actively dividing to  a non-dividing (no DNA  

synthesis) y e t  m etabolica lly  active state. C o m m o n  characteristics o f senescent cells 

include increased n u m b e r  o f polyploid cells, te lom eric  shortening, decreased  

expression o f  h eat shock proteins, increased expression of p ro - in f la m m a to ry  proteins  

and m eta llopro te inases  (Harley, e t al., 1 9 9 0 )  (Bonelli, e t  al., 1999) (de M agalhaes , e t  

al., 2004 )

The most defin ing characteristic of cellu lar senescence is P-Galactosidase (3-gal)  

activity, p -gal is a lysosomal hydrolase e n zy m e  w ith  an opt im a l activity at pH 4 in 

proliferating cells. In senescent cells, cellu lar changes such as an increase in size and an  

increase in accum ulation  of this enzym e results in an increase in lysosomal activity  

which can be de tec ted  at a pH of 6. T h e re fo re ,  senescence-associated P-galactosidase  

(SA P-gal) activity is a co m m o n ly  used b io m a rk e r  fo r  senescence. P-gal staining is used 

to  test for P-gal en zym e  activity a t pH 6, a characteristic not fou nd  in pre-senescent,  

quiescent o r  im m o rta l  cells, using th e  artificial substra te  5 -b ro m o -4 -ch lo ro -3 - in d o ly l -P -  

D-galactopyranoside (X-gal) (D im ri, e t al., 1 9 9 5 )  ( I tahana, e t al., 2 0 0 7 ) .  X-gal is c leavea  

by p-gal at pH 6.0  leading to  a blue staining of cells.

2.8.1. Senescence Staining Protocol

A Senescence Cell Histochemical Staining Kit (Sigma-Aldrich Ireland Limited, Ire land)  

w as used to  de tec t any p-galactosidase associated senescence activity (SA-P-gal) in 

SiHa cells 72hrs post transfection  as per th e  m anu fac tu rer 's  instructions. All kit 

co m ponents  w e re  th a w e d  and thorough ly  mixed. X-gal Solution was w a rm e d  at 37°C
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fo r Ih r  to  avoid fo rm a tio n  o f aggregates th a t could in te rfe re  w ith  th e  v isualisation  o f 

th e  stained cells. All so lutions w e re  filte r  sterilised b e fo re  use, SiHa cells a t 72hrs  post 

transfection  had th e ir  g ro w th  m edia asp irated  and all wells carefu lly  w ashed  tw ice  

w ith  IX  PBS. Cells w e re  th e n  incubated  in IX  Fixation B uffer fo r  7m ins  a t room  

te m p e ra tu re  and rinsed th re e  tim es  in IX  PBS. 1m l o f staining m ix tu re  ( IX  Staining  

Solution, 125 m l o f R eagent B, 125 ml o f R eagent C and 0 .25  ml o f X -gal Solution in 

u ltrapu re  w a te r) was freshly p repared , added to  all wells and incubated  a t 37°C  

w ith o u t CO2 overn ight. As a p recaution , p lates w e re  sealed w ith  p ara film  to  avoid 

drying out and exclude CO 2 as senescent ceils staining is pH d e p en d en t. The next day, 

blue-sta ined  positive cells w e re  counted  by light m icroscopy a t 200X  m agn ification  in 

fo u r random  fields. An average o f 2 0 0  cells per sam ple  was counted  to  d e te rm in e  the  

percen t senescence. For lo n g -te rm  storage o f th e  stained  p la te , staining m ixtu re  was  

aspirated; cells overla id  w ith  a 70%  glycerol solution and stored at 4°C.

2.9. Western Blot Analysis

W e s te rn  b lo tting  is a ro u tin e ly  used investigative  tech n iq u e  fo r  p ro te in  analysis th a t  

w as devised by Tobin e t al. (Tow bin , e t al., 1 9 79 ). This tech n iq u e  em ploys th e  

specificity o f an tib o d y -an tig en  in teraction  to  d e te c t and iden tify  a ta rg e t p ro te in  in th e  

m idst o f a com plex p ro te in  m ix tu re . B lotting involves th e  d e tec tion  o f p ro te ins on the  

surface o f a m em b ran e  subsequent to  e le c tro p h o re tic  tran s fe r fro m  a po lyacry lam ide  

gel. This m ethod  can p roduce q ua lita tive  and s e m i-q u a n tita tiv e  data  fo r th e  p ro te in  o f 

in terest.

2.9.1. Protein extraction

Cells w e re  seeded and transfec ted  (section 2 .3 .2 ) and fo llo w ing  th e  desired  

exp erim en ta l incubation  tim e , m ed ia  was asp ira ted  fro m  each w ell and  th e  a d h e re n t  

cells w e re  im m e d ia te ly  placed on ice. The cells w e re  w ashed w ith  1m l ice-cold PBS 

tw ic e  and d isaggregated by a 5m ins incubation exposure to  Trypsin EDTA a t 37°C. The
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reaction was neutralised w ith  com plete media and contents transferred to  sterile pre

chilled eppendorfs. Cells w ere pelleted by centrifugation at 1,200 rpm at 4°C for 5mins 

and the supernatant discarded. Cell pellets w ere  washed w ith ice-cold PBS and 

centrifuged. Two m ethods of protein extraction w ere  carried out to  achieve ample 

protein concentration for electrophoretic separation.

2.9.1.1. Protein extraction using RIPA buffer

In this m ethod, cell pellets w ere resuspended in 30iil ice cold 

radioim m unoprecipitation lysis buffer (RIPA buffer) ; 50m M  Tris-HCI, 150m M  NaCI, 

Im M  EDTA, 1.0% Nonidet P-40, 0.25%  w /v  deoxycholic acid, lu l protease inhibitor 

cocktail (Sigma-Aldrich Ireland Limited, Ireland), l | i l  of phosphatase inhibitor cocktail 

(Sigma-Aldrich Ireland Limited, Ireland), 2m M  phenylm ethanesulponylfluoride (PMSF), 

1ml of lOX RIPA buffer (Upstate, CA, USA) and made up to  10ml w ith  dH20. The 

samples w ere then incubated on ice w ith m oderate vortexing every lOmins to  disrupt 

cellular and nuclear m em branes and spun at 10,000 rpm at 4°C for ISm ins to collect 

debris. The supernatants w ere  transferred to fresh pre-chilled eppendorfs and stored 

at -20°C until required fo r protein quantification.

2.9.1.2. Protein extraction using Sonication

Cell pellets w ere lysed via Soniprep 150 Sonicator in RIPA buffer solution (Santa Cruz 

Biotechnology, Inc. Heidelberg, Germany). RIPA buffer was made up directly prior to 

use as per the m anufacturer's instructions. In brief, lOial 

phenylm ethanesulponylfluoride (PMSF) solution, 10|il sodium orthovanadate solution 

and 15|il protease inhibitor cocktail solution per ml of IX  RIPA buffer per 2.0x10^ cells 

in suspension. Sonication was carried out w ith samples on ice at Smicrons (|J.m) 

am plitude for lOsecs intervals for a total sonication tim e  of 30secs, using general lab 

standard operating procedure (SOP). General precautions of ear protection, cleaning 

probe betw een samples and avoiding foam generation or scattering of droplets out of
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the  vessel w ere taken. As small sample volumes of less than 1ml w ere  processed, 

samples w ere held in eppendorf tubes and treated  w ith  the exponential m icroprobe.

2.9.2. Protein quantification

Protein concentrations of cell extracts and BSA standards were determ ined  using the  

Bicinchoninic Acid (BCA™) Protein Assay reagent Kit (Therm o Fisher Scientific, 

Rockford, IL, USA). The Therm o Scientific Pierce BCA Protein Assay Kit is a tw o  

com ponent detergent-com patib le preparation based on a modified biuret reaction to  

measure tota l protein concentration compared to  a protein standard. In this reaction, 

peptide bonds are detected in the  presence of a copper (II) ion (Cu2"^) tha t is Cu2^ is 

reduced to Cu"' by proteins in an alkaline m edium . BCA reacts w ith  Cu'" and forms 

violet-coloured coordination complexes. This modified assay is highly sensitive and 

absorbs much more strongly than the  classical peptide/copper com plex. This allows 

tota l protein quantitation (0 .0005 to  2 mg/mL) using the colorim etric detection of the  

copper cation Cu'" chelated to  bicinchoninic acid. The w ater soluble BCA/copper 

complex exhibits a strong linear absorbance at 562 nm, producing the signature violet 

colour directly proportional to  the protein concentrations analysed.

2.9.2.1. BCA™ assay protocol

Bovine Album in Standard (BSA) standards of (O-lOOOug/ml) w ere made as per the  

m anufacturer's instructions. A 1:5 dilution with dH20 of each protein sample was 

m ade and an additional diluted sample of RIPA buffer was used as a blank for the  

assay. The BCA™ working reagent (50:1 dilution of reagent A and B respectively) was 

m ade up as per kit instructions. 10|il o f each protein standard or sample dilutions were  

added in trip licate to  a 96-w ell p late and mixed w ith  200 |il BCA™ working reagent. The 

plate was incubated at 37°C fo r 30mins and cooled to  room tem p eratu re  before  

measuring the optical density on the Sunrise TECAN microplate reader at 562nm . A 

standard curve was plotted using the  values obtained from  the protein standards and 

this curve was subsequently used to  determ ine the concentration of the  protein  

samples.
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2.9.3. Electrophoretic Separation of Proteins 
2.9.3.1. Sodium dodecyl sulphate Polyacrylamide gel electrophoresis 
(SDS-PAGE)

Sodium Dodecyl-Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) is a common 

technique used to determ ine the  apparent m olecular weights of proteins in a sample 

by separation on the basis of the ir sizes or lengths of polypeptide chains. In this 

m ethod, the protein samples to  be analysed are mixed w ith an ionic detergent (SDS) 

which binds and breaks up non-covalent bonds in the  proteins. This results in the  

linearisation or "smoothing" of proteins into negatively charged SDS-polypeptide 

m icellular chains w ith roughly the  same charge to  mass ratio and there fo re  equal 

mobilities w ithin an electric field. On the application of an electric field across the gel, 

from  the  top phase stacking gel to  the  bottom  phase resolving gel, negatively charged 

anions m igrate down through the gel tow ard the positive electrode. The m obility of 

each anion in the electric field is proportional to  its charge to  mass ratio. Therefore  

SDS-protein micelles w ith the same charge/m ass ratio are separated according to  size 

(m olecular w eight) in the resolving gel that is larger proteins move slower and remain  

closer to  the top of the gel w hile smaller proteins move faster hence travel farther  

down the  gel.

2.9.3.1.1. SDS-PAGE Protocol

SDS-PAGE was used to  perform  denaturing polyacrylamide gel electrophoresis of the  

protein samples obtained using the modified 1370 Laemmli m ethod (Laemmli, 1970) 

(Studier, 1973). Before electrophoresis, 30|j.g of protein samples and biotinylated  

protein m arker (Bio-Rad, Hercules, CA, USA/Fannin Ltd, Ireland) w ere mixed w ith  2X 

Lammeli buffer (Sigma-Aldrich Ireland Limited, Ireland) to a final concentration o f IX  

and boiled for Smins. Pre-stained protein m arker (Lonza Group Ltd, Switzerland) was 

w arm ed to 37°C. Each m arker and sample was loaded into separate wells and gel 

electrophoresis was carried out at a constant current of 120m V on the Mini-PROTEAN®  

Tetra Cell (Bio-Rad, Hercules, CA, USA/Fannin Ltd, Ireland) as per the m anufacturer's  

instructions. Samples w ere run through an upper stacking gel to  condense the proteins  

into tight w ell defined bands < 1m m  wide. Samples w ere  then run through a lower
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resolving gel to  separate proteins according to molecular weights. The gels were made 

up as in Table 2-1 below and made up to  lOmIs w ith dH20.

Table 2-1: Stacking and resolving gel compositions. This table lists the components of the 
stackinE and resolving eels made.

Stock Solutions Resolving Gel (8-12% ) Stacking Gel (4%)

30%  Bisacrylannide mix 1.3mls 1.3m ls

*1 .5 M  Tris-HCl b uffe r, pH 8.8 2.5m ls -

*1 M  Tris-HCl buffer, pH 6.8 - Im is

* 1 0 % SDS lOOul 80ul

TEM ED (N ,N ,N ',N '-te tra m e th y le th y !e n e d ia m in e 6ul 8ul

* * * 1 0 %  (w /v ) APS (am m onium  persulfa te ) lOOul 80ul

d H jO 10ml lO m Is

2.9.3.2. NuPAGE® Novex® 4-12%  Bis-Tris Gels

NuPAGE® Novex® 4-12% Bis-Tris Gels (Invitrogen, Life Technologies, Maryland, USA, 

Gibco/Life Technologies Corporation, Ireland) are pre-cast polyacrylamide gels tha t 

separate proteins under denaturing conditions. It consists o f a 4% stacking gel and a 4 -  

12% separating gel (Bis-Tris-HCI buffer (pH 6.4), Acrylamide, Bis-acrylamide, APS, 

Ultrapure water at pH 7). It is more advantageous than SDS-PAGE as it maintains 

protein integrity, provides better band resolution and requires less preparation and 

running time (Moos, et a!., 1998). NuPAGE® MOPS SDS running buffer was the running 

buffer o f choice as it had a w ider gel separation range of 15 kDa to  260kDa compared 

to  NuPAGE® MES SDS running buffer o f 3.5 kDa to  160kDa. The gels were run on the 

XCell SureLock^” M ini Cell and the XCell4 SureLock™ Midi Cell gel apparatuses.
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2.9.3.2.1. NuPAGE® Novex® Protocol

Before  e le c t r o p h o r e s i s ,  3 0 | ig  of  p ro te in  s a m p l e s  w a s  mixed  w i th  2X Lammeli  buf fe r  (2 

ml Tris HCI pH 6.8,  5 ml 10% (w/v)  SDS, 1 ml 2- (3- M ercap to e th ano l ,  2 ml glycerol,  0 . 05  g 

(w/v)  b r o m o p h e n o l  blue) (Sigma-Aldrich I reland  Limited, I re land)  t o  a final 

c o n c e n t r a t i o n  of  IX a n d  boi led  for  5m in s .  MagicMark^“ XP W e s t e r n  Pro te in S t a n d a r d  

( Invi t rogen,  Life Tec h n o lo g ie s ,  M ar y l and ,  USA, Gibco/Life T e c h n o lo g ie s  Cor po ra t io n ,  

I reland) a n d  SeeBlue®Plus2  Pr e -S ta in ed  S t a n d a r d s  w e r e  w a r m e d  up t o  ro o m  

t e m p e r a t u r e .  The  XCell SureLock™ Mini Cell a p p a r a t u s  w a s  a s s e m b l e d  a n d  s e t  up  wi th 

NuPAGE® MOPS SDS ru n n in g  bu f fe r  as  p e r  t h e  m a n u f a c t u r e r ' s  ins t ruc t ions .  Each 

m a r k e r  a n d  s a m p l e  w a s  l o a d e d  into a s e p a r a t e  well s  a n d  gel e l e c t r o p h o r e s i s  w a s  

car r ied  o u t  a t  a c o n s t a n t  c u r r e n t  o f  2 0 0 m V  fo r  SOmins.  S a m p l e s  w e r e  run t h r o u g h  an 

u p p e r  s t ack ing  gel t o  c o n d e n s e  t h e  p r o t e i n s  in t o  t igh t  well  d e f i n e d  b a n d s  < 1 m m  wid e  

a n d  t h e n  a lowe r  reso lv ing  gel  t o  s e p a r a t e  p r o t e i n s  a cc or d in g  t o  m o le c u la r  weights .

2.9.4. Wet Transfer of Proteins on PAGE gel to Membrane

Following e l e c t r o p h o r e s i s  run,  gel s w e r e  r e m o v e d  as  p e r  t h e  m a n u f a c t u r e r ' s  

in s t ruc t ions .  The re so lv ed  pr o te in s  w e r e  t r a n s f e r r e d  t o  Immobi lon™ polyvinyl idene  

d if lour ide  (PVDF) m e m b r a n e  (Mill ipore,  Billerica, USA/Mil lipore I reland B.V., Cork, 

Ireland) us ing  t h e  w e t  t r a n s f e r  s y s t e m  (Mini Trans-Blot® Cell (Bio-Rad, Hercules ,  CA, 

USA/Fannin Ltd, Ireland) as p e r  t h e  m a n u f a c t u r e r ' s  ins t ruc t ions .  All c o m p o n e n t s  w e r e  

e q u i l i b r a te d  in ice cold t r a n s f e r  bu f fe r  ( 2 5 m M  Tris-HCI pHS.O, 0 .2M glycine,  2 0  % 

m e t h a n o l )  b e f o r e  be in g  a s s e m b l e d  wi th  t h e  o r i e n t a t i o n  of  t h e  m e m b r a n e  n o t e d .  Th e  

t r a n s f e r  s ta ck  a s s e m b l y  w a s  t h e n  p la c e d  in a c a s s e t t e ,  t h e  t a n k  filled wi th  ice cold 

t r a n s f e r  buf f e r  a n d  c o n s t a n t  c u r r e n t  o f  lOOmV app l ie d  fo r  Ih r .
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2.9.5. Membrane Blocking and Probing

Subseq uen t  to  t ransfer ,  m e m b ra n e s  w e re  incubated  in blocking solut ion 5% (w/v) n o n 

fat  dry milk (Marvel) in Tris-buffered saline (25mM Tris-HCI pH 7.6, 150mM NaCi) 

containing 1% T w een -2 0 (TBST) for I h r  at room t e m p e r a t u r e  with cons tan t  gent le 

agitation t o  block non-specific binding sites. The m e m b r a n e s  w e re  w a s h e d  in TBST for 

5mins on a rocking plat form at  room t e m p e r a t u r e  th ree  t imes.  M e m b r a n e s  w e re  

probed,  using varying primary ant ibodies  (dilution range 1: 0000 to  1: 0000) prepa re d 

in blocking buffer,  a t  room t e m p e r a t u r e  for I h r  or overnight  at 4°C. The m em b ra n es  

we re  th e n  w ash ed  in TBST for Smins  with gent le  agi tat ion a t  room t e m p e r a t u r e  t h r e e  

t imes  and incubated for  I h r  a t  room t e m p e r a t u r e  with th e  app ropr i a t e  secondary  

ant ibodies  prepared  in blocking buffer  using 1:1,000 dilutions. The m e m b ra n e s  w e r e  

then  w ash ed  3 t imes  wi th TBST for Smins  with gen t l e  agi tation at  room  te m p e r a tu r e .

2.9.6. Detection Methods

Blots w e re  deve lo ped  by enh a n ced  che mi lum inesence  (ECL) which is based  on classic 

chemiluminescence  react ion w h e r e  by a mul t i -s tep  reaction of luminol oxidation 

results in light emission.  In ECL, a horseradish  pe rox idase  (HRP)-conjugated secondary  

ant ibody which is m o re  sensit ive is used and light emiss ion is proport ional  to  protein 

quantity.

2.9.7. Imaging

Bound ant ibody complexes  w e re  d e t e c t e d  using t h e  Amersham™ ECL™ Select Wes te rn  

Blotting Detect ion Reagen t  (GE Heal thcare  Life Sciences,  Buckinghamshire,  UK) as per 

t h e  m anufa ct ur er ' s  inst ruct ions and  imaged on t h e  LAS-3000 Imaging System (Fuji 

Photo Film Co. Ltd, Tokyo, Japan).
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2.9.8. Stripping and Re-probing Membranes

To re-probe m em branes w ith  a d ifferent antibody, the  m em brane was stripped of 

antibody complexes and re-probed by covering the m em brane in Restore buffer™ 

PLUS W estern Blot Stripping Buffer (Therm o Scientific) and incubating for ISm ins at 

room  tem perature  w ith  constant gentle agitation. The m em brane was washed three  

tim es in TBST for Smins each at room tem perature . The m em brane was re-blocked by 

incubating in blocking solution for Ih r  at room tem perature  w ith agitation and 

repeating primary and HRP labelled secondary antibody incubation steps as earlier 

m entioned.

2.10. Flow c5̂ ometry Analysis

Flow cytom etry is a laser-based, biophysical technology em ployed to  analyse and 

quantitate  optical properties of microscopic particles (usually cells), by suspending 

them  in a stream of fluid and passing them  through a focused laser beam. Applications 

include: cell counting, cell sorting, biom arker detection, cell cycle, kinetics, fluorescent 

protein work, apoptosis/necrosis, ploidy determ ination , m ulti-colour 

im m unophenotyping, Ca2'" concentration and protein engineering. In addition to  

measuring fluorescence emission of cells, physical characteristics relating to  how light 

signals interact w ith the cell, such as: forw ard scatter and side scatter are quantified  

(Figure 2-7).

skle scatter detector

forv.'ard scatter detector

Figure 2-7: Light scattering properties of a ceM.

light source
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Biological characteristics are assessed via the use of fluorescent molecules, such as 

fluorophore-labelled antibodies, which bind to proteins o f interest and the higher the 

levels of protein expression the more the binding of fluorescent antibodies. Thus, 

protein expression is reported by relative fluorescent intensity, on a cell by cell basis. 

M ultiple fluorescent labels can be analysed simultaneously via m ultip le fluorescent 

channels. Auto-fluorescence is based on the intrinsic nature of certain normal cellular 

components, such as riboflavin, flavoproteins and nucleotides, which fluoresce in the 

absence of a fluorescent tag or stain. Auto-fluorescence is observed in all fluorescence 

channels but decreases at longer wavelengths (>600nm). Thus, to  accurately 

determine fluorescence intensity due to  a tag or stain, auto-fluorescence must be 

subtracted from  the total fluorescence intensity measured. The Beckman Coulter CyAn 

Advanced Digital Processing (ADP) was the flow  cytom eter used in this study. It uses 

three excitation sources 405 nm (UV), 488nm (blue) and 635nm (red) and 

simultaneously detects up to  11 parameters at 50,000events/second. CyAn ADP uses 

Summit Data Acquisition and Analysis Software (Summit) fo r instrum ent control, 

parameter adjustments (threshold, photo-m ultip lying tubes, voltage and gain), data 

acquisition and subsequent data analysis.

2.10.1. Flow cytometry Analysis Apoptosis detection analysis: FITC 
Annexin V /  PI analysis
Apoptosis is a characteristically and morphologically distinct type o f "programmed" 

cell death. Externalisation o f the cell membrane phospholipid: phosphatidyl serine (PS) 

is one of the early regulatory events in apoptotic cells (Figure 2-8). When on the outer 

lipid bilayer, it functions as a recognition ligand fo r phagocytes and prompts the down- 

regulation o f the inflammatory response (Bratton, et al., 1997). Annexins are calcium 

dependent proteins located in several membranous surfaces w ith in  a cell that bind 

negatively charged phospholipids. Annexin V is a 35-36 kDa Ca '̂" dependant 

recombinant protein w ith high PS affin ity. It can be used as a sensitive apoptosis probe 

via conjugation to  various fluorochromes such as Fluorescein isothiocyanate (FITC). 

Propidium Iodide (PI) is a membrane-impermeable, DNA intercalating dye tha t binds
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every 4th or 5th nucleic acid base pair o f both DNA and RNA. It undergoes 

conform ational change to  become 40 times brighter on binding. PI serves as a useful 

v iab ility  marker fo r v iab ility  measurements in apoptosis experiments v\/hen paired w ith  

Annexin V. PS externalisation is an indicator o f early to  in term ediate stages of 

apoptosis and precedes loss o f membrane in tegrity  and cytoskeletal collapse.

late
Aooptopic

/P it

Early 
Apoptotic 

/P I-.

Figure 2-8; Externalisation of phosphatidylserine in cells undergoing apoptosis. In live cells, 
phosphatidylserine is present on the inner nnembrane of the lipid bilayer and therefore, excludes 
Annexin and Propidium Iodide binding to  phosphatidylserine and nucleic acids respectively. During 
early apoptosis, phosphatidylserine becomes externalised (moves to  the outer membrane o f the 
lipid bilayer) w ith  the  lipid bilayer remaining in tact therefore only Annexin binding can occur and 
Propidium Iodide is excluded. In late apoptosis, phosphatidylserine is externalised and the  lipid 
bilayer is no longer intact hence Annexin binding to  phosphatidylserine and Propidium Iodide 
binding to  nucleic acids can occur.

Therefore, FITC Annexin V staining identifies apoptosis at earlier stages before PI 

perm eability. Viable cells w ith  in tact membranes exclude PI and are FITC Annexin V 

and PI negative. Early apoptotic cells w ith  externalised PS are FITC Annexin V positive 

and PI negative. Whereas late apoptotic, dead cells are permeable to  PI and stain FITC 

Annexin V and PI positive. D istinctions between late stage apoptosis and necrosis 

cannot be made via this assay, as both w ill stain FITC Annexin V and PI positive. 

However, apoptosis may be inferred if cells are tracked through 3 stages o f i) FITC 

Annexin V and PI negative, ii) FITC Annexin V positive and PI negative and iii) FITC
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Annexin V and PI positive (Figure 2-9). Conversely, single movement of cells to FITC 

Annexin V and PI positive is less informative about the demise pathw/ay.
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Figure 2-9: Dot plot depicting the process of apoptosis. Cell populations are grouped according to 
the ir surface marker expression.

2.10.1.1. Assay protocol
SiHa cells were seeded and transfected as per experimental conditions (section 2.3.2). 

At 72hrs post transfection, all cells (adherent and non-adherent) were harvested and 

collected using lOmM EDTA to ensure minimal membrane damage during cell 

detachment. The solution was neutralised using PBS and pelleted by centrifugation at 

1200 rpm for 5mins.

Cells were then washed twice in ice cold PBS and an aliquot counted to determine the 

number of cells in each pellet (section 2.2.4). Subsequent to  PBS washes, the cells were 

resuspeneded in IX binding buffer (BD Biosciences, California, USA) at a concentration 

of 1 X 10^ cells per 100 nl. 5 (̂ 1 of FITC Annexin V (BD Biosciences, California, USA) was 

added to 100 |il aliquots of cells and incubated at room temperature for ISmins. A 400 

|il aliquot of IX binding buffer and 5 p.l of PI (BD Biosciences, California, USA) was then 

added to these cells and incubated fo r a further Smins on ice and analysed by flow 

cytometry. Staining controls of unstained cells, cells stained with FITC Annexin V (no
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PI) and cells stained w ith  PI (no FITC Annexin V) were also included to  set up 

compensation and quadrants.

2.10.1.2. Flow cytometry analysis
Each sample is analysed for four parameters (FSC, SSC, FITC, and PI fluorescence). FSC 

and SSC are used to  gate cells from  subceilular debris. A gate is a graphical boundary 

used to  define the characteristics of cells to  include fo r fu rthe r analysis. In this assay, a 

gate is set to  allow for analysis of cells and elim inate data from subceilular debris, 

based on the FSC vs. SSC plot.

The argon ion laser emits light at 488nm which excites FITC and PI, which are detected 

at 530 and 620nm respectively. As shown in figure 2-9, a FITC vs PI plot was used to 

quantify viable (low FITC and PI), early apoptotic (high FITC, low PI), and late 

apoptotic/dead (high FITC and PI) cells.

To determ ine the actual intensities from each antibody conjugate in a multi-coloured 

sample, a compensation process must be carried out. This is used to  define the relative 

amount of light that 'spills over' in to another detector using the single colour staining 

controls (as described in Section 2.8.1.1). This effect is known as compensation. 

Compensation is used to determ ine how much light from FITC ends up in the 

fluorescence parameter FL2 detector and how much light from PI ends up in the 

fluorescence parameter FLl detector.

2.10.2. Cell Cycle Analysis: BrdU/PI Analysis
A commonly used procedure to  analyse cell cycle by flow  cytom etry is DNA 

quantitation. It is based upon the univariate analysis of DNA content o f cells follow ing 

staining w ith  a dye that binds to  the DNA, such as PI. The fluorescence level of the 

bound dye is proportional to  the amount o f DNA in the cells. This method distributes 

cells into the three major phases of the cycle (G1 vs S vs G2/M). Cells in S phase have 

more DNA than cells in the G1 phase and therefore, proportionally bind more dye and 

fluoresce w ith  greater intensity. Cells in 62 fluoresce more intensely again than those
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is S phase. W ith  G2 phase cells being approxinnately tw ice as bright as G l phase, as 

they contain a cell population w ith  tw ice the am ount of DNA as G l. To prevent active  

pumping out of PI and enable its entry to  bind DNA in live ceils, cells are fixed or 

permeabilised using form aldehyde or ethanol. PI also stains double-stranded RNA; 

hence RNase A is added to  the  staining solution to rem ove all traces of RNA. G l and 

G 2 /M  cell populations are represented on frequency histograms by peaks of various 

widths w ith S phase cells appearing in betw een these tw o  peaks (Figure 2-10). 

However, standard PI cell cycle technique does not distinguish cells in early S phase 

from  those in G l phase; neither does it distinguish cells in late S phase from  those in 

G2. BrdU staining is used to  distinguish early and late S phase from G l and G2 

respectively.

O
C
CL>
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<D
O Ap

10

PI fluorescence

Figure 2-10: Frequency histograms of cells undergoing a G l arrest representing cells from the 
untreated cultures stained with PI showing estimate of percentage of cells with fractional DNA 
content (apoptotic cells: Ap) and cells in G l, S, and G 2/M  phases of the cycle.

98



2.10.2.1. Cell cycle Assay protocol
SiHa cells w e r e  seed ed  and trans fec ted  as p er e x p e r im e n ta l  cond it ions  (section 2 .3 .2 ) .  

At 72hrs  post tran s fec tio n , all cells (a d h e re n t  and  n o n -a d h e r e n t )  w e r e  h arves ted  and  

co llected  as per section 2 .3 .3 . Cells w e r e  f ixed  and  p erm e a b il is e d  using BD 

C yto f ix /C y to p e rm ™  B uffer and BD C ytoperm ™  P e rm e a b il is a t io n  B uffer Plus (BD  

Biosciences, California, USA) on ice as p er  th e  m a n u fa c tu re r 's  instructions. T he  cells 

w e r e  su bseq u en tly  t re a te d  w ith  10 |ig  PI and 1 0 0 | ig  RNase A in I X  D ulbecco's PBS 

(DPBS) o vern ig h t  a t 4°C. The  fo l low ing  day, 4 0 0  |il o f  BD P harm ing en™  Stain B uffer (BD  

Biosciences, California , USA) was a d d ed  to  th e s e  cells an d  an a lysed  by f lo w  c y to m e try .  

U nsta in ed  cells (no PI) w e r e  used as contro ls  to  set up c o m p e n s a t io n  and  q uad ran ts .

2.10.2.2. Flow cytometry analysis

As described in Section 2 .1 0 .1 .2 ,  FS and SS m e a s u re m e n ts  w e r e  used to  ga te  cells and  

pulse processing (pulse a rea  vs. pulse w id th )  used to  exc lude  cell doub le ts . A PI 

f re q u e n c y  h is togram  (as seen in Figure 2 -1 0 )  w as  set up to  q u a n t i ta te  th e  p e rc e n ta g e  

of cells in each cell cycle.

2.11. Raman Spectroscopy

Prior to  tran s fec tio n , ca lc ium  f lu oride  chips (CaF 2 ) w e r e  o b ta in e d  f ro m  Dublin In s t i tu te  

of Techn o log y  ((D IT) Dublin , Ire lan d ) and d is in fec ted  o v e rn ig h t  in 12 w e ll  p lates  

(Sarstedt Ltd, Ire land) using Penic il l in -S trep tom yc in  so lu tion  (S igm a-Aldrich Ire land  

Limited (W ic k lo w , Ire land). T he  fo l lo w ing  day, th e  Cap2 chips w e r e  w ash ed  and SiHa 

cells w e r e  th e n  tra n s fe c te d  via fo rw a rd  tran s fe c t io n  p ro to co l te c h n iq u e  on th e  chips  

using E6#2 designed siRNAs as described in section 2 .3 .2 .  A neg a t ive  siRNA w as  also  

included as scram b led  co ntro l siRNA. All e x p e r im e n ts  w e r e  carr ied  o u t  u n d e r  aseptic  

conditions in biological duplicates. S e v e n ty - tw o  hours post fo rw a rd  trans fec t io n , C ap 2 

chips w e r e  w as h e d  in PBS and fixed in 10%  f i l te re d  fo rm a l in  solution a t  -2 0 °C  fo r  

IS m in s . T he  Cap2 chips w e r e  th e n  w as h e d  in PBS and  m o v e d  to  th e  Focas Research
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Institute, where Raman studies were perform ed using a HORIBA Jobin Yvon XploRA^'^ 

system (Villeneuve d'Ascq, France) (Figure 2-11).

Virtual 
energy 
states

Vibrational 
energy states

J

i
Infrared Rayleigh 

absorption scattering
Stokes Anti-Stokes 
Raman Raman 

scattering scattering

Figure 2-11: Raman spectroscopy profile showing energy-level diagram of the different states 
involved in Raman signalling. The line thickness is roughly proportiona l to  the signal strength from 
the d ifferent transitions. (Moxfyre, 2009)

2.12. Statistical Analysis

In order to  determ ine the significance o f the results obtained in these experiments, a 

Student's t  test was carried using the GraphPad Prim versions software (GraphPad 

Software, USA) w ith  a null hypothesis tha t "there  is no significant d ifference between 

the untreated or scrambled contro l SiHa cells and SiHa cells transfected w ith  E6 

siRNAs". The p-values obtained from  these analyses were used to  weigh the strength 

o f the evidence. Statistical significance was accepted at P <0.05 tha t is small p-values 

o f < 0.05 indicated strong evidence against the null hypothesis (null hypothesis 

rejected) and large p-values o f > 0.05 indicated weak evidence against the null 

hypothesis (null hypothesis accepted).
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Chapter Three

Gene silencing of HPV16 Oncogenes
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3. Silencing HPV16 oncogenes 

3.1. Introduction

The  r e l a t ion sh ip  b e t w e e n  h u m a n  pap i l loma vi ru s  (HPV) infec t ion  a n d  t h e  progress ion  

o f  cervical  c a n c e r  h a s  b e e n  well  e s t a b l i sh e d .  T h e re  is o v e r w h e l m i n g  e v i denc e  t o  

s u p p o r t  t h e  causa l  role of  high risk t y p e s  in t h e  d e v e l o p m e n t  of  cervical  c a n c e r  (Bosch, 

e t  al., 2002)  ( M o o d y  & Laimins,  2010)  wi th  t h e  m o s t  p r o m i n e n t  o n c o g e n i c  high risk 

HPV t yp es ,  HPV16 a n d  HPV18 a ss o c i a t e d  wi th  a p p r o x im a te ly  70% of  cervical  ca nce rs  

(HPV16 a c c o u n t s  fo r  50- 6 0 %  a n d  HPV18 for  10-12%) (Bosch & d e  San jose ,  2003).  

Infect ion wi t h  a high risk HPV t y p e  is c o n s i d e r e d  a ne ces s i ty  fo r  t h e  d e v e l o p m e n t  of  

cervical  cancer ,  w i th  t h e  e x p re s s io n  of t h e  HPV o n c o g e n e s  E6 a n d  E7 a crucial 

r e q u i r e m e n t  for  t h e  d e v e l o p m e n t  a n d  m a i n t e n a n c e  of  ma l ignancy .  In t h e  major i ty of  

cervical  cance rs ,  t h e  HPV g e n o m e  b e c o m e s  i n t e g r a t e d  in to  t h e  h o s t  cell g e n o m e ,  

ca u s in g  d i s rupt ion  of  t h e  E2 ORF. This loss of  E2 a nd  its inh ibi tory act ivi ty resu lt s  in 

o v e r e x p r e s s i o n  of viral o n c o g e n e s  E6 a n d  E7 and  th u s ,  a l lows u n c o n t r o l l e d  h o s t  

cel lu la r  p ro l i fe ra t ion  t o  occur .  HPV E6 a n d  E7 play di st inct  b u t  c o o p e r a t i n g  roles in t h e  

o n c o g e n i c  p ro c e s s  by driving t o  s t im u la te  s q u a m o u s  epi thel ia l  cells in t h e  mid a n d  

super ficial  z o n e s  t o  r e - e n t e r  t h e  cell cycle.  This is a ch ie v e d  by t a r g e t i n g  d i f fe ren t  

p a t h w a y s  leading t o  t h e  ac t iva t i on  of  cel lular  o n c o g e n e s  a n d  t h e  neu t ra l i sa t ion  of  

t u m o u r  s u p p r e s s o r  p r o t e in s .  HPV E6 p r o m o t e s  g e n e t i c  instabi l i ty a n d  c o n t r ib u te s  t o  

t u m o u r  prog re ss io n  pr imar i ly  by t a r g e t i n g  t h e  t u m o u r  s u p p r e s s o r  a n d  cell cycle 

c h e c k p o i n t  p ro t e in ,  p53  fo r  d e g r a d a t i o n  via t h e  u b i q u i t i n / p r o t e a s o m e  p a t h w a y  

(R ev ie w ed in (Howie,  e t  al., 2009) .  HPV E7 is an eff icient  cell cycle p r o m o t e r  a n d  

d e r e g u l a t o r  t h a t  s u b v e r t  h o s t  cell g e n o m e  in tegri ty  via b inding a n d  inact ivat ing t h e  

pRB t u m o u r  s u p p r e s s o r  p r o t e i n  (Reviewed in (McLaughl in-Drubin & M u n g e r ,  2009)) .  A 

m o r e  c o m p r e h e n s i v e  o v e r v i e w  of  HPV E6 a n d  E7, th e i r  cha ra c te r i s t ic s  a n d  th e i r  

in te r a c t i o n s  can be  f o u n d  in C h a p t e r  1.

The  c o m p l e t e  re l iance  of  HPV on  E6 a n d  E7 o v e r e x p r e s s i o n  for  mal ignancy ,  t h e i r  

t r a n s c r ip t i o n  f ro m  t h e  s a m e  p r o m o t e r  a n d  t h e i r  exp res s i on  f r o m  t h e  s a m e  mRNA 

m a k e  t h e m  highly a t t r a c t i v e  t a r g e t s  for  RNAi th e r a p e u t i c s .  RNAi is a highly co n se rv ed ,  

n a tu ra l ly  occur r ing  p o s t  t r a n s c r i p t i o n  p h e n o m e n o n  of e f fec t ively si lencing g e n e
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e x p r e s s i o n  in a s e q u e n c e  spec if ic  m a n n e r  t h a t  c a n  b e  m a n i p u l a t e d  via t h e  i n t r o d u c t i o n  

of  d o u b l e  s t r a n d e d  DNA (dsRNA) or  s h o r t  in te r f e r ing  RNAs (siRNA). This o c c u r r e n c e  

w a s  initially o b s e r v e d  in p la n ts  a nd  C a e n o r h a b d i t i s  e l e g a n s  w o r m s  w h e r e  it w a s  

t h o u g h t  t o  s e rv e  a p r o te c t i v e  role (Horvitz, 1999 )  (Fire, e t  al., 1998) .  It h a s  a l so  b e e n  

f o u n d  t o  occu r  in n u m e r o u s  mul t ice l lula r  o r g a n i s m s  a n d  is p r o p o s e d  t o  play a role in 

c h r o m o s o m a l  f o r m a t i o n  a n d  m a i n t e n a n c e  du r ing  cell division (Voipe,  e t  al., 2002)  

(Allshire, 2002) .  Pre sen t ly ,  RNAi is a p ow erfu l  s t a n d a r d  t e c h n o l o g y  u s e d  in a w id e  

r a n g e  of  di scipl ines t o  a s s e s s  g e n e  func t io n  a n d  is in s t i ga ted  by t h e  in t r o d u c t i o n  of  

dsRNA m o lecu le s  t h a t  i n d u c e  d e g r a d a t i o n  of  c o m p l e m e n t a r y  t a r g e t  RNA in a s e q u e n c e  

specif ic  m a n n e r  (Elbashir,  e t  al., 2001) .

The  RNAi p a t h w a y  is in i t i a ted  in m o s t  e u k a r y o t e s  by an e n d o g e n o u s  RNase  ll-Like 

e n z y m e .  Dicer, which c l eave s  long d o u b l e  s t r a n d e d  RNA (dsRNA) m o l e c u l e s  into 

s h o r t e r  21-23  n u c l e o t i d e  long  d u p l e x e s  cal led small  o r  s h o r t  in te r f e r in g  RNAs (siRNAs) 

( M a c ra e ,  e t  al., 2006)  (Berns te in ,  e t  al., 2001) ( H a m m o n d ,  e t  al., 2000) .  T h e s e  siRNA 

d u p l e x e s  h a v e  2 n u c l e o t i d e  o v e r h a n g s  a t  b o t h  3'  e n d s  and  in an A T P - d e p e n d e n t  s t e p ,  

a re  u n w o u n d  a n d  t h e  a n t i s e n s e  s t r a n d  of t h e  d u p le x  i n c o r p o r a t e d  in to  a m u l t i - s u b u n i t  

p r o t e in  c o m p le x  k n o w n  as t h e  RNAi in d u c e d  s i lencing  c o m p le x  (RISC). RISC gu id e s  t h e  

i n c o r p o r a t e d  siRNA s t r a n d  t o  t h e  t a r g e t  RNA s e q u e n c e .  On hybr i d i sa t io n ,  RISC d i rec t s  

t h e  d e g r a d a t i o n  of  c o m p l e m e n t a r y  RNA s e q u e n c e s  by ac t iva t ing  its sl icer n u c l e a s e  

act ivi ty h e n c e  p r e v e n t i n g  t r a n s la t i o n  of  t h a t  t r a n s c r i p t  (Elbashir,  e t  al., 2 0 0 1 ) .

The  m a n i p u l a t i o n  of  th i s  m e c h a n i s m  in cell c u l t u r e  by t h e  e x o g e n o u s  in t r o d u c t i o n  of  

dsRNA o r  siRNAs in to  cells can faci l i ta te  t h e  i m p e d i m e n t  of  specif ic  g e n e  e xp re s s io n .  

This can  be  ac h i e v e d  via b ind ing  t o  t h e  ac t ive g e n e  or  its t r a n s c r ip t s ,  t h e r e b y  c aus i ng  

d e c r e a s e d  ex p re ss io n  t h r o u g h  a va r ie ty  of  p r o c e s s e s  a n d  t h u s ,  k n o c k in g - d o w n  a n d  

re d u c in g  t h e  act ivi ty of  such  a g e n e .  A l th ou gh  t h e  m e c h a n i s m s  by which  t h e s e  

p r o c e s s e s  occur  a r e  y e t  t o  be  fully e lu c id a te d ,  t h e y  a r e  h o w e v e r ,  c o n s i d e r e d  d i ve rs e  

a n d  mult i- factor ia l .  T r a n s i e n t  a n d  s ta b le  k n o c k d o w n  of  a t a r g e t  g e n e  can be  a t t a i n e d  

using e i t h e r  s y n t h e s i s e d  siRNAs or  v e c t o r  ex p re s s in g  small  hai rpin RNAs (shRNAs)
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respec t ive ly .  As a b e t t e r  u n d e r s t a n d i n g  of  t h e  f unc t io ns  of  HPV o n c o g e n e s  w e r e  

d e s i r e d  in this  s tudy ,  r e v e r s e  g e n e t i c s  using t r a n s i e n t  k n o c k d o w n s  w a s  ut i l ised t o  

fac i l i t a te  t h e  e luc i da t io n  of  t h e i r  roles  in cervical  car c inog enes is .  Efficient g e n e  

s u p p r e s s i o n  using siRNA has  b e e n  d e m o n s t r a t e d  in vivo, h e n c e  t h e r e  a r e  v a s t  po te n t i a l  

a p p l ic a t io ns  fo r  such  e f f ec t iv e  s u p p r e s s i o n  a g e n ts ,  as  r e s e a rc h  tool( s)  o r  as t h e r a p e u t i c  

m o l e c u l e s  (Elbashir,  e t  al., 2001)  (Bar t le t t  & Davis, 2006) .

3.2. Chapter aim

The  a im of  this  w o r k  w a s  t o  es tab l i s h  a s y s t e m  for  t h e  s u p p r e s s io n  of  HPV E6 

o n c o g e n e s  in an  in vitro  cervical  c a n c e r  cell line m o d e l  using RNA i n t e r f e r e n c e  (RNAi). 

This t e c h n i q u e  w a s  a c h ie v e d  using s h o r t  in t e r fe r ing  RNAs (siRNAs) t o  specifically t a r g e t  

t h e  E6 codi ng  reg ion  o f  t h e  E6/E7 bicistonic mRNA. Due  t o  t h e  p r o d u c t i o n  of  

a l t e rna t i ve ly  spl iced E6 mRNAs f r o m  this  region,  a key a s p e c t  of  thi s  w o r k  w a s  t h e  

va l id a t ion  of  highly e f fec t iv e  siRNAs t o w a r d s  t h e  E6 mRNA t ranscr ip t .  This re f ined  

s y s t e m  w a s  p r o p o s e d  t o  b e c o m e  a bui lding block for  f u t u r e  inv es t iga t ions  wi th in thi s  

l a b o ra to ry ,  as  t h e  e v a l u a t i o n  of n e w  a n d  u n i q u e  fu nc t io ns  of  t h e  E6 pr o te in  (via 

a s s e s s m e n t  of  t h r e e  spec ie s ;  full l e ng th  E6, spl iced E6 a n d  E7) a n d  ho w  t h e i r  a c t i o n s  

c o n t r i b u t e  t o  t h e  o n c o g e n ic  p r o c e s s  w ou ld  con s id e ra b ly  e x p a n d  o u r  k n o w l e d g e  of  

cervical  c a rc in ogene s i s .
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3.3. Materials and Methods 

3.3.1. Cell culture

The HPV16 positive SiHa cervical cancer cell line was  em ployed in this chapter and 

cultured at 37°C in a humidified 5% CO2 atm osphere (section 2.2)

3.3.2. siRNA design

An ideal algorithm for siRNA design has not yet been developed. However, a number 

of guidelines and criteria for designing siRNA have been validated by a number of 

studies (Reynolds, et al., 2004) (Ui-Tei, et al., 2004). Using suggested guidelines, 

companies like Ambion and Sigma-Aldrich supply predesigned and validated siRNAs 

that primarily target rat, mouse and human genom es, in this study, tw o different 

approaches were used to design siRNAs towards HPV16 E6 mRNA and its splice forms 

using one in-house approach based on criteria from the literature and a second an 

Ambion designed machine learning methods.

Before either design process was undertaken, a preliminary query was entered into 

BLASTN, an online sequence alignment tool provided by the National Centre for 

Biotechnology Information (NCBI). BLASTN searches all publicly available nucleotide  

sequences and protein translations complied as a database by NCBI in collaboration 

with the European Molecular Biology Laboratory (EMBL), the European Bioinformatics 

Institute (EBI) and the DNA Data Bank of Japan (DDBJ). The initial query was for HPV16 

complete gen om e sequence b etw een  nucleotides 83 to  559 representing the coding  

region for HPV16 E5. The output yielded variants with identical and divergent 

sequences which were identified and extrapolated. These variants were then used to 

identify further variants through BLASTN and a total of 80 variants were identified, 70 

of which were determined to be representative of the entire divergence amongst the  

80. These 70 sequences were aligned using CLUSTALW, a multiple sequence alignment 

program for DNA or proteins. On the basis of this alignment, conserved and divergent 

regions within the sequences were identified. Five regions of homology within HPV16
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E6 coding s e q u e n c e  w e re  d e te rm in e d  and siRNAs targeting th e s e  regions des igned to  

e n s u r e  t h a t  any var iant  form of HPV16 would  be t a rg e ted  by th e s e  siRNAs.

3.3.3. In-house designed HPV16 E6 siRNA

Using l ite rature def ined conditions;  t h e  maximum possible nu m b ers  of crucial 

p a r a m e te r s  w e r e  included in th e  des ign of in-house  siRNAs. HPV16 E5 coding s eq u e n c e  

w as  input ted  into each of t h e s e  onl ine siRNA design algori thm tools; W h i t eh e ad  

Insti tute,  EMBOSS, Hannon Laboratory and MWG. A list of th e  criteria used in t h e  

selec tion of in-house designed HPV16 E6 target ing siRNA is out l ined in Table 3-1. The 

n u m b e r  of siRNAs identified by t h e s e  predict ion tools varied and informat ion such as 

sec on dary  s t ru cture  of  t h e  t a rg e t  mRNA and  thermodyn amic  stability of t h e  siRNA 

end s  (supplied by MWG and W h i t eh e ad  Inst itute respectively) w e re  cons idered as 

addi tional  p a ram ete rs .  Also, siRNAs c o m m o n  to  at least  2 of t h e  4 design a lgor i thms 

used w e re  se lec ted  for ext ra considera tion.

Table 3-1: Criteria used in the  selection of in-house designed HPV16 E6 targeting  siRNA.

Criterion Description (Criterion based  on sen se  strand)

1 G/C con ten t  of 30 -52%.

II Low internal stability at  t h e  3' end.

ill t h a t  is A/U rich b e t w e e n  point  1 t o  7

IV U or A a t  point  1

V G or C (more  of ten  C) a t  point  19 on th e  siRNA s eq u e n c e

VI A or U (more  of ten  A) a t  point  10 on th e  siRNA s eq u e n ce

VII Avoid ex tended  run of a l ternating GC, m ore  t h an  7

VIII Avoid runs of g re a t e r  th an  3 G's. VIII U at point  17 on t h e  siRNA 
s eq u e n ce
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siRNA seq u en ces  identified by th ese  prediction tools w ere  then com pared with the  

conserved  five E6 regions to  determ ine if any seq u en ce  hom ology existed with human  

g e n e s  using BLASTN which could alter the proposed effect of  siRNA and possibly cause  

toxicity. Only siRNAs within th e s e  conserved coding regions of HPV16 E6 w ere  

considered for further analysis. The siRNAs w ere then ranked as per Ui-Tei, et al and 

Reynold et al as well as on therm odynam ic properties and secondary structure of 

target mRNA seq u en ce  (Ui-Tei, e t  al., 2004) (Reynolds, et al., 2004).

Full length E6
ATGCACCAAAAGAGAACTGCAATGTTTCAGGACCCACAGGAGCGACCCAGAAAGTTACCACAGTTA
TGCACAGAGCTGCAAACAACTATACATGATATAATATTAGAATGTGTGTACTGCAAGCAACAGTTA
CTGCGACGTGAGGTATATGACTTTGCTTTTCGGGATTTATGCATAGTATATAGAGATGGGAATCCA
TATGCTGTATGTGATAAATGTTTAAAGTTTTATTCTAAAATTAGTGAGTATAGACATTATTGTTAT
ag t t t g t a t g g a a c a a c a t t a g a a)Ca g c a a t a c a a c a a a c c g<t g t g t g a t t t g t t a a t t a g g t g t
ATTAACTGTCAAAAGCCACTGTGTCCTGAAGAAAAGCAAAGACATCTGGACAAAAAGCAAAGATTC
CATAATATAAGGGGTCGGTGGACCGGTCGATGdATGTCTTG TTGCAG ATCilTCAAGAACACGTAGA
GAAACCCAGCTGTAA

E6*I splice form
AACTGCAATGTTTCAGGACCCACAGGAGCGACCCAGAAAGTTACCACAGTTATGCACAGAGCTGCA
AACAACTATACATGATATAATATTAGAATGTGTGTACTGCAAGCAACAGTTACT^'.CGACGTGAGGT
GTATTAACTGTCAAAAGCCACTGTGTCCTGAAGAAAAGCAAAGACATCTGGACAAAAAGCAAAGAT
TCCATAATATAAGGGGTCGGTGGACCGGTCGATGlTATGTCTTGTTGCAGATCAjCAAGAACACGTA
GAGAAACCCAGCTGTAA

E6*II spliceform
AACTGCAATGTTTCAGGACCCACAGGAGCGACCCAGAAAGTTACCACAGTTATGCACAGAGCTGCA
AACAACTATACATGATATAATATTAGAATGTGTGTACTGCAAGCAACAGTTACTGCGACGTGAGAT
CAAGAACACGTAGAGAAACCCAGCTGTAA

In-House designed siRNAs 
E6#l CAGCAATACAACAAACCGT towards 
E6#2 iATGTCTTGTTGCAGATCji! towards 
E6#3 TGCACAGAGCTGCAAACAA towards

Ambion designed siRNAs 
E6#4 GCAAAGATTCCATAATATA towards 

rr:A rr:T f::A nr::T A T A T f;A rT  i - n w ^ r r i c ;

E6 only 
E6 and E6*I 
all isoforms

E6 and E6*I
R f i .  R f i * T  *  T T

Figure 3-1: The representation of designed siRNA targets against E6 and its isoforms. This 
figures shows fu ll length HPV16 E6 and tw o  o f its splice forms E6*l and E6*ll and the five siRNAs 
employed in targeting HPV16 E6. In-house designed E6#l (green) towards fu ll length E6 only, 
E6#2 (purple) towards full length E6 and E6*l, E6#3 (grey) towards all isoforms (full length E6, 
E6*l, E6*ll) Ambion designed E6#4 (yellow) tow ards fu ll length E6 and E6*l and E6#5 (turquoise) 
towards E6, 11 nucleotides o f E6*l and 9 nucleotides o f E6*ll. Start site indicated as ATG and 
highlighted in red.
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On these bases, 3 siRNAs sequences were selected and provided to Ambion for 

synthesis with no chemical modifications. One to target the 5'end another the 3'end 

and the last to target the centre of full length HPV16 E6 as illustrated in Figure 3-1 and 

Figure 3-2.

E6

E6*l

E6*ll

Figure 3-2: Diagrammatic representations of designed siRNA targets against E6 and its isoforms.
The above diagram depicts the three isoforms o f E6; full length E6 (full rectangle), E6*l (rectangle 
missing central portion) and E6*ll (rectangle missing a larger central portion). The five siRNAs 
employed in targeting these isoforms are represented by smaller rectangles and labelled E6#l, 2, 3, 
4 and 5. These rectangles are placed at targeted regions (N term ina l, C term inal or centre) of each 
isoforms.

3.3.4. Ambion designed HPV16 E6 siRNA

HPV16 E6 coding region was supplied to Ambion to design siRNAs for this project with 

conserved regions within the sequence highlighted. Ambion, using the latest 

technology available at the time designed silencer select siRNAs based on machine 

learning methods and produced siRNAs with 5 to  20 fold less concentration to 

stimulate potent silencing event compared to available siRNAs. A 5-step bioinformatics 

filtering procedure as detailed in Table 3-2 was also used to incorporate chemical 

modifications to ensure elimination of off target effects. Locked Nucleic Acid 

modification (LNA) of siRNAs was employed to reduce off target effects by 90%. Using 

these parameters and those outlined by Ui-Tei et al and Reynolds et al. (Ui-Tei, et al.,
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2004) (Reynolds, et a!., 2004), 2 additional siRNAs specific fo r HPV16 E6 were identified 

and synthesised by Ambion. One to target the 5' end another the 3' end as illustrated 

in Figure 3-2.

Table 3-2: Criteria used in the selection of Ambion designed HPV16 E6 targeting siRNA.

Bioinformatics filtering used

Mismatch filte r

Silencer select toxicity classifier

Natural miRNA seed region filte r 

Antiviral response m o tif filte r 

siRNA seed region ranking

3.3.5. Transfections

Forward and Reverse transfections were carried out on SiHa cells using 5uM 

Lipofectamine™ RNAiMAX (Invitrogen, Life Technologies, USA) in 6 well plates at a 

seeding concentration of 1.5X10^ cells per well and containing a GAPDH positive 

control and a universal scrambled control siRNA at a concentration of lOnM as 

described in section 2.3.1.2.

3.3.6. TaqMan® RT-PCR

The mRNA expression of GAPDH, full length HPV16 E6 , full length HPV16 E6 and E6*l 

splice form  and E7 for both transfection methods was determined by TaqMan® RT-PCR 

on SiHa cells left untreated, treated w ith  transfection agent, transfected w ith lOnM of 

scrambled control siRNA or experimental siRNA. Total RNA was extracted from  these 

cells follow ing a 24-72hrs post transfection incubation using the Ambion MirVana kit 

(section 2.3.3.1). The RNAs were DNase digested, the ir concentration and 260/280 nm
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ratio t h e n  det er m in ed  using th e  NanoDrop® ND-1000 (section 2.3.3.2). TaqMan® two- 

s t ep  RT-PCR was  subseque n t ly  carried ou t  as per  section 2.3.4 using primer and probe 

se ts  listed in Table 3-3 and th e  relative quant i ty  of gene  expression ca lculated using 

t h e  com parat ive  CT m e th o d  w h e reb y  mRNA expression was  normal ised to  B2M 

and calibrated to  unt ra ns fec ted  control.

3.3.6.1. Primers and Probes

PCR pr imers and probes  t ow ards  HPV16 E6 and E7 w e re  des igned in-house  using 

Primer Express Sof tware  Version 3.0. Two sets  of primers  and  probes  w e re  designed 

to w ar d s  E6, one target ing E6 and  its splice form E6*l and t h e  second target ing full- 

length E6 only while one  se t  was designed for E7. These primer and probe sets were  

used a t  a concent ra t ion of 300nM for each pr imer  se t  and 250nM for each probe.  Pre

des igned primers  and probe  sets  specific for controls (GAPDH and  B2M) were  

commercial ly ob ta ined in 20X mixes from Applied Biosystems (Invitrogen, USA) and 

used at a IX concent ra t ion as per  t h e  man ufacturer ' s  instructions.
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Table 3-3: Representation of designed HPV16 E6 and E7 Primers and Probes. HPV16E6-344F, 
HPV16E5-415R and HPV16E6-372T are primer and probe set towards E6 and E6*l. HPV16E6-133F, 
HPV16E6-218R and HPV16E6-158T are primer and probe set towards E6. HPV16 E7-140F, HPV16 
E7-205R and HPV16 E7-164T are primer and orobe set towards E7.

Name Sequence

Forward HPV16E6-344F AGC CAC TGT GTC CTG AAG AAA AG

Reverse HPV16E6-415R ACC GAC CCC TTA TAT TAT GGA ATC T

Probe HPV16E6-372T 6-FAM-ACA TCT GGA CAA AAA G-MGB

Forward HPV16E6-133F CTG CGA CGT GAG GTA TAT GAC TTT

Reverse HPV16E6-218R CAT TTA TCA CAT ACA GCA TAT GGA TTC C

Probe HPV16E6-158T 6-FAM-CTT TTC GGG ATT TAT GC-MGB

Forward HPV16 E7-140F CGG ACA GAG CCC ATT ACA ATA TT

Reverse HPV16 E7-205R CGC ACA ACC GAA GCG TAG A

Probe HPV16 E7-164T 6-FAM-TAA CCT TTTGTT GCA AGT GTG A-MGB

3.3.7. Senescencent p-Galactosidase Staining

The 3-galactosidase activity o f  cells was de te rm in ed  by histochemical staining of  

cleaved chrom ogenic  substrate X-gal post transfection. Only a d h e re n t  cells w ere  

e m p lo yed  in this analysis and th e  overexpression and accum ulation  of th e  endogenous  

lysosomal beta-galactosidase w as specifically assessed in all samples via observation of  

positively stained blue cells.
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3.3.8. Western Blot Analysis

72hrs  post  t ransfect ion,  protein ext racts w e re  recovered by sonicating cells in 30|il of 

RIPA buffer  using Soniprep 150 as detailed in sec tion 2.7.3 and thei r  concen tra t ions  

d e te rm in ed  using th e  Pierce BCA™ protein assay kit (section 2.7.4.2). Thirty ngs of 

protein per  lane for each sample  was  resolved using Invitrogen NuPage Novex 4-12% 

Bis Tris MiniGels and e lec t ro t ransferred  to  PVDF m em b ra n es .  The m e m b r a n e s  w e re  

b locked in bovine serum albumin,  incubated overn ight  with anti -p53,  ant i-p21 and 

anti-GAPDH antibodies,  wa shed and subsequent ly  incubated wi th t h e  appropr ia te  

peroxidise-conjugated secondary  antibody. Chemiluminescent  det ec t ion  was  th en  

carried out  according to  t h e  m anufa ctur er  inst ruct ion using ECL Plus w e s t e r n  blotting 

detec t ion  reagents  (GE Heal thcare,  Dublin Ireland). GAPDH or |3-actin was  used  to  

assess  protein loading controls.
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T ab le  3-4: Tab le  of antibodies and th e ir  d ilutions. This table lists antibodies used, the ir suppliers, 

types, species raised in and dilution factors.

Primary

Antibodies

Supplied by Antibody

Type

Species

Raised

Dilution

factor

GAPDH Abeam UK Monoclonal Mouse 1/250000

[3-actin Abeam UK Monoclonal Mouse 1/1000

p53 BD Pharmigen™ 

(BD Biosciences, 

USA)

Monoclonal Mouse 1/1000

P21 BD Pharmigen™ 

(BD Biosciences, 

USA)

Monoclonal Mouse 1/500

SecondarY

Antibody

Supplied by Species Raised Dilution factor

Jackson Immuno 

Research, USA

Goat 1/1000

3.3.9. Apoptosis Analysis

Flow cytom etry was used to  determine and differentiate the apoptotic profile of cells 

using Annexin V-FITC and Pi staining 48 and 72hrs post transfection. All cells (adherent 

and non-adherent) were collected fo r this analysis (section 2.8.1.1.).
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3.3.10. Cell cycle Analysis

Flow cytom etry was used to  determ ine tine cell cycle state of cells 72hrs post 

transfection using PI staining as described in section 2.8.2.1. All cells (adherent and 

non-adherent) were collected fo r this analysis.

3.3.11. Statistical Analysis

A Student's t  test using the GraphPad Prim versions software (GraphPad Software, 

USA) was used to  evaluate the statistical significance of data from three biological 

replicates of treated groups versus control groups. Statistical significance was accepted 

at P <0.05
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3.4. Results 

3.4.1. Optimisation conditions for HPV16 E6 knockdown

The SiHa cell line was the in vitro model system of choice fo r HPV16 positive cervical 

cancer. In this study, in itia l optim isations were perform ed fo r the most suitable 

transfection technique and endogenous control. In-house designed E6#l and Ambion 

designed E6#5 siRNAs were used to  silence endogenous HPV16 E6 expression in the 

SiHa cells. Scrambled control siRNA and GAPDH targeting siRNA were also included as 

negative and positive controls respectively. All experiments were carried out and 

repeated in trip licate.

3.4.1.1. GAPDH Knockdown

Prior to  transfecting SiHa cells w ith  designed E5 siRNAs, optim al conditions fo r 

forward and reverse transfection protocols were considered in terms o f cell seeding 

concentration and the duration o f transfection to  determ ine if there was any effect on 

the efficiency of transfection. This prelim inary experim ent was carried out to  elim inate 

systematic e rror by using a cheaper positively-responding siRNA (also from  Ambion), 

targeted against a gene whose expression remains constant in SiHa cells and proven to 

be accurate at silencing. This was determ ined by using an Ambion validated siRNA 

towards GAPDH, using a seeding concentration of 1.5x10^ and transfection duration of 

48hrs, as previously validated by this laboratory fo r the reverse transfection protocol. 

48hrs post transfection, the efficiency o f the knockdown was assessed at the RNA and 

protein level via TaqMan® RT-PCR and western b lo tting  respectively (Figure 3-3 A and 

B). There were no significant differences in mRNA expression levels between SiHa cells 

left untreated, mock-transfected and transfected w ith scrambled contro l siRNA and all 

expression values were w ith in  biological variation lim its between 50% and 200% 

(Figure 3-3A). Positive control siRNA GAPDH attained an average knockdown o f 93% at 

the RNA level both w ith  the reverse and forward transfection techniques (Figure 3-3A). 

Ninety-three percent was calculated by determ ining AACT using the relative 

quantification m ethod (section 2.3.6.2.2), calculating fold change and

m ultip lying it by 100. Also substantial decrease in GAPDH expression in the GAPDH
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positive control siRNA at tiie  pro te in  level com pared to  the  scram bled, untreated  and 

mock (Figure 3-3B)

■  Forward transfection ■  Reverse transfection  
120 -1------------------------------------------------------------------------------------------------------------------------------------------

U ntreated  Scrambled M ock GAPDH

B

GAPDH (37kD a)

P- actin (43kDa)
GAPDH Scrambled Untreated Mock

Figure 3-3: GAPDH silencing in SIHa cell line 48hrs post transfection. SiHa cells seeded at 1.5x 10^ 
were le ft untreated, mock-transfected, transfected w ith  scrambled control siRNA (lO nM ) and 
transfected w ith GAPDH targeting siRNA (lO nM ) in three biological replicates fo r 48hrs using the 
reverse transfection protocol (blue) and forw ard transfection protocol (red) techniques. (A) The 
to ta l RNA was extracted and mRNA expression levels were assessed via TaqMan RT-PCR using 
primers and probes selective fo r GAPDH mRNA. GAPDH mRNA expression was normalised to  B2M 
and calibrated to  untransfected contro l to  establish the relative level o f mRNA expression and 
these values are expressed in percentages. (B) Cells were lysed in RIPA buffer and SOng o f lysate 
samples was resolved using 4-12% SDS-PAGE gels and w et transferred to  PVDF membranes. The 
membrane was blocked In 5% non-fat dry m ilk In TBST and then im m unoblotted fo r (3-actin (lower). 
The membrane was then stripped and re-lm m unoblotted fo r GAPDH (upper). 3-actin was used as 
loading control. As a result o f the constant expression o f GAPDH (hence longer half-life) in SIHa 
cells and supplier recom mendation, data was only obtained 48hrs post transfection as to  allow 
sufficient tim e fo r significant knockdown to  occur both at mRNA and protein levels.
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Similarly, no significant differences were observed morphologically between cells that 

were left untreated, mock-transfected and transfected with scrambled control siRNA 

controls at 24 and 48hrs in both reverse and forward techniques (Figure 3-4 and Figure 

3-5 respectively). This result confirmed optimal transfection conditions and also 

showed no impact of scrambled control siRNA on transfection in the SiHa cell line.
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Figure 3-4: Light microscopy using the Reverse transfection protocol technique. SIHa cells seeded 
at 1.5x10^ cells were le ft untreated, mock-transfected, transfected w ith scrambled control siRNA 
(lO nM ) and transfected w ith  GAPDH targeting siRNA (lOnM ) in three biological replicates and 
examined by light microscopy at 24hrs post transfection (panel A) and 48hrs post transfection 
(panel B). No morphological differences were observed between the untreated, mock-transfected, 
transfected w ith  scrambled control siRNA at 24 and 48 hour tim e points. However, at 24hrs, cells 
transfected w ith  GAPDH siRNA appear to  have slightly altered morphology of less regular polygonal 
shape and at 48hrs cells appear to  be more granular and rounding up. (Magnification 200X).
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Figure 3-5: Light microscopy using the Forward transfection protocol technique. SiHa cells seeded 
at 1.5x10^ cells were le ft untreated, mock-transfected, transfected w ith  scrambled control siRNA 
(lO nM ) and transfected w ith  GAPDH targeting siRNA (lOnM ) in three biological replicates and 
examined by light microscopy at 24 hours post transfection (panel A) and 48 hours post 
transfection (panel B). No morphological differences were observed between the  untreated, mock- 
transfected, transfected w ith  scrambled control siRNA at 24 and 48 hour tim e  points. However, at 
24 hours, cells transfected w ith  GAPDH siRNA appear to  have slightly altered morphology of less 
regular polygonal shape and at 48 hours have few er cells are form ing tigh t junctions; appear to 
round up w ith more granular and shrunken cytoplasm (M agnification 200x).

119



3.4.1.2. Reverse transfection of HPV16 E6 siRNA

Following the positive control, GAPDH targeting siRNA optim isations, tw o  HPV16 E6 

specific siRNAs were selected, in-house designed E6#l and Ambion designed E6#5 

siRNAs initial knockdown analysis. Since no difference was observed between the 

forw ard and reverse protocols during the in itia l optim isation work w ith  GAPDH, the 

reverse transfection protocol fo r 48hrs was chosen. These conditions were chosen to  

enable direct comparisons w ith  previous work carried out in this lab, where under the 

same conditions, HPV16 oncogenes were silenced using Ambion designed HPV16 E7 

siRNAs. In addition, these conditions (transfection at 37°C using Lipofectamine) were 

standard laboratory protocols o f this group fo r the SiHa cell line. 48hrs post 

transfection, to ta l RNA was extracted and the level of E6 expression was assessed 

using E6 specific TaqMan® RT-PCR primers and probes. Using these conditions, neither 

o f the tw o  siRNAs induced consistently significant silencing o f E6. The duration o f the 

reverse transfection protocol was then increased to  72hrs but neither E6#l or E6#5 

siRNAs resulted in significant silencing o f E6 despite the consistency in expression 

levels (significant reductions in mRNA levels) o f GAPDH positive control siRNA Figure 3- 

6.
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Figure 3-6: E6 mRNA silencing using the reverse transfection protocol technique at 72 hours. SIHa 
cells seeded at 1.5x 10^ concentrations were left untreated, mock-transfected, transfected w ith 
scrambled control siRNA, transfected w ith  GAPDH targeting siRNA (lO nM ), transfected w ith  E6#l 
and E6#5 (lOnM ) targeting siRNA in three technical replicates (E6#l-1 represents technical 
replicate 1, E6#l-2 represents technical replicate 2 and so on). Total RNA was extracted 72 hours 
post transfection and mRNA expression levels were assessed via TaqMan RT-PCR using primers and 
p robe i selective fo i E5. Each mRNA expiession was normalised to  B2M and calibrated to 
untransfected control to  establish the relative level of mRNA expression

3.4.1.3. Forward transfection of HPV16 E6 siRNA

As a result of issues encountered with  the  use of the  reverse transfection protocol, the  

forward transfection protocol was selected as it had worked efficiently with GAPDH  

siRNA during validation. Optimisation conditions involving varying seeding 

concentrations for SiHa cells w ere  assessed and the  forward transfection protocol
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technique using seeding concentration o f 1.5x10^ cells per well and transfection 

durations of 24, 48 and 72hrs was carried out. Following each tim e point, to ta l RNA 

was extracted and the level o f E6 and E7 expression was assessed using TaqMan® RT- 

PCR primers and probes specific fo r each Figure 3-7. However, there was no 

substantial knockdown w ith  E6#l and E6#5 siRNAs in SiHa cells. The percentage mRNA 

levels obtained were borderline values o f between 40 and 50% as shown in Figure 3-7. 

Nevertheless, significant morphological changes were observed in both E6#l and E6#5 

siRNAs (Figure 3-8, Figure 3-9 and Figure 3-10). The high and variable Ct values 

obtained for E6#l led to  the evaluation of the endogenous contro l employed (B2M) 

using a panel o f endogenous controls.

■ 48 hours E6 & E6’*‘l ■  48 hours E7 ■ 72 hours E6 & E6*l ■  72 hours E7

200 j

Untreated Scrambled e6#1 E6#5

Figure 3-7; E6 mRNA silencing using the forward transfection protocol technique at 48 and 72 hour 
time points. SiHa cells seeded at 1.5x 10^ concentrations were le ft untreated, mock-transfected, 
transfected w ith scrambled control siRNA, transfected w ith  E6#l and E6#5 targeting siRNA in three 
biological replicates. A fter 48 and 72hour tim e point incubations, to ta l RNA was extracted and mRNA 
expression levels were assessed using E6 and E7 specific TaqMan® RT-PCR primers and probes. Each 
mRNA expression was normalised to  B2M and calibrated to untransfected control to  establish the 
relative level o f mRNA expression.
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G apdhScram bled

E6#l

Figure 3-8; Light microscopy 24hrs post forward transfection technique. SiMa cells seeded at 
1.5x10^ cells were le ft untreated, mock-transfected, transfected w ith  scrambled control siRNA and 
transfected w ith  GAPDH targeting siRNA, E6#l and E#5 siRNAs in three biological replicates. A fter 24 
hours, cells were examined by light microscopy. No morphological differences were observed 
between the untreated, mock-transfected and transfected w ith  scrambled control siRNA while cells 
transfected w ith  GAPDH, E6#l and E6#5 transfected cells display slightly altered morphology o f less 
regular polygonal shape (Magnification 200x).
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Figure 3-9: Light microscopy of SiHa cells 48hrs post forward transfection technique. SIHa cells 
seeded at 1.5x10^ cells were le ft untreated, mock-transfected, transfected w ith  scrambled control 
sIRNA and transfected w ith  GAPDH targeting sIRNA, E6#l and E6#5 siRNAs in three biological 
replicates. A fter 48 hours, cells were examined by light microscopy. No morphological differences 
were observed between the untreated, mock-transfected, transfected w ith  scrambled contro l siRNA 
w hile the cells transfected w ith  GAPDH siRNA alter the ir morphological phenotype form ing less tigh t 
junctions; appear round up w ith  granular and shrunken cytoplasm. E6 #1 transfected cells appear to  
have condensed in cell size and cytoplasm w hile E6#5 transfected cells displayed a fla ttened 
appearance (M agnification 200x).
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Figure 3-10; Light microscopy of SiHa cells 72hrs post forward transfection technique. SiHa cells 
seeded at 1.5x10^ cells were le ft untreated, m ock-transfected, transfected w ith  scrambled control 
siRNA (and transfected w ith  GAPDH targeting siRNA, E6#l and E6#5 siRNAs in three biological 
replicates. A fter 72 hours, cells were examined by light microscopy. No morphological differences 
were observed between the untreated, m ock-transfected, transfected w ith  scrambled control siRNA 
w hile cells transfected w ith GAPDH siRNA show more pronounced rounded morphological 
phenotype w ith  more granular and shrunken cytoplasm. E6#l transfected cells appear to  have 
condensed cytoplasm, cell shrinkage and membrane blebbing w hile E6#5 transfected cells displayed 
grow th arrest and flattened appearance (M agnification 200x).
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3.4.1.4. A panel of endogenous controls

A pane l  of  four  e n d o g e n o u s  controls  w e r e  a s se ssed  for the i r  suitabili ty as e n d o g e n o u s  

controls  for PCR react ions  in SiHa cells po s t  t rans fect ion  wi th siRNA. This w as  as  a 

resul t  of t h e  o b se r v ed  var ia t ions  in Ct values  of  t h e  e n d o g e n o u s  control  (Beta-2- 

microglobul in (B2M)), em ployed  in t h e  val idat ion of t h e  fo rw ard t rans fect ion protocol  

t e c h n i q u e  by TaqMan® RT-PCR with E6 #l  and E6#5 siRNAs in sec t ion 3.3.1.3 (Beta-2- 

microglobul in (B2M)). These  w e r e  18S r ibosomal  RNA subuni t  (18S rRNA), Beta-act in 

(ACTB_AB) cytoskele ta l  gene,  Glyce ra ldehyde 3 - p h o s p h a t e  d e h y d r o g e n a s e  glycolytic 

en z y m e  (GAPDH) along wi th B2M, which is a m a jo r  h is tocompat ib i l i ty  complex (MHC). 

T hes e  t h r e e  controls have b ee n  widely used in knockdo w n ex p e r im en t s  (Palanichamy, 

e t  al., 2010) (Rho, e t  al., 2010) and  w e re  c o m p a r e d  to  B2M to  assess  if lack of an 

o b s e r v ed  subs tant ia l  kno ckdow n in t h e s e  cells w as  d u e  to  t h e  siRNAs having an ef fec t  

on  t h e  e n d o g e n o u s  control  (Table 3-5).
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Table 3-5: Assessment of a panel of four endogenous controls. SiHa cells seeded at 1.5x 10^ were 
le ft untreated, mock-transfected, forward transfected w ith  scrambled contro l siRNA in tw o  biological 
replicates fo r 72hrs. A fter 72 hours incubation, tota l RNA was extracted and mRNA expression levels 
were assessed via TaqMan RT-PCR using primers and probes selective fo r 18S rRNA, ACTB_AB, B2M 
and GAPDH mRNA from  same cDNA. The table below shows the average Ct value and standard 
deviation fo r each sample in each control. Values above normal standard deviation (St Dev.) o f <0.3 
are highlighted in red.

18S rRNA ACTB.

CQ<
1 B2M GAPDH

Average
Ct

St
Dev.

Average
Ct

St
Dev.

Average
Ct

St
Dev.

Average St 
Ct Dev.

Untreated
1

10.95 0.57 18.76 0.72 19.50 0.10 20.45 0.36

Untreated
2

10.90 0.34 19.01 0.47 19.44 0.05 20.39 0.14

Mock 1 10.12 0.29 18.66 0.60 19.23 0.18 19.60 0.27

Mock 2 10.33 0.56 18.53 0.32 18.75 0.06 20.18 0.12

Scrambled
1

14.37 0.84 22.44 0.50 21.35 0.06 24.25 0.49

Scrambled
2

13.56 1.20 24.03 1.27 21.71 0.20 23.76 0.33
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Table 3-5 is a representation o f average Ct values of fou r technical replicates o f each 

sample fo r the panel o f fou r endogenous controls examined and the ir standard 

deviations. The Ct standard deviation value obtained fo r 18S rRNA was the second 

highest of all fou r endogenous controls despite its average Ct values being the lowest 

of all fou r which correlates w ith  its am plification plots in Figure 3 - l lA  and B. In qPCR 

experiments, the baseline (cycles 3 to  16) refers to  the signal level during the in itia l 

cycles, in which there is little  or no change in fluorescent signal. This low level signal is 

equated to  noise or background of the reaction and facilitates accurate determ ination 

of the Ct. Hence, the baseline determ ination o f a reaction must take in to consideration 

enough cycles to  disregard the background found in the early cycles o f am plification 

but should not include the cycles in which the am plification signal begins to  rise above 

the background. In 18S rRNA, its in itia l cycles are too close to  the start o f the PCR run 

(Figure 3 - l lB ,  hence results in short and narrow baseline which makes it d ifficu lt to 

determ ine an accurate Ct or the RNA concentration at which IBS rRNA would provide 

a wide enough baseline and also generate target gene Cts w ith in  40 cycles.

For the ACTB_AB control, its in itia l cycles are at a sufficient distance from  the start of 

the PCR run and the baseline calculated is w ith in  normal acceptable range o f 3-16 

(Figure 3 - l lC  and D). However, ACTB_AB has the highest Ct standard deviation 

amongst all fou r endogenous controls. All o f its Ct standard deviation values 

highlighted in red in Table 3-5 as a result o f them  being above the acceptable standard 

deviation range o f 0-0.3. Hence, ACTB_AB yields large variability and lowers the 

confidence in distinguishing between small differences in target concentration. The 

early cycles o f GAPDH are also at a sufficient distance from  the start o f the PCR run and 

the baseline calculated is w ith in  normal range o f 3-16 (Figure 3-11 G and H). It also has 

the second lowest standard deviation o f the fou r controls, w ith  three out o f six 

standard deviation values w ith in  the acceptable standard deviation Ct range of 0-0.3. 

However, the amplifications plots fo r GAPDH are too close to  the end o f the PCR run 

hence its curves are plateauing beyond 40 cycles where the reaction should be ending.
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Figure 3 -1 1 : A m p lifica tion  p lo ts  o f  a p a n el o f  e n d o g e n o u s  c o n tr o ls  in SiHa cell lin e  u sin g  th e  
fo rw a rd  tr a n s fe c t io n  te c h n iq u e . SiHa cells s e e d e d  a t  1.5x 10^ w e r e  le f t  u n t r e a t e d ,  m o c k - t r a n s f e c t e d ,  

t r a n s f e c t e d  w i th  s c r a m b le d  c o n tro l  siRNA in t w o  biological r e p l i c a t e s  fo r  7 2 h r s .  A f te r  72  h o u r s  
in c u b a t io n ,  t o ta l  RNA w a s  e x t r a c t e d  a n d  mRNA e x p re s s io n  leve ls  w e r e  a s s e s s e d  via T a q M a n  RT-PCR 
us in g  p r i m e r s  a n d  p r o b e s  se lec t iv e  fo r  (A&B) 18S rRNA, (C&D) ACTB_AB, (E&F) B2M a n d  (G&H) 

GAPDH mRNA f r o m  s a m e  cDNA. The  lef t  h a n d  s id e  g r a p h s  (A, C, E, G) d e p ic t  a n  am p l i f ic a t io n  p lo t  o f  
ARn a g a i n s t  PCR cycle  n u m b e r  w i th  t h e  g r e e n  line r e p r e s e n t in g  t h e  th r e s h o ld .  T h e  Ct is t h e  
in t e r s e c t i o n  b e t w e e n  a n  am p l i f ica t io n  c u rv e  a n d  a t h r e s h o ld  l ine  a n d  r e p r e s e n t s  t h e  re la t iv e  
m e a s u r e  o f  t h e  c o n c e n t r a t i o n  of t a r g e t  in t h e  PCR re a c t io n .  T h e  r ig h t  h a n d  s id e  g r a p h s  (B, D, F, H) 
d e p ic t  a m p l i f ic a t io n  p lo ts  o f  Rn a g a in s t  PCR cycle  n u m b e r  w h ic h  a id  t h e  b a s e l in e  d e t e r m i n a t i o n  o f  
e a c h  c o n t r o l  PCR run.



Finally, o f all fou r controls, B2M had its early cycles at a sufficient distance from  the 

start o f the PCR run and its calculated baseline w ith in  the normal range, in addition to 

having its am plification plots w ith in  40 cycles (Figure 3 - l lE  and F). The am plification 

plots fo r B2M are also tighter, compact and clustered together compared (Figure 3-11 

E and F) to  o ther contro l (Figure 3-11 A, B, C, D, G and F) which is represented in Table 

3-5. Its standard deviation values fall w ith in  the acceptable standard deviation Ct range 

of 0-0.3 (Table 3-5). As B2M was the closest in exhibiting characteristics desired o f our 

endogenous contro l using the untreated mock and control samples, a surrogate 

biom arker (used and taken as a measure o f the effects o f a specific treatm ent) was 

used to  fu rthe r assess its appropriateness for this RNAi experim ent due to  consistency 

issues when assessing mRNA expression levels post transfection w ith  E6#l and E6#5 

siRNAs using E6 and E7 specific TaqMan® RT-PCR primers and probes.

3.4.1.5. Assessing the expression a surrogate biomarker in HPV16 E6 
siRNAs

The lack of a consistent knockdown w ith  E6#l and E5#5 siRNAs prompted the use of 

p21 as an indirect b iom arker fo r E6 expression. p21 is known to  mediate anti

p ro liferative effects o f p53 (which is targeted by E6), via cell-cycle arrest at G1 phase 

and repression o f DNA replication. TaqMan RT-PCR analysis on the same cDNA used 

fo r E6 mRNA expression showed a highly significant 30 fold increase (p<0.001) in p21 

expression in E6#5 siRNA targeted SiHa cells (Figure 3-12). This elevation in p21 levels 

suggests tha t p53 is functional which a transcriptional target o f p21 is thus confirm ing 

the efficacy o f these siRNAs.
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Untreated Scrambled Mock

Figure 3-12: Assessing p21 expression in previous E6 mRNA. SIHa cells seeded at 1.5x 10^ were le ft 
untreated, mock-transfected, transfected v\/ith scrambled control siRNA, transfected w ith  GAPDH 
targeting siRNA (lOnM ) -  not shown, transfected w ith  E6#l and E6#5 targeting siRNA in three 
biological replicates fo r 72hrs. A fter 72 hours incubation, to ta l RNA was extracted and mRNA 
expression levels were assessed via TaqMan RT-PCR using primers and probes selective fo r p21 
mRNA from the same cDNA used to  assess E6 and E7 mRNA levels. p21 mRNA expression was 
normalised to  B2M and calibrated to  untransfected control establish the  relative level of mRNA 
expression. A paired T-test via graph pad prism was carried ou t and values calculated were 
compared to  scrambled control; **p<0.1 ***p<0.001
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3.4.2. Silencing of HPV16 E6 and E7 using a panel of 5 siRNAs

Five HPV16 E6 siRNAs (E6#l, E6#2, E6#3, E6#4 and E6#5) were designed to  silence 

endogenous E6 expression in the SiHa cell line. E6#l, E6#2 and E6#3 were designed in- 

house and E6#4 and E6#5 were designed by Ambion. In order to  assess the potency of 

E6#l, E6#2, E6#3, E6#4 and E6#5 in silencing HPV16 E6 and /or E7 expression in SiHa 

cells, TaqMan® RT-PCR primers and probes sets were designed to detect E6 mRNA (full 

length E6 and its splice form  E6*l), E7 mRNA as well as full length E6 mRNA only. SiHa 

cells were independently transfected w ith  five siRNAs E6#l, E6#2, E6#3 E6#4 and E6#5 

fo r 72hrs using the forward transfection technique. 72hrs post transfection, to ta l RNA 

was extracted and the levels o f expression o f E6, E7 and fu ll-length E6 mRNA only were 

assessed using TaqMan® RT-PCR (Figure 3-13). There were no significant differences in 

mRNA expression levels between SiHa cells le ft untreated, mock-transfected and 

transfected w ith  scrambled contro l siRNA and all expression values were w ith in  

biological variation o f between 50% and 200%. E6#2, E6#3 and E6#4 siRNAs resulted in 

simultaneous reduction o f E6 and E7 expression as well as full-length E6 mRNA 

expression; E6#3 siRNA had the greatest effect on the expression o f all three w ith  

average mRNA percentage o f 3.9, 5.1 and 13.2, fo llowed by E6#4 siRNA w ith  14.3%, 

16.1% and 34%, and E6#2 siRNA w ith  25.9%, 17.6% and 20.6% respectively (Figure 3- 

13). E6#5 siRNA also had a simultaneous reduction o f E6 and E7 expression but no 

significant effect on fu ll-length E6 mRNA expression (Figure 3-13) while E6#l siRNA 

resulted in reduction o f fu ll-length E6 mRNA only expression but had no significant 

effect on o f E6 and E7 expression (Figure 3-13).
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Figure 3-13: E6 and E7 mRNA silencing in SiHa cells using the forward transfection technique at 72 
hours. SiHa cell line seeded at 1.5x 10^ were le ft untreated, mock-transfected, transfected w ith 
scrambled control siRNA, transfected w ith  E6#l, E5#2, E6#3, E6#4 and E6#5 targeting siRNA in 
three biological replicates fo r 72hrs A fter 72 hours incubation, to ta l RNA was extracted and mRNA 
expression levels were assessed using E6 and E7 specific TaqMan® RT-PCR primers and probes 
(panel A). Primers and probes selective fo r p21 mRNA were also assessed from  same cDNA (panel 
B). Each mRNA expression was normalised to  B2M and calibrated to  untransfected control to  
establish the  relative level of mRNA expression.
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In spite of the apparent null effect o f E6#l siRNA on E6 and E7 expression as well as 

E6#5 siRNA on full length E6 only expression, considerable morphological differences 

were observed fo r these tw o  siRNAs as depicted in Figure 3-14, Figure 3-15 and Figure 

3-16. Morphological differences observed fo r E6#l siRNA transfected cells revealed a 

condensed cytoplasm and cell shrinkage, w ith blebbing and apoptotic bodies which 

progressively became more pronounced as the tim e point post transfection increased 

from  24 to 48 to  72hrs (Figure 3-14, Figure 3-15 and Figure 3-16).

E6#2 siRNA transfected cells are also exhibited a sim ilar profile of condensed 

cytoplasm and cell shrinkage, w ith  blebbing and apoptotic bodies but to  a lesser extent 

(Figure 3-14, Figure 3-15 and Figure 3-16). E6#3 siRNA transfected cells exhibited a 

rounded, refractile morphology w ith  no tigh t cell-cell contacts and some cell floating 

dead cells (Figure 3-14, Figure 3-15 and Figure 3-16). E6#4 and E6#5 siRNA transfected 

cells had increased size and volume w ith  a larger and fla ttened elongated morphology 

more evident in E6#4 than E6#5 siRNA compared to  the controls (Figure 3-14, Figure 3- 

15 and Figure 3-16). However, no significant morphological differences were observed 

between the untreated, mock-transfected and scrambled control siRNA transfected 

cells in Figure 3-14, Figure 3-15 and Figure 3-16.
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Figure 3-14: Light microscopy of SiHa cells 24hrs post forward transfection technique. SIHa cells 
seeded at 1.5x10^ cells were le ft untreated, mock-transfected, transfected w ith  scrambled control 
sIRNA and transfected w ith GAPDH targeting siRNA or E6 targeting siRNA (E6#l-E6#5)in three 
biological replicates. A fter 24 hours, cells were examined by light microscopy. No morphological 
differences were observed between the untreated, mock-transfected, transfected w ith  scrambled 
control siRNA and cells transfected w ith GAPDH siRNA, E6 #1, E6#2, E6#3, E6#4 and E6#5 
transfected cells show slightly altered morphologies (M agnification 200x).
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Figure 3-15: Light microscopy of SiHa cells 48hrs post forward transfection technique. SiHa cells 
seeded at 1.5x10^ cells were le ft untreated, mock-transfected, transfected w ith  scrambled control 
siRNA and transfected w ith  GAPDH targeting siRNA or E6 targeting siRNA (E6#l-E6#5)in three 
biological replicates. A fter 48 hours, cells were examined by light microscopy. No morphological 
differences were observed between the untreated, mock-transfected, transfected w ith scrambled 
control siRNA and cells transfected w ith  GAPDH siRNA show sim ilar morphology as previously 
stated. E6#l and E6#2 transfected cells appear to  have condensed cytoplasm and cellular 
shrinkage. E6#3 transfected cells appear to  be rounding up w hile  E6#4 and E6#5 siRNA show slower 
grow th, fla ttened appearance (Magnification 200x).
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Figure 3-16: Light microscopy of SiHa cells 72hrs post forward transfection technique. SiHa cells 
seeded at 1.5x10^ cells were le ft untreated, mock-transfected, transfected w ith  scrambled control 
siRNA and transfected w ith GAPDH targeting siRNA or E6 targeting siRNA (E6#l-E6#5)in three 
biological replicates. A fter 72 hours, cells were examined by light microscopy. No morphological 
differences were observed between the untreated, mock-transfected, transfected w ith  scrambled 
control siRNA and cells transfected w ith  GAPDH siRNA show sim ilar morphology as previously 
stated. E6#l and E6#2 transfected show condensed cytoplasm, membrane blebbing and cellular 
shrinkage and cell death w ith E6#2 siRNA having less cell death than E6#l cells. E6#3 transfected 
cells appeared rounded up w ith  a refractile appearance w ith  some cell death. E6#4 and E6#5 
transfected cells were spread out w ith fewer tigh t cell junctions, slower grow th and flattened 
appearance (Magnification 200x).
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Consequent ly ,  to  cor re la te  a l te ra t ions  in E6 express ion in t h e s e  knockdowns,  p21, 

express ion levels w e r e  a ssessed  to  indirectly q u a n t i t a t e  E6 express ion.  TaqMan RT-PCR 

analysis was  pe r fo rm ed  on t h e  s a m e  cDNA used for E6 and  E7 mRNA express ion using 

p21 specific TaqMan® RT-PCR p r im ers  and  p ro b e s  and express ion levels w e r e  as se sse d  

as fold chang es  as dep ic t ed  in Figure 3-17.  The re  w e r e  no significant fold ch a n g es  in 

p21 mRNA express ion levels b e t w e e n  SiHa cells left u n t r ea t ed ,  mock- t r ansfec ted  and 

scr am bled control  siRNA t r a n s f ec t ed  and all express ion values  w e r e  within biological 

var ia tion of b e t w e e n  0 and 2. E6#l ,  E6#2, E6#3 s h o w e d  a statistically significant 

(p<0.05) fold increase  in p21 express ion wi th values  of 2.2, 2.6 and 2.7 respectively,  

how ever ,  E6#4 and  E#5 siRNAs s h o w e d  highly significant fold (p<0.001) changes  9.9 

and 9.5 respect ively (Figure 3-17).

Subsequent ly ,  prote in  ex t ra c ted  f rom all a d h e r e n t  cells 72hrs  pos t  t rans fect ion was  

us ed  to  as sess  t h e  levels of funct ional  inhibition of E6 and E7 express ion via ant ibodies  

agains t  thei r  t a r g e t e d  prote ins  p53.  p21 levels w e r e  also a ssessed and GAPDH an t ibody 

w a s  used as loading control  in t h e s e  ex p e r im en ts  (Figure 3-17). A highly substant ia l  

increase  in p53 prote in  levels w a s  obse rved  in E6#4 an d  E6#5 siRNAs c o m p a r e d  to  

nega t ive  siRNA t r a n s f ec te d  or u n t r e a t e d  cells (Figure 3-17A) with a co n co m i tan t  rise in 

p21 levels in both  siRNAs (Figure 3-17 B). These  resul ts  corre la te  wi th highly significant 

fold increase  obse rved  in p21 mRNA express ion a t  TaqMan® RT-PCR levels (Figure 3- 

17). E6#2 siRNAs exhibited  a cons ider ab le  rise in p53 and p21 prote in  levels c o m p a r e d  

to  t h e  controls  (negat ive  siRNA t r an s f ec t e d  or u n t r e a t e d  cells) (Figure 3-18 A and  B 

respectively).  This was  also o b se r v ed  a t  TaqMan® RT-PCR levels as a significant fold 

ch a n g e  of 2.6 in p21 express ion levels in Figure 3-17. E6#3 siRNAs also exhibi ted  a 

considerable  rise in p53 prote in  level with no inc rease  in p21 prote in  level c o m p a r e d  

to  t h e  controls  (negat ive  siRNA t r ans f ec ted  or u n t r e a t e d  cells) (Figure 3-18 A and  B 

respect ively) a l though  a significant fold change  of 2.7 in p21 express ion levels was  

o b se r v ed  a t  TaqMan® RT-PCR levels as in Figure 3-17.
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Figure 3-17: Assessing p21 expression in SiHa cell line using forward transfection technique at 72 
hours SiHa cells seeded at 1.5x 10^ were le ft untreated, mock-transfected, transfected Vv'ith 

scrambled control siRNA, transfected w ith  E6#l, E6#2, E6#3, E6#4 and E6#5 targeting siRNA in 
three biological replicates fo r 72hrs. A fter 72 hours incubation, to ta l RNA was extracted and mRNA 
expression levels were assessed using primers and probes selective fo r p21 mRNA were also 
assessed from  same cDNA. Each mRNA expression was normalised to  B2M and calibrated to 
untransfected control to  establish the relative level o f mRNA expression. . A paired T-test via graph 
pad prism was carried out and values calculated were compared to  scrambled control; **p<0.1
p***p< 0  05
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E6#l siRNA, however, showed no increase in p53 or p21 levels (Figure 3-18A and B) 

despite a slight fold increase o f 2.2 in p21 nnRNA expression at TaqMan® RT-PCR level 

in Figure 3-17. The result o f the western blot analysis correlates w ith  tha t of RNA 

analysis in relation to  biom arker assessment o f E6 expression. However, a direct 

correlation in the magnitude o f the efficiency o f these siRNAs at knocking down E5 and 

E7 expression do not correspond w ith  observed western blot analysis. E6#3 siRNA 

induced the most potent knockdown o f E6 and E7 at RNA level via TaqMan® R~-PCR 

(Figure 3-17) yet its protein analysis depicts tha t it is not as efficient as E6#4 or E6#5 as 

there are far more abundant levels o f p53 and p21 (Figure 3-18A and B respectively) in 

E6#4 and E6#5 than E6#3 or even E6#2 siRNAs. The potency o f E6#l siRNA could not 

be effic iently assessed at protein level (Figure 3-18A and B) as TaqMan RT-PCR analysis 

suggested silencing o f E6 and not E7 by E6#l siRNA (Figure 3-13 and 3-17) which 

should correlate in a rise in p53 and p21 protein levels (Figure 3-18A and B).
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Figure 3-18: Silencing of HPV16 E6 protein in the SIHa cell line 72hrs post forward transfection 
technique. SIHa cells seeded at 1.5x10^ cells were le ft untreated, mock-transfected, transfected 
w ith  scrambled control sIRNA or E6 targeting siRNAs (E6#l, E6#2, E6#3, E6#4 and E6#5). Cells were 
lysed by sonication and 30ug of lysate proteins resolved on NuPage Novex 4-12% Bis Tris MinlGels 
and electrotransferred to  PVDF membranes. The membranes were blocked in 5% non-fat dry milk 
and im m unoblotted fo r p53 (panel A), p21 (panel B). All membranes were stripped and re- 
im m unoblotted for GAPDH (panel C), which was used as a loading control. This figure shows of 
E6#l-E6#5 siRNA im m unoblotted w ith  p53 antibody in the top panel labelled A, p21 antibody in 
the m iddle panel labelled B and GAPDH antibody as loading control in the bottom  panel labelled C. 
No bands appear fo r E6#l siRNA when probed w ith any of the three antibodies. E6#2, E6#4 and 
E6#5 siRNA have bands fo r p53 and p21 antibodies, although its loading control appears slightly 
more. E6#3 siRNA has bands fo r p53 and GAPDH loading control antibody. The double banding o f 
p53 in the above blot reflects differentia l phosphorylation status o f p53 or d ifferent p53 isoforms 
resulting from differentia l splicing, polymorphisms or alternative prom oter usage often seen.
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3.4.3. HPV16 E6 siRNAs drive cellular senescence

In order to  fu rthe r examine the potency of E6 siRNAs at silencing E6 and E7, a 

senescent cell histochemical staining was carried out 72hrs post independent 

transfection o f SiHa cells w ith  all 5 siRNAs (E6#l; E6#2, E6#3 E6#4 and E6#5).

The results dem onstrated tha t there was no statistically significant increase in the 

levels o f 3-galactosidase activ ity in E6#l and E6#2 transfected cells (Figure 3-19). 

However, an extrem ely statistically significant (p<0.0001) increase in P-galactosidase 

activ ity was observed w ith  E6#3 E6#4 and E6#5 (See Figure 8-1 in the appendix) 

compared to the untreated or scrambled control siRNA transfected cells (Figure 3-19). 

The level of significance was based at the ir tw o-ta iled  P value being < 0.0001. The 

degree o f P-galactosidase activ ity observed w ith  the E6#l, E6#3, E6#4 and E6#5 siRNAs 

correlates w ith  earlier mRNA and protein analysis on p21 levels Figure 3-17 and Figure 

3-18B. Protein analysis o f cells transfected w ith  E6#4 and E6#5 siRNAs show tha t they 

have the greatest accumulation o f p53 and p21 (Figure 3-18 A and B) which is 

translated in this experim ent by the ir high significance in comparison to  the  scrambled 

contro l siRNA and untreated cells (Figure 3-19). Although E6#2 P-galactosidase activity 

does not seem to  correlate w ith  TaqMan RT-PCR analysis (Figure 3-17) and protein p21 

(Figure 3-18 8) levels, the level o f 3-galactosidase activity is nonetheless insignificant.
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Figure 3-19; E6 siRNAs induce cellular senescence in the SiHa cell line 72hrs post forward  
transfection technique. SiHa cells seeded at 1.5x10^ cells w e re  le ft un trea ted , m ock-transfected 
(n o t shown), trans fec ted  w ith  scram bled con tro l siRNA ( lO n M ) o r E6 ta rge ting  siRNAs (E 6# l, E6#2, 
E6#3, E6#4 and E6#5). 72hours post trans fe c tion ; cells w e re  fixed and sta ined w ith  a m ix tu re  
con ta in ing  X-gal so lu tion  as substra te  and incubated ove rn igh t in a CO2 deprived  atm osphere. The 
fo llo w in g  day, th e  num be r o f b lue-sta ined cells was coun ted  in fo u r  fie lds  and analysed using a 
pa ired T-test via graph pad prism . The histogram s represent th e  percentage o f b lue-sta ined cells 

post trans fe c tion  fo r  each siRNA. Results are rep resen ta tive  o f th re e  b io log ica l rep licates. Values 
ca lcu la ted w ere com pared to  scram bled con tro l; **p= 0 .00 01  * ’ ‘ *p<0.0001
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3.4.4. HPV16 E6 siRNAs inhibit cell proliferation

D u e  t o  t h e  ro le  o f  HPV E6 in inh ib i t ing  p 2 1  t r a n s c r i p t i o n  a n d  E7 in p r o m o t i n g  cell 

cycling, t h e  e f f e c t  o f  s i l enc ing  o f  E6 a n d  E7 by t h e  E6 siRNAs w a s  e x a m i n e d  t o  

d e t e r m i n e  if t h e  m o r p h o l o g i c a l  p h e n o t y p e s  o b s e r v e d  w e r e  in a n y  r e la t io n  t o  a 

d e c r e a s e  in ce l lula r  p r o l i f e r a t io n .  SiHa cells w e r e  t r a n s f e c t e d  i n d e p e n d e n t l y  w i t h  all 5 

siRNAs (E 6# l ,  E6#2,  E6#3 E6#4 a n d  E6#5) a n d  7 2 h r s  p o s t  t r a n s f e c t i o n ,  all a d h e r e n t  a n d  

n o n - a d h e r e n t  cells w e r e  h a r v e s t e d  a n d  s t a i n e d  wi th  p r o p i d i u m  iod ide  (PI). Figure 3 - 2 0  

a n d  Figure 3 -2 1  s h o w  t h a t  t h o u g h  n o  s ign i f ican t  c h a n g e s  in t h e  cell cycle w e r e  i n d u c e d  

by t h e  co n t r o ls ,  t h r e e  of  t h e  five siRNAs (E6#3,  E6#4 a n d  E6#5) h a d  s ignif icant ly va ry in g  

e f f e c t s  o n  t h e  p r o g r e s s i o n  t h r o u g h  t h e  p h a s e s  of  t h e  cell cycle.

C o m p a r i n g  t h e  c o n t r o l s  in Figure 3-20A-C,  ( u n t r e a t e d ,  m o c k  t r a n s f e c t e d  a n d  n e g a t i v e  

siRNA t r a n s f e c t e d  cells r e sp ec t i v e ly )  w i t h  E 6 # l  siRNA (Figure 3-20D) ,  t h e s e  cells h a v e  a 

G1 pos i t iv e  cell p o p u l a t i o n ,  a slightly l a r g e r  S p h a s e  p o p u l a t i o n  a n d  G 2 / M  p os i t i ve  cell 

p o p u l a t i o n .  A s h a r p  p e a k  in t h e  h i s t o g r a m  r e p r e s e n t a t i v e  of  a d i s t inc t  s u b - p o p u l a t i o n  

of  d e b r i s / d e a d  cells h ig h l ig h te d  in g r e e n  is a l so  o b s e r v e d .  This p e a k  a p p e a r s  t o  b e  t h e  

h i g h e s t  in E 6 # l  siRNA c o m p a r e d  t o  o t h e r  c o n t r o l s  a n d  o t h e r  siRNAs a n a l y s e d .  In 

a d d i t io n ,  E 6 # l  siRNA cells s h o w  n o  i n c r e a s e  in f o r w a r d  s c a t t e r i n g  prof i le  t h a t  is light 

s c a t t e r e d  by cells in t h e  f o r w a r d  d i r e c t i o n  or  s t r a i g h t  t h r o u g h  (Figure 3-21D) .

Likewise,  E6#2 siRNA exh ib i t s  a h i s t o g r a m  profi le  (Figure  3-20E)  v e r y  s imi la r  t o  t h e  

c o n t r o l s  (Figure 3-20A-C) w i t h  a p o r t i o n  of  G1 pos i t iv e  cells a n d  a p r o p o r t i o n  o f  S 

p h a s e  a n d  G 2 / M  p h a s e  pos i t iv e  cells.  A s igni f icant  b r o a d  p e a k  r e p r e s e n t a t i v e  o f  a 

p r o p o r t i o n  of  d e b r i s / d e a d  cells is a l so  p r e s e n t  in Figure 3-20E.  The  light s c a t t e r i n g  

prof i le  o f  E6#2 siRNA p o r t r a y s  n o  cells w i th  a n  i n c r e a s e  in f o r w a r d  s c a t t e r i n g  (F igure  3- 

21E) like E 6 # l  siRNA.
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Figure 3-20; Descriptive histogram of cell cycle analysis on SiHa cells 72hrs post E6 siRNA 
transfection. SiHa cells seeded at 1.5x10^ cells were le ft (A) untreated, (B) mock-transfected, (C) 
transfected w ith  scrambled control siRNA (lOnM ) or E6 targeting siRNAs (E6#l (D), E6#2 (E), E6#3 
(F), E6#4 (G) and E6#5(H)). 72 hours post transfection, all cells were collected (adherent and non
adherent), stained w ith  PI and analysed by flow  cytom etry. The histograms show apoptotic cells 
(green), G1 phase (pink), S phase (purple) and the  G2/M  phase (black) o f the cell cycle. The data 
presented Is from  one complete experim ent and representative of three biological replicates. Values 
were calculated compared to  scrambled control; **p=0.0001 ***p<0.0001
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Figure 3-21: Light scatter plot of SiHa cell line 72hrs post forward transfection technique. SIHa 
cells seeded at 1.5x10^ cells were le ft (A) untreated, (B) mock-transfected, (C) transfected w ith 
scrambled control sIRNA (lOnM ) or E6 targeting siRNAs (E6#l (D), E6#2 (E), E6#3 (F), E6#4 (G) and 
E6#5(H). 72 hours post transfection, all cells were collected (adherent and non-adherent), stained 
w ith  PI and analysed by flow  cytom etry. The dual param etric dot plots combine side and forward 
scatter profiles of the cells. The side scatter on the vertical axis is proportional to  cellular 
granularity tha t is the more granular a cell, the greater the light scatters and the higher the signal 
detected. The forward scatter on horizontal axis is proportional to  cell size tha t is the larger the cell 
the greater the light scatter and the higher the signal detected. The data presented is from  one 
complete experiment and representative of three biological replicates. E6#3 depicts a highly 
compact cell population at the m id-centre right of the plot compared to  the controls. E6#3, E6#4 
and E6#5 portray profiles indicative of senescence.
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E6#3 siRNA dis p l ayed  t h e  m o s t  d r a m a t i c  c h a n g e  in t h e  h i s t o g r a m  profile o f  cell 

p o p u la t i o n s  a t  d i f f e r e n t  s t a g e s  of  t h e  cycle wi th a d o u b l e  p e a k  of G1 pos it ive  cell 

p o p ul a t io n ,  a c o r r e s p o n d i n g  c o m p l e t e  loss o f  S p h a s e  a n d  G 2 / M  p h a s e  posi t ive  cell 

po p u la t i o n  in Figure 3-20F. This d r a m a t i c  shi f t  w a s  a l s o  c o r r e l a t e d  on  t h e  light 

s c a t te r in g  profi le o f  E6#3 siRNA (Figure 3-21F) c o m p a r e d  t o  t h e  co n t r o ls  (Figure 3-21A- 

C). In o t h e r  w o r d s ,  t h e r e  is an  inc re a se  in f o r w a r d  and  s ide  s c a t t e r in g  (Figure 3-21F) 

c o m p a r e d  t o  t h e  u n t r e a t e d ,  m o c k  t r a n s f e c t e d  a n d  n e g a t iv e  siRNA t r a n s f e c t e d  cells 

(Figure 3-21A, B a n d  C respec t ive ly)  su g g e s t iv e  of  s e n e s c e n c e .  E6#4 siRNA exhibi ts  a 

similar  p a t t e r n  t o  E6#3 siRNA, wi th  a single p o p u la t i o n  of  G1 p h a s e  posi t ive cell 

po pu la t i o n ,  a c o m p l e t e  loss of  S a n d  G 2 /M  p h a s e  pos i t ive  cells in Figure 3-20G).  The  

light s c a t t e r in g  profi le of  E6#4 siRNA d e m o n s t r a t e s  t h e  g r e a t e s t  inc re a se  in f o r w a r d  

a n d  s ide s c a t t e r in g  (Figure 3-21H) c o m p a r e d  t o  o t h e r  siRNAs a n d  t o  t h e  u n t r e a t e d ,  

m ock  t r a n s f e c t e d  a n d  n e g a t iv e  siRNA t r a n s f e c t e d  ceils (Figure 3-21A, B a n d  C 

respec t ive ly)  a n d  also su gges t iv e  of  s e n e s c e n c e .  E6#5 siRNA a lso  s h o w s  a s imilar  

profi le t o  E6#3 a n d  E5#4 siRNA, wi th  a single p o p u la t i o n  of  G1 p h a s e  posi t ive  cell 

p op u la t i o n  a n d  a c o m p l e t e  loss of  S a n d  G 2 / M  p h a s e  pos i t ive  cells (Figure 3-20H),  

a l t houg h t h e r e  is less of  a G1 cell p o p u la t i o n  t h a n  E6#3 a n d E 6 # 4 .  The  light s c a t te r in g  

profile o f  E6#5 siRNA also d e m o n s t r a t e s  a n  i n c re a s e  in f o r w a r d  a n d  s ide s c a t t e r in g  

(Figure 3-21H) s imilar  t o  E6#4 (Figure 3-21G) c o m p a r e d  t o  t h e  u n t r e a t e d ,  m o c k  

t r a n s f e c t e d  a n d  n ega t iv e  siRNA t r a n s f e c t e d  cells (Figure 3-21A, B a n d  C respec t ive ly)  

similarly su g g e s t i v e  of  s e n e s c e n c e .

In s u m m a r y ,  E 6 # l  a n d  E6#2 d is p la yed  no  inhibi t ing i m p a c t  on  cell cycle pr og re ss io n ,  

a l t h o u g h  a s igni ficant  o f  a m o u n t  of  d e a d  cells w a s  o b s e r v e d  in h i s to g r a m  profi les for  

bo th .  E6#2 h o w e v e r ,  d i sp lay ed  s ignif icant  o n c o g e n e  s u p p r e s s i o n  a t  RNA level as wel l  

as a rise in t h e  level o f  p53  and  p21  p r o t e i n s  wi th  no signi ficant  i n c r ea se  in t h e  levels  

n e i t h e r  of  |3 -ga lactos idase act ivi ty nor  in t h e  n u m b e r  of  cells a t  d i f f e r e n t  s t a g e s  of  t h e  

cell cycle. Whi le  E 6 # l  p o r t r a y e d  only a s ignif icant  E6 o n c o g e n e  s u p p r e s s i o n  a t  RNA 

level wi th  n o  i n c rea se  in p53  and  p21  p r o te in  n o r  P -g a la c to s id a se  act ivi ty no r  c h a n g e  

n u m b e r  of  cells a t  d i f fe re n t  s t a g e s  of  t h e  cell cycle. As a resu l t ,  f u r t h e r  ana lys is  w a s
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r e q u i r e d  t o  a s c e r ta in  t h e  c a u s e  of  t h e  d r a m a t i c  morpholo gic a l  c h a n g e s  o b s e r v e d  in 

E 6 # l  a n d  E6#2 siRNAs.

H o w e v e r ,  E6#3,  E6#4 a n d  E6#5 had  highly su b s ta n t ia l  e f fec t s  on cell cycle progres s io n  

w i th  a rise in G l p h a s e  posi t ive  cell p o p u la t i o n  and  a c o m p l e t e  loss of  S a n d  G2 /M  

p h a s e  posi t ive  cells.  E6#3 cells d i s p l ayed  t h e  g r e a t e s t  o n c o g e n e  s u p p r e s s i o n  a t  t h e  

RNA level as  well  as  a rise in t h e  level o f  p53 p ro te in ;  yet ,  t h e r e  w a s  no  c o n c u r r e n t  

i n c re ase  in p2 1  p ro te in  levels.  Ho weve r ,  an  e x t r e m e l y  s tat is t ical ly significant  

(p=0.0001)  in c r e a s e  in t h e  levels o f  [3-galactosidase act ivi ty w a s  d e t e c t e d  wi th an 

i n c re ase  in f o r w a r d  a n d  s ide  light sc a t te r in g .  Converse ly ,  E6#4 a n d  E6#5 a l so  exhib i ted  

o n c o g e n e  s u p p r e s s i o n  a t  RNA level,  t h o u g h  t o  a l es ser  d e g r e e  bu t  wi th  t h e  h ig he s t  rise 

in p53 a n d  p21 ex p re s s io n  levels,  an e x t r e m e l y  stat is t ical ly significant  (p<0.0001)  

i n c re ase  in t h e  levels o f  P-g a la c t o s i da se  act ivi ty a n d  an in c re as ed  f o r w a r d  a n d  side 

light s c a t t e r i n g  profi les.  T h e s e  resu l t s  for  E6#3, E6#4 a n d  E#5 siRNAs a re  s u g g e s t i v e  of 

th e i r  inhibi t ion  of  cell p rol i fe ra t ion  via G1 a r r e s t /  s e n e s c e n c e  in t h e  SiHa cell line.
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3.4.5. HPV16 E6 siRNAs induce cellular apoptosis in SiHa cells

3.4.5.1. Apoptosis analysis using FITC/PI DNA staining

To assess the ability o f E6 siRNAs to  induce apoptosis post transfection, flow  cytom etry 

analysis was carried out 72hrs post transfection on all siRNAs (E6#l, E6#2, E6#3, E6#4 

and E6#5) using Annexin V-FITC and propidium  iodide (PI) dual staining. The 

fluorocytogram s obtained in this part o f the study were quite unusual as, no Annexin 

positive PI negative cell population was observed, this could in fer to  cellular dead 

occurring in these cells via process other than apoptosis (autophagy, associated w ith 

m ito tic  catastrophe, enzymatic or immunological involvem ent). Hence, a tw o  quadrant 

analysis approach was employed to  enable isolation o f positive and negative cells. The 

cells at the bottom  le ft hand side were representative of live cells (Annexin and PI 

negative) while cells at the upper right hand were representative of dead cells (no 

Annexin and Pi positive) (Figure 3-22).

No significant change in apoptotic profile amongst the untreated, m ock-transfected 

and transfected w ith  scrambled contro l siRNA controls (Figure 3-22A-C, Figure 3-23, 

Figure 3-24 A-D) was observed. In Figure 3-22, most cells are congregated at the lower 

le ft hand corner of the p lot signifying live cells, w ith  m inor populations o f dying cells 

spreading across the top half from  left to  right (Figure 3-22 A, B and C). In Figure 3-23, 

the bar chart demonstrates very similar percentages controls amongst the controls, 

w ith  values o f 79%, 72% and 75% live cells and 24%, 28% and 28% apoptosed cells in 

untreated, mock-transfected and transfected w ith  scrambled control siRNA cells 

respectively. The single param eter histogram of untreated cells overlaid w ith  mock- 

transfected (Figure 3-24A and B) and scrambled control siRNA (Figure 3-24C and D) 

show the absence o f a positive dataset o f cells stained w ith  Annexin V-FITC (Figure 3- 

24A and C) and PI (Figure 3-24 C and D).
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Figure 3-22: Dot Plot fluorocytograms of apoptosis analysis on SiHa cells 72hours post E6 siRNA 
transfection. SiHa cells seeded at 1.5x10^ cells were le ft (A) untreated, (B) mock transfected, (C) 
transfected w ith scrambled controll siRNA (lOnM ) or E6 targeting siRNAs; E6#l (D), E6#2 (E), E6#3 
(F), E6#4 (G) and E6#5 (H). 72 hours post transfection, all cells were collected (adherent and non- 
adherent), stained w ith  FITC Annexin V and PI and analysed by flow  cytom etry. The dot plots show 
the movem ent of cells form  lower le ft corner to  upper right hand corner indicative of cells 
undergoing apoptosis. The data presented is representative of three biological replicates.
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Figure 3-23: Bar chart of apoptosis analysis on SiHa cclls 72 hours post EG sIRIMA transfection.
SiHa cells seeded at 1.5x10^ cells were left untreated, transfected w ith scrambled control siRNA 
(lOnM ) or E6 targeting siRNAs E6#l, E6#2, E6#3, E6#4 and E6#5 siRNA. 72 hours post transfection, 
all cells were collected (adherent and non-adherent), stained w ith  FITC Annexin V and PI and 
analysed by flow  cytom etry. The bar chart depicts the percentage o f live and dead cells fo r each 
condition. The data presented is representative of three technical replicates.
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Figure 3-24; Overlay histograms fluorocytograms of apoptosis analysis on SiHa cells 72 hours post 
E6 siRNA transfection. SiHa cells seeded at 1.5x10^ cells w ere le ft untreated, mock transfected, 
transfected w ith  scrambled control sIRNA (lOnM ) or E6 targeting sIRNAs (E6#l, E6#2, E6#3, E6#4 and 
E6#5 siRNA). 72 hours post transfection, all cells were collected (adherent and non-adherent), 
stained w ith  FITC Annexin V and PI and analysed by flow  cytom etry. In the above figure, overlay 
histograms on the le ft hand side depict untreated (highlighted in red) versus mock (highlighted in 
green) and denoted A, untreated (highlighted in red) versus scrambled control (highlighted in green) 
and denoted C, untreated (highlighted In red) versus E6#l (highlighted In green) and denoted E, 
untreated (highlighted in red) versus E6#2 (highlighted In green) and denoted G, untreated 
(highlighted In red) versus E6#3 (highlighted In green) and denoted I, untreated (highlighted in red) 
versus E6#4 (highlighted in green) and denoted K, untreated (highlighted In red) versus E6#5 
(highlighted In green) and denoted M. W hile the overlay histograms on the right hand side depict 
scrambled control (highlighted in red) versus mock (highlighted in green) and denoted B, scrambled 
control (highlighted in red) versus scrambled control (highlighted in green) and denoted D, 
scrambled control (highlighted In red) versus E6#l (highlighted in green) and denoted F, scrambled 
control (highlighted in red) versus E6#2 (highlighted in green) and denoted H, scrambled control 
(highlighted in red) versus E6#3 (highlighted In green) and denoted J, scrambled control (highlighted 
in red) versus E6#4 (highlighted in green) and denoted L, scrambled control (highlighted in red) 
versus E6#5 (highlighted in green) and denoted N. For this dual staining, peaks on the  le ft hand side 
represent a normal dataset (live population of cells) and any shift In the peaks to  the right represents 
the presence of a positive dataset (population o f dead apoptotic cells).
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E 6 # l  siRNA d e m o n s t r a t e d  t h e  m o s t  signif icant  c h a n g e ,  w i th  a s izeable  p o p u l a t i o n  of  

cells m i d w a y  a n d  t h e  in u p p e r  r ight  h a n d  s ide of  t h e  f l u o r o c y t o g r a m ,  r e p r e s e n t i n g  a 

p o p u la t i o n  of  d e a d  cells (Figure 3-22D).  This m o v e m e n t  of  cells w a s  m ir r o r e d  in Figure 

3-24E a n d  F; single p a r a m e t e r  h i s to g r a m  ov e r la y  wi th  u n t r e a t e d  cells w hi ch  revea l  t h e  

p r e s e n c e  of  a pos it ive d a t a s e t  (b ro ad  pos it ively s k e w e d  h is to g ra m )  of  cells s t a i n e d  w i th  

Annexin  V-FITC (Figure 3-24E) a n d  PI (Figure 3 - 2 4 F ) c o m p a r e d  t o  t h e  cont ro ls .  This 

su b s ta n t ia l  c h a n g e  in profi le o f  cells w a s  also r e f l ec ted  in t h e  b a r  c h a t  w h e r e b y ,  E 6 # l  

siRNA had  t h e  h ig hes t  p o p u la t i o n  of  d e a d  cells c o m p a r e d  t o  t h e  con t r o l s  a n d  a n y  o t h e r  

siRNA (Figure 3-23).  E6#2 siRNA also d i sp layed  a s igni ficant  c h a n g e  in f l u o r o c y t o g r a m s  

w i th  a s izeable  s m e a r  of  cells l e ad ing  f o rm  t h e  lo w e r  left  live cell p o p u l a t i o n  t o  t h e  

d e a d  cell p o p u la t i o n  (Figure 3-22E).  This t r a n s f e r  of  cells w a s  r e f l ec ted  in Figure 3-24G 

a n d  H single p a r a m e t e r  h i s t o g r a m  ove r la y  wi th  u n t r e a t e d  cells w hich  s h o w  t h e  

p r e s e n c e  of  a pos i t ive d a t a s e t  (similar t o  E 6 # l  b u t  less broadl y  s k e w e d )  of  cells s ta in e d  

w i th  Annexin  V-FITC (Figure 3-24G)  a n d  PI (Figure 3-24H)  c o m p a r e d  t o  t h e  controls .  

The  b a r  c h a r t  r e v e a l e d  E6#2 as having t h e  s e c o n d  h ig h e s t  p o p u la t io n  of  d e a d  cells 

c o m p a r e  to  t h e  con t r o ls  a n d  o t h e r  siRNAs (Figure 3-23).

E6#3 siRNA r e v e a le d  a slight  c h a n g e  in f l u o r o c y t o g r a m s  w i th  a pop u la t i o n  cells o n  t h e  

l o w e r  left h a n d  s ide  (live cells) o f  t h e  p lot  a n d  d e a d  cell p o p u l a t i o n  a t  t h e  u p p e r  right  

h a n d  s ide  of  t h e  p lot  (Figure 3-22F).  The  single p a r a m e t e r  h i s to g r a m  ove r lay  wi th  

u n t r e a t e d  cells h o w e v e r ,  s h o w  a very  smal l  p o p u la t i o n  of  cells r e p r e s e n t a t i v e  of  a 

posi t ive d a t a s e t  s t a i n e d  wi th  Annexin  V-FITC (Figure 3-241) a n d  as  well  as a di st inct  

p e a k  o f  posi t ive  d a t a s e t  s ta in e d  wi th  PI (Figure 3-24J) c o m p a r e d  t o  t h e  cont ro ls .  T h e s e  

p e a k s  w e r e  also o b s e r v e d  in t h e  b a r  c h a r t  as E6#3 siRNA having  a l m o s t  an e q u a l  

n u m b e r  of  d e a d  a n d  live cells (Figure 3-23).  E5#4 a n d  E6#5 siRNAs h ad  very  similar  

prof iles  t o  e a c h  o t h e r  (Figure 3-22G a n d  H re spe c t ive ly)  a n d  a l so  t h e  controls ,  

ind ica t ing t h a t  t h e s e  siRNAs do  n o t  ind uc e  a n y  f o rm  of  a p o p t o s i s  o r  cell d e a t h .  The i r  

s ingle p a r a m e t e r  h i s to g r a m  ove r la y  wi th  u n t r e a t e d  cells a l so  revea l  t h e  a b s e n c e  of  a 

posi t ive  d a t a s e t  s t a i n e d  wi th  An nexin  V-FITC (Figure 3-24K a n d  M respec tive ly)  and  

cells s t a i n e d  wi th  PI (Figure 3-24L a n d  M respec t ive ly)  c o m p a r e d  t o  t h e  cont ro ls ,  

con f i rm ing  t h e  a b o v e  resul t .
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3.4.5.2. Apoptosis analysis using FITC/PI DNA staining on E6#l and 
E6#2 siRNAs

From t h e  f low c y t o m e t r y  ana lys is  in Sec tion  3.3.5.1,  E 6 # l  a p p e a r s  t o  h a v e  a 

s u b p o p u l a t i o n  of  cells b e t w e e n  its live cell popu la t i o n  a n d  d e a d  cell p o p u la t i o n .  Hence ,  

a f u r t h e r  a p o p t o t i c  analys is  w a s  car r ied o u t  t o  d e t e r m i n e  if thi s  s u b  p o p u la t io n  w a s  

miss ing  t h e  ear ly a p o p t o t i c  po in t ,  w h e r e  cells w ou ld  be PI n e g a t i v e  a n d  Annexin 

pos i t ive a t  ea r l ie r  t r a n s f e c t i o n  t i m e  points .  SiHa cells w e r e  t r a n s f e c t e d  i n d e p e n d e n t l y  

w i th  E 6 # l  a n d  E6#2 siRNAs a t  2 4 h rs  and  4 8 h r s  p o s t  t r ans f ec t i on .  All a d h e r e n t  a n d  n o n 

a d h e r e n t  cells w e r e  h a r v e s t e d  a n d  s t a in e d  using Annexin  V-FITC a n d  PI dua l  s taining.  

T h e r e  w e r e  no  s u b s ta n t ia l  c h a n g e s  in t h e  a p o p t o t i c  profi le  d o t  plot  o f  t h e  u n t r e a t e d  

a n d  t r a n s f e c t e d  wi th s c r a m b l e d  cont ro l  siRNA co n t r o ls  a t  24h rs  (Figure 3-25A) a n d  a t  

4 8 h r s  (Figure 3-26A),  n e i t h e r  w e r e  t h e r e  signif icant  c h a n g e s  in b a r  c h a r t  

r e p r e s e n t a t i o n  of  t h e  n u m b e r  of  live cells and  d e a d  cells a t  24h rs  (Figure 3-25B) a n d  a t  

4 8 h r s  (Figure 3-26B).

At 24hrs ,  E 6 # l  a n d  E6#2 siRNA d o t  p lot s  s h o w  a very  similar profi le  t o  t h e  s c r a m b l e d  

c on t ro l  siRNA plot  w h e r e  m o s t  cells c o n g r e g a t e d  a t  t h e  lo w e r  left h a n d  c o r n e r  of  t h e  

p lo t  signifying live cells a n d  a n  u p w a r d  m o v e m e n t  of  cells ac ro ss  t h e  p lot  t o w a r d s  t h e  

u p p e r  r ight  h a n d  c o r n e r  w i t h o u t  an  obvious  s ignif icant  in c re ase  in t h e  n u m b e r  of  d e a d  

cells (Figure 3-25A). H o w e v e r ,  t h e  in c re ase  in t h e  n u m b e r  of  d e a d  cells is m o r e  obvio us  

in t h e  b a r  c h a r t  r e p r e s e n t a t i o n  of  t h e  p lo t  w h e r e  E 6 # l  siRNA has  tw ic e  as m a n y  d e a d  

cells as  t h e  n ega t ive  (21% t o  11% respec t ive ly)  while E6#2 siRNA has  a sl ightly sm a l le r  

n u m b e r  of  cells (17%) as  d e p i c t e d  in Figure 3-25B. The  light s c a t t e r in g  p lo t  a t  24 hr s  

(Figure 3-27A) s h o w s  a slightly d imin i shed  f o r w a r d  s c a t t e r  for  E 6 # l  a n d  E6#2 siRNAs 

a n d  u n c h a n g e d  s ide s c a t t e r  c o m p a r e d  t o  t h e  u n t r e a t e d  a n d  s c r a m b l e d  c on t ro l  siRNA.
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Sc r a m b l eNTREATED

■ Live 24 hours ■ Apoptotic 24 hours

Untreated Scrambled E6#l E6#2

Figure 3-25: Dot Plot and bar chart of apoptosis analysis on SIHa cells 24hours post E6 sIRNA 
transfection. SiHa cells seeded at 1.5x10^ cells were le ft untreated, transfected w ith  scrambled 
control sIRNA (lOnM ) or E6 targeting siRNAs E6 targeting siRNAs (E6#l, E6#2, E6#3, E6#4 and E6#5 
siRNA). 72 hours post transfection, all cells were collected (adherent and non-adherent), stained 
w ith  FITC Annexln V and PI and analysed by flow  cytom etry. The dot plots show the m ovem ent o f 
cells from  the lower le ft corner to  the upper right hand corner indicative of cells undergoing 
apoptosis (panel A). The bar chart shows the  percentage of live and apoptotic cells at 24 hours 
(panel (B). The data presented is representative o f three biological replicates.
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Sc r a m b l eNTREATED

B ■ Live 48 hours ■ Apoptotic 48 hours
120

100

Untreated Scrambled E6#l E6#2

Figure 3-26: Dot Plot and bar chart of apoptosis analysis on SiHa cells 48hours post E6 sIRNA 
transfection. . SiHa cells seeded at 1.5x10^ cells were le ft untreated, transfected w ith  scrambled 
control siRNA (lOnM ) or E6 targeting siRNAs E6 targeting siRNAs (E6#l, E6#2, E6#3, E6#4 and E6#5 
siRNA). 72 hours post transfection, all cells were collected (adherent and non-adherent), stained 
w ith  FITC Annexin V and PI and analysed by flow  cytom etry. The dot plots show the movement o f 
cells from  the  lower le ft corner to  the upper right hand corner indicative o f cells undergoing 
apoptosis (panel A). The bar chart shows the percentage o f live and apoptotic cells at 48 hours 
(panel (B). The data presented is representative of three biological replicates.
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At 48hrs, a greater shift tow ard the upper right hand side o f the plot (dead cells) is 

observed in E6#l siRNA (Figure 3-26 A) which is represented in the bar chart as an 

increase to  67% apoptotic cells (Figure 3-26B) while E6#2 siRNA has a sim ilar increase 

o f 64% dead cells (Figure 3-26B). The light scattering profile  at 48hrs also reveal a 

greatly diminished forw ard  and side scattering in E6#l and E6#2 (Figure 3-278) 

compared to  the untreated and scrambled contro l siRNA (Figure 3-27B) which is 

characteristic o f the diminished ability o f dead cells to  scatter light in both forward and 

side scatter directions and hence confirm ing cell death.
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Figure 3-27: Light scatter plot of SiHa cell line 24 and 48 hours post forward transfection technique.
SiHa cells seeded at 1.5x105 cells were left untreated, transfected w ith  scrambled control siRNA 
(lO nM ), E6#l siRNA or E5#2 siRNA. At 24 and 48 hours post transfection, all cells were collected 
(adherent and non-adherent), stained w ith  PI and analysed by flow  cytometry. The dual parametric 
dot plots combine side and forw ard scatter profiles o f the cells. The side scatter on the vertical axis 
is proportional to  cellular granularity tha t is the more granular a cell, the greater the lights scatter 
and the higher the signal detected. The forward scatter on horizontal axis is proportional to  cell size 
tha t is the larger the cell the greater the light scatter and the higher the signal detected. The data 
presented is from  one complete experim ent and representative o f three biological replicates.
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3.5. Discussion

The a im of  thi s  worl< w a s  t o  d e v e l o p  an  in vitro  s y s t e m  in which  HPV o n c o g e n e  E6 

a n d / o r  its splice f o r m s  could  b e  s u p r e s s e d  s e p a r a t e l y  f r o m  HPV o n c o g e n e  E7. This 

s y s t e m  w a s  p r o p o s e d  t o  e lu c id a t e  E5 spec if ic  fu n c t i o n s  in cervical  ca rc in og ene s i s ,  a n d  

t o  c o r r e l a t e  w i th  prev io us  w o r k  car r ie d  o u t  in thi s  lab by Dr Spi l lane w h e r e i n  t h e  

exp re ss io n  of  HPV o n c o g e n e s ,  E5 a n d  E7 w e r e  s i m u l t a n e o u s l y  s i lenced via E7 t a r g e t i n g  

siRNAs a n d  t h e r e b y  t o  provide  a b e t t e r  overa l l  u n d e r s t a n d i n g  of t h e  m e c h a n i s m  of  

t u m o u r i g e n e s i s  by e a c h  o n c o g e n e  in high risk HPV. It w a s  a lso a n t i c i p a t e d  t h a t  t h e  

e s ta b l i s h e d  s y s t e m  w oul d  t h e n  b e c o m e  t h e  f o u n d a t i o n  f o r  f u t u r e  s t u d i e s  t o  ident i fy 

nove l a nd  d is t inct  int race l lu la r  f u n c t i o n s  of  E6 a n d  E7. RNAi t e c h n o l o g y  is of  

ex cep t iona l  reproducib i l i ty  a n d  specif ici ty a n d  w a s  e m p l o y e d  dur i ng  this  s t u d y  d u e  t o  

its u se  in t h e  prev io us  w o r k  by Dr Spii lane.  it w a s  e x p e c t e d  t o  p r e s e n t  a d e l i n e a t e d  

ov e rv ie w  of  E6 a n d  E7 specif ic fu n c t io n s  in cervical  c ance r .

The  objec t ive  b e h in d  t h e  des i gn  of  t h e s e  siRNAs w a s  t o  d e l i n e a t e  E6 o n c o g e n e  f ro m  E7 

by ta r g e t i n g  varying  reg io ns  wi thin  full l e n g th  E6 a n d / o r  its spl ice fo rm s .  Severa l  p a p e r s  

h a v e  b e e n  p u bl i s he d  on  t h e  t a r g e t i n g  of  E6 a n d / o r  E7 in HPV18 or  HPV16 cell l ines 

using siRNA since t h e  first  r e p o r t  o f  t h e  s i lenc ing of  HPV i n fe c t e d  cervical c a n c e r  cells 

using siRNA in 2002 .  In thi s  s tudy ,  E6 siRNAs w e r e  d e m o n s t r a t e d  t o  specifical ly h i n d e r  

t h e  exp re ss io n  E6 a n d / o r  E6 splice f o r m  t o  which  t h e y  w e r e  t a r g e t e d  w i t h o u t  a ny  

c r o s s o v e r  e ffec t .  Five siRNAs w e r e  d e s i g n e d  t h a t  is in - h o u s e  E 6 # l  t o  t a r g e t  full l e ng th  

E6 only, E6#2 t o  t a r g e t  full l ength  E6 a n d  E5*l, E5#3 t o  t a r g e t  full l ength  E5, E6*l a n d  

E6*ll a n d  Am bio n  d e s i g n e d  E6#4 t o  t a r g e t  full l eng th  E6 a n d  E5*l and  E6#5 t o  t a r g e t  

full l ength  E5 and  par tial ly t a r g e t  E6*l a n d  E6*ll. I n -h o u se  siRNAs w e r e  d e s i g n e d  by 

mul t ip le  on l ine pred ic t iv e  too ls  in c o m b i n a t i o n  wi th  l i t e r a tu r e  cri teria whi le  A m b io n  

d e s ig n e d  siRNAs w e r e  b a s e d  on t h e i r  s i l e n c e r  se le c t  de s i gn  pro to col .  The dec i s io n  t o  

use  mul t iple  des ign  siRNAs s t r a t e g i e s  m e a n t  t h a t  a t  l e a s t  t w o  siRNAs w o u l d  be  

func t iona l  and  cou ld  b e  u s e d  t o  i m p l e m e n t  a mult ipl ici ty c o n t r o l  (Mult ipl ici ty c o n t r o l s  

b o o s t  c o n f id e n c e  in RNAi d a t a  by e s ta b l i sh in g  t w o  or  m o r e  siRNAs t a r g e t e d  t o  d i f f e r e n t  

s i t es  of  t h e  s a m e  mRNA exhibi t  s imilar  e f fec t s ) .
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A crucial a s p e c t  o f  this  s t u d y  w a s  t h e  se lec t ion  of  a s u i ta b l e  t r a n s f e c t i o n  pro t oc ol  

t e c h n i q u e  a n d  a p p r o p r i a t e  e n d o g e n o u s  cont ro l .  This w a s  t o  d o n e  t o  e n s u r e  t h e  

e l imina t ion  of  a n y  probabil i ty  of  non-spec if ic ,  o f f - ta rg e t  e f fec t s  of  t h e  siRNAs 

e m p l o y e d .  The  r e la t io nsh ip  b e t w e e n  t r a n s f e c t i o n  e ff ic iency a nd  cell de n s i ty  is an 

e s ta b l i s h e d  f a c t o r  in t h e  se le c t io n  of  a su i ta b le  t r a n s f e c t i o n  t e c h n i q u e .  The  fo r w a r d  

a n d  r e v e r s e  t r a n s f e c t i o n  t e c h n i q u e  p ro to c o ls  w e r e  initially a s s e s s e d  using a GAPDH 

pos i t ive  cont ro l  f r o m  A m bi on  w h ic h  h a d  b e e n  ex te ns iv e l y  v a l id a t ed  as an  ideal c on t ro l  

o f  slRNA e x p e r i m e n t s .  This c on t ro l  siRNA t a r g e t s  GAPDH mRNA a n d  its e f fec t s  c an  b e  

m e a s u r e d  us ing TaqMan® RT-PCR. The  r e v e r s e  t r a n s f e c t i o n  t e c h n i q u e  pr o t oc ol  w a s  

car r ied  o u t  using  prev ious ly  o p t i m i s e d  co n d i t io n s  by thi s  lab a n d  t h e s e  cond i t i on s  w e r e  

a lso re p l ic a te d  using t h e  f o r w a r d  t r a n s f e c t i o n  t e c h n i q u e  pro tocol .  GADPH siRNA 

sufficiently e n f o r c e d  t h e  s u p p r e s s i o n  o f  GAPDH mRNA (98%) in SiHa cells using t h e  

ident ical  co n d i t i o n s  fo r  b o t h  p r o to c o ls  w i th  min im al  toxici ty a n d  cell d e a t h  (Figure 3-3).

Having e s t a b l i s h e d  opt i ma l  bas ic  r e q u i r e m e n t s  fo r  f o r w a r d  a n d  r e v e r s e  t r a n s fe c t i o n  

t e c h n i q u e  pr o t oco ls ,  it w a s  d e c i d e d  t o  p e r f o r m  a r e v e r s e  t r a n s f e c t io n  t e c h n i q u e  

pro tocol  using t w o  of t h e  five d e s i g n e d  siRNAs; in - h o u s e  d e s i g n e d  E 6 # l  w h ic h  t a r g e t s  

full l engt h  E6 only and  Am bi on  d e s i g n e d  E6#5 which  t a r g e t s  full l e ng th  E6 a n d  part ial ly 

t a r g e t  E6*l a n d  E6*ll in a HPV16 in fe c te d  cervical  c a n c e r  cell m o d e l  d u e  t o  HPV16 

be ing  ident i f ied  as o n e  of  t w o  p r e d o m i n a n t  high risk HPVs in cervical  ne o p la s i a  (Goldie,  

e t  al., 2008) .  The  r e v e r s e  t r a n s f e c t i o n  t e c h n i q u e  p ro to co l  using t h e s e  t w o  siRNA fai led 

t o  provide  a c o n s i s t e n t  s u p p r e s s i o n  of  HPV E6 (Figure 3-6) o r  E7 mRNAs using t h e  

d e s i g n e d  p r i m e r s  a n d  p r o b e s  t a r g e t i n g  t h e s e  mRNAs respec t ive ly .  Hence ,  t h e  a d o p t i o n  

of  t h e  f o r w a r d  t r a n s f e c t i o n  t e c h n i q u e  p ro to co l  w h e r e b y  only a n  act ively dividing cell 

p op u la t i o n  w a s  p r e s e n t  a t  t h e  t i m e  of  t r a n s f e c t i o n  w a s  e m p l o y e d .  As no  p rev i ous  

o p t i m is a t io n s  had  b e e n  m a d e  in this  lab fo r  t h e  f o r w a r d  t r a n s f e c t i o n  t e c h n i q u e  

p ro t ocol ,  an  initial a s s e s s m e n t  w a s  p e r f o r m e d  by vary ing  s e e d i n g  c o n c e n t r a t i o n s  a n d  

t r a n s f e c t i o n  d u ra t i o n s .  A s e e d i n g  c o n c e n t r a t i o n  of  1x10^ a n d  an e x t e n d e d  d u r a t i o n  of  

72 h rs  r e s u l t e d  in a gradua l ,  c o n s i s t e n t  b u t  u n s u b s t a n t i a l  s u p p r e s s i o n  of  E6 a nd  E7 

mRNAs (Figure 3-7) in sp i t e  o f  dist inct ,  s ignif icant  m orph ol og ic a l  p h e n o t y p e s  o b s e r v e d
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in both siRNAs compared to the controls (Figure 3-8, Figure 3-9 and Figure 3-10). This 

therefore led to  the evaluation o f the endogenous control employed (B2M).

As no single control can serve as a universal endogenous control fo r all experimental 

conditions, certain qualities are o f crucial importance in the selection o f an appropriate 

control fo r an experiment. In this study, as siRNA silencing effects at mRNA level was 

to  be measured using TaqMan® RT-PCR qualities such as consistency and non

variability in expression levels to  generate accurate and reproducible data was 

essential. A panel of endogenous controls of d ifferent origins were selected and 

examined; 185 rRNA, ACTB_AB, and GAPDH in addition to  B2M to  assess the suitability 

of B2M as a control in this study. These controls were evaluated fo r significant 

variations between the control samples and w ith in  biological replicates using the same 

cDNA via Ct values (representative of the ir level o f abundance in the cells), Ct standard 

deviations (representative of the ir variability and consistency in expression levels) and 

amplification plots. 18S rRNA is an abundant RNA as it makes up 85-90% of tota l 

cellular RNA and has been shown to  be consistent in rat and liver cells, human and 

mouse malignant cell lines (Vilches-Flores, et al., 2010) (Wiebe & Lewis, 2003). Its high 

level of abundance in most cells can however, become a disadvantage to its use as an 

endogenous control when examining low-m edium expression targets as observed in 

the amplification curves in Figure 3-11 (Wei, et al., 2013). Although Ct values obtained 

for 185 rRNA were the lowest o f all four controls which suggests its abundance in SiHa 

cells, it had the second highest Ct standard deviations amongst all four controls (> 0.3) 

as depicted in (Table 3-5). High Ct standard deviations were indicative of increased 

variability which offers uncertainty as to  the true Ct value fo r the target amplicons. 

Another observation was the initial cycles being too close to the start of the PCR run 

on the am plification plot and therefore resulting in short or narrow baseline in this 

control (Figure 3 - l lA  and B). These results therefore points to  the d ifficulty of 

determ ining the RNA concentration at which 185 rRNA would provide a wide enough 

baseline, generate target gene Cts w ith 40 cycles and hence points to  its unsuitability 

for this study.
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In t h e  case of ACTB_AB however ,  it is a m ode ra te ly  expressed g ene  in m os t  cells and 

cell lines t h o u g h  its consis tency has been  ques t ioned in b las tomeres ,  canine 

myocardium,  b reas t  epithelial cells (Albershardt,  e t  al., 2012). Its ampl ification plots 

sho w th a t  initial cycles are  a t  a sufficient distance  from th e  s tar t  of t h e  PCR run with a 

wide  enoug h basel ine and normal  Ct values (Figure 3 - l l C  and  D). ACTB_AB 

never theless ,  had th e  h ighes t Ct s tanda rd  deviat ions  of all four  controls  (>0.3) Table 3- 

2 which is rep resen ta t ive  of its increased variability and obscurity of its t r u e  Ct value 

for t h e  ta rg e t  amplicons,  which lowers conf idence in dist inguishing b e t w e e n  small 

d ifferences  in t a rg e t  co nc ent ra t ions  as is required in this s tudy 's  analysis.  GAPDH is a 

co m m o n  normal iser  in qPCR ex per i m en ts  and mayb e consis tent  in m an y  cases,  ye t  it 

has  been show n to  be up-regu la t ed  in s o m e  cancerous  cells, cells t r e a t e d  with t u m o u r  

suppressor  genes ,  u nde r  hypoxia and m an g an e s e  or insulin t r e a t e d  samples .  (Everaert,  

e t  al., 2011) (Jacob, e t  al., 2013).  GAPDH displayed good Ct s tanda rd  deviat ions  values 

of <0.3 and its amplification plots show t h a t  initial cycles w e re  at  a sufficient d is tance  

f rom th e  s tar t  of th e  PCR run with a wide en ough  baseline (Figure 3 - l l G  and F), (Table 

3-5). However,  t h e s e  plots also reveal its curves  are  plateauing beyon d 40 cycles (too 

close to  t h e  end  of t h e  PCR run) which is th e  react ion limit in qPCR, due to  th e  

deple t ion in one  of t h e  react ion com ponen t s .  Thus owing to  statistical dist ribution,  a 

high level of Ct variation is p re sen t  in t h e s e  samples  as high Cts usually occurs when  

t a rg e t  quant i t ies  approach  a single copy (Ct values  of 35 to  40) h e n c e  t h e s e  samples  

possess  poor  precision and t h u s  mak e low-fold changes  difficult to  accura te ly  quantify.

B2M displayed bes t  Ct s t anda rd  deviat ions values  of <0.3 and its ampl if icat ion plots 

show  t h a t  initial cycles w e re  a t  a sufficient d is tance  from th e  s tar t  of  t h e  PCR run with 

a wide  en ough  baseline and wi thin 40 cycles (Table 3-2) (Figure 3-13E and F). These  

sugges t  B2M had most  consis ten t  expression levels wi th th e  least d e g r e e  of variability 

am o n g s t  t h e  controls.  Therefore ,  th e  analysis of t h e s e  en do g en o u s  controls  reveal a 

high level of Ct variation a m o n g s t  u n t r ea t e d  cells, mock- t ransfec ted  and scrambled 

control  siRNA t rans fec ted  cells which would inevitably give rise to  p o o re r  precision and 

s ubsequen t ly  less control t o  d e t ec t  low-fold changes  hence  none  w a s  found to  be 

b e t t e r  sui ted for t h e s e  expe r imen ts  than  B2M, consequ en t ly  B2M re m a in ed  t h e  most

162



a p p r o p r i a t e  con t ro l  fo r  th i s  s tu dy .  The  sui tabi l i ty  of  B2M for  thi s  s t u d y  w a s  f u r t h e r  

a s s e s s e d  by us ing pr im ers  a n d  p r o b e  s e t  se lec t ive  for  an  indi rect  b i o m a r k e r  of  HPV E6 

e x p r e s s i o n ,  p21 ,  w h e r e  highly significant  fold c h a n g e s  (p<0.001)  w e r e  o b s e r v e d  in 

E6#5 siRNA a n d  less s igni ficant  c h a n g e s  in E 6 # l  siRNA (Figure 3-12).

All five siRNAs E6# l ,  E6#2, E6#3, E6#4 a n d  E6#5 w e r e  t h e n  f o r w a r d  t r a n s f e c t e d  for  

7 2 h r s  us ing  prev iously o p t i m i s e d  pr o t ocol s  for  E 6 # l  and  E6#5 fo r  72hrs .  In -h ou se  

d e s i g n e d  E6#2 E6#3 a n d  A m b io n  d e s ig n e d  E6#4 d e m o n s t r a t e d  an equi v a l e n t ,  highly 

s u b s ta n t i a l ,  s i m u l t a n e o u s  r e d u c t i o n  in b o t h  E6 a n d  E7 ex p re ss io n  a t  t h e  RNA level o f  

m o r e  t h a n  70% whi le  A m b io n  d e s i g n e d  E6#5 d e m o n s t r a t e d  a n  equ iv a le n t ,  

c o n s i d e r a b l e  s i m u l t a n e o u s  re d u c t io n  in b o th  E6 a n d  E7 exp re s s io n  a t  t h e  RNA level o f  

less t h a n  70% a n d  m o r e  t h a n  70% r e spec t iv e ly  (Figure 3-13).  H o w e v e r ,  in - h o u s e  

d e s i g n e d  E 6 # l  d e m o n s t r a t e d  n o  re d u c t i o n  in b o t h  E6 a n d  E7 e x p r e s s io n  a t  t h e  RNA 

level as  it w a s  d e s i g n e d  t o  t a r g e t  full l ength  E6 only (Figure 3-13) .  The  c o n c o m i t a n t  

s i lenc ing of  HPV E6 a n d  E7mRNAs in this  s tu d y  c o r r e l a t e s  with simi la r  w o r k  in l i t e ra tu re  

d e m o n s t r a t i n g  t h a t  t h e  appl ica t ion  of  RNAi using  siRNAs t o  HPV16 or  HPV18 in fe c te d  

cervical  cell l ines r e s u l t e d  in s imi la r s u p p r e s s i o n s  (Sima, e t  al., 20 07 )  (Yamato,  e t  al., 

20 08 )  (Yoshinouchi ,  e t  al., 2003)  (Zhou,  e t  al., 20 12 )  .

It h a s  b e e n  e s t a b l i s h e d  t h a t  bicist ronic E6/E7 premRNA cons is t s  of  3 ex o n s  a n d  2 

in t r on s  w hic h  g e n e r a t e  E6 a n d  E7 via t h e  r e t e n t i o n  of  t h e  ^irst c o d o n ,  a p r e - r e q u i s i t e  

for  full l e ng th  E6 p r o d u c t i o n  o r  t h e  splicing of  th i s  in tron lead ing  t o  t h e  g e n e r a t i o n  of  

spl iced t r a n s c r i p t s  d e n o t e d  as  E6*l a n d  E6*ll (Stacey,  e t  al., 2000)  (Stacey,  e t  al., 1995) .  

It h a s  a l so  b e e n  d e m o n s t r a t e d  t h a t  E6*l mRNA is t h e  m o s t  p r e d o m i n a n t  t r a n s c r i p t  in 

high risk HPVs in vivo  a n d  in v itro  a n d  is pr imar ily re sp o n s i b l e  fo r  E7 p r o d u c t i o n  t h o u g h  

E7 c an  a l so  be  eff iciently t r a n s l a t e d  f ro m  E6 (Tang,  e t  al., 2005)  (Zheng & Baker,  2006).  

As a resul t ,  it is e x p e c t e d  t h a t  a r e d u c t i o n  in t h e  e x p re s s io n  levels  o f  E6 sh oul d  b e  t o  

t h e  s a m e  d e g r e e  as E7 w hic h  w a s  o b s e r v e d  in thi s  s t u d y  in c or re la t io n  wi th  pr ev io us  

f indings  (Figure 3-13).  To con f i rm t h e  d i ssoc ia t ion  of  t h e  a b o v e  si lencing f ro m  full 

l e ng th  E6 si lencing,  p r i m e rs  a n d  p r o b e  se lec t ive  fo r  full l eng th  E6 only w e r e  d e s i g n e d
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and used to  evaluate  all sIRNAs. E6#2 E5#3 and E6#4 also d e m o n s t r a t e d  a highly 

substant ial  reduct ion in full E6 expression a t  t h e  RNA level while E5 #l  also 

d e m o n s t r a t e d  a highly substant ia l  reduct ion of m ore  than  70%. E6#5 however ,  

d e m o n s t r a t e d  no reduction in full E6 express ion at  th e  RNA level (Figure 3-13) The 

deg re e  of suppress ion of full length  E6 mRNA in all siRNAs correlates  with previous 

finding t h a t  E6*l is th e  m o s t  d o m in an t  t ranscr ip t  (Tang, e t  al., 2006) as t h e  level of full 

length E6 suppress ion d e t e c t e d  is no t  to  the  s am e  deg ree  as th e  level of supp re ss ion of 

E6/E7 and th ough  an increase  in full length E6 express ion was  observed in E6#5, the  

majori ty of t h e  E6 ampl icons  d e t e c t e d  w e re  E6*l (Tang, e t  al., 2006).

The cellular stabil isation of t h e  p53 protein was  used to  indicate s iRNA-mediated 

suppress ion of E6 as high risk HPV E6 induces  p53 degradat ion.  Therefore ,  t h e  degree  

of full length E6 mRNA supp re ss ion  was  expected to  corre la te  with the  a m o u n t  of p53 

protein stabilised. The express ion of p21, a d o w n s t r e a m  targe t  of p53, was  assessed 

also at  th e  RNA and protein  levels t o  reaffirm p53 stabilisation. E6#l  d isplayed no 

stabil isation of p53 protein or t ransact ivat ion of p21 t ranscr ip t  at  RNA or  prote in  levels 

(Figure 3-17) while th e  remaining four  siRNAs employed  induced an accu mula t ion  of 

p53 prote in  with substantial  var ia t ions  am ongs t  t h e m  (Figure 3-17). The lack of any 

protein accumulat ion in E6#l  was  ant ic ipated  d u e  to  t h e  difficulty in obtaining 

sufficient RNA and protein  quant i t ies  72hrs  pos t  t ransfect ion as a result  of the  

drama t ic  loss of ad h e re n t  cells which w e re  required for TaqMan® RT-PCR and  w es te rn  

blot analysis. The quality of t h e  RNA obta ined from this siRNA was fu r th e r  as se sse d 

using Agilent 's 2100 Bioanalyser and its integrity found to  be  degraded  (not  shown).  

Ambion® des igned siRNAs E6#4 an d  E6#5 had t h e  g r e a t e s t  and mos t  d em o n s t r ab l e  

accumulat ion of p53, which w as  t r an s la t ed  by th e  t ransact ivat ion of t h e  p21 t ranscr ip t  

and obser ved  as p21 accumulat ion at  t h e  RNA and protein  levels. E6#4 w as  s h o w n  to 

be  m o re  effective than  E6#5 a t  both  t h e  RNA and protein  levels in p21 and  t h e  protein 

level in p53. E6#2 and E6#3 also induced reasonab le  p53 protein stabil isation which 

g e n e r a t e d  a corresponding t ransact ivat ion of p21 t ranscr ip t  in both  siRNAs and 

obser ved in p21 RNA levels. The levels of p53 protein  accumulat ion of E6#3, ho wever ,  

did no t  equal  its silencing ef fec t iveness  despi te  inducing t h e  largest reduct ion  in E7
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and E6 mRNA expression levels amongst  all five siRNAs, p21 transactivation in this 

siRNA was only observed at the  RNA level. In other words, although E6#3 and E6#2 

displayed simitar p21 transcript levels, p21 protein accumulation was only observed in 

E6#2.

In response to cellular stress such as DNA damage,  oncogene activation and hypoxia, 

p53 accumulates and regulates the  transcription of specific target  genes (Shieh, e t  al.,

1997) (Sakaguchi, et  al., 1998) (Serrano, et  al., 1997) (Paimero, et  al., 1998) (An, e t  al.,

1998). Activated p53 is also known to induce or repress the transcription of genes 

involved in cell cycle arrest, DNA repair, apoptosis,  and senescence (Rahman, et  al., 

2005) (Rahman-Roblick, e t  al., 2007). As p21 is an effector of cell cycle arrest, a 

downst ream senescent  marker was employed for additional analysis of the  siRNAs and 

the levels of (3-galactosidase activity at pH6 was used to further  assess the  lack of p21 

protein accumulat ion and validity of p53 stabilisation observed in E6#3. E6#l and E6#2 

displayed no statistically significant level of 3-galactosidase activity at pH6 (Figure 3- 

18). The absence of 3-galactosidase activity in E6#l  is as expected but the  absence of 

3-galactosidase activity in E5#2, which displayed distinct morphological phenotypes 

with over 70% reduction in E6 and E7 RNA levels, stabilisation of p53 protein in 

addition to transactivation of p21 transcript at RNA or protein levels, indicated the 

absence of the senescence process in these  cells.

Studies using DNA damaging agents  to activate p53 have shown that  in response,  the 

p53 protein is stabilised and can mediate  either apoptosis or cell cycle arrest  and that  

although the  exact mechanism of p53-dependent  apoptosis is yet  to  be full elucidated, 

p53-dependent  cell cycle arrest  has been established to  be mediated by p21 

(Yoshinouchi, e t  al., 2003) (Gartel & Tyner, 2002) (Zhang, e t  al., 2013). In these 

studies, p21 has also been shown to be a major inhibitor of p53-dependent  and p53- 

independent  apoptosis. However, in a study whereby the  non-genotoxic activation of 

p53 was employed has shown the stabilisation of p53 which also induces p21 

t ransactivation has resulted in an apoptot ic  outcome regardless of the presence of
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p 5 3 - d e p e n d e n t  a n d  p 5 3 - i n d e p e n d e n t  inh ib i tor  of  ap o p to s i s ,  p21  (Xia, e t  al., 2011) .  

F u r t h e r m o r e ,  s imi la r  o b s e r v a t i o n s  h a v e  b e e n  m a d e  in s t u d ie s  using cells t h a t  

f r e q u e n t l y  u n d e r g o  cell cycling (for e x a m p l e  m yel o g e n ic  a n d  ly m pha t ic  le uk em ic  cells) 

as  is t h e  c a se  w/ith HPV16'" SiHa cells, w h e r e i n  on c o g e n ic  E7 d y s r e g u l a t e s  cell cycle 

r e g u l a t o r  Rb. T h e s e  cells w e r e  r e p o r t e d  t o  be  in d u c e d  t o  u n d e r g o  a p o p t o s i s  via 

p r o t e a s o m e  inhibi t ion,  a c c o m p a n i e d  by t h e  a c c u m u la t i o n  of  c y c l i n - d e p e n d e n t  kinase  

inh ibi tors a n d  t u m o u r  s u p p r e s s o r  p ro te in  p53  (Lopes, e t  al., 1997)

(An, e t  al., 1998)  (Maki,  e t  al., 1996)  (Blagosklonny,  e t  al., 1996)  (Naujoka t ,  e t  a!., 

2000 ).

HPV o n c o g e n e s  E6 a n d  E7 m e c h a n i s m  of inst iga t ing  cervical  dysp lasia is via d i s ru p t ion  

of  t h e  t u m o u r  s u p p r e s s o r  p r o t e i n s  p53  a n d  Rb. It is t h e r e f o r e  possible  t h a t  t h e  reversa l  

o f  HPV's o n c o g e n e s i s  via E6 a n d  E7 s ilencing by E6#2, m a y  ha ve  ins t ig a t ed  a n o n -  

g e n o t o x i c  ac t iva t io n  of  p53,  caus in g  its a c c u m u l a t i o n  a n d  t r a n s a c t i v a t i o n  of  p 21  a t  RNA 

a n d  p ro te in  level.  This ac t iva t i on  m a y  h a v e  also possibly t r ig ge re d  p r o t e a s o m a l  

inh ibi t ion w hi ch  w o u l d  re su l t  in t h e  a c c u m u l a t i o n  of  cel lular  p r o te in s  wi th  t h e  

induc t ion  of  cell d e a t h  via a p o p t o s i s .  This w a s  f u r t h e r  e v a l u a t e d  by a p o p t o t i c  Annexin  

V-FITC/PI s ta in ing  a n d  cell cycle PI s ta in ing  (Figure 3-22 Figure 3-23 a n d  Figure 3-24).  

E6#3, E6#4 a n d  E6#5 converse ly ,  d e m o n s t r a t e d  an e x t r e m e l y  stat i st ical ly s ignif icant  

i n c re ase  in t h e  level o f  |3 -ga lac tos idase  act ivi ty a t  pH6 wi th  p va lue s  of  <0 .00 01 a n d  

w i th  E6#4 displaying t h e  h ig h e s t  levels o f  act ivi ty as  e x p e c t e d .  From t h e s e  resu l t s ,  it 

b e c a m e  m o r e  e v i d e n t  t h a t  E6#4 a n d  E6#5 w e r e  possibly induc ing  s e n e s c e n c e  a n d  this  

w a s  f u r t h e r  e v a l u a t e d  by Annexin  V-FITC/PI s ta in ing  a n d  cell cycle PI s taining.

E6#3 p o r t r a y e d  su bs ta n t ia l ly  r e d u c e d  E6 mRNA e x p re s s io n  signifying p53 s tabi l i sa t ion ,  

p 21  t r a n s a c t i v a t i o n ,  s ign if icant  (3-ga lactos idase act ivi ty a n d  dis t inc t  m or pho lo gi ca l  

p h e n o t y p e  w i th  m i n o r  cell d e a t h .  H o w e v e r ,  t h e  a b s e n c e  of  t h e  p21  p r o te in  could  be  

e xp la in e d  as E6#3 m a y  n o t  h a v e  a t t a i n e d  its m a x i m u m  activi ty w h e r e b y  t h e  

t r a n s a c t i v a t i o n  of  p21  a t  RNA level h a s  n o t  b e e n  t r a n s l a t e d  t o  t h e  pr o te in  level.  This 

w a s  f u r t h e r  s u b s t a n t i a t e d  by Annex in  V-FITC/PI s ta in ing  a n d  ceil cycle PI staining .
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St ud ie s  using siRNAs h a v e  s h o w n  t h a t  s i l encing of  E6 and  E7 e x p re s s io n  is a d e q u a t e  to  

c a u s e  g r o w t h  s u p p r e s s i o n  of  H PV -m e d ia t e d  c a n c e r  cells (Yoshinouchi ,  e t  al., 2003)  

(Jiang & Milner,  2005) .  T h r e e  of  t h e  five siRNAs e m p l o y e d ,  in d u c e d  a r e d u c t i o n  in 

cel lular  p ro l i fe ra t ion  w hic h  w a s  a s s o c i a t e d  wi t h  an  in c r e a s e  in cell n u m b e r s  in t h e  G1 

p h a s e  of  t h e  cell cycle a n d  a d e c r e a s e  in t h e  S p h a s e .  Ambion® d e s i g n e d  siRNA, E6#4 

a n d  E6#5 ha d  highly p r o n o u n c e d  e f f ec t s  wi th  S p h a s e  be ing  a l m o s t  en t i re ly  

ann ih i la te d .  This w a s  similarly r e f le c t ed  by a n  i n c re a s e  in G1 a r r e s t  m i r r o r e d  by t h e  

c h a n g e s  in cel lular  m o r p h o l o g y  in t h e s e  cells. E6#4 a n d  E6#5 t r a n s f e c t e d  cells 

d i s p l ayed  m o r p h o l o g i e s  of  l arge  f l a t t e n e d  cells. The  f o r w a r d  a n d  s ide  s c a t t e r  profi les 

of  E6#4 a n d  E6#5 t r a n s f e c t e d  cells a l so  i nd ic a te d  in c r e a s e d  size a n d  gr anu lar i ty  

respect ive ly ,  f u r t h e r  con f i rm in g  t h e  i nd uc t i on  of  s e n e s c e n c e  in t h e s e  cells. In addi t io n ,  

t h e  ann ex in  V-FITC a n d  PI ana lysi s  p e r f o r m e d  re v e a le d  t h e  a b s e n c e  of  a signi ficant  

a p o p t o t i c  profi le of  cells a n d  d e m o n s t r a t e d  a shif t  in t h e  f l u o r e s c e n t  p rof i le  of  b o t h  

E6#4 a n d  E6#5. This shif t  in f l u o r e s c e n c e  w a s  as c r ib ed  t o  t h e  h i gher  f l u o r e s c e n t  n a t u r e  

of  s e n e s c in g  cells, in o t h e r  w o rd s ,  a u t o f l u o r e s c e n c e  of  E6#4 a n d  E6#5 t r a n s f e c t e d  cells.

E6#3 siRNA disp layed  t h e  m o s t  d i s t inc t ive  profi le in ce l lular  p ro l i fe ra t ion .  It w a s  

c h a r a c t e r i s e d  by a d o u b l e  p e a k  in G1 a r r e s t  (Figure 3-20)  wi th  a s u b s e t  o f  a p o p t o t i c  

cells which  w a s  a lso  r e f le c ted  in its m or phol og ic a l  p h e n o t y p e  of  r o u n d e d  ref ract i le  

cells. This p h e n o t y p e  a l t h o u g h  d i f f e r e n t  f ro m  n o rm a l  s e n e s c e n t  cells h a s  b e e n  

r e p o r t e d  in t h e  l i t e ra tu re  as o n c o g e n e - i n d u c e d  s e n e s c e n c e  (OIS) in vitro, t h o u g h  OIS 

m e c h a n i s m s  d o  n o t  s e e m  to  b e  un ive rsa l  a c ro s s  cell t y p e s  a n d  g e n e t i c  c o n t e x t s  

(Ser rano ,  e t  al., 1997)  (Pa lm ero ,  e t  al., 1998 )  (Vredeveld,  2009)  (Seoane ,  e t  al., 2008)  

(Kuliman,  e t  al., 2010) .  Normally in t h e s e  cell t y p e s ,  o n c o g e n i c  s igna ls  resu l t  in OIS t o  

p r o t e c t  a ga in s t  c a n c e r  d e v e l o p m e n t ,  s a f e g u a r d  g e n o m e  in tegri ty  a n d  ac t iv a t e  DNA 

d a m a g e  r e s p o n s e  (DDR). T h e r e f o r e  t h e  ind uc t io n  of  s e n e s c e n c e  ac t s  as  a b ar r i e r  

ag a in s t  t u m o u r  p ro g r e s s io n  (S eo an e ,  e t  al., 2008 ) .  T h e o r ie s  t h a t  explain t h e  i m p a c t  of 

s e n e s c e n c e  can  b e  broadly  c a t e g o r i s e d  into p r o g r a m m e d  a n d  s t o ch as t ic  t h e o r i e s  

w h e r e b y ,  e a c h  t h e o r y  a t t r i b u t e s  a d i f f e r e n t  c a u s e  t o  c h a n g e s  in g e n e  ex p re ss io n  t h a t  

a f fec t  biological s y s t e m s .  P r o g r a m m e d  t h e o r i e s  s u g g e s t  biological clocks; t h a t  is 

s y s t e m s  r e s p o n s ib le  fo r  m a i n t e n a n c e ,  r e p a i r  a n d  d e f e n c e  r e s p o n s e s  as t h e  basis  for
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aging (h o r m o n a l  signall ing) whi le  s t o c h a s t ic  t h e o r i e s  s u g g e s t  c u m u l a t i v e  d a m a g e  of 

e n v i r o n m e n t a l  f ac to r s  su ch  as  f r ee  radicals  (Rat tan ,  2006) (Gavri lova,  e t  al., 2012)  

(Lawler,  2011) .  T h e s e  cells di splay  classical s e n e s c e n t  ch a ra c te r i s t ic s  of  loss of  

pro l i fe ra t ion ,  m or ph o lo g ica l  c h a n g e s ,  in c r e a s e d  SA-3-GAL activity,  r ise in t h e  levels of  

DDR m a r k e r s  (Myc,  Ras, Cdc, E2F, cyclin E) and  rise in cell cycle inh ib i tors  (pl6'^'^'‘*, 

p^^iNK4B  ̂ p21^i^i a n d  p 5 3  (Kuliman,  e t  a!., 2010) .  H ow eve r ,  E6#3 cells b e c o m e  small  a n d  

ref rac t i le  i n s te a d  of  a d o p t i n g  large a n d  flat m o r p h o l o g y  a n d  t h e y  d o  n o t  a r r e s t  strictly 

in G l ,  b u t  a lso  in G 2 / M .  (Vredeve ld ,  2009) .  It is t h e r e f o r e  p r o b a b l e  t h a t  E6#3 is 

induc ing  s imila r r e s p o n s e s  in t h e s e  cells. Similarly, E6#3 d is p l aye d  t h e  shift  in 

f lu o r e s c e n c e ,  o b s e r v e d  in E6#4 a n d  E6#5 t r a n s f e c t e d  cells.

No s ignif icant  c h a n g e s  in cell p ro l i fe ra t ion  w e r e  o b s e r v e d  for  E 6 # l  a n d  E#2. Howe ve r ,  

t h e s e  siRNAs d is p la yed  t h e  m o s t  d r a m a t i c  a p o p t o t i c  profile us ing Annex in  V-FITC/PI 

sta ining.  As initially su r m is e d ,  E 6 # l  t r a n s f e c t e d  cells w e r e  u n d e r g o i n g  h ighly significant  

cell d e a t h ,  a l t h o u g h  t h e  n o rm a l  p ro g r e s s io n  s e q u e n c e  o b s e r v e d  in cell d e a t h  via 

a p o p t o s i s  w a s  no t  w i t n e s s e d .  E6#2 a lso d i sp layed  signi ficant  cell d e a t h  w i th  a less clear  

p ro g re ss io n  of  cell d e a t h  via a po pt os i s .  24  a n d  4 8 h o u r  p o s t  t r a n s f e c t i o n  profiles 

h o w e v e r ,  conf i rm a p ro g re s s io n  in to  a p o p t o s i s  by t h e s e  siRNA wi th  g r a d u a l  i n c rea se  in 

t h e  n u m b e r  of  d e a d  cells f r o m  24  t o  48h rs .  A c lear  shi ft  o f  t h e  m a j o r  high fo rw ard  

s c a t t e r / l o w  s ide s c a t t e r  p o p u la t i o n  t o  t h e  low fo r w a r d  s c a t t e r  /  high s ide s c a t t e r  

p o p u la t i o n  cha rac t e r i s t i c  o f  a p o p t o t i c  cells w a s  also o b s e r v e d  in E 6 # l  a n d  E6#2.

The  resu lt s  o f  thi s  c h a p t e r  es tab l i s h  t h a t  t a r g e t i n g  of  t h e  HPV E6 viral o n c o g e n e s  

ind uc es  cell cycle a r r e s t  a n d  pot en t ia l ly  cel lular  s e n e s c e n c e  as  well  as  a p o p t o s i s  as 

r e p o r t e d  by (Bar t le t t  & Davis, 2006 )  (Jiang & Milner,  2005)  (Zhou,  e t  al.,  2012).  

F u r t h e r m o r e ,  t h e s e  f ind ings a d v o c a t e  t h e  m o d e l  of  RNAi t h e r a p y  a n d  s u p p o r t  its 

po te n t i a l  app l ic a t ion  in t h e  t r e a t m e n t  of  HPV m e d i a t e d  cervical  c a n c e r s  ove r  

t rad i t ion a l  non-HPV t h e r a p i e s .
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Chapter Four

Differential gene expression analysis
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4. Differential gene expression analysis 

4.1.Introduction

HPV is t h e  m o s t  impor tan t  fac tor  in t h e  d isease  pathogenesis  of cervical cancer.  

Cervical cance r  remains  an avoidable ,  increasingly c o m m o n  cause  of d ea th  in w o m e n  

worldwide,  p re ceded  by a long pre-invasive d isease  phase known as cervical 

int raepithel ial  neoplasia (CIN) (Behtash  & Mehrdad,  2006).  Efforts to  reduce  cervical 

cance r  incidence have involved t h e  adop t ion  of  screening and vaccination prog ram m e s  

by s o m e  mid to  high income coun tr ie s  (Lynge, e t  al., 2009).  However,  poor  accesses  to  

such in especially low and s o m e  mid income countr ies  t h a t  make up a significant 

propor t ion of d isease  bu rd en has  resul ted  in observed  increasing ra tes observed 

worldwide in 2012 re po r t ed  by lARC (Ferlay, e t  al., 2013).

Although a s t e p  in the  right di rec tion,  a n u m b e r  of i ssues still convey t h a t  vaccinat ion is 

not  t h e  silver bullet.  Age caps  for vaccinat ion d u e  to  decline in cost -ef fec tiveness  for 

HPV vaccinat ion above 26 years  m ean s  it is not of fered to  older w o m e n  w h o  still fall 

within th e  highes t  risk group (18-30 years).  These w o m e n  could benef i t  f rom being 

vaccinated  as  well as potent ial ly p re v en t  a significant bu rd en of disease.  Also, despi te  

repor ts  f rom clinical trials, t h e  exact  dura t ion of vaccine protec t ion is unknown.  Hence,  

potent ia l  risks still exist for t h e  vaccinated  populat ion.

Hence,  vaccinat ion does  no t  n e g a t e  t h e  need for pap sm ea r s  and is still en c oura ged  at 

regular  intervals in vaccinated  w o m e n  (same guidelines as w o m e n  wh o have no t  been  

vaccinated).  The e m e r g e n c e  of o t h e r  possibly cance r  causing high-risk HPV types  (HPV 

31, 33, 35, 39, 45, 51, 52, 56, 58 and 66) for which both  vaccines have no cross 

pro tec t ion is also a cause  for  concern .  Finally, vaccinat ion is a preven ta t ive  measu re  

hen ce  it is of no benef i t  t o  w o m e n  with pre-exist ing condi tions or infected w o m en  

wi th cervical cancer.  Therefore ,  desp i t e  t h e  availability and th e  benefits  of prophylactic 

vaccines ,  it is still necessary  t o  t h e  elucidate  m echan i sm s  involved in HPV-induced 

carc inogenesis  du e  t o  t h e  w id esp read  natur e  of HPV infections and to  develop 

ef fective intervention opt ions  in t h e s e  wom en .
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o t h e r  issues such as compet ing health priorities,  i n ad eq u a te  nu m b ers  of t ra ined 

providers,  insufficient financial resources  and  w/eak health  sys tems  are  jus t  s o m e  of 

t h e  i ssues com pounding  cervical cancer  in t h e s e  countr ies  (Poljak, 2012).

Therefore ,  th e  dev e lo p m e n t  of novel technologies  potent ial ly offers a com pre hens ive  

ap p roach  to  tackling cervical cancer .  This app roach how ever ,  mus t  ac t  across t h e  life 

course  of HPV via its natural  history to  identify oppor tunis t ic  ins tances,  in t h e  re levant  

age  groups  to  deliver effective t r e a t m e n t s  (Ault, 2006).  In spite of t h e  promise  of 

prophylact ic vaccines in addit ion  to  cu rrent  screening m e thods ,  no effective m e a n s  of 

HPV t ransmiss ion prevent ion o r  cures for clinical mani fes ta t ion  ar e  available. The 

cu rren t  m e t h o d  of clinical s eq u e la e  involving t h e  removal  of abnormal  cells and 

s u b s e q u e n t  surveillance for reoccurrence  has  reaffi rmed th e  evident  need  for novel 

b iomarkers  (Ault, 2006).  This never theless ,  can only be  achieved by a b e t t e r  

unde r s ta nding of th e  molecular  activities of o n c o g e n es  (HPV E6 and E7) w h o s e  

overexpress ion drive mal ignancy (Morrison,  e t  al., 2011).  These o n co g e n e s  work 

synergistically to  inhibit apoptos is  and induce genomic  instabilities via t h e  abrogat ion 

of ceil cycle checkpoints  and ch romosom al  r e a r r a n g e m e n t s  (Park, e t  al., 1995) (Plug- 

DeMaggio,  e t  al., 2004).

DNA microarray  technology offers large scale gene  express ion analysis t h a t  enables  th e  

examinat ion of t hou sands  of g en e s  a t  a given t ime while reverse  genet ics  involves t h e  

a s s e s s m e n t  of a gene ' s  funct ion via t h e  a s s e s s m e n t  of d o w n s t r e a m  effec ts  of its 

d is ruption (Tseng, e t  al., 2012).  W he n  combined,  reverse  genet ics facil itates a 

compr ehens ive  approach  to t h e  examinat ion of t h e  d o w n s t r e am  effects d u e  to  gene 

modificat ions  and the re by  enables  t h e  elucidation of t h e  function of such genes .  The 

reliance of HPV on overexpress ion of E6 and E7 which ab r o g a te  t u m o u r  s uppre sso r  

prote ins  wi thout  damaging cellular machine ry  facilitates t h e  use of RNAi (Tan, e t  al., 

2012).  This technology has been  emp loyed  to  examine E6 and E7 activities via RNAi 

and ec topic expression of E2 (Jiang & Milner,  2005) (Morr ison,  e t  al., 2011) (Sima, et  

al., 2007) (Yamato,  e t  al., 2008) (Zhou, e t  al., 2012) (Smith, e t  al., 2010) (Jeong, e t  al., 

2004) (Demere t ,  e t  al., 2003).  Hence,  t h e  combinat ion of t h e se  a p p ro a ch e s  and 

functional taxo no my of differentially ex p res sed  gene s  aids t h e  elucidation of t h e  role
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of  t h e s e  o n c o g e n e s  in d i s e a s e  ca rc in ogen es is ,  in addi t io n  t o  po ten t ia l ly  de l iver ing  

b i o m a r k e r s  t o  assi s t  in d iagnos is  a n d  t r e a t m e n t  of  cervical cancer .

4.2.Chapter aim

T h e  a im of this  c h a p t e r  w a s  t o  d e t e c t  cel lular  t a r g e t s  in f l uenced  by t h e  act ivi ty of  

HPV16 E6 a t  t h e  t r a n s c r i p t o m e  level via g e n o m e  wid e  e x p r e s s io n  analysis .  This ana lys is  

w a s  a ch ie ved  via e v a lu a t io n  of  c o n c o m i t a n t l y  s i lenced  E6 a n d  E7 o n c o g e n e s  72 h rs  p o s t  

f o r w a r d  t r a n s f e c t i o n  p ro to c o l  us ing  E6 t a r g e t i n g  siRNA in a SiHa cervical  cell l ine 

m o d e l .  The  appl i ca t i on  of  t h e s e  qua l i ty  con t ro l  v a l i da te d  k n o c k d o w n  s a m p l e s  t o  

Affymetr ix GeneChip® m ic roa r r ays ,  e n a b l e d  a c o m p r e h e n s i v e  analysi s  of  g e n e  

ex p re ss io n  c h a n g e s  t h a t  a r i se o n  s i lencing E6 a n d  E7.
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4.3.Materials and Methods 

4.3.1. Sample and RNA preparation

Total  RNA f r o m  t h e  HPV16 pos i t ive SiHa cervical  cell line w a s  e m p l o y e d  for  p a r t  of  this 

s tudy.  S a m p l e s  e m p l o y e d  w e r e  f r o m  t h e  va l id a te d  72h rs  p o s t  f o r w a r d  t r a n s f e c t i o n  

pro tocol  (d e s c r i b e d  in s ec t io n  3 .4.2  t o  sec t ion  3.4.5)  us ing f o u r  biological  rep l ica tes  

wi t h  E6#2 siRNA a n d  t h r e e  biological  rep l i ca te s  t r a n s f e c t e d  wi th  s c r a m b l e d  cont ro l  

siRNA a n d  E6#4 siRNAs. The  f o r w a r d  t r a n s fe c t i o n  pr o to co l  w a s  ut i l ised as  RNA of 

b e t t e r  qua l i ty  w a s  o b t a i n e d .  E5#2 a n d  E6#4 siRNAs t a r g e t  s imilar  re g i ons  of  t h e  E6 

mRNA t r a n s c r i p t  ( 3 ' e n d  of  b o t h  E6 a n d  E6*l) a n d  ind uced  v e r y  d i f f e r e n t  p h e n o t y p e  

c h a n g e s  of  cell d e a t h  a n d  s e n e s c e n c e  respec t ive ly .  Total  RNA w a s  i so la ted  using 

Amb ion  MirVana  isolat ion kit ( sec t ion  2.3.3.1);  DNase  d i g e s t e d  ( sect ion 2.3.3.2)  a nd  

purif ied us ing  t h e  Q iagen  RNeasy  mini kit (as p e r  t h e  m a n u f a c t u r e r ' s  ins t ruc t ions) .  The  

q u a n t i ty  a n d  pur i ty  of  RNA w a s  d e t e r m i n e d  using t h e  NanoDrop® ND-2000 

s p e c t r o p h o t o m e t e r  ( sec t ion  2.3.3.3.1)  a n d  t h e  in tegri ty  ver i f ied us ing t h e  Agi lent  21 0 0  

b i o an a ly se r  ( sec t ion  2.3.3.3.2)

4.3.2. Affymetrix GeneChip® Gene 1.0 ST microarray

For this  ana lysi s ,  1 5 0n g of RNA f r o m  e a c h  s a m p l e  w a s  r e v e r s e  t r a n s c r ib e d ,  f r a g m e n t e d  

an d  biot in labe l led fol lowing  m a n u f a c t u r e r ' s  ins t ruc t ions .  Single s t r a n d e d  f r a g m e n t e d ,  

biot in label led  DNA w a s  t h e n  hybr id i sed  t o  GeneChip® H u m a n  G e n e  1.0 ST Arrays  

(Affymetrix,  CA, USA) a n d  s c a n n e d  o n  an  Affymetr ix GeneChip® S c a n n e r  3 0 0 0  7G 

(Affymetrix,  CA, USA). A to ta l  of  n ine m ic ro a r r ay  e x p e r i m e n t s  w e r e  p e r f o r m e d  

cons ist ing of  t h r e e  biological r ep l ic a t es  of  t r a n s f e c t e d  w i th  s c r a m b l e d  con t ro l  siRNA, 

E 6 # 2 a n d  E6#4 siRNAs.
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4.3.3. Quality control

Quality controls were assessed using the Expression Console (EC) software 

(Affymetrix, CA, USA) to  identify outlying microarrays. This involved the visual 

inspection of array images for hybridisation artefacts and for the performance of the 

positive hybridisation control, B2 oligo. Subsequent analysis was then based on quality 

control metrics generated by the EC software via its calculation of various quality 

assessment metrics. Probe intensities were summarised into probeset intensities using 

the Robust M ultip lechip Analysis (RMA) summarisation method and both were used 

for quality assessment metrics. A brief outline of the different quality control metrics, 

the ir meanings and functions are given below.

I. Probe Level Metrics: This quality assessment metric is based on the probe signal 

level data.

a. pm_mean is the mean of the raw intensity fo r all of the perfect match (PM) 

probes on the array prior to any intensity transformations (for example 

quantile normalisation, RMW style background correction). pm_mean value 

can be used to  determine whether certain arrays are unusually dim or bright. 

Dim or bright arrays may not be a problem per se but give an indication fo r a 

closer inspection o f the probeset based metrics is required to  ensure no 

further irregularities are not present such as unusually high median absolute 

deviation of residuals and unusually high mean absolute relative log 

expression values when looking w ith in replicates.

II. Probeset Summarisation Based Metrics: This set o f metrics is based on the 

summarised probeset intensities. The m ajority o f these metrics are performed 

for d ifferent categories of probesets; fo r example the hybridisation or "bac 

spike" controls.

a. pos_vs_neg_auc is the area under the curve (AUC) fo r a plot comparing 

signal values fo r the positive controls to  the scrambled control siRNAs. The 

ROC curve is generated by assessing how well the signals separate the 

positive controls from  the scrambled control siRNAs, w ith the postulation 

tha t the scrambled control siRNAs are a measure o f false positives and the 

positive controls are a measure of true positives. An AUC of 1 reflects perfect
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separation, whereas, as an ADC value of 0.5 would reflect no separation. 

Expected value fo r this metric is tissue type specific and may be sensitive to 

the quality of the RNA sample as values between 0.80 and 0.90 are typical.

b. X_probesets is the number of probesets analysed from  category "X and can 

be useful in identifying those metrics based on a very lim ited number of 

probesets (for example, bacterial spikes) versus those based on a large 

number of probesets (for example All or positive controls).

c. X_mean is the mean signal value fo r all the probesets analysed from  category 

"X".

d. X_mad_residual_mean is the mean of the absolute deviation o f the residuals 

from the median, fo r all probesets analysed from category "X". Different 

probes return to  d ifferent intensities when hybridised to a common target. 

To account fo r these relative differences in intensity, the RMA and FILER 

algorithms creates a model fo r individual probe responses. The difference 

between the actual signal intensity value and the predicted value is the 

residual. If the residual for a probe on any given array is very different from 

the median, it means that it is a poorer f it  to  the model. Hence, calculating 

the mean o f the absolute value of all the deviations yields a measure o f how 

well or poor all of the probes on a given array f it  the model. An unusually 

high mean absolute deviation o f the residuals from  the median is suggestive 

of problematic data fo r that array.

e. X_rle_mean is the mean absolute relative log expression (RLE) fo r all the 

probesets analysed from  category "X". This metric is generated by taking the 

signal estimate fo r a given probeset on a given array and calculating the 

difference in log base 2 from the median signal value of tha t probeset over all 

the chips. This mean is then computed from  the absolute RLE fo r all the 

probe sets analysed from category "X". When only replicates from a cell line 

are analysed together, the mean absolute RLE should be consistently low, 

reflecting the low biological variability o f the replicates.
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III. Probeset signals as quality metrics: These sets of quality assessment metrics 

are individual probe set signal values fo r various controls. These include the 

bacterial spike and polyA spike probesets. The main use in looking at specific 

probeset values is to  determine if expected behaviours for these probesets are 

observed, tha t is constant expression levels fo r housekeeping genes, rank order 

of signal values between spike probe sets.

IV. Probeset Categories: From the above descriptions, many o f the quality 

assessment metrics, values are reported not just for the entire probe sets 

analysed, but also fo r particular subsets o f probesets. Hence, this can be useful 

when troubleshooting a poorer perform ing sample as described below.

a. all_probeset is all the probe sets analysed. In most cases, this category is the 

bulk of probesets tha t w ill be carried in to downstream statistical analysis. 

Thus the metrics reported fo r this category w ill be the most representative of 

the quality of the data being used downstream.

b. bac_spike is the set o f probesets which hybridise to  the pre-labelled bacterial 

spike controls (BioB, BioC, BioD, and Cre). This category is useful in identifying 

problems w ith  the hybridisation and/or array. Metrics in this category have 

more variability than other categories (that is, positive controls, all 

probesets) due to  the lim ited number of spikes and probesets fo r this 

category.

c. polya_spike is the set of polyadenylated RNA spikes (Lys, Phe, Thr, and Dap). 

This category is useful in identifying problems w ith  the target preparation. As 

w ith the bacterial spike controls, metrics in this category have more 

variability than o ther categories due to  the lim ited number o f spikes and 

probesets fo r this category.

d. neg_control is the set o f putative intron-based probesets from  putative 

housekeeping genes. Several species-specific probesets were selected against 

putative intronic regions in genes tha t were previously shown to  have 

constitutive expression over a large number o f samples. Thus in any given 

sample, some (or many) of these putative intronic regions may be 

transcribed and retained. These probesets form  a reasonably large collection
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which general ly has very low signal values  and a r e  used to  e s t im a te  t h e  false 

positive ra te  for t h e  po s_v s_neg_auc metric,  

e. pos_control  is th e  se t  of putat ive  ex on-bas ed  probe se ts  f rom puta t ive  

ho usekeeping  genes .  Several  species-specific p r o b e s e t s  w e re  se l ec ted  agains t 

t h e  puta t ive exonic regions in t h e s e  genes  as they  w e re  previously sh ow n  to  

have  const itutive express ion over  a large n u m b e r  of samples .  These  

p ro be se t s  form a reasonably  large collection of p r o b e s e t s  with t a rg e t  p re sen t  

which generally have m o d e r a t e  to  high signal values .  These  p ro b ese t s  are  

us ed  to  es t im at e  t h e  t ru e  posit ive ra te  for t h e  pos_v s_neg_a uc metric.

4.3.4. Microarray data analysis

Microarray  data  analyses  and com par isons  w e r e  ex ecu ted  using Bioconductor 

sof tware  libraries (w w w .b iocon du c to r .o rg ). The oligo package (Carvalho & Irizarry, 

2010) w as  used  to  import  da t a  f rom  CEL files and c o m p u t e  RMA express ion values  

(Irizarry, e t  al., 2003) (Bolstad, e t  al., 2003) (Irizarry, e t  al., 2003).  The overview box 

plot of t h e  RMA expression values  w a s  plot ted using m a d e 4  (Culhane,  e t  al., 2005).  

Differential express ion analysis of  t h e  RMA express ion values  was  per fo rm ed  using 

RankProd (Breitling, e t  al., 2004),  a non-pa rametr ic  statistical m e th o d  for identifying 

significantly de-regu la ted  g en e s  based  on t h e  e s t im a te d  p e rcen tage  of false 

predic t ions  o r  False Discovery Rate (FDR). The RankProd m e t h o d  has b ee n  sh o w n  to  

perform well in cases  w he re  d a ta se t s  had low num bers  of samples  or high levels of 

noise (Jeffery, e t  al., 2005). De-regula ted  genes  w e r e  identified as th o se  wi th a log- 

bas ed fold-change in expression value  of 1.0 or  more ,  using a significance t h re sho ld  p- 

value of 0.05,  adjus ted  for mul tiple tes ting.  Gene anno ta t ion  w as  provided by annaffy  

(Smith, 2010).  Hea tmaps  we re  d rawn using gplots (Warnes,  e t  al., 2014).
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4.3.5. Target gene list analysis

The online d a t a b a s e  DAVID 6.7 (Database  for Annotat ion,  Visualisation and Integra ted  

Discovery 2013) (Huang, e t  al., 2009) (Huang, e t  al., 2009) w as  used to  ca tegor ise 

g en e s  according to  the i r  funct ions  and pathways.  This d a t a b a s e  methodical ly maps  a 

large n u m b e r  of genes  of in teres t  in a list to  the  associa ted  biological anno ta t ion (gene 

ontology terms)  and statistically points  ou t  t h e  mos t  o v e r r e p r e s e n t e d  (a b u n d an t  or  

enr iched) biological annota t ion  o u t  of  t h o u s a n d s  of linked t e r m s  and contents .  The 

unique fe a t u re  of  DAVID is its knowledgebase ,  which is based  on m o re  than 20 g ene  

identifier types  and m o re  th an  40 functional  anno ta t ion ca tegor ies  from dozens  of 

h e t e r o g e n e o u s  public da taba ses ,  including Kyoto encyclopaedia of genes  and g e n o m e s  

(KEGG) and PANTHER which simplifies ontology of protein  funct ion by biological 

functions.  DAVID's anno ta t ion data  is comprehensively  in teg ra ted  by a distinctive 

single linkage me thod .  These  40 anno ta t ion  ca tegor ies  include GO terms,  pro te in-  

protein interact ions,  protein  functional domains,  d isease  associa tions,  b io-pathways ,  

s eq u e n ce  genera l  fea tures ,  homologies ,  g en e  functional  summar ie s ,  g ene  t i ssue  

express ions and l iteratures.
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4.4.Results

4.4.1. Microarray quality control

4.4.1.1. Quality control for RNA utilised in microarray gene expression 
analysis.

The quality of extracted RNA is highly important in whole genome gene expression 

analysis, as RNA of low or even moderate quality can result in variable or un

interpretable data. Hence, to avoid these issues, the purity and quality (integrity) of 

extracted RNA was established using NanoDrop®ND-100 and the Agilent 2100 

Bioanalyser, respectively. Purity was determined by the 260/280 ratio of extracted 

RNA samples, where values between 1.9 and 2.1 were considered pure from 

contaminants, such as phenol and chloroform (Table 4-1). All samples employed in this 

study fell w ith in this range and hence were considered to be of high quality. The RNA 

integrity of these samples was evaluated via visual assessment of their 18S and 28S 

RNA bands on a gel image (Figure 4-1) and review of the calculated RIN numbers 

(Table 4-1), as outlined in section 2.3.3.3.2. For this study. Figure 4-1 depicts the high 

quality and minimal degradation of each sample employed. In addition, the RIN 

numbers of all samples were all above 7. Therefore, as all samples met both the purity 

and quality criteria they were judged of satisfactory quality for use in the resultant 

microarray experiments.
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Table 4-1: Table of 260/280 ratios and RIN numbers. This table shows the 260/280 ratios and RIN 
numbers of RNA samples demonstrating suitability fo r m icroarray analysis. As a result o f dry patches 
observed in one of the E6#2 replicates during the hybridisation and washing steps o f the m icroarray 
experiment, a fourth  replicate was employed.

2.12 8.3

2.02 9.8

2.05 9.3

2.02 7.1

2.06 8.1

2.05 10

2.01 9

2.06 8

2.07 10

1.98 10

■ a * -

■4000

2 0 0 0

1000
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L 1 2 3 4 5 & 7 8 9  10

Figure 4-1; Output gel-like image of RNA samples from Agilent 2100 Bioanalyser depicting RNA 
quality assessment. Lanes 1-4 represent RNA samples from  four biological replicates of E6#2, lanes 5-7 
represents three biological replicates of E6#4 RNA samples and lanes 8-10 represent three biological 
replicates o f scrambled control RNA extracts. 18S and 28S RNA bands in each sample clearly mark RNA 
of good quality.
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4.4.1.2. Quality control valuation of microarrays

Prelim inary quality checks were carried out via visual inspection o f the m icroarray 

images. These included in itia lly checking fo r image artefacts on arrays tha t is regions 

of high or low in tensity spots, scratches and high regional or overall background. Then 

the perform ance o f the positive hybridisation contro l, B2 oligo, was evaluated. 

Hybridisation o f the B2 oligo control was assessed by examining specific regions o f the 

array image (checkerboard corners and a lternating borders). This contro l is o f 

particular im portance as it is essential fo r grid a lignm ent over the m icroarray image. If 

the in tensity o f the oligo B2 controls is too  high or low or skewed due to  image 

artefacts, grid alignm ent w ill not autom atically occur. All arrays passed these 

prelim inary quality controls, tha t is no artefacts were present and the 82 oligo contro l 

appeared correctly on all images.

4.4.1.3. Quality control valuation of microarrays via calculated quality 
metrics

The quality o f the arrays was fu rthe r assessed to  certify the absence o f outliers or 

defective arrays tha t could bias downstream analysis. These procedures were carried 

out using A ffym etrix EC software, which calculated the quality assessment metrics and 

generated graphs in order to  facilitate data quality assessment. This is achieved by 

calculating summary statistics fo r each array and then comparing the level o f the 

summary statistics across all the arrays.

The critical quality contro l metrics assessed are shown in Figure 4-2. A low level o f 

variation was observed in all o f the quality control metrics as projected when 

microarrays using RNA from  the same cell line are assessed together. The pos_control 

and all_probeset categories were used to  evaluate the overall quality o f the data from  

each array (Figure 4-2 A and B).
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Figure 4-2; Quality control metrics of microarrays performed on siRNA transfected SiHa cells. The
value of a metric fo r a particular m icroarray is represented by each point in the  diagrams, w/hereby for 
each point the  sample name on the  x-axis has a corresponding arb itrary value on the y-axis. (A) Box 
plots o f the RLE fo r all the probesets analysed. The mean absolute RLE is proportional to  the w id th  of 
the box plots, or the in te r quartile  range o f RLE values. The m iddle bar in each box is the  median RLE. 
(B) Illustrates the mean probe level intensity p rio r to  normalisation or background correction.
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Metrics based on these classifications reflect the quality of the whole experiment 

including RNA quality, target preparation, chip, hybridisation, scanning, and griding. 

Hence, they enabled the assessment of the type of data utilised in downstream 

statistical analysis. The signal discrim ination o f the positive and scrambled control 

siRNAs was above 0.75 fo r all arrays and indicated a low amount o f variation between 

samples (not shown). This infers tha t there is a good separation between the positive 

and scrambled control siRNAs, which is a measure o f true and false positives, and 

therefore, indicates the success of the entire microarray experiment.

A second example o f the sim ilarity o f the samples is the box plot of the relative log 

expression (RLE) o f the probe sets (Figure 4-2A). The middle bar in each box is the 

median RLE and should be zero. Deviations from  zero usually signify skewness in the 

raw intensities of an array that was not properly corrected by normalisation. Any 

skewness observed in this quality control metric would also be reflected on visual 

inspection o f the array, where dense areas of unusually bright or unusually dim 

intensities would be observed. All samples employed a zero median RLE, w ith the ir 

RLEs ranging between 1.85 and -1.85, reflecting the sim ilarity (lack o f skewness) 

amongst them . The absence of any image artefacts on visual inspection also supports 

no bias in the computed expression values. This lack of variability in expression values 

is consistent w ith  the mean absolute relative log expression value and other metrics. 

The pm_mean of an array (prior to  normalisation or background correction) also gives 

an indication as to unusually dim or bright chips. In this study, the pm_mean appesrs 

to  vary a lot between microarrays, but when the range of the signal intensity of this 

metric is viewed, it is low (879 - 330) and therefore reiterates the low levels of in ter

array variation (Figure 4-2B).

The mean absolute deviation of residuals (not shown) revealed the consistency 

between the positive controls (green), bacterial spikes (red), and the polyA spikes 

(blue). It demonstrated that there are problems w ith the chips, hybridisation or sample 

preparation. The metrics for bac_spike controls used to evaluate the efficiency o f the
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hydrisation of the samples to  the microarray chips displayed expected rank order o f 

BioB < BioC < BioD < Cre) signifying tha t no problem occurred at the hybridisation 

phase (not shown). The quality control metrics discussed above reflect that the 

microarray experiments were successful and no outlie r was present.

4.4.2. Differential gene expression analysis

A whole-genome transcriptional profiling was performed to define gene expression 

modifications brought on due to  siRNA silencing of the viral oncogenes E6 and E7 in 

HPV16'' SiHa cervical cells. The design, validation and selected functional analysis of 

these siRNAs targeting the HPV16 E6 only or and its splice forms coding region was 

outlined in chapter 3. All five siRNAs designed indicated functiona lity of varying 

degrees but four only precisely generated sufficient, good quality RNA extracts for 

analysis (E6#2, E6#3, E6#4 and E6#5). Of these four, only three resulted in similar 

levels of highly significant knockdown in E6 and E7 RNA expression, tw o  in-house 

designed siRNAs (E6#2 and E63) and Silencer® Select Ambion designed E6#4. It was 

decided to  investigate the transcriptional response induced by E6#2 and E6#4 siRNAs 

in SiHa cells as both target similar regions o f the E6 mRNA transcript, the 3' end of 

both E6 and E6*l, but provoked very d ifferent phenotype changes. E5#4 induces a 

senescent phenotype, while E6#2 appears to induce cell death.

Changes in gene pattern expression were identified by comparing these experimental 

E6 and E7 knocked down siRNA samples w ith samples transfected w ith scrambled 

control siRNA. The RNA samples used in this study originated from  three independent 

experiments in which SiHa cells were forward transfected for 72hrs w ith E6#2, E6#4 or 

scrambled control siRNA and where E6/E7 RNA knockdown was validated by TaqMan® 

RT-PCR (section 2.3.4 and section 4.4.4). The Affym etrix Human GeneChip® Gene ST 

1.0 microarrays, which consist o f 818,005 probes that correspond to  28,869 gene 

transcripts, were used to  hybridise biotinylated DNA. Data analysis was carried out 

using Bioconductor software libraries and probe intensities were transformed and
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summarised using the  oligo package as described in section 4 .3 .4  The relative change 

in abundance for each transcript betw een the baseline sample (scram bled control 

siRNA) and the experim ental samples (E5#2 and E6#4) was determ ined  using 

RankProd. A false discovery rate (FDR) was also calculated using the  m ethod outlined  

by (Benjamini & Hochberg, 1995) to adjust for m ultiple comparisons. An FDR of < 0.05  

and fold change >2 w ere used to  define differentially  expressed genes. Table 4 -2  

shows the num ber of differentially regulated genes upon silencing of the E5/E7  

oncogenes in SiHa cells by E6#2 and E5#4 siRNAs.

Table 4-2: Table of the number of differentially expressed genes in E6#2 and E6#4 siRNAs forward  
transfected into SiHa cells.

171 29 142

399 346 53

*FDR<0.05, Fold change>2
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4.4.3. Relative analysis of differentially expressed genes

From the previous morphological changes observed, an apoptotic profile in E5#2 and 

G1 arrest cell cycle in E6#4, it was anticipated tha t there would be differences between 

these siRNAs. The number of significantly d ifferentially regulated genes varied 

substantially between the tw o  experimental groups (Table 4-2), as E5#2 induced more 

of an up-regulation of genes and E6#4 a down-regulation of genes. This was further 

investigated using a hierarchical clustering and heat map representing all possible pair

wise combinations of samples used in the microarray analysis. The heat map was used 

to  visualise the probe data of all d ifferentially expressed genes (Figure 4-3 and Figure 

4-4). The hierarchal clustering o f normalised, background corrected data from the 

E6#2, E6#4 and scrambled control siRNA correlated w ith  the heat map groups. They 

also reveal a great diversity in d ifferential gene expression between E6#2 and E6#4. 

Despite the distinction in d ifferentia l gene expression between E6#2 and E6#4 siRNAs, 

associations between the ir significantly d ifferentially expressed genes and the ir 

observed transcriptional profiles was assessed using a cross comparison analysis of the 

differentia lly expressed gene lists. This revealed there were 171 and 399 genes 

differentia lly expressed at >2 fo ld and w ith  a FDR <0.05 in the E6#2 and E6#4 groups 

respectively compared to  the scrambled control siRNA group, of which 16 of these 

were represented in both array groups (Table 4-3). Some of the up-regulated and 

down regulated genes fo r E6#2 and E6#4 are shown in Table 4-4 and Table 4-5 

respectively.

Keratin 34 and Stearoyl-CoA Desaturase (Delta-9-Desaturase) were the most 

significantly up-regulated and down regulated genes in E6#2 w ith fold change of 12 

and 3 respectively, while Sulphatase 2 and Kinesin Family Member 20A were the most 

significantly up-regulated and down regulated genes in E6#4 with fold changes of 6.3 

and 18 respectively. This result is in good correlation w ith the heat maps and reflects a 

good d ifferentiation between the tw o  groups o f differentially expressed genes. 

Amongst the 16 genes, 5 were up-regulated (CDKNIA, SERPINEl, GLIPRl, PSG2, ITGA2) 

(highlighted red in Table 4-3) and 8 were down regulated (highlighted green in Table 4- 

3). However, 3 genes were shown to  be up-regulated in E6#2 and down regulated in
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E6#4 (Table 4-3). Cyclin-dependent kinase inhibitor lA  (p21, C ipl) and family with 

sequence similarity 111, member B were the most significantly up-regulated and down 

regulated genes represented in both array groups. Most of the other significantly up- 

regulated and down regulated genes in both had a fold change of between 2 and 3.
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Color K«
Scrambled Control

Figure 4-3; Heat map of significantly differentially regulated genes in E6#2 compared with scrambled 
control siRNA cells (FDR < 0.05 and fold change > 2). Red indicates up-regulated genes and green 
indicates down-regulated genes. Heat map demonstrates a clear distinction or separation differentially 
regulated genes between both siRNAs from those of the scrambled control treated samples. The 
hierarchical clustering depicted at the top of the graph also reflects the similarity between biological 
replicates.
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Figure 4-4; Heat map of significantly differentially regulated genes in E6#4 compared with scrambled 
control siRNA cells (FDR < 0.05 and fold change > 2). Red indicates up-regulated genes and green 
indicates down-regulated genes. Heat map demonstrates a clear distinction or separation d ifferentia lly  
regulated genes between both siRNAs from  those o f the  scrambled contro l treated samples. The 
hierarchical clustering depicted at the top  of the graph also reflects the  sim ilarity between biological 
replicates.
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Table 4-3: Table of all common differentially expressed genes (16 genes) in E6#2 and E6#4 siRNAs.
Cells highlighted in red and blue represent up regulated and down regulated genes respectively. This 
table shows gene names, gene IDs, fo ld changes and false discovery rates.
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Table 4-4: Table of top 10 differentially expressed genes in E6#2 siRNA. This table shows up regulated 
genes (red) and top  ten down regulated genes (blue), gene names, gene IDs, fo ld changes and false 
discovery rates. (See Table 8-1 in the appendix fo r fu ll list).

1 II
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Table 4-5: Table of top 10 differentially expressed in E6#4 siRNA. This table shows up regulated genes 
(red) and top ten down regulated genes (blue), gene names, gene IDs, fold changes and false discovery 
rates (See Table 8-2 in the appendix fo r full list).
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4.4.4. p21, an investigative control

As p21 was employed as a surrogate marker in chapter 3, it was decided to investigate 

the expression profile of p21 as a quality control measure. The microarray data 

supports the differential expression of p21 gene between E6#2 and E6#4 siRNAs. The 

p21 gene had an average fold change expression value of 5.2 in E6#4 and 2.1 in E6#2, 

this was reflected in TaqMan® RT-PCR analysis (Figure 4-5) which also showed that 

though p21 was expressed in both siRNAs, E6#4 had a significantly greater fold change 

of p21 expression.

Negative

Figure 4-5: TaqMan® RT-PCR validation: TaqMan® RT-PCR validation o f E6/E7 RNA knockdown using 
primers and probes selective fo r p21 mRNA from  the same RNA used in m icroarray analysis. p21 mRNA 
expression was normalised to  B2M and calibrated to  cells transfected w ith  scrambled control to  
establish the relative level o f mRNA expression. A paired T-test via graph pad prism was carried out 
and values calculated were compared to  scrambled control; ***p<0.05.
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4.4.5. Gene ontology analysis

In order to explore significantly modified genes and processes due to E6 and E7 

silencing, the group gene lists of E6#2 and E6#4 were uploaded and analysed in the 

web-based gene ontology database DAVID. DAVID is a functional annotation tool for 

gene-enrichment analysis that systematically summarises the relevant biological 

patterns from user-classified gene lists by comparing input list to a reference list to 

identify under and over-represented molecular functions and biological processes. A 

total of 357 of 399 differentially expressed genes in E6#4 were present in the DAVID 

database while 158 of the 171 differentially expressed genes in E6#2 were present in 

the DAVID database. With FDR at < 0.05 in DAVID, a measure of overrepresentation of 

a functional category compared to its representation in the Homo sapiens proteome 

was determined. Table 4-6 and Table 4-7 show an abundance of up-regulated genes in 

E6#2 were associated w ith immune response and down-regulated genes with 

homeostasis while an abundance of up-regulated genes in E6#4 were associated with 

cell cycle arrest and homeostasis and down-regulated genes with cell cycling DNA 

replication. DAVID also determined overrepresented cellular pathways in both siRNAs 

from KEGG and Biocarta publically available databases, although featured pathways 

were more from the KEGG database.

In E6#2, differentially expressed pathways in context of biological pathways using 

KEGG and Biocarta resource revealed pathways involved in inflammatory response and 

signal transduction in up-regulated genes and pathways involved in metabolism in 

down regulated genes. A high number of up-regulated E6#2 genes were in the gene 

ontology categories of inflammatory response and signal transduction, w ith a high 

number of down-regulated genes in metabolism. In E6#4, a high number of up- 

regulated genes were in the gene ontology category of p53 signalling, w ith a high 

number of down-regulated genes in DNA replication and nucleotide metabolism (Table 

4-7).
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Table 4-6: Table of differentially expressed gene associations in E6#2. Representative table o f 40 
d iffe ren tia lly  expressed gene associations in E6#2. 20 up-regulated genes highlighted in red and 20 
down regulated genes highlighted in blue.
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Table 4-7: Table of differentially expressed gene associations in E6#4. Representative table of 40 
d ifferentia lly  expressed gene associations in E6#4. 20 up-regulated genes highlig lited in red and 20 
down regulated genes highlighted in green.
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Table 4-8: Significantly over-represented pathways in E6#2. These pathways are as defined by DAVID 
databases. Up-regulated genes highlighted in red and down regulated genes highlighted in blue. 
*Values fo r count, FDR and P value were not supplied by DAVID database fo r down regulated genes.

^^B

^^B

Huntington's disease.

KEGG Steroid horm one biosynthesis, Arachidonic acid m etabolism . M etabolism  of
xenobiotics by cytochrome P450,

KEGG Folate biosynthesis. Axon guidance. M ism atch repair
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KEGG (Cytokine-cytokine receptor interaction. Toll-like receptor signalling pathway,
Jak-STAT signalling pathway. Natural killer cell mediated cytotoxicity,

KEGG i Biosynthesis o f unsaturated fa tty  acids, PPAR signalling pathway,

BIOCARTAIFN alpha signalling pathway. Bone Remodelling,

Table 4-9: Significantly over-represented pathways in E6#4. These pathways are as defined by DAVID 
databases. Up-regulated genes highlighted in red and down regulated genes highlighted in blue.
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4.5. Discussion

HPV infec t ion  is t h e  e s t a b l i s h e d  e t iologica l f a c to r  o f  cervical  can c e r ,  a d e v a s t a t i n g  

d i s e a s e  t h a t  a f fec t s  vi /omen in t h e i r  p r ime.  Despi t e  a d v a n c e s  in o u r  k n o w l e d g e  of  its 

m o l e c u l a r  b io logy  a n d  i m p l e m e n t a t i o n  of  p r e v e n t i o n  p r o g r a m m e s  fo r  thi s  d i se a se ,  a 

b e t t e r  u n d e r s t a n d i n g  of  its su b v e r s iv e  a c t io ns  t h a t  lead t o  cervical  c a r c in o g e n es is  is 

still r e q u i r e d .  M ic r o a r r a y  ana lys i s  w a s  u s e d  t o  qu an t i f y  t h e  mRNA c o n c e n t r a t i o n  of  all 

g e n e s  p r e s e n t  in t h e  g e n o m e  of  HPV15 pos it ive  SiHa cells f o r w a r d  t r a n s f e c t e d  wi th  

E6#2 a n d  E6#4 siRNA. This e x p e r i m e n t a l  a p p r o a c h  h a d  a d v a n t a g e s  o f  be ing  u n b i a s e d  

a n d  revea l ing  p o t e n t i a l  e f f e c t s  d u e  t o  u n c h a r a c t e r i s e d  E6 func t ion s .  In addi t io n ,  in thi s 

a p p r o a c h  w e  e m p l o y e d  p21 ,  a cyclin d e p e n d e n t  k inase  inhibi tor ,  as a n  in te rna l  cont ro l  

w h o s e  d i f f e r en t ia l  g e n e  ex p re s s io n  is a c c o m p a n i e d  by t h e  ac t iva t ion  of  p53.  The  

d i s a d v a n t a g e  of  th is  a p p r o a c h  w a s  t h e  inabili ty t o  a s s e s s  s o m e  of  t h e  E6 fu n c t i o n s  t h a t  

a r e  n o t  e x h ib i t e d  a t  t h e  level o f  g e n e  e x p re s s io n  modi f i ca t io n .  For e x a m p l e ,  t h e  role  of 

t h e  E6/E6AP c o m p l e x  w hi ch  fu nc t io ns  as ubiqui t in l igase can  only b e  a s s e s s e d  in t e r m s  

of  a l t e r a t i o n s  in g loba l  p r o t e i n  levels.  T h e r e f o r e ,  unti l  t h e  d e v e l o p m e n t  of  a p r o te in  

a r r ay  t e c h n o l o g y  t h a t  e n a b l e s  t h e  inves t iga t ion  of  a s ignif icant  f rac t ion  of  t h e  

p r o t e o m e ,  g e n e  e x p r e s s i o n  analysis  p ro v id es  t h e  m o s t  inclusive a n d  b a l a n c e d  m e t h o d  

for  ana ly s ing  t h e  r e s p o n s e  of  HPV-pos it ive cells t o  s i lenc ing  by siRNAs. In a c c o r d a n c e  

w i th  t h e  va l ida t io n  d a t a ,  t h e  s i lencing e f fec t s  of  t h e s e  siRNAs w e r e  r e f le c t ed  in t h e  

a r r ay  d a t a ,  by a n  u p - r e g u l a t i o n  in p2 1  g e n e  wi th  a fold c h a n g e  of  2.1 in E6#2 a n d  5.2 in 

E6#4. This s u g g e s t s  t h a t  p2 1  is a c c u m u la t i n g  a n d  c o m p le x in g  wi th  cell cycle division 

s t i m u la t in g  p r o t e i n  cdk2  t h e r e b y  hal t ing cel lular  division.

An overal l  u p - r e g u l a t i o n  o f  significantly e x p r e s s e d  g e n e s  in E6#2 (142 of  171  g e n e s )  

an d  d o w n - r e g u l a t i o n  in E6#4 (346  of  39 9  g e n e s )  w a s  o b s e r v e d  in t h e  SiHa cell line. This 

resul t ,  t h o u g h  u n a n t i c i p a t e d ,  is no t  su rpr i s ing  d u e  t o  t h e  d i f f e r ences  in cell 

m o r p h o l o g i e s  p o s t  t r a n s f e c t i o n ,  t h e  in d uc t io n  of  a G1 a r r e s t  in E6#4 a n d  t h e  ind uc t io n  

of  cell d e a t h  by  E6#2,  as d i s c u s se d  a b o v e .  A to ta l  of  3 5 7  of  399  di fferent ia l ly e x p r e s s e d  

g e n e s  in E5#4 w e r e  p r e s e n t  in t h e  DAVID d a t a b a s e  whi le  158  of  t h e  171  d if feren tial ly
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expressed genes in E6#2 w ere present in the DAVID database. A cross comparison of 

differentially  expressed genes in E6#2 w ith  E6#4 revealed the presence of only 16 

genes in com mon (Table 4-3). O f these genes, five w ere up-regulated, eight w ere  

dow n-regulated and three w ere shown to  be up-regulated in E6#2 and dow n-regulated  

in E6#4. All up-regulated genes (CDKNIA, SERPINEl, GLIPRl, PSG2, ITGA2) except 

C D KNIA  related to  the  cellular com ponents of extracellular signalling peptides, eight 

w ere linked to  the biological process of inhibiting of cycle progression and division 

(F A M ll lB ,  PBK, SPC25, SPAG5, CENPI, NCAPG2, EXOl, POSPLDRAFT_92938) while the  

last th ree  w ere linked to biological process of im m une response (OASL, DHRS2 and 

RSAD2). Remarkably, the classification of these 15 genes is representative of the  

overall gene ontology overrepresentation in both siRNAs.

The C D KNIA  (p 2 1 C ip l/W a fl)  protein is a dual functioning protein which act e ither as a 

tum our suppressor or an oncogene (prevent apoptosis). It plays a regulatory role in S 

phase DNA replication and DNA dam age repair (p53 m ediator of inhibition of cellular 

proliferation). Following DNA dam age, CDKNIA  becomes localised in the  nucleus, 

binds and inhibit cyclin dependent kinases (C dkl-4 ), thus blocking G1 to  S phase 

transition or G2 to  mitosis to facilitate DNA repair or induce senescence (Xia, et al., 

2011). How ever, in the cytoplasm, C D KNIA  binds and inhibit caspase 3, apoptotic  

kinases such as ASKl and JNK (anti-apoptotic  effect). Therefore, CDKNIA  function is 

possibly largely determ ined by the  scale of DNA dam age wherein low-level dam age  

instigates cell cycle arrest and severe DNA dam age results in apoptosis (Cmielova & 

Rezacova, 2011). In this study, the  rise in C D K N lA /p21  levels observed at both RNA 

and protein level for E6#2 and E6#4 was shown to  be instigated by its up-regulation at 

gene level.

Similarly, PDZ binding kinase (PBK), differentially  dow n-regulated in E5#2 and E6#4 is 

also known as T-LAK-cell-originated protein kinase (TOPK). PBK is a mitotic kinase often  

up-regulated in malignancies and m itotically active neoplastic cell lines and tissues that 

requires m itotic phosphorylation fo r its kinase catalytic activity. PBK phosphorylates
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p38 MARK resulting in its complex with p53, causing p53 destabilization and 

attenuation of G2/M checkpoint during DNA damage (Nandi, et al., 2004) (Nandi, et 

al., 2007) (Hu, et al., 2010). Therefore, PBK down-regulation could be one of the 

mechanisms by which p53 stabilisation observed at protein level in E6#2 and E6#4 is 

occurring.

Interestingly, PBK is linked OASL gene via intracellular pathways involved in the 

processing of dsRNA in mammalian cells (Figure 4-6). The OASL gene is a relatively 

novel gene related to the 2'-5'-oligoadenylate synthetase family. This family of genes 

consist of three genes encoding active OAS enzymes (OASl-3) and an OAS-Like (OASL) 

gene encoding an inactive protein which binds dsRNA. The main difference between 

OASL and the other member of this family is the lack of 2',5'-oligoadenylate synthetase 

activity (Melchjorsen, et al., 2009). OAS proteins are pathogen recognition receptors 

(PRRs) that exist at different basal levels in different cell types and are induced by 

interferons in response to viral infection. On induction by pathogen-associated 

molecular pattern (PAMPs) that is viral dsRNA, the synthetase (OAS)/RNase L pathway 

is activated whereby, OAS proteins synthesize 2',5'-oligoadenylate from ATP, which 

binds antiviral enzyme RNase L causing its dimerization and activation (Silverman & 

Weiss, 2014). OASL has been shown to displays antiviral activity against 

encephalomyocarditis virus and hepatitis C virus via an alternative antiviral pathway 

independent of RNase L (Figure 4-6) (Marques & Williams, 2005) (Zhu, et al., 2014).
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Figure 4-6: Intracellular pathways involved in the processing of dsRNA in mammalian cells. These 
pathways include RNA-induced silencing complex (RISC), Interferon regulatory factor (IRF-3), Retinoic 
acid inducible protein (RIG-1), dsRNA-activated protein kinase (PKR) and 2'5'-oligoadenylate 
synthetases (OAS) (Marques & Williams, 2005). IFN, Interferon; ODN, Ollgodeoxynucleotide; ssRNA, 
single stranded RNA; shRNA, short hairpin RNA;

The DHRS2 gene belongs to a family of NADPH-dependent reductase enzymes 

responsible for quenching cytotoxic xenobiotics generated during metabolic processes 

and oxidative stress. The non-enzymatic activity of this gene how/ever, involves the 

binding of MDM2 protein in the nucleus, thereby attenuating MDM2-mediated p53 

degradation. This leads to p53 stabilization and increased transcription activity, 

resulting in the accumulation of MDM2 and CDKNlA/p21. Hence, the nuclear 

concentration of DHRS2 can control the initiation of cell cycle arrest and apoptosis as is 

observed in E6#4 and E6#2 respectively (Shafqat, et al., 2006) (Deisenroth, et al., 2010) 

(Thorner, et al., 2010). The RSAD2 also known as Cytomegalovirus-Induced Gene 5 

Protein (CIG) and Virus Inhibitory Protein Endoplasmic Reticulum-Associated (vig
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1/Viper in)  is an  antiviral  e f f e c t o r  in d u c e d  in r e s p o n s e  t o  i i po po ly sa ccha r ide  a n d  dsRNA 

vi ruses  t h a t  inhibi ts  virus p r o d u c t i o n .  RSAD2 plays an  i m p o r t a n t  role  in regu la t io n  of  

Golgi t ra f f icking of  s e c r e t a r y  m o le c u le s  such  as TNF-a  (Chung,  e t  al., 2011) .  RSAD2 has 

b e e n  s h o w n  t o  b e  r e d is t r i b u te d ,  on in fec t ion  wi th  h u m a n  c y t o m e g a l o v i r u s  (HCMV), 

which  resu l t s  in its r ed is t r i bu t io n  f r o m  t h e  cytosol ic f ace  of  t h e  e n d o p l a s m i c  re t icu lum 

t o  t h e  Golgi a p p a r a t u s  a n d  cy t o p la sm ic  va c u o le s  con ta in in g  HCMV s t ru c tu ra l  p ro te in s  

(g lycopro te in  B a n d  p h o s p h o - p r o t e i n  28) e sse n t ia l  fo r  p r o d u c t i o n  a n d  a s s e m b l y  of  

infec t ious  vir ions.  This r e d is t r ib u t io n  a ids  viral ev as io n  as  RSAD2 cou ld  in t e r f e r e  wi th  

t r a n s p o r t  o f  crit ical  viral c o m p o n e n t s  (Chin & Cresswell ,  2001)  (Helbig,  e t  al., 2005) .

Converse ly,  E6#2 e x h ib i t e d  an a b u n d a n c e  of  u p - r e g u l a t e d  g e n e s  a s s o c i a t e d  wi th 

biological  p r o c e s s e s  of  in n a t e  i m m u n e  r e s p o n s e  a n d  d o w n - r e g u l a t e d  g e n e s  wi th 

h o m e o s t a s i s  (Table 4-6).  In add i t ion ,  u p - r e g u l a t e d  g e n e  o n t o l o g y  c a t e g o r i e s  of 

i n f l a m m a t o r y  r e s p o n s e  a n d  signal  t r a n s d u c t i o n  p a t h w a y s  a n d  d o w n - r e g u l a t e d  

m e t a b o l i s m  w e r e  al so ident i f ied (Table 4-8).  G e n e s  inc luded  w e r e :  in f la m m a to r y  

s t im u la to r s  su ch  a s  cy tok ine s  a n d  c h e m o k i n e s ,  toll like r e c e p t o r s ,  MARK p h o s p h a t a s e s ,  

JAK-STAT signal l ing p a t h w a y s ,  r e g u la to r s  of  a p o p t o s i s  a n d  l y m p h o c y t e  ac t iva tors .  

In na te  i m m u n i t y  is t h e  f irst  line evol u t i onar i ly  c o n s e r v e d  d e f e n c e  aga i n s t  po te n t ia l  

hos t s  t h a t  involves  t h e  u se  of  a r a n g e  of  p a t t e r n  r e cog n i t i on  r e c e p t o r s  (PRRs) t o  

ident i fy speci f ic  p a t h o g e n - a s s o c i a t e d  m o le c u la r  p a t t e r n s  (PAMPs) solely p r e s e n t  on 

m ic ro b es  su ch  as v iruses  e tc .  The  r ecogni t io n  of  PAMPs by t h e  PRRs ini t i a tes  an 

' n f l a n m a t o r y  r e s p o n s e  caus ing  t h e  s e c r e t i o n  of  cy tok ine s  a n d  c h e m o k i n e s ,  s t im ul a t io n  

of  an t imic robia l  p e p t i d e s ,  py ro p to t i c  cell d e a t h  and  r e c r u i t m e n t  of  pha gocy t ic  cells 

(Broz, e t  al., 2012)

A re cent l y  p u b l i s h e d  p a p e r  by Karim, e t  al. e x a m i n e d  t h e  link b e t w e e n  t h e  up-  

regu la t ion  of  ce l lular  p r o t e in  ub iquit in  ca rb oxy l - te rm in a l  h y d r o l a s e  LI (UCHLl) by HPV 

a n d  t h e  s u p p r e s s i o n  of  i n n a t e  i m m u n e  r e s p o n s e  in k e r a t i n o c y t e s  (Karim, e t  al., 2013) .  

It r e p o r t e d  t h a t  UCHLl car r ied  o u t  th i s  s u p p r e s s i o n  via inh ib i t ion of  PRR- signall ing 

p a t h w a y  a d a p t o r  m o le cu le s  such  as  t u m o u r  necros i s  f a c to r  r e c e p t o r - a s s o c i a t e d  f a c to r
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3 (TRAF3) and TRAF6 to  suppress production of the type-1 interferon pathw ay and pro- 

inflam m atory NF-kappa-B (NF-kB) pathw ay respectively (Karim, e t al., 2013). Two  

signalling pathways lead to the activation of NF-kB; the  classical/canonical and the  

non-canonical/alternative pathway. The NF-kB signalling pathw ay supressed by UCHLl 

was the classical/canonical NF-kB pathw ay which involved ligand binding to  cell surface 

receptors (Toll-like receptor superfam ily), recruiting adaptors such as TRAF and IKK 

complex, leading to  phosphorylation and degradation of the IkB inhibitor.

However, in this study, a non-canonical activator of NF-kB signalling pathway, nuclear 

factor of kappa light polypeptide gene enhancer in B-cells 2 (NF-kB /p 4 9 /p l0 0 ) ,  was 

identified from  the  significantly d ifferentiated  up-regulated genes. This gene had a fold 

change value of 2.1, FDR of 0 .0235  and a p value of 0 .0001 . plOO complexes w ith RelB 

to  form plOO/RelB which is a central activator of genes involved in im m une function  

and inflam m ation. This complex usually only occurs during the developm ent of 

lymphoid organs to  generate B and T lymphocytes. In this pathway, ligand receptor 

binding induces activation resulting in NFkB-inducing kinase (NIK) which  

phosphorylates and activates an IKK alpha complex tha t in turn  phosphorylates the IkB 

domain of plOO leading to  the liberation o f p52/RelB. This heterodim er is subsequently  

translocated to the  nucleus to  activate target genes regulated by kB sites. Interestingly, 

only a small num ber of stim uli, (lym photoxin B and B cell activating factor; a 

m em brane protein and a cytokine of tum our necrosis factor fam ily) have been 

identified to  activate NFkB via this pathway.

Furtherm ore, a downstream  effector of NFkB signalling and plOO regulation also 

identified from  our significantly d ifferentia ted  up-regulated genes was interleukin-6  

(IL-6) (Figure 4-7). IL-6 is a cytokine released by activated monocytes th a t plays a 

crucial role in the  im m une response. The activation of its gene expression by NFkB in 

Hela cells has also been reported (Liberm ann & Baltim ore, 1990). Similarly, ano ther 

study by Niebler M , et al. has shown HPV16 E6 oncoprotein to  escape innate im m une  

surveillance via post-translational control o f IL-1(3. E6 abrogates IL -lp  processing and
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sec re t ion in a NACHT-, leucine-rich re p ea t  (LRR)-and PYD-containing prote in  3] (NALP3) 

i n f l am m aso m e- in d e p en d en t  m a n n e r  (Niebier,  e t  al., 2013).  Hasan U A, e t  al. has  also 

show n  t h e  ability of high-risk HPV16 to  in ter fere  with innate  immuni ty by affecting t h e  

express ion of TLRs in an in vivo contex t  and also inability of low-risk HPV ty p e  6 to  

do wn -regu ia te  th e  TLR9 pro m oter .  (Hasan U A, e t  al., 2007).

Conversely,  m os t  E6#2 do wn-r egu la ted  genes  we re  assoc ia ted  with cell cycling and 

g en e  ontology pa thways  of metabo l i sm  such as oxidative phosphoryla t ion,  folate 

biosynthesis and s teroid h o rm o n e  biosynthes is  (Table 4-8). These metabol ic  pa thways  

are particularly impo r t an t  in product ion of  cellular ene rgy  ATP via t h e  t r ans fe r  of 

e lec t rons  from d o n o r  a to m s  to  elec t ron accep to rs  such as oxygen. Therefo re  the  

down-regula t ion of  co m p o n en t s  such metabol ic  processes  results in th e  gen e ra t ion of 

react ive oxygen species  such as su p e r  oxides and hydrogen peroxides  which led to  th e  

propagat ion of free radicals within t h e  cell and  cell damag e .  Therefore  

o ve r rep re sen ted  down- regu la t ed  and up-regula ted  gene s  in E5#2 are  driving towar ds  

t h e  initiation of an innate  im m u n e  re sponse  with t h e  secret ion of chemokine ,  

cytokines and in ter ferons  in addi tion to  t h e  gene ra t ion of react ive oxygen species  

t h e re b y  s timulating apoptos is .

These  results are  th e re fo re  in line wi th previously publ ished d a ta  t h a t  HPV16 evades  

innate  hos t  immuni ty and also reveals t h e  m echani sm of suppress ion to  be  PRR- 

induced production of inter ferons ,  cytokines and chemokines ,  which normally results 

in t h e  a t t rac tion and  activation of an ad ap t ive  im m u n e  response .  Likewise, an 

ab u n d a n ce  of down- regul a t ed  genes  associa ted  with d is rupt ion in metabol ism via 

gene ra t ion of react ive oxygen species  and radicals which also p ro pagat e  t h e  role of 

apoptos is  co m p lem en ts  this notion. Therefore ,  E6#2 siRNA is potent ial ly activating 

PRR-induced im mune  re spon se  and consequ en t ly  silencing viral subversion.
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The d if ferent ia l  g e n e  e x p r e s s i o n  in E6#4 r e v e a l e d  en t i re ly  d i f f e r en t  p a t t e r n s  a nd  

assoc ia t ions .  A bulk o f  its g e n e s  w e r e  d o w n - r e g u l a t e d  wi th  an  a b u n d a n c e  o f  g e n e s  

a ss o c i a t e d  wi th rep l ica t ion  a n d  cell cycling a n d  g e n e  o n to lo gi e s  c a t e g o r i e s  of  

n u c le o t i d e  m e t a b o l i s m  (p u r in es  a n d  pyr imid ines)  a nd  r e g u la t i o n  of p27  

p h o s p h o r y l a t i o n  du r in g  cell cycle p r og re ss io n  (Table 4-7).  DNA rep l ica t ion  is a basis of  

biological  i n h e r i t a n c e  w hich  involves t h e  un w in d in g  of  t h e  d o u b l e  helix su ch  t h a t  o n e  

s t r a n d  se r v e s  as a t e m p l a t e  for  t h e  s yn thes i s  o f  a c o m p l e m e n t a r y  s t r a n d  by t h e  

add i t i o n  of  n u c le o t id e s  m a t c h e d  t o  t h e  t e m p l a t e .  Similarly, p27  r e g u l a t e s  t h e  cell cycle 

by binding  cyclin d e p e n d e n t  k inase/cyc l in  E a n d  blocking G1 t o  S p h a s e  t r a ns i t i on .  It is 

r e g u l a t e d  by p h o s p h o r y l a t i o n ,  s yn thes i s  a n d  d e g r a d a t i o n .  The  p h o s p h o r y l a t i o n  of  p27  

resu l t s  in its assoc ia t ion  wi th  an  SCF c o m p l e x  t h a t  t a r g e t s  p27  fo r  p ro teo ly t ic  

d e g r a d a t i o n .  E5#4 e xh ib i t ed  an  a b u n d a n c e  of  d o w n - r e g u l a t e d  g e n e s  a s s o c i a t e d  wi th 

biological  p r o c e s s e s  of  cell cycling a n d  DNA rep l ica t ion  whi le  u p - r e g u l a t e d  g e n e s  wi th  

cell cycle a r r e s t  a n d  h o m e o s t a s i s  In addi t ion ,  d o w n - r e g u l a t e d  g e n e  o n t o l o g y  c a t e g o r i e s  

of  DNA rep l ica t ion  a n d  n u c l e o t i d e  m e t a b o l i s m  p a t h w a y s  a n d  u p - r e g u l a t e d  c a t e g o r y  of  

p53  signall ing w e r e  a lso iden t i f ied  (Table 4-9).  Included  g e n e s  a s s o c i a t e d  wi th  

c h r o m o s o m a l  stabi l i ty a n d  DNA r e p a i r  w e r e  BRCAl, BRCA2, cell division cycle p ro te in  

(CDC25C, CDC45, CDC6, CDC7, CDCA2, CDCA3, CDCA4, CDCA5), CENPA, FANCA, FANCB, 

FANCD2, FANCG, h is to n e  c l u s t e r  g e n e s  (HISTIHIE) ,  kinesin family m e m b e r  g e n e s  

(KIF22), MCM a n d  ORC. A simi la r  p a t t e r n  of  g e n e s  w a s  a lso  r e p o r t e r  by Kuner  e t  al. 

s t u d y  w h e r e b y  RNAi w a s  u s e d  t o  s i lence  HPV E5 a n d  E7 in HeLa cells a n d  di fferen tial ly  

e x p r e s s e d  g e n e s  w e r e  c o m p a r e d  wi th  p u bl i s he d  m i c r o a r r a y  d a t a  f ro m  HPV-posit ive 

cervical  c a n c e r  b iops ies  (Kuner,  e t  al., 2007) .  On c o m p a r i s o n ,  18% of  di fferent ia l ly 

r e g u l a t e d  g e n e s  in E5#4 w e r e  r e p r e s e n t e d  in K uner  e t  al. pape r .

Breas t  c an c e r ,  ea r ly  o n s e t  g e n e s  (BRCAl a n d  BRCA2) g e n e r a t e  t u m o u r  s u p p r e s s o r  

p r o te in s  t o  aid DNA d a m a g e  r epa i r  a n d  e n s u r e  s tabi l i ty  of  t h e  cell 's g e n e t i c  mat er ia l  

(Brose,  e t  al., 2002)  (Chen & Parmigiani ,  2007) .  Th e  Fanconi a n e m i a  c o m p l e m e n t a t i o n  

g r o u p  (FANCA, FANCB, FANCD2, FANCG), is l inked t o  a h o m o z y g o u s  rec e ss iv e  d i s o rd e r  

c h a r a c t e r i s e d  by c h r o m o s o m a l  instabil i ty,  h ype rs ens i t i v i ty  t o  DNA crossl inking  a g e n t s ,  

in c r e a s e d  c h r o m o s o m a l  b r e a k a g e ,  a n d  d e fec t i v e  DNA repa i r  (Narayan ,  e t  al., 2004) .
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Cell division cycle proteins (CDC25C, CDC45, CDC6, CDC7, CDCA2, CDCA3, CDCA4, 

CDCA5) form  part of the  pre-replicative com plex required for loading mini 

chrom osome m aintenance (M C M ) proteins onto  the  DNA at origin recognition  

complex (ORC), an essential step in the com m encem ent of DNA synthesis (M aiorano , 

et al., 2000) (Lei, 2005). O ther proteins like C entrom ere proteins (CENPA), histone 

cluster genes, (H IS T IH IE ) and kinesin fam ily m em b er genes (KIF22) are required by the  

cell for targeting the centrom ere, nucleosome structure and m ovem ent during mitosis.

The overrepresentation of p53 pathw ay induction by E6#4 was  expected due to  the  

expression of its biom arker, p21 and its expression at protein level. A num ber o f p53 

responsive genes such as BTG fam ily m em ber 2 (BTG2), M D M 2 , p21 and p27 w/ere also 

up-regulated. These results strongly suggest th a t the  viral oncogene influences the  

G l/S  phase transition of the cell cycle and is in agreem ent w ith previous in-house 

studies (Spillane e t al, 2009). G arner-Ham rick e t al reported a microarray analysis of 

organotypic cultures of human prim ary keratinocytes retrovirally transduced w ith the  

HPV18 E5 and E7 under the control of the  native d ifferentia tion-dependent HPV 

enhancer-prom oter. Their results showed up-regulated transcripts of M C M  proteins, 

0RC6, cdc5, and cdc45 and DNA m etabolism  transcripts similar to this study (Garner- 

Hamrick, e t al., 2004). Similarly, an over-representation of m itotic checkpoint proteins 

observed in our study has also been shown in (Am ato, et al., 2009).

Previously, the 'role of BRCAl, BRCA2 and ATR in Cancer Susceptibility' pathw ay was 

identified following knockdown of E6/E7 using E7 siRNA in this lab. This pathw ay was 

also identified using the E5#4 siRNA at a low er p value of 4 .75E -06 com pared to  (p- 

value < l.O E-5 (Table 4-8) These genes are m em bers of the Fanconi Anaemia (FA) - 

breast cancer associated gene (BRCA) pathw ay involved in a rare autosomal recessive 

chromosomal instability disorder, known as Fanconi anaem ia.
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In sum m ary, the inactivation o f cellular oncogenes in SiHa cells by E6#2 and E6#4 

siRNAs result in differential genes patterns. In E6#2, there  is an induction of the innate  

im m une response via a non-canonical NFkB signalling pathway th a t results in secretion  

of chem okine, cytokines, interferons and the generation of reactive oxygen species 

prom otes apoptosis. How/ever, E6#4 drives an up-regulation of p53 signalling pathw/ay 

via stabilisation of its regulatory response proteins such as BTG, p21 and p27 in 

addition to  the  down-regulation of DNA replication resulting in cell cycle arrest.
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Chapter Five

Raman Spectroscopy
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5. Raman Spectroscopy 

5.1.Introduction

Cervical cancer is a treatable yet predominant cause of cancer m orta lity  amongst 

women worldwide. HPV is the primary risk factor in disease development and despite 

remarkable advances in our understanding o f its natural history; early detection 

remains a crucially defining element in the prevention o f disease progression. 

Prevention programs targeted against the disease comprises o f tw o  stages, primary 

prevention programs which involve the implementation of vaccination programs and 

secondary prevention programs which involve cervical screening programs 

(conventional Pap smear tests, liquid based cytology (LBC), visual inspection w ith 

acetic acid, HPV testing fo r high risk types and colposcopy) which are directed towards 

the detection and treatm ent o f precancerous lesions amongst asymptomatic women 

aged 25 to  60 years.

The use of conventional microscopy w ith numerous dyes, fluorophore and labels to 

"sta in" target sample features can bring about lim itations in observing or studying 

certain properties and structures w ithou t chemical damage or preferential solvent 

washing. For instance, the detection o f low-grade squamous intraepithelia l lesions 

(LSIL) is particularly lim ited due to  the broad sensitivity range, high levels of inaccuracy 

and equivocal diagnoses using the Pap smear test. However, the use o f LBC as a more 

efficient method o f cervical sampling fo r laboratory examination has resulted in a 47% 

to  65% increase in the diagnosis o f LSIL (using SurePath Pap test and ThinPrep Pap test 

respectively) compared w ith  the conventional Pap test (Gibb & Martens, 2011). Yet, 

the ability of up to  80% of low grade abnormalities to spontaneously regress 

(Matsumoto, et al., 2010), results in an increased likelihood o f over referrals, 

overtreatments and inappropriate fo llow  ups. This therefore, dem onstrates a need fo r 

the development o f new screening technologies to  compliment this high LSIL detection 

rate by discrim inating between regressive and progressive LSILs as well as high-grade 

squamous intraepithelial lesions and those d ifficu lt to  diagnose cases.
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Raman spectroscopy is an inelastic scattering phenom enon used to  investigate the  

biochem istry of biological molecules and in recent tim es has em erged as an attractive  

m olecular optical imaging strategy tool in biom edical applications such as cancer 

diagnosis over other optical imaging techniques such as flow/ cytom etry. Raman 

spectroscopy involves the interaction of electrom agnetic radiation w ith  m atte r and the  

spectrum of vibrational energies produced can be used to  characterise a molecular 

structure or changes to  it (Brauchle & Schenke-Layland, 2013). Its use includes 

ultrasensitive detection of several biomolecules and investigation the ir various 

characteristics in vivo  and ex vivo  to  provide a 'm olecular fingerprint' via Raman 

scattering of m onochrom atic laser light. Tissues and cells are composed o f nucleic 

acids, proteins, w ater, lipids and carbohydrates which are further m ade up of amino 

acids (purines and pyrimidines) which can be probed and identified using 

spectroscopy. The am ount of energy lost or gained by a photon due to  its interaction  

w ith  a m olecule is characteristic of the nature of each vibrational bond present within  

tha t molecule and though not all vibrations are observed, adequate inform ation is 

revealed to  enable a very detailed characterisation of its molecular structure (Figure 5- 

1). An excited molecule may relax back to  its initial vibrational energy level results in 

release of photons of the same energy and wavelength (Rayleigh scattering) or de- 

excite to  a d ifferent vibrational state in a very tiny proportion of molecules (Raman 

scattering). However, a Stokes shift may occur if the final vibrational state  is more 

energetic (longer w avelength) than the initial state th a t is the em itted  photon will be 

shifted to  a lower frequency in order to  balance the total energy of the system and 

vice versa in an anti-Stokes shift.

In Raman scattering, energy transitions are exclusively based on vibrational transitions  

and perturbations of a molecule due to  excitation via photon interaction induces 

vibrational transitions. The change in wavelength of the scattered photon provides 

chemical and structural inform ation on the molecule and the difference in energy of 

the  incident photon and the Raman scattered photon is equal to  the  vibrational energy  

of the scattering molecule (Brauchle &  Schenke-Layland, 2013). This inform ation is 

presented as a Raman spectrum plot of scattered light versus energy difference which
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gives a precise spectral fingerprint of various w/avelengths o f scattered light whereby 

wavelengths associated w ith the d ifferent bonds and vibrations can be inferred from a 

table o f Raman band positions fo r example the amount o f energy shift for a C-H bond 

is d ifferent to tha t seen w ith  a C-0 bond or a Group 1 Metal e lem ent-0 bond.

Energy
level.*;
and
transitions

Figure 5-1: Schem atic energy-leve l d iagram  show ing th e  d iffe re n t states involved in Raman  
signalling: Infrared absorption, Elastic scattering and inelastic scattering; Raman Stokes, Raman Anti- 
stokes by a m olecule w/ith tw o  vibrational quantum  states (ground state  v=0 and v = l  energy level. In 

infrared absorption, incident light has the same frequency as the  m olecular v ibration. In elastic and in 

elastic scattering, incident ligh t/pho ton  has a much higher frequency (7 tim es m ore in this diagram ). 
Scattered photons of low er frequency are Stokes and scattered photons o f higher frequency are anti- 
Stokes. (Colthup, e t al., 1990)

Despite its advantages (such as adaptability to  in vivo/in situ measurements, easily 

extractable data from  spectra, almost no sample preparation, no dependence on 

wavelengths and no exposure to  harmful radiations or chemical) over other optical 

imaging techniques, Raman spectroscopy is an inherently weak process. This is due to 

the small number of Raman scattered photons produced hence improvisations such as 

resonance Raman, surface-enhanced Raman scattering (SERS) (Dinish, et al., 2014), 

and Raman micro spectroscopy have been made. Spectroscopic analysis has however, 

improved the prospects of understanding and detecting disease at a cellular level as 

biochemical changes to  cellular constituents at a molecular level is the basis fo r cancer. 

(Pudlas, et al., 2011)
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M a h a d e v a n  e t  al. w e r e  t h e  f irst  g r o u p  t o  record  t h e  R a m a n  s p e c t r u m  of cervical  

t i s s u e s .  T hey  d esc r ib ed  t h e  possibi l i ty of  using R a m a n  s p e c t r o s c o p y  t o  di s t inguish 

cerv ical  p r e - c a n c e r s  f ro m  o t h e r  cond i t i on s  a n d  d e v e l o p e d  a f ib r e -op t ic  p r o b e  to  

m e a s u r e  t h e  s p e c t r a  of  cervical  t i s s u e  in vivo ( M a h a d e v a n - J a n s e n ,  e t  al., 1998) .  Since,  

R a m a n  s p e c t r o s c o p y  has  b e e n  u s e d  t o  d e t e c t  HPV infec t ion  in cervical  cells t h a t  is, in 

m u l t i v a r i a t e  analys is  t o  d i s c r im in a te  b e t w e e n  n o r m a l  a n d  a b n o r m a l  cells, in cervical  

b io psy  s a m p l e s ,  cervical cy to lo gy  s a m p l e s  a n d  also a m o n g s t  cervical c a n c e r  cell l ines 

(Jess,  e t  al., 2007)  (Jess, e t  al., 2008)  (O s t rowska ,  e t  al., 20 10 )  (Kelly, e t  al., 2010) .  Jess  

e t  al. r e v e a l e d  t h e  ability of  R a m a n  s p e c t r o s c o p y  t o  d i s c r im in a t e  b e t w e e n  n or m a l  

k e r a t i n o c y t e s  a nd  t h e  t r a n s f o r m e d  cervical c a r c i n o m a - d e r i v e d  cell line CaSki, t o  

ident i fy  cells ex pr es s in g  t h e  HPV16 E7 g e n e  a nd  s u g g e s t e d  t h e  use  of  R a m a n  in t h e  

iden t i f ic a t i on  a n d  d iscr imin a t ion  of  t h e  d i f f e r en t  s t a g e s  of  HP V-assoc ia ted  neo pla s ia  

(Jess,  e t  al., 2007) .  O s t r o w s k a  et .  al inv es t i ga te d  fou r  cervical  c a n c e r  cell l ines including 

HPV n e g a t i v e  C33A cells, HPV-16 pos i t ive  SiHa ( low co py  HPV), HPV-18 HeLa ( m o d e r a t e  

c o p y  n u m b e r )  a n d  HPV-16 CaSki (high copy n u m b e r )  cells using R a m a n  a n d  Four ie r  

T r a n s f o r m  Infra Red a b s o r p t i o n  t e c h n i q u e s .  Using Principal  C o m p o n e n t  Analysis (PCA), 

t h e y  d e m o n s t r a t e d  t h e  abili ty t o  d i s c r im in a te  b e t w e e n  t h e  cell l ines on  t h e  basi s  of 

t h e i r  b i oc h e m ic a l  c o m p o s i t i o n  (cel lular  d i f f e r enc es  or ig ina t ing  f ro m  pr o te in s ,  nucleic 

acids  a n d  lipids) w h e r e  by t h e  m o s t  signif icant  d i sc r im ina t ion  w a s  b e t w e e n  t h e  C33A- 

SiHa g r o u p  a n d  HeLa a n d  CaSki cell lines indicat ive of  t h e  e f f ec t  of  HPV p r e s e n c e  in 

t h e s e  cells (Os t rowska ,  e t  al., 2010) .

5,2.Chapter aim

The  a im of  thi s  c h a p t e r  w a s  t o  ident i fy c h a n g e s  in t h e  b ioc hemi ca l  c o m p o s i t i o n s  d u e  to  

t h e  e f f e c t  o f  si l encing HPV15 E6 a n d  E7 o n c o g e n e s .  This w a s  a c c o m p l i s h e d  by 

e x a m i n i n g  s p e c t r a  d i s c r im in a t i ons  i n d u c e d  in cel lular  c o m p o n e n t s  o f  HPV15 infec ted  

cervical  cells by t h e  c o n c o m i t a n t  s i lencing of  E6 a n d  E7. The  viral o n c o g e n e s  w e r e  

r e p r e s s e d  us ing  E6 ta r g e t i n g  siRNAs as de sc r ibe d  in c h a p t e r  3 a n d  v a l i da t ed  t o  e n s u r e  

u n p r e j u d i c e d  ana lysi s  of  s p e c t r a  d i s c r imina t ion  a t t r i b u t e d  t o  s i lenc ing of  E6 a n d  E7.
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5.3. Materials and Methods

5.3.1. Cell culture

HPV16'' SiHa cervical c a n ce r  cell line w e r e  g r o w n  and cu ltu red  at  37°C in a h u m id if ied  

5% CO 2 a t m o s p h e r e .  SiHa ce lls  w e r e  t h e n  in d e p e n d e n t ly  forw ard  t r a n s f e c t e d  w ith  

sc r a m b le d  con tro l  siRNA and E6#2 siRNA for 72 h rs  as  d e sc r ib e d  in S e c t io n  2 .5  and  

S e c t io n  2 .1 0 .  E6#2 w a s  s e l e c t e d  for  s p e c tr a  d iscr im ination  an a lys is  a s  a resu lt  o f  its 

d is t in c t  d ra m a tic  m o r p h o lo g ica l  p h e n o t y p e  and t h e  in d u ct ion  o f  a cell d e a th  

im m u n o lo g ic a l  r e s p o n s e .  The su p p r e s s io n  o f  HPV E6 an d  E7 w a s  c o n f ir m e d  v isually  

b a s e d  on  p rev io u s ly  c o n f ir m e d  e x p e r im e n ts .

5.3.2. Raman spectroscopy

7 2 h r s  fo l lo w in g  forw ard  tr a n s fe c t io n ,  Cap2 ch ips w e r e  f ixed  in 10% f i l ter ed  form alin  

s o lu t io n  at  -20°C  for  I S m in s  and m o v e d  t o  t h e  Focas R esearch  In st i tu te  at Dublin  

In st i tu te  o f  T e c h n o lo g y  (DIT), w h e r e  R am an an a lys is  w a s  p e r fo r m e d  u sing  a HORIBA 

Jobin Yvon XploRA^”̂  s y s t e m  (V i llen eu ve  d'Ascq, France) w h ic h  in c o r p o r a te s  an  

O ly m p u s  m ic r o s c o p e  BX41 e q u ip p e d  w ith  a lOOX o b je c t iv e  (M PIanN, O ly m p u s) .  The  

la se r  s o u r c e  u s e d  t h r o u g h o u t  th is  s tu d y  w a s  a 5 3 2 n m  d io d e  w h ich  p r o d u c e s  a high  

le v e l  o f  lo n g -te r m  o u tp u t  p o w e r  o f  < 5 m W  t o  2 0  W  an d  w a s  s e t  a t  100%  at t h e  

o b je c t iv e .  The c o n fo c a l  h o le  w a s  s e t  at t h e  s p e c if ie d  s e t t in g  for  c o n f o c a l  o p e r a t io n  

( 1 0 0 | im )  fo r  all m e a s u r e m e n t s .  The s y s t e m  w a s  p re -c a i ib ra ted  t o  t h e  5 2 0 . 7  c m ‘  ̂

sp ec tr a l  line o f  S ilicon. The c o n fo c a l  s p e c t r o m e t e r  o f  t h e  XploRA^'^ s y s t e m  c o n t a in s  4  

in te r c h a n g e a b le  gra t in gs  o f  6 0 0 ,  1 2 0 0 ,  1 8 0 0  and 2 4 0 0  l in e s /m m .  The 1 2 0 0  l in e s /m m  

gra t in g  w h ic h  g a v e  a sp ec tra l  d isp ers ion  o f  ~ 3  cm'^ p er  pixel a n d  an  a cq u is it io n  t im e  o f  

BOsecs w i t h o u t  c o m p r o m is in g  or d e c r e a s in g  t h e  s ignal t o  n o ise  ratio in t h e  sp e c tr a  

c o l l e c te d  w a s  u se d  in th is  s tu d y .  Higher r e so lu t io n  grating  su ch  as 2 4 0 0  g r / m m  w h ich  

a l th o u g h  m a y  g iv e  a b e t t e r  sp ec tra l  re so lu t io n  o f  <1  c m ' \  w o u ld  t r e m e n d o u s l y  

in c r e a s e  a c q u is i t io n  t im e  to  a m a t t e r  o f  m in u t e s  and h e n c e  w a s  n o t  c o n s id e r e d .  T h e  

b a c k s c a t te r e d  light w a s  m e a s u r e d  using an a ir -c o o led  c h a r g e - c o u p le d  d e v ic e  (CCD)
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d e t e c t o r  (Andor, 1024 x 256 pixels) and th e  spec t ronneter  control led  by Labspec 

Version 5.0 sof twa re .

5.3,3. Spectral analysis

Following t h e  collection of raw Raman spect ra ,  spectral  analysis was  carried out  by Dr. 

Luke O'Neill and  Padraig Kearney of t h e  Focas Research Inst itute a t  Dublin Insti tute of 

Technology.  In total ,  single spect ra  an d  backgrounds  w e re  acquir ed  from 40 fixed 

scrambled  control  siRNA cells and 40 fixed E6#2 siRNA cells. For each  cell, 3 spectra 

w e re  reco rded  (nucleus,  nucleolus,  and cytoplasm),  each of t h e m  co r respond ing to  the  

ave ra ge  of t w o  accumulat ions  of 30secs in t h e  spectral  range 400-1 80 0 c m ' \  For each 

sample ,  25 cells w e r e  se lec ted  for recording and Raman spec t ra  w e r e  col lected in the  

region of 4 0 0 c m ^  to  1900cm‘̂ . After acquisit ions,  each cell had its individual 

background sub t ra c te d  and th e  laser line, also recorded on t h e  CCD camera ,  was  used 

to  conver t  t h e  spec t ra  into relative w a v e n u m b e r s  and s u b s eq u e n t  Raman spectra  we re  

analysed using multivar iate t echn iques  of unsupervised,  supervised and clustering 

using Mat lab  7.9.0.

Raw Raman spect ra  w e re  initially subject  to  a pre-process ing protocol  which entails 

spec t ra  overlay,  baseline correction an d  vec tor  normal isat ion as depic ted  in section 

5.4. Spect ra  overlay involves th e  over lay of all spect ra  f rom th e  control  and knockdown 

on a plot of intens ity agains t wa ve n u m b e r  (cm‘̂ ). In a baseline correc tion,  both  ends  

of all spec t ra  ar e  ad jus ted  down to  t h e  x-axis t h a t  is each spec t ra  begins on th e  axis 

and en d s  on th e  x-axis) while preserving t h e  di fferences  in intensities.  Vector 

normal isa t ion is t h e  a l ignment  of all spec t ra  such th a t  all spect ra  are  brought  to  the  

s a m e  intensity.  Following pre-process ing,  t h e  m e a n  spect ra  of t h e  pre -p ro ce ssed  data  

w e re  ca lculated for  every sample  which al lowed for an initial a s s e s s m e n t  of the  

reco rd ed  spec t ra  results (section 5.4). This p rocedure  ena b le s  a rapid visual 

a s s e s s m e n t  for any differences in spec t ra  b e t w e e n  t h e  controls and knockdown before 

m or e  a deta i l ed  fu r th e r  analysis is carried out.
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5.3.4. Principle component analysis [PCA)

In orde r  to  fu r th e r  analyse t h e  data ,  initially pre -p roce ssed  spect ra  w e r e  sub jec ted  to  

PCA, in o rd e r  to  identify any possible d if ferent iat ion of th e  samples .  PCA is a statistical 

m e t h o d  used in explora tory  analysis and establ ishing predict ive models  and 

mathemat ica l ly  consists of  n u m ero u s  s teps .  Therefo re  based on th e  PCA calculations, 

statistically significant d i fferences  b e t w e e n  spectral  profiles of t h e  scrambled control 

and  E6#2 could be d e t e r m in e d  and verified. The first s t ep  in PCA involves m e a n  data 

cent r ing which entai ls  t h e  subtrac t ion of th e  m e a n  (average across each dimension) 

f rom  t h e  dat a  for each dat a  d imension which results in a data  set  with m e a n  equal 

zero.  Subsequent ly ,  t h e  covar iance matrix calculation is carried out,  which is a m easu re  

of t h e  linear re la tionships  b e t w e e n  t h e  variables for t h e  data  se t  and finally, 

calculat ions of e igenvectors  and eigenvalues  for t h e  covariance matrix are  carried out.

Eigenvectors (also know n as characterist ic vectors,  p ro pe r  vectors,  or  la tent  vectors) 

are  a special se t  of vectors  associa ted  wi th a l inear sys tem  of equa t ions  or  a matrix 

eq ua t ion  while e igenvalues  (characterist ic roots,  characterist ic values,  p ro p e r  values, 

o r  la tent  roots) are  a special  se t  of scalars also associa ted  wi th a linear sys tem  of 

eq ua t ions  or  a matrix eq ua t ion  (Teukolsky, e t  al., 2007).  Mathematica lly,  t h e r e  are  tw o  

di fferent  kinds of  e igenvectors  which are  dist inguished as left e igenvectors  and right 

eigenvectors ,  however ,  for  many  p roblems in physics and engineering,  it is sufficient to  

consider  only right e igenvec to rs  hence  th e  "eigenvector" t e rm  is used wi thout  

qualification in such appl ica tions bu t  can th e re fo re  be unde r s to od  to  refer  t o  a right 

e igenvector.  Eigenvectors ar e  perpendicular  t o  each other ,  eve ry  e i genvecto r  has  a 

cor responding right e igenvec to r  and a corresponding  left e igenvector ;  t h e r e  is no 

ana logous  distinction b e t w e e n  left and right for  eigenvalues .  In this s tudy,  t h e  

de t e rm in a t io n  of t h e  e igenvecto rs  and e igenvalues  of a sys tem is equivalent  t o  matrix 

diagonal isat ion of small oscillations of vibrating sys tems  (Teukolsky, e t  al., 2007).  The 

e igenvecto r  with t h e  h ighes t  e igenvalue explains t h e  m o s t  var iance in a d a ta  s e t  and is 

called t h e  first principal c o m p o n e n t  p c i  or p i .  The sec on d principal c o m p o n e n t ,  pc2  or 

p 2  is t h e  e ig envector  wi th t h e  second  highes t  e igenvalue and holds informat ion ab o u t  

t h e  remaining var iances  and s u b s e q u e n t  principal c o m p o n e n t s  are  n a m e d  in this
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manner. In general, eigenvectors organised according their eigenvalues, from highest 

to lov^est, give the components in order of significance (Teukolsky, et al., 2007).
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5.4. Results

5.4.1. Raman spectra of silenced HPV16 E6 and E7 SiHa cells

Raman spectra were recorded from  the nucleus, nucleolus, and cytoplasm of 10% 

form alin  fixed Cafi  chips SiHa cells 72hrs post transfection (Figure 5-2) and analysed 

using m ultivaria te analysis techniques as described in Section 4.3.3 and 4.3.4 above. 

HPV E6/E7 silenced cells were visually confirmed as per sim ilarity in features (cell 

shrinkage, nuclear fragm entation, chromatin condensation, blebbing and death) to 

previously validated experiments in TaqMan RT-PCR analysis (Section 3.3.2) and 

apoptosis analysis using FITC/PI DNA staining (Section 3.3.5.1).

Figure 5-2: Confocal microscopy of SiHa cells 72hrs post forward transfection technique. SiHa cells 
seeded at 1.5x10^ cells were le ft transfected w ith scramble control sIRNA (A), E6#2 sIRNA (B) in 
biological duplicates. The confocal image shows the dramatic morphological phenotype in E6#2(B) 
compared to  the scrambled control (A) (M agnification lOOX).
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The Raman spectra overlay (Figure 5-3A, Figure 5-4A, Figure 5-5A), baseline corrections 

(Figure 5-3B, Figure 5-4B, Figure 5-5B) and vector norm alisation (Figure 5-3C, Figure 5- 

4C, Figure 5-5C) fo r the nucleus, nucleolus, and cytoplasm of the scrambled control 

siRNA and E6#2 siRNA cells show no significant discrim inations. The Raman spectra 

show/ed no significant discrim inations between the principal components p c i and pc3 

of the scrambled contro l siRNA and E6#2 siRNA cells fo r the nucleus, nucleolus, and 

cytoplasm (not shown). There were also no significant discrim inations between the 

principal com ponent p c i and pc3 in the scrambled contro l siRNA and E6#2 siRNA cells 

fo r the nucleus, and the nucleolus (Figure 5-3D, Figure 5-4D). There were however, 

significant discrim inations between the principal com ponent p c i and pc3 in the 

cytoplasm fo r the scrambled contro l siRNA and E6#2 siRNA cells (Figure 5-5C). This 

biochemical d istinction was be tte r observed on rotating the coordinates (Figure 5-5C) 

to  (Figure 5-6) whereby there is a m ajor right hand side clustering o f scrambled control 

siRNA cells (green) and a le ftw ard dispersion or m ovem ent o f E6#2 siRNA cells (blue) 

w ith  a few  scrambled control siRNA cells (green) cross overs which are a ttribu ted to 

our spectra data being from  a population size o f 25 cells each. Increasing this number 

to  40 cells would make our spectra a litt le  more consistent and hence the PCA 

separation analysis more evident.
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Figure 5-3: Nuclei spectra comparisons of HPV16 E6 silenced cells 72 hours post transfection. Cells 

transfected w ith  negative siRNA a are depicted in green and knockdown cells are depicted in blue. 

Initial spectra overlay taken from  nuclei (A), spectra taken post normalisation and baseline correction 

(B), mean spectra taken post pre-processing (C), Principal com ponent analysis three dimensional 

scatter plot o f spectra (D), all showing no significant discrim ination between green coloured scrambled 

control siRNA and the blue coloured E6#2 siRNA cells . Spectra obtained from  25 cells were used fo r 

th is analysis.

220



0.14 ■■4 50 0 -

4000
0.12

3500

3000

0.0 8 -
2500 -

2000 - 0.06 ■

p i
0.04

1000 tr'

0 .0 2 -

1200 1400 1600 180(400 600 1000400 600 800 1000 1200 1400 1600

0 . 12 -

0.04

0 .0 2 .

0.06  -

0.02

0.04  -

0.02  ■
0.05

0.05 0.1400 600 800 1000 1200 1400 1600 1800

PC2 PCI

Figure 5-4: Nucleoli spectra comparisons of HPV16 E6 silenced cells 72 hours oost transfection. Cells 

transfected w ith  negative siRNA are depicted in green and knockdown cells are depicted in blue. Initial 

spectra overlay taken from  nucleoli (A), spectra taken post norm alisation and baseline correction (B), 

mean spectra taken post pre-processing (C), Principal com ponent analysis three dimensional scatter 

p lo t of spectra (D), all show/ing no significant discrim ination between green coloured scrambled control 

siRNA and the  blue coloured E6#2 siRNA cells. Spectra obtained from  25 cells were used fo r this 

analysis.

221



Figure 5-5; Cytoplasmic spectra comparisons of HPV16 E6 silenced cells 72 hours post transfection.
Cells transfected w ith  negative siRNA are depicted in green and knockdown cells are depicted in blue. 

Initial spectra taken from  cytoplasm (A), spectra taken post normalisation and baseline correction (B), 

mean spectra taken post pre-processing (C), Principal com ponent analysis three dimensional scatter 

p lot o f spectra (D), all showing a significant discrim ination between green coloured scrambled control 

siRNA and the blue coloured E6#2 siRNA cells. This discrim ination can be better observed on rota tion 

of the  coordinates in Figure5-8. Spectra obtained from  25 cells were used fo r this analysis.
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Figure 5-6; Principal com ponent analysis plot o f cytoplasm spectra comparisons o f HPV16 E6 silenced 

cells 72 hours post transfection. Negative siRNA cells are dep ic ted  in green and knockdow n cells are 

dep ic ted  in blue. The above p lo t provides a b e tte r illu s tra tio n  o f th e  s ign ifican t d isc rim ina tion  

be tw een  green co loured scram ble con tro l siRNA and the  blue co loured E6#2 siRNA cells in figu re5-6 , 

w h ere by  a ro ta tio n  o f the  coo rd ina tes produces a 2D p lo t o f PC3 against PCI w ith  a le ftw a rd  dispersion 

o f b lue cells (E6#2 siRNA) aw ay fro m  th e  c luste ring  o f green cells (scram bled con tro l). Spectra ob ta ined 

fro m  25 cells w ere used fo r th is analysis.

Figure 5-7 illustrates the principal com ponent loadings plot of main peaks contributing  

to discrimination spectra betw een  scrambled control siRNA and E6#2 siRNA cells 72hrs  

post transfection with  PC I highlighted in blue and PCS highlighted in red. Tentative  

band assignments to PC loading for the  Raman peaks are displayed in Table 5-1 . These  

band assignments contribute to  discrimination spectra betw een  scrambled control 

siRNA and E6#2. Each peak is higher in the  control in comparison to  the  knockdown, 

meaning that there  w ere  more of these biomolecules prior to the  SiHa cells being 

knocked down. This analysis of the  loadings correlates with the  visual analysis of the  

mean spectrum comparing the cytoplasm of the  control and knockdown cells.
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Figure 5-7: Principal component loadings plot of main peaks contributing to discrimination spectra 

between scrambled control siRNA and E6#2 siRNA cells 72 hours post transfection. PCI highlighted in 

blue and PC3 highlighted in red. Spectra obtained from  25 cells were used fo r this analysis.
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Table 5-1: Tentative band assignments fo r the Raman peaks. These assignments are fo r peaks 

displayed in Figure 5-7 (above). Band assignments contribute to  discrimination spectra between 

scrambled control siRNA and E6#2 siRNA cells 72 hours post transfection. Each of these peaks is higher 

in the control in comparison to  the knockdown (there were more of these biomolecules before the 

cells were silenced). The analyses of these loadings correlate w ith the visual analysis of the mean 

spectrum comparing the cytoplasm of the control and knockdown cells. Therefore, the decrease in 

peak variations (protein and nucleic acid levels) infer as to  the reprogramming o f protein expression in 

cells due to  silenced HPV oncogenes.

C-C arom atic ring stretching in Phenylalanine (Phe)

Amide III (C-N stretching, N-H bending). 

Phosphate asym m etric stretching (DNA/RNA)

A,G (DNA/RNA); C=C bending mode o f Phenylalanine

(Phe)

Proteins, am ide 1, a  helix, phospholipids
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5.5. Discussion

Raman spec t roscopy  w as  used to  fur ther  character ise  t h e  effect  of knocl<ing down E6 

and  E7 oncogenes  in a HPV positive cervical cance r  cell line. From affymetrix 

microarray  g ene  analysis of E6#2 siRNA which revealed  t h e  induction of an innate  

im m u n e  re sp o n se  ac co m pan ied  by t h e  gene ra t ion of cytokines and chemokines  

(c hap ter  4), a spect roscopic  protein analysis was  per fo rmed  to  fu r th e r  assess  

biochemical changes .  E6#2 siRNA t rans fect ed  cells displayed distinct morphological  

changes ,  highly significant reduc t ions  in E6 and E7 mRNA expression levels which was  

fu r th e r  conf i rmed by increased levels of p53 and p21 via west e rn  blot analysis. Flow 

cy tomet ry  analysis also revealed  E6#2 siRNA cells t o  be undergoing substantial  cell 

d e a th  though  not  as extens ive  as E6#l  siRNA cells. This spectroscopic protein  analysis 

w a s  to  fu r th e r  e lucidate t h e  m echan i sm  and processes  unde rgone  in th ese  cells during 

cell dea th .  This s tudy d e m o n s t r a t e d  t h a t  Raman spect roscopy  can discriminate 

objectively b e t w e e n  HPV-16 positive SiHa cells (with 1-2 in tegra ted  HPV s t r ands  per 

cell) control expressing E6/E7 and knockdowns wi th supre ssed E6 and E7 expression.  

This discrimination was  m ore  effectively observed by t h e  increase in var iance observed  

in scr ambled control  siRNA c o m p a r e d  to  E6#2 siRNA cells using PCA.

The m ean  of  25 spec t ra  re co rd ed  from HPV16'" SiHa cells forward t rans fect ed  with 

scrambled  control  siRNA and  E6#2 siRNA (25 spec t ra  each)  w e re  derived f rom raw 

spec t ra  via t h e  pre-process ing p rocedures  and are  r e p re s en te d  in Figure 5-3, Figure 5-4 

and Figure 5-5. In th e  m ea n  Raman spect ra  of t h e  nucleoli and nuclei, no significant 

d if ferences  b e tw e en  scrambled  control  siRNA and E6#2siRNA are discernible.  

However ,  subt le changes  and var iat ions  w e re  obser ved  in t h e  cytoplasmic peak 

compar isons  and t h e  t e n ta t ive  band as s ignment s  of t h e s e  peaks observed in Figure 5-7 

are  shown  in Table 5-1. P rominen t  Raman peak var iat ions  w e re  located a t  arou nd  

1007 cm \  1245 cm \  1575 cm'^ and 1657 cm'^ and w e r e  tentat ively  ass igned to  C-C 

aromat ic  ring s t re tching in Phenylalanine (Phe),  Amide III (C-N st retching,  N-H 

bending).  P hospha te  a sym m et r i c  st retching (DNA/RNA) A,G (DNA/RNA); C=C bending 

m o d e  of Phe respectively.  These  peak variat ions w e r e  all show n to  be d ec rea s ed  in 

E6#2 co m p a red  to  scrambled control  siRNA.
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A highly significant peak variation observed betw/een these cells affected by none to 

low HPV E6 and E7 oncogene expression (E6#2) to high HPV oncogene expression 

(scrambled control siRNA) was in the Amide III region (1245 cm'^). The decrease in 

variation in this region w ith normal Raman spectra compared to  LGSIL Raman spectra 

in cervical dysplasia has been reported by (Kanter, et al., 2009) and (Kanter, et al., 

2009). This decrease has also been shown by (Kanter, et al., 2011) when comparing 

Raman spectra from true normal ecto-cervix w ith  previously diseased normal ecto- 

cervix and (Duraipandian, et al., 2011) when in vivo Raman spectra from  29 patients 

w ith  cervical abnormalities (ranging from  normal, benign, precancerous lesions, low- 

grade and high-grade CIN) were examined. In these papers, differences were 

attributed to a variety o f biochemical changes and hence optical changes occurring in 

these cervical tissues as a result of increased dysplasia. Therefore, the cellular 

transform ation by HPV oncogenes ultim ately effect an increase in the ratio o f nucleus 

to  cytoplasm due to increased DNA content in dysplastic cells and changes in levels of 

proteins such as elastin and collagen. These changes are also reflected in our study, as 

follow ing the reduction in mRNA levels of E6 and E7 and the stabilisation of p53 

confirmed via TaqMan® RT-PCR and western blot analysis, E6#2 cells were more likely 

to  display Raman signatures o f previously diseased normal ecto-cervix. Hence, despite 

the silencing of HPV oncogenes in E6#2, permanent changes in the amount and 

arrangement of DNA, collagen and glycogen w ith in  these cells is most probably 

associated w ith HPV.

Another peak variations observed at 1575 cm'^ wavelength assigned to  DNA/RNA and 

Phe (Table 5-1) was similarly reported by (Ostrowska, et al., 2010). In the ir report, this 

peak was found to be the only significantly variable peak between HPV negative C33As 

w ith  HPV positive SiHa ceils and demonstrated the effect of the presence o f HPV in a 

cell. In our study, a reduction in this peak was observed in E6#2 which is in line w ith 

Ostrowska, et al and our previous data and as to the effect of silencing o f HPV 

oncogenes by E6#2.
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F urth er d iffe ren ces  exh ib ited  in p ro te in  vibrations b e tw e e n  scrannbled co ntro l cells 

and E6#2 w e re  observed in th e  A m id e  I region (1 6 5 7 c m ‘ )̂ and p ro te in  co ns titu en t 

am in o  acids; Phe {1007cm '^) w h ile  varia tions  associated w ith  nucleic acid constituents: 

PO2 g roup (1245cm '^), A and G (1 5 7 5 c m ‘ )̂ w e re  also observed. These results are  

consistent w ith  (Vargis, e t a!., 2 0 1 2 ) w h o  exam ined  p a tie n t sam ples te s te d  fo r th e  

presence o f high-risk HPV strands and (O strow ska, e t al., 2 0 1 0 ) w h o  exam in ed  HPV  

n egative  C 33A , H PV18 HeLa, H PV -16 SiHa and H PV-16 CaSki. They  are  also in good  

a g re e m e n t w ith  observations m ade by (Lyng, e t  al., 2 0 0 7 ), w h o  exam in ed  histological 

p a tie n t sam ples o f norm al, CIN and invasive carcinom a tissue and (D u ra ip an d ian , e t al., 

2 0 1 1 ) . The d iffe ren ces  in p ro te in  and nucleic acid com position  su pp o rt th e  m o lecu lar  

d ata  w hich  d em o n stra tes  th e  silencing o f HPV E6 and E7 oncogenes and th e  

subsequent d o w n s tre a m  effects  o f th e ir  oncopro te ins on host cell p ro te ins  such as 

p53.

The principal c o m p o n e n t analysis sca tte rp lo t fo r th e  R am an spectroscopic results  

p resen ted  in Figure 5 -5  was used to  reduce th e  n u m b e r o f p a ra m e te rs  needed  to  

rep resen t th e  variance in th e  spectral data  set and th e n  principal co m p on en ts  

id en tified  w e re  used to  fu r th e r  g e n era te  a linear d iscrim inan t m o d e l (F igure 5 -6 ). This 

p lo t show s a d istinctive sep aration  b e tw e e n  scram bled co n tro l siRNA and E6#2 cells, 

and is very  s im ilar to  th a t noted  by O strow ska, e t al, in th e ir  cell line com parisons  

(O strow ska, e t al., 2 0 1 0 ), suggesting th e  co ncen tra tio n  HPV onco g en e  as a d ep en d en ce  

fac to r. In (O strow ska, e t al., 2 0 1 0 ), g re a te r separations based on m ean  spectra analysis 

w e re  observed  b e tw e e n  cell lines w ith  increasing HPV c o n c e n tra tio n . Principal 

c o m p o n e n t loadings are  presen ted  in Figure 5 -7 . Peak num bers  correspond  to  

assignm ents p resen ted . The firs t principal co m p o n e n t is d o m in a te d  by th e  pro te in  

co n trib u tio n  o f th e  A m ide I v ibrations (a -h e lix ) exh ib ited  at 1 6 5 7  c m '\  W h ile  th e  th ird  

principal c o m p o n e n t contains a lot o f b iological in fo rm atio n  w ith  m ain ly  nucleic acid 

and p ro te in  co n trib u tion s  corresponding to  d istinctive peaks v ib ra tions . D N A  and  RNA 

co ntrib u tion s  are observed in PCS are a t 1245  cm'^and 157 5  cm'^ in ad d itio n  to  strong  

in fluence o f varia tio n  arising from  pro te in  v ibrations o f A m id e  I (1 6 5 7  cm '^), C=C Phe at 

1 5 7 5 c m '\ C-C Phe a t (1 0 0 7  cm ‘ )̂ and A m ide III (1245  cm'^). The source o f varia tio n s
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shown in the  principal com ponent loadings is also consistent w ith those observed in 

the  analysis of the mean spectra for the investigated cell lines by (Ostrowska, et al., 

2010) with m ain peak loadings arising from  protein and nucleic acid com ponent 

vibrations. Each principal com ponent is dom inated by d ifferent cellular com ponents; 

proteins in PC I, and nucleic acids and proteins in PC3. Amide I contributions are 

present in both principal com ponent loadings and are indicative of differences in 

structural conform ation of the protein in a-helix  PC I and PC3. As m entioned  

previously, variations in protein and nucleic acid levels arise from  the fact tha t the  

silencing of HPV oncogenes causes the reprogram m ing of protein expression in the  

cell.

This chapter fo r the first tim e describes the application of Raman spectroscopy to  

dem onstrate simultaneous silenced E6 and E7 oncogenes by RNAi in a HPV16 cervical 

cancer m odel. Our prelim inary result suggests that Raman spectroscopy can 

differentiate betw een cells with functional E6/E7 (unsilenced) and those w ith silenced 

E6/E7 expression via significant spectra discrimination betw een their biochemical 

compositions. This approach has previously been used to discriminate betw een the  

HPV positive and negative cell lines to  elucidate cellular differences due to  proteins, 

nucleic acids and lipids (Ostrowska, e t al., 2010). This chapter also affirm s the  

diagnostic potential of Raman spectroscopy in conjunction w ith cervical cancer 

screening m ethods of pap smears and liquid-based cytology to  discriminate betw een  

HPV-m ediated dysplasia and cervical cancer using PCA spectral analysis thereby  

reducing the num ber false positive and negative results as well as colposcopy referrals  

particularly in w om en with borderline o r mild cytological abnorm alities. This study has 

therefore, revealed the potential application of this approach in improving our 

understanding o f HPV-induced carcinogenesis in vitro and as non-invasive real-tim e  

diagnostic tool to  support current m ethods for cervical cancer screening.
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Chapter Six

General Discussion
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6. General Discussion

The premise  of this projec t was t h a t  high-risk HPV16 E6 is necessary,  but  not  sufficient 

t o  induce mal ignant  t ransformat ion  to  cervical carcinoma.  The object ive of this project  

w a s  to  examine t h e  effects of silencing th e  express ion of HPV E6 o n c o g e n e  in a cervical 

cance r  cell line model  in o rd e r  t o  gain a b e t t e r  und er s tanding of t h e  role of HPV E6 in 

cervical carcinogenesis ,  assess  t h e  dow/nst ream effects of silencing HPV E6 express ion 

by gene express ion analysis and Raman spect roscopy.  These  t echn iques  w e re  

em ployed  with t h e  expecta t ions  of identifying possible pharmacological  t a rge t s  in th e  

oncogenic  p a thw ay  and evaluat ing a novel potent ia l  screening technology.  This was  

accompl ished by silencing th e  e n d o g e n o u s  express ion of t h e  viral o n co g e n e  at  t h e  RNA 

level using RNAi technology w h e r e b y  E6 and  E7 express ion w as  s imultaneously  

silenced.

In ch ap te r  3 of this study,  five siRNAs (E6#l ,  E6#2 E6#3, E6#4 and E5#5) t a rg e ted  

to w ar d s  t h e  coding region of HPV16 E6 and its splice var iant  forms w e re  des igned and 

val idated.  These  siRNAs d e m o n s t r a t e d  var ia tions  in thei r  efficiency at  silencing E6 and 

E7. E6#2 E6#3 and E6#4 induced a s im ul t an eous  reduction in mRNA expression levels 

of E6 and E7 express ion of >70%, while E6#5 induced a considerable  s imul taneous  

reduct ion in mRNA expression levels of less t h a n  70% in E6 and m o r e  than  70% in E7 

expression.

E6#l  target ing jus t  full length E6 only, induced no reduction in mRNA expression levels 

of both E5 and E7 expression.  The bicistronic nature  of HPV E5 and E7 t ranscrip t  

predicates  t h e  conc omitan t  silencing of E6 and  E7mRNAs (Stacey, e t  a!., 2000) (Stacey, 

e t  al., 1995), and has previously b e e n  re p o r t e d  by s tudies  t h a t  examined  t h e  ef fect  

siRNAs in HPV16 or  HPV18 infected cervical cell lines: result ing in similar suppress ions  

(Sima, e t  al., 2007) (Yamato,  e t  al., 2008) (Yoshinouchi,  e t  al., 2003) (Zhou, e t  al., 2012).

An evaluation of full length E6 only mRNA express ion levels indicated E6#2 E6#3 and 

E5#4 induced a b o u t  65% reduct ion while E6#5 had no effec t  on  full length E6 only
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mRNA expression levels, whereas E 6 # l induced a 70% reduction in full length E6 only 

mRNA expression levels. The level of suppression of full length E6 mRNA in all sIRNAs 

correlates w ith previous findings tha t m ajority of the E6 amplicons detected w ere  E6*l 

(Tang, et al., 2006).

A furth er exam ination of the proficiency of these siRNAs at protein level also indicated 

variations in their efficiencies. The assessment of siRNA-m ediated suppression of E6 

using p53 and p21 biom arkers (Rahman-Roblick, et al., 2007) (Rahman-Roblick, et al., 

2008) revealed tha t E6#4 and E6#5 induced significant stabilisation of p53 protein 

similar to  the  knockdowns at RNA level. This effect was also translated downstream  as 

an increase in p21 mRNA expression and an accum ulation in protein levels, w ith E6#4 

being the more potent o f the tw o. Similarly, E5#2 and E6#3 induced the stabilisation of 

p53 protein and p21 transcript transactivation but to a lesser degree than E6#4 or 

E6#5. E6#2 also induced p21 protein accum ulation equivalent to  its transcript

transactivation while E6#3 did not induce any p21 protein accum ulation. In addition, 

the  levels of p53 protein stabilisation and p21 protein observed in E6#3 did not 

correlate w ith the knockdown at RNA level. E 6# l, however, induced no stabilisation 

p53 or p21 protein, similarly GAPDH loading control band was also absent. The 

absence of any protein and bioanalyser assessment of its mRNA (See Figure 8-2 in the  

appendix) dem onstrated the degradation occurring w ithin this sample.

Activated p53 and p21 regulate the  transcription of genes involved in cell cycle arrest 

(Kim & Zhao, 2005). Hence, the  effects of silencing the oncogenes activity on 

dow nstream  targets via w estern blot analysis w ere further assessed by levels of (3- 

galactosidase activity (Shlush, et al., 2011) (Gary & Kindell, 2005). Three siRNAs (E6#3, 

E6#4 and E6#5) dem onstrated an extrem ely significant level of 3-galactosidase activity 

(p<0.001) suggesting the  induction of the senescence process in these knockdowns. 

Similarly, flow  cytom etry analysis of E6#3, E6#4 and E5#5 siRNAs revealed a G1 arrest 

profile in cellular proliferation and autofluorescence in the siRNA knockdowns, further 

supporting an induction o f senescence. The observed m ediation of p53-dependent cell
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cycle arrest by p21 in E6#4 and E6#5 is in line w ith previously reported studies on p21 

inhibiting p53-dependent and p53-independent apoptosis (Yoshinouchi, et al., 2003) 

(Gartel & Tyner, 2002) (Zhang, et al., 2013).

The demonstration of a G1 arrest, autofluorescence, and p21 transactivation in spite of 

the absence of p21 protein in E6#3 supported an induction in senescence. The distinct 

rounded refractile morphology observed in this sIRNA knockdown compared to an 

enlarged flat morphology observed in normal senescent cells indicates elicitation of an 

oncogene-induced senescence (OIS). OIS is a form of senescence has been reported 

w ith certain cell types and genetic contexts, w ith a similar display of characteristics 

and particular morphology (Serrano, et al., 1997) (Palmero, et al., 1998) (Vredeveld, 

2009) (Seoane, et al., 2008) (Kuliman, et al., 2010). However, these reports all confirm 

an increase in cell cycle inhibitors such as p21. It is therefore possible that E6#3 may 

not have achieved its maximum silencing ability whereby the transactivation of p21 at 

RNA level had been translated to the protein level or that despite its stabilisation, p53 

might be impaired by E6#3 siRNA via an inhibition of DNA synthesis which could 

prevent one or more critical kinases from phosphorylating p53 as E6#3 siRNA does not 

reflect the double banding normally observed in p53 and present in other siRNA 

knockdowns described by Gottifredi, et al. (Gottifredi, et al., 2001).

While flow  cytometry analysis of E6ttl and E6#2 demonstrated they had no influence 

on cellular proliferation, an induction in cell death was reflected in both siRNAs. The 

induction of cell death demonstrated in E6#2 in addition to p53 stabilisation and p21 

accumulation has been reported in a number of studies (Butz, et al., 2003) (Xia, et al., 

2011) (Lopes, et al., 1997) (An, et al., 1998) (Maki, et al., 1996) (Blagosklonny, et al., 

1996) (Naujokat, et al., 2000). A study by Xia et al 2011, revealed that a non-genotoxic 

activation of p53 could instigate p53 stabilisation, p21 transactivation and apoptosis 

induction. However, the phenotypic morphology and degradation observed at RNA 

and protein levels in E6#l, in addition to  issues with B2M endogenous control 

reflected the induction of cell death by this siRNA. Studies reporting, the role of B2M in
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apoptosis provided an indication as to initial consistency and reproducibility TaqMan® 

RT-PCR issues w ith E6#l (Wu, et al., 2002) (Mori, et a!., 1999) (Yang, et al., 2009) 

(Hyafil & Strominger, 1979) (Sugita & Brenner, 1994). Various studies demonstrate 

that B2M is widely involved in the functional regulation of survival, proliferation, m u lti

drug resistance, apoptosis and even metastasis in cancer cells as depicted in Figure 6-1 

(Klein, et al., 1996) (Molica, et a!., 1999) (Morabito, et al., 2009) (Li, et al., 2012) 

(Nomura, et a!., 2014) (Shi, et al., 2009). B2M is the non-transmembrane light-chain 

protein that is covalently associated to the transmembrane heavy chain protein which 

makes up the MHC class I antigens. MHC class I molecules play a role in central and 

peripheral tolerance by displaying primarily endogenous or exogenous protein 

fragments to T cells to perturb or illicit an immune response. The fate of the infected 

cell is usually apoptosis induction via cell-mediated immunity to prevent risk of 

spreading the infection to neighbouring cells. Tumour cells can however, circumvent 

immune responses by down-regulating MHC class I expression although the molecular 

basis for reduced MHC class I expression is incompletely understood. It then follows to 

state that "healthy" tumor cells have low B2M expression due to  immune evasion and 

apoptotic tum or cells will have a greater B2M expression that is the higher the number 

of presenting MHC class I molecules on a cancer of which B2M is non covalently linked, 

the greater the chance of that cell undergoing apoptosis. Therefore, it is resonable to 

infer that the induction of apoptosis by E6#l siRNA in HPV16 SiHa cells, is triggering or 

overcoming a down-regulation pathway and causing the inconsistencies in RNA levels 

in B2M reflected in TaqMan® RT-PCR analysis.

Prognostic marker  ►

Growth-stimulating factor  »- o
3s

Bone metastasis factor  ►

 ► Apoptosis-inducing factor  ►

Figure 6-1; Schematic diagram showing the complicated effects of p2-mlcroglobulin in cancer 
(Shi, et al., 2009)

?»
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In order to  obtain a com plete and balanced assessment of the response to  the  

reduction of E6/E7 expression gene expression, a m icroarray analysis was perform ed  

using E6#2 and E6#4 in Chapter 4. These siRNAs w ere selected due to  similar levels of 

reduction in E6 and E7 mRNA expression levels, p53 stabilisation, p21 transcript 

transactivation and p21 protein accumulation resulting in the  induction of a G1 arrest 

in E5#4 and the induction of apoptosis in E5#2 despite targeting of the same regions in 

the  E5 transcripts (3'end of E6 and E6*l). M icroarray analysis dem onstrated an overall 

up-regulation in E6#2 (142 of 171 genes) and dow n-regulation in E6#4 (346 of 399  

genes) o f significantly expressed genes in SiHa cells post transfection. Array analysis 

also identified 16 significantly differentially expressed genes com mon to  both E5#2 

and E6#4, and the classification of these w ere representative of the overall gene 

ontology of overrepresented genes in both siRNAs. Five of the up-regulated genes in 

this group except CDKNIA, w ere  related to the cellular com ponents of extracellular 

signalling peptides, eight of the  down-regulated genes w ere  linked to  the biological 

process of inhibiting of cycle progression and division w hile the  last three genes which  

w ere up-regulated in E6#2 and dow n-regulated in E6#4 w ere linked to  biological 

process of im m une response. These three differentially regulated biological im m une  

response genes to  viral infection offer an insight into the  possible mechanisms of 

im m une subversion by HPV via inhibition OASL antiviral activity, attenuating p53 

function (DHRS2) and m anipulating Golgi trafficking (RSAD2) (Honegger, et al., 2013).

E5#4 how ever, dem onstrated an over-representaticn of dow n-regulated genes 

associated w ith biological processes and pathways of DNA replication and nucleotide  

m etabolism  and up-regulated genes associated w ith  p53 signalling. These over

represented genes suggest an indication to E6#4 suppression of HPV oncogenes 

causing p53 pathway signalling via p l4*'^ ''-M D M 2-p53 pathw ay in collaboration w ith an 

inhibition in DNA replication. O ver-represented dow n-regulated genes such as BRCAl 

and BRCA2 linked to increase risks of breast, prostate, ovarian and pancreatic cancer 

(Chen & Parmigiani, 2007) (Brose, et al., 2002) (Kersemaekers, et al., 1998), and 

Fanconi anaem ia genes FANCB, FANCD2 and FANCG (Juko-Pecirep, et al., 2011) 

(Narayan, et al., 2004) (Park, et al., 2014) (W ang, et al., 2009) have similarly been
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reported to  increase risl<s of HPV-m ediated cervical cancer and have also been 

identified in this lab when effect of HPV E7siRNA on SiHa cells w ere examined. Another 

group of over-represented dow nregulated genes are histone cluster genes (42 genes) 

which encode m em bers of the histone fam ily responsible for form ation  of higher order 

chrom atin structures. These genes may be sub grouped according to  their tem poral 

expression into replication-dependent histones (mainly expressed during S phase) or 

rep lication-independent histones (expressed throughout the ceil cycle).

E6#2 dem onstrated an over-representation of up-regulated genes associated w ith  

biological processes and pathways of innate im m une inflam m atory response and 

dow n-regulated genes associated w ith  m etabolism . O ver-represented genes suggest 

E6#2's mechanism of suppression to  be PRR-induced non-canonical/alternative NF-kB 

signalling pathw ay via plOO which ensued the generation of interferons, cytokines and 

chemokines, in addition to  generation of reactive oxygen species: both of which 

contribute to  cellular dam age and the attraction and activation of the adaptive  

im m une response. Similar findings have been reported in studies (Libermann &  

Baltim ore, 1990) (N iebler, et al., 2013) (Hasan, e t al., 2007) (Aguilar-Lemarroy, et al., 

2002), which show th a t the up-regulation of similar genes played a role in the im m une  

response. In addition, TaqMan® RT-PCR analysis of E6#2 and E6#4 using a surrogate  

biom arker, p21 as an investigative quality control substantiated the observed  

differences betw een E6#2 and E6#4 siRNA in SiHa cells post transfection as valid 

responses and not o ff target effects.

A spectroscopic protein analysis was perform ed on E6#2 siRNA using Raman 

spectroscopy to  fu rth e r investigate the  induction of an im m une response and 

biochemical changes to  cellular constituents at a m olecular level. Discriminations in 

Raman spectra betw een E6#2 to  scrambled control siRNA w ere  only observed in 

cytoplasmic spectra. These discriminations w ere  observed as a decrease in peak 

variations and depicted as a leftward dispersion of E6#2 transfected cells from  

transfected w ith  scrambled control siRNA cells in the PCA plot. Biochemical variations
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in th e  A m ide III region (1 2 4 5  cm'^), D N A /R N A  and P henyla lan ine  region (1 5 7 5  c m ' \  

A m ide I region (1657cm '^ ’, p ro te in  co n s titu e n t am ino  acids; Phe (1 0 0 7 c m ‘^), nucleic  

acid constituents: PO2 group (1245cm '^), A and G (1575cm '^) w e re  observed. The  

variations observed in p ro te in  and nucleic acid levels arise fro m  th e  fac t th a t  silencing  

HPV oncogenes is causing a rep ro g ram m in g  o f p ro te in  expression in th e  cell. Cell 

d eath  can be ach ieved  th rough  signal transd u ctio n  via d e a th  dom ain  receptors  and  

a d a p to r pro te ins o r re lease o f cy to ch ro m e C fro m  th e  m ito ch o n d ria , w h ich  all involve  

th e  activation  o f a cascade o f various enzym es and p ro te ins.

In sum m ary, E6#4 siRNA is m ost p robab ly  inducing th e  silencing o f HPV E6 and E7, th e  

loss of w hich is resulting in th e  observed senescent p ro file . This senescent profile and  

associated genes have also been observed  in this lab w h e n  HPV E7 siRNAs w e re  

em ployed  to  silence HPV E6 and E7 oncogenes. A study by Park e t.a l b e tte r  explains  

th e  role o f HPV oncogenes, as th e y  re p o rte d  th a t th e  d isruption  o f th e  Fanconi an em ia  

D NA dam age rep a ir p a th w ay  increases th e  incidence of H PV-associated cancers in th e  

fem a le  lo w e r rep roductive  tra c t via induction  o f DNA d am ag e  by E7, reduction  in p53  

activ ity  by E5 w hich  lead to  a fu r th e r  accum ulation  o f H P V -induced  DNA  dam age  

w hich, increases th e  p ropensity  fo r tu m o u rs  to  arise (Park, e t al., 2 0 1 4 ). H ow ever, 

H PV16 E6 augm ents  E7-induced D N A  d am age. T h e re fo re , th e  selective ta rg e tin g  o f E6 

by E6#2 leads to  E7 becom ing a ce llu lar stressor, causing th e  e rra tic  response o f th e  

cellu lar m ach inery  observed in th e  an u p -reg u la tio n  o f e ffec to rs  o f an in fla m m a to ry  

••e'ppnse and th e  cytop 'asm ic spectra o f th e  Ram an spectroscopy and th e re fo re  

instigating cell d ea th  in this knockdow n w hich  co rre la tes  w ith  th e  synergistic role o f 

HPV oncogenes in H PV-associated carcinogenesis.
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6.1. Study Limitations

A m a jo r  l imi ta t ion  of  RNAi (siRNA) is t h e  p o te n t ia l  fo r  t h e  m i s i n t e r p r e t a t i o n  of  d a t a  

d u e  t o  non -spec i f ic  o r  o f f - ta rg e t  e f fec t s .  H ow eve r ,  t h e  use  of  mult ipl ici ty con t ro ls  in 

th is  s t u d y  e l i m i n a t e d  s u c h  a l imi ta t ion.  A mult ipl ici ty cont ro l  is t h e  u se  of  sev era l  

siRNAs a g a i n s t  t h e  s a m e  t a r g e t  s ince it is unlikely t h a t  all w/ould h a v e  similar  s e q u e n c e -  

d e p e n d e n t  o f f - ta r g e t  e f fec t s .  A n o t h e r  l imi ta t ion  of  thi s  s t u d y  vjas  t h e  use  of  g e n o m e  

w id e  e x p r e s s i o n  ana lys i s  on  s i lenced  HPV16 in f e c t e d  cervical cells.  This is d u e  t o  t h e  

inabili ty t o  a s s e s s  s o m e  of  t h e  E6 f u n c t i o n s  t h a t  w e r e  no t  exhi b i ted  a t  t h e  level o f  g e n e  

e x p re s s io n  mod i f i ca t io n .  For e x a m p l e ,  t h e  ro le  of  t h e  E5/E6AP c om plex  which  

f un c t io ns  as ub iqui t in  l igase c an  only b e  a s s e s s e d  in t e r m s  of  a l t e r a t i o n s  in global  

p ro te in  levels.  H en ce ,  c h a n g e s  t o  b io chem ica l  c o m p o s i t i o n s  (m o le c u la r  level) d u e  t o  

t h e  s i lencing of  HPV16 E5 a n d  E7 o n c o g e n e s  w e r e  a s s e s s e d  using R a m a n  S pe c t r osc opy .  

R a m a n  S p e c t r o s c o p y  p r o v i d e d  a m o r e  c o s t  e f f ec t iv e  m e t h o d  of  u n p r e j u d i c e d  analysis  

via s p e c t r a  d i s c r im in a t io ns  i n d u c e d  in cel lu la r  c o m p o n e n t s  of  s i l e nced  HPV16 inf ec ted  

cervical  cells.  H o w e v e r ,  t h e  col lec t ion  of  r a w  R a m a n  s p e c t r a  a n d  its analysis  w a s  qu ie t  

t e d i o u s  d u e  t o  t h e  r e q u i r e m e n t  of  an  e x p e r t  in th i s  field a n d  t h e  nove l ty  of  thi s  

t e c h n i q u e .

6.2. Future Directions

This s t u d y  d e m o n s t r a t e d  t h a t  RNAi us ing HPV E6 ta r g e t i n g  siRNAs in HPV16 pos it ive 

cervical  c a n c e r  cell m o d e l  re su l t s  in a r e d u c t i o n  in t h e  mRNA e x p re s s io n  levels o f  E5 

a n d  E7 w hi ch  cou ld  in d u ce  e i t h e r  a s e n e s c e n t  o r  a p o p t o t i c  p h e n o t y p e .  To f u r t h e r  

v a l i da te  thi s  a p o p t o t i c  f inding,  a p r o te in  a r r a y  ana lys i s  a s s e s s m e n t  of  this  k n o c k d o w n  

will be  ca r r ie d  o u t  t o  e l u c i d a t e  globa l p r o t e i n  a l t e r a t i o n s  oc cu r r in g  in thi s a p o p t o t i c  

a n d  reaf f i rm t h e  e f f ec t  o f  thi s  siRNA as  a val id r e s p o n s e  a n d  n o t  an  off  t a r g e t  e f f ec t  (as 

va l i d a te d  by p2 1  qua l i ty  c ont ro l  e xp re s s io n) .  A m i to ch o n d r ia l  f u n c t io n  a s s a y  will also 

b e  car r i ed  o u t  t o  a s s e s s  key b i o m a r k e r s  o f  m i t o c h o n d r i a l  fu n c t io n  a n d  ce l lular  toxici ty.  

T h e s e  a s s e s s m e n t s  w o u l d  full va l i d a te  t h e  a p o p t o t i c  profile o b s e r v e d  in d i f fe ren t ia l  

g e n e  e x p r e s s i o n  p a t h w a y s  involving i n n a t e  i m m u n e  r e s p o n s e  a n d  m e t a b o l i c  p a t h w a y s
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of oxidative phosphorylation and steroid biosynthesis. This approach w/ili provide an 

unbiased assessment of PPARs regulation by HPV oncogenes in cervical cancer.

As a result of the im portance of p21 as the main surrogate biom arker for this study, a 

Confocal M icroscopy antibody staining of this protein would reveal its localisation in 

each knockdown and further support the proposed roles of p21 in senescence and 

apoptosis. In addition, to  furth er elucidate the cellular death mechanism taking place 

in E 6 # l silenced HPV16 SiHa cells, post transfection downstream  analysis m aybe  

carried out at earlier tim e points of 10-24 hours to  obtain better quality RNA and 

protein. Furtherm ore, potential application of Raman Spectroscopy as a diagnostic tool 

to  support current methods for cervical cancer screening maybe investigated via 

biochemical analysis of siRNA targeted E6 splice form s.

239



7. References

Aguilar-Lemarroy, A. et al., 2002. Restoration of p53 expression sensitizes human 
papillomavirus type 16 immortalized human keratinocytes to  CD95-mediated apoptosis. 

Oncogene, 21(2), pp. 165-175.

Albershardt, T. C., Iritani, B. M. & Ruddell, A., 2012. Evaluation of reference genes for 

quantitative PCR analysis of mouse lymphocytes. Journal o f Immunological Methods, 31 
October, 384(1-2), pp. 196-199.

Allerton, R. & Butler-Manuel, S., 2014. Cancer Research UK. [Online]

Available at: http://www.cancerresearchuk.org/cancer-help/tvpe/cervical- 

cancer/treatment/chemotherapv/about-chemotherapv-for-cervical-cancer 

[Accessed 2 August 2014].

Allshire, R., 2002. Molecular biology. RNAi and heterochromatin-a hushed-up affair. Science, 
13 September, 297(5588), pp. 1818-1819.

Alvarez-Salas, L. M., Bem'tez-Hess, M. L. & DiPaolo, J. A., 2003. Advances in the development of 
ribozymes and antisense oligodeoxynucleotides as antiviral agents for human 

papillomaviruses. Antiviral Therapy, August, 8(4), pp. 265-278.

Alvarez-Salas, L. M. & DiPaolo, J. A., 2007. Molecular approaches to cervical cancer therapy. 
Current Drug Discovery Technologies, October, 4(3), pp. 209-219.

Amato, A. et al., 2009. RNAi mediated acute depletion of retinoblastoma protein (pRb) 
promotes aneuploidy in human primary cells via micronuclei formation. BMC Cell Biolology, 

November, Volume 10, p. 79.

An, B., Goldfarb, R., Siman, R. & Dou, Q., 1998. Novel dipeptidyl proteasome inhibitors 

overcome Bcl-2 protective function and selectively accumulate the cyclin-dependent kinase 
inh ib itor p27 and induce apoptosis in transformed but not normal human fibroblasts. Cell 

death and Differentiation, December, 5(12), pp. 1062-1075.

Andersson-Ellstrom, A. et al., 1996. Comparison of Development of Serum Antibodies to 

HPV16 and HPV33 and Acquisition of Cervical HPV DNA Among Sexually Experienced and 

Virginal Young Girls: A Longitudinal Cohort Study. Sexually Transmitted Diseases, May, 23(3), p. 

234-238.

An, W. et al., 1998. Stabilization of w ild-type p53 by hypoxia-inducible factor lalpha. Nature, 
26 March, 392(6674), pp. 405-408.

Apple, R. J., Becker, T. M., Wheeler, C. M. & Erlich, H. A., 1995. Comparison of Human 

Leukocyte Antigen DR-DQ Disease Associations Found W ith Cervical Dysplasia and Invasive 

Cervical Carcinoma. Journal o f the National Cancer Institute, 15 March, 87(6), pp. 427-436.

Ault, K. A., 2006. Epidemiology and Natural History of Human Papillomavirus Infections in the 

Female Genital Tract. Infectious Diseases in Obstetrics and Gynecology, 2006(Suppl 40470).

240



Baker, T. et al., 1991. Structures of bovine and human papillomaviruses. Analysis by 

cryoelectron microscopy and three-dimensional image reconstruction. BiophysicalJournal, 

December, 60(6), pp. 1445-1456.

Bartlett, D. & Davis, M., 2006. Insights into the kinetics of siRNA-mediated gene silencing from 

live-cell and live-animal bioluminescent imaging. Nucleic Acids Research, 12 January, 34(1), pp. 

322-333.

Baseman, J. & Kotsky, L, 2005. The epidemiology of human papillomavirus infections. Journal 
o f Clinical V irology: the official publication o f the Pan American Society fo r  Clinical Virology, 

32(Suppl 1), p. S16-24.

Bedell, M. et al., 1991. Amplification of human papillomavirus genomes in vitro is dependent 

on epithelial differentiation. 7oumo/ o f Virology, May, 65(5), pp. 2254-2260.

Behtash, N. & Mehrdad, N., 2006. Cervical cancer: screening and prevention. Asian Pacific 
Journal o f Cancer Prevention : APJCP, 7(4), pp. 683-686.

Benjamini, Y. & Hochberg, Y., 1995. Controlling the False Discovery Rate: A Practical and 

Powerful Approach to Multiple Testing. Journal o f the Royal Statistical Society. Series B 
(Methodological), 57(1), pp. 289-300.

Bennett, C. et al., 1998. Structural requirements for cationic lipid mediated phosphorothioate 
oligonucleotides delivery to cells in culture. Jornal o f Drug Targeting, 5(3), pp. 149-162.

Bernard, H., 2005. The clinical importance of the nomenclature, evolution and taxonomy of 

human papillomaviruses. Journal o f Clinical Virology, Issue SuppI 32, p. S l-6 .

Bernstein, E., Caudy, A., Hammond, S. & Hannon, G., 2001. Role for a bidentate ribonuclease in 

the in itia tion step of RNA interference. Nature, 18 January, 409(6818), pp. 363-366.

Blagosklonny, M., W. G., Omura, S. & El-Deiry, W., 1996. Proteasome-dependent regulation of 
p21W AFl/CIP l expression. Biochemical and Biophysical Research Communications, 14 October 

, 227(2), pp. 564-569.

Blow/, N., 2005. Journeys across the membrane. Nature Methods, Volume 6, pp. 305-309.

Bolstad, B., Irizarry, R., Astrand, M. & Speed, T., 2003. A comparison of normalization methods 

for high density oligonucleotide array data based on variance and bias. Bioinformatics, 19(2), 

pp. 185-193.

Bonanni, P., Boccalini, S. & Bechini, A., 2009. Efficacy, duration of immunity and cross 

protection after HPV vaccination: a review of the evidence. Vaccine, 29 May, 27(Suppll), pp. 

A46-53.

Bonelli, M. et al., 1999. Attenuated expression of 70-kDa heat shock protein in WI-38 human 

fibroblasts during aging in-vitro. Experimental Cell Research, 10 October, 251(1), pp. 20-32.

241



Bosch, F. & de Sanjose, S., 2003. Human papillomavirus and cervical cancer--burden and 

assessment of causality. Journal o f the National Cancer Institute. Monographs, Volume 31, pp. 

3-13.

Bosch, F. et al., 2002. The causal relation between human papillomavirus and cervical cancer. 

Journal o f Clinical Pathology, April, 55(4), pp. 244-265.

Bosch, X. & de Sanjose, S., 2003. Chapter 1: Human Papillomavirus and Cervical Cancer - 

Burden and Assessment of Causality. Journal o f the National Cancer Institute, 2003(31), pp. 3- 
13.

Bosch, X., Qiao, Y. & Castellsague, X., 2006. The epidemiology of human papillomavirus 
infection and its association w ith cervical cancer. International Journal o f Gynecology and 

Obstetrics, 94(Suppll), pp. s8-21.

Bousarghin, L, Touze, A., Sizaret, P. & Coursaget, P., 2003. Human papillomavirus types 16, 31, 
and 58 use different endocytosis pathways to  enter cells. Journal o f Virology, 77(6), pp. 3846- 

3850.

Boxman, I. et al., 2000. Case-control study in a subtropical Australian population to assess the 

relation between non-melanoma skin cancer and epidermodysplasia verruciformis human 
papillomavirus DNA in plucked eyebrow hairs. The Nambour Skin Cancer Prevention Study 

Group. International Journal o f Cancer, 1 April, 86(1), pp. 118-121.

Boxman, I. et al., 2001. Association between epidermodysplasia verruciformis-associated 

human papillomavirus DNA in plucked eyebrow hair and solar keratoses.. The Journal o f 
Investigative Dermatology, November, 117(15), pp. 1108-1012.

Brauchle, E. & Schenke-Layland, K., 2013. Raman spectroscopy in biomedicine - non-invasive in 

vitro analysis of cells and extracellular matrix components in tissues. Biotechnology Journal, 
8(3), pp. 288-297.

Bray, F., Ren, J., Masuyer, E. & Ferlay, J., 2013. Global estimates of cancer prevalence for 27 
sites in the adult population in 2008. International Journal o f Cancer, 1 March, 132(5), pp. 

1133-1145.

Breitling, R., Armengaud, P., Amtmann, A. & Herzyk, P., 2004. Rank products: a simple, yet 

powerful, new method to detect differentially regulated genes in replicated microarray 

experiments. Federation o f European Biochemical Societies Letters (FEBS letters), 573(1-3), pp. 

83-92.

Brentjens, M., Yeung-Yue, K., Lee, P. & Tyring, S., 2002. Human papillomavirus: a review. 

Dermatologic Clinics, April, 20(2), pp. 315-331.

Brose, M. et al., 2002. Cancer risk estimates for BRCAl mutation carriers identified in a risk 
evaluation program. Journal o f the National Cancer Institute, 94(18), pp. 1365-1372.

Broz, P., Ohison, M. & Monack, D., 2012. Innate immune response to Salmonella typhimurium, 

a model enteric pathogen. Gut Microbes, 3(2), pp. 62-70.

242



Burchell, A., de Sanjose, S., Franco, E. & Winer, R., 2006. Epidemiology and transmission 

dynamics of genital HPV infection. Vaccine, 31 Aug, 24(Suppl 3), pp. 52-61.

Burd, E., 2003. Human Papillomavirus and Cervical Cancer. Clinical Microbiology Reviews, 
16(1), pp. 1-17.

Butz, K. et al., 2003. siRNA targeting of the viral E6 oncogene efficiently kills human 
papillomavirus-positive cancer cells. Oncogene, 4 September, 22(38), p. 5938-5945.

Carter, J., Mandeleine, M. & Shera, K., 2001. Human papilloma virus 16 & 18 LI serology 

compared across anogenital cancer sites. Cancer Research, 1 March, 61(5), pp. 1934-1940.

Carvalho, B. & Irizarry, R., 2010. A Framework for Oligonucleotide Microarray Preprocessing. 
Bioinformatics, 26(19), pp. 2363-2367.

Castellsague, X., 2008. Natural history and epidemiology of HPV infection and cervical cancer. 

Gynecologic Oncology, September, 110(3), pp. S4-S7.

Castellsague, X. & Munoz, N., 2003. Chapter 3: Cofactors in human papillomavirus 
carcinogenesis-role of parity, oral contraceptives and tobacco smoking. Journal o f the 
National Cancer Institute. Monographs, Volume 31, pp. 20-28.

Castle, P. et al., 2002. A prospective study of high-grade cervical neoplasia risk among human 
papillomavirus-infected w/omen. Journal o f the National Cancer Institute, 18 Sep, 94(18), pp. 
1406-1414.

Cattani, P. et al., 2009. Clinical performance of human papillomavirus E6 and E7 mRNA testing 
for high-grade lesions of the cervix. Journal o f Clinical Microbiology, 47(12), pp. 3895-3901.

Central Statistics Office (CSO), 2004. Population and Labour Force Projections 2006-2036. 

Dublin: The Stationery Office Dublin Ireland.

CervicalCheck-National Cancer Screening Service, 2012. CervicalCheck Programnne Report; 
Overview o f cervical screening and update on the CervicalCheck Programme, Dublin: National 

Cancer Screening Service.

Chaiwongkot, A. et al., 2013. Differential methylation of E2 binding sites in episomal and 

integrated HPV16 genomes in pre-invasive and invasive cervical lesions. International Journal 
o f Cancer, 132(9), pp. 2087-2094.

Chakrabarti, O. & Krishna, S., 2003. Molecular interactions of 'high risk' human 

papillomaviruses E6 and E7 oncoproteins: implications for tumour progression. Journal o f 

Biosciences, April, 28(3), p. 337-348.

Chen, S. & Parmigiani, G., 2007. Meta-analysis of BRCAl and BRCA2 penetrance. Journal o f 

clinical oncology, 25(11), pp. 1329-1333.

Chin, K. & Cressw/ell, P., 2001. Viperin (cig5), an IFN-inducible antiviral protein directly induced 

by human cytomegalovirus. Proceedings o f the National Academy o f Sciences o f the United 

States o f America (PNAS), 98(26), pp. 15125-15130.

243



Chung, E., Chung, H. & Bae, H., 2011. RSAD2 is a key requirement for Golgi trafficking of TNF-a 

in activated microglia. The Journal o f Immunology, 186(Supplement 117.26).

Cmielova, J. & Rezacova, M., 2011. Protein and its function based on a subcellular localization. 

Journal o f Cellular Biochemistry, 112(12), pp. 3502-3506.

Colthup, N., Daly, L. & Wibberly, S., 1990. Introduction to Infrared and Raman Spectroscopy.

3rd ed. San Diego; Academic Press.

Comber, H. & Gavin, A., 2004. Recent trends in cervical cancer m ortality in Britain and 

lreland:the case for population-based cervical cancer screening. British Journal o f Cancer, 16 

November, 91(11), pp. 1902-1904.

Conrad, M., Bubb, V. & Schlegel, R., 1993. The Human Papillomavirus Type6 and 16 E5 proteins 
are membrane associated proteins which associate with the 16Kda pore forming protein. 

Journal o f Virology, October, 67(10), pp. 6170-6178.

Coste, J. et al., 2003. Cross sectional study of conventional cervical smear, monolayer cytology, 

and human papillomavirus DNA testing fo r cervical cancer screening. British Medical Journal, 5 
April, 326(7392), p. 733.

Crow, J., 2012. HPV: The global burden. Nature, 30 Aug, 488(7413), pp. S2-3.

Culhane, A., Thioulouse, J., Perriere, G. & Higgins, D., 2005. MADE4: an R package for 

multivariate analysis of gene expression data. Bioinformatics, 21(11), pp. 2789-2790.

Culp, T. & Christensen, N., 2004. Kinetics of in-vitro adsorption and entry of papillomavirus 

virions. Virology, Febuary, 319(1), pp. 152-161.

Cuzick, J. et al., 2003. Management of women who test positive for high-risk types of human 

papillomavirus: the HART study. Lancet, 6 December, 362(9399), pp. 1871-1876.

Dali, K. et al., 2008. Characterization of naturally occurring HPV16 integration sites isolated 
from cervical keratinocytes under non-competitive conditions. Cancer Research, 15 O ctober, 

68(20), pp. 8249-8259.

Day, P., Lowy, D. & Schiller, J., 2003. Papillomaviruses infect cells via a clathrin-dependent 

pathway. Virology, 1 March, 307(1), pp. 1-11.

de Boer, M. et al., 2007. Circulating human papillomavirus type 16 specific T cells are 

associated w ith HLA Class 1 expression on tum or cells but not related to the amount of viral 

oncogene transcripts. International Journal o f Cancer, 15 Dec, 121(12), pp. 2711-2715.

De Geest, K. et al., 1993. Growth and differentiation of human papillomavirus type 31b 

positive human cervical cell lines. Gynecologic Oncology, June, 49(3), pp. 303-310.

de Magalhaes, J. et al., 2004. Gene expression and regulation in H202-induced premature 

senescence of human foreskin fibroblasts expressing or not telomerase. Experimental 
Gerontology, September, 39(9), pp. 1379-89.

244



De Schutter, T. et al., 2013. Cidofovir selectivity is based on the different response o f normal 

and cancer cells to DNA damage. BMC Medical Genomics, 6(18).

de Villiers, E. et al., 2004. Classification of papillomaviruses. Virology, 20 Jun, 324(1), pp. 17-21.

de Villiers, E., Gissman, L. & zur Hausen, H., 1981. Molecular cloning of viral DNA from human 

genital warts. Journal o f Virology, December, 40(3), pp. 932-935.

Deacon, J. et al., 2000. Sexual behaviour and smoking as determinants of cervical HPV infection 

and of CIN3 among those infected: a case-control study nested within the Manchester cohort. 

British Journal o f Cancer, Dec, 83(11), pp. 1565-1572.

Deisenroth, C. et al., 2010. Mitochondrial Hep27 is a c-Myb target gene that inhibits Mdm2 
and stabilizes p53. Molecular and Cellular Biology, 30(16), pp. 39881-3993.

Delmas, M. et al., 2000. Cervical squamous intraepithelial lesions in HIV-infected women; 

Prevalence, incidence and regression. European Study Group on Natural History of HIV 
Infection in Women. AIDS, 14(12), pp. 1775-1784.

Demeret, C., Garcia-Carranca, A. & Thierry, F., 2003. Transcription-independent triggering of 
the extrinsic pathway of apoptosis by human papillomavirus 18 E2 protein. Oncogene, 22(2 ), 

pp. 168-175.

DiMaio, D. & Mattoon, D., 2001. Mechanisms of cell transformation by papillomavirus E5 
proteins. Oncogene, 26 November, 20(54), pp. 7866-7873.

Dinish, U., Balasundaram, G., Chang, Y. & Olivo, M., 2014. Actively Targeted In Vivo Multiplex 

Detection of Intrinsic Cancer Biomarkers Using Biocompatible SERS Nanotags. Scientific 

Reports, Volume 4, p. 4075.

DiPaolo, J. & Alvarez-Salas, L, 2004. Advances in the development of therapeutic nucleic acids 
against cervical cancer. Expert Opinion on Biological Therapy, August, 4(8), pp. 1251-1264.

Doorbar, J., 2006. Molecular biology o f human papillomavirus infection and cervical cancer. 

Clinical Science (London), 110(5), pp. 525-541.

Doorbar, J., 2006. Molecular biology of human papillomavirus infection and cervical cancer. 

Clinical Science (London), 110(5), p. 525-541.

Doudna, J. & Cech, T., 2002. The chemical repertoire of natural ribozymes. Nature, 11 July, 

418(6894), pp. 222-228.

Duraipandian, S. et al., 2011. in vivo diagnosis of cervical precancer using Raman spectroscopy 

and genetic algorithm techniques. Analyst, 21 October, 136(20), pp. 4328-4336.

Durst, M., Gissmann, L., Ikenberg, H. & zur Hausen, H., 1983. A papillomavirus DNA from a 

cervical carcinoma and its prevalence in cancer biopsy samples from different geographic 
regions. Proceedings o f the National Academy o f Sciences o f the United States o f America 

(PNAS), 15 June, 80(12), pp. 3812-3815.

245



Elbashir, S. et al., 2001. Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured 

mammalian cells. Nature, 24 May, 411(6836), pp. 494-498.

Elbashir, S., Lendeckel, W. & TuschI, T., 2001. RNA interference is mediated by 21- and 22- 

nucleotide RNAs. Genes & Developement, 15 Janurary, 15(2), pp. 188-200.

Elson, D. et al., 2000. Sensitivity of the cervical transformation zone to estrogen-induced 
squamous carcinogenesis. Cancer Research, 1 Mar, 60(5), pp. 1267-1275.

Engelmark, M., Beskow, A., Magnusson, J. & Gyllensten, U., 2004. Affected sib-pair analysis of 

the contribution of HLA class I and class I! loci to development of cervical cancer. Human 

Molecular Genetics, 13(7), pp. 1951-1958.

Engelmark, M. et a!., 2006. Identification of susceptibility loci fo r cervical carcinoma by 
genome scan of affected sib-pairs. Human Molecular Genetics, 15(22), pp. 3351-3360.

Etscheid, B., Foster, S. & Gallow/ay, D., 1994. The E6 protein of human papillomavirus type 16 
functions as a transcriptional repressor in a mechanism independent of the tum or suppressor 

protein, p53. Virology, December, 205(2), pp. 583-585.

Everaert, B., Boulet, G., Timmermans, J. & Vrints, C., 2011. Importance of suitable reference 

gene selection for quantitative real-time PCR: special reference to mouse myocardial infarction 
studies. Public Library o f Science one (PLoS), 6(8), p. e23793.

Fehrman, F., Klumpp, D. & Laimins, L, 2003. Human papillomavirus type 31 E5 protein 
supports ceil cycle progression and activates late viral functions upon epithelial differentiation. 

Journal o f Virology, March , 77(5), pp. 2819-2831.

Feigner, J., Bennett, F. & Feigner, P., 1993. Cationic lipid-mediated delivery of polynucleotides. 
Methods, April, 5(1), pp. 67-75.

Feigner, J. et al., 1994. Enhanced gene delivery and mechanism studies w ith a novel series of 
cationic lipid formulations. Journal o f biological chemistry, 28 Jan, 269(4), pp. 2550-2561.

Ferlay, J. et al., 2013. Cancer Incidence and M orta lity Worldwide, Lyon; International Agency 

for Research on Cancer.

Filippova, M. et al., 2007. The large and small isoforms of human papillomavirus type 16 E6 

bind to  and differentially affect procaspase 8 stability and activity. Journal o f Virology, 81(8), p. 

4116-4129.

Filippova, M., Parkhurst, L. & Duerksen-Hughes, P., 2004. The human papillomavirus 16 E6 

protein binds to Fas-associated death domain and protects cells from Fas-triggered apoptosis. 

Journal o f Biological Chemistry, 11 June, 279(24), pp. 25729-25744.

Fire, A. & Mello, C., 2006. Advanced Information: The 2006 Nobel Prize in Physiology or 
Medicine. [Online]

Available at: http://nobelprize.org/nobel prizes/medicine/laureates/2006/adv.html 

[Accessed 14 July 2011].

246



Fire, A. et al., 1998. Potent and specific genetic interference by double-stranded RNA in 

Caenorhabditis elegans. Nature, 19 Feburary, 391(6669), pp. 806-811.

Frattini, M., Lim, H. & Laimins, L, 1996. In-vitro synthesis o f oncogenic human 
papillomaviruses requires episomal genomes for differentiation-dependent late expression. 

Proceedings o f the National Acaden)y o f Sciences o f the United States o f America (PNAS), 2 

April, 93(7), pp. 3062-3067.

Ganguly, N. & Parihar, S., 2009. Human papillomavirus E6 and E7 oncoproteins as risk factors 
for tumorigenesis. Journal o f Biosciences, March, 34(1), pp. 113-123.

Gao, X. & Huang, L, 1995. Cationic liposome-mediated gene transfer. Gene Therapy, 
December, 2(10), pp. 710-722.

Garcia-Closas, R., Castellsague, X., Bosch, X. & Gonzalez, C., 2005. The role of diet and nutrition 

in cervical carcinogenesis: A review o f recent evidence. International Journal o f Cancer, 117(4), 
p. 629-637.

Garner-Hamrick, P. et a!., 2004. Global effects of human papillomavirus type 18 E6/E7 in an 
organotypic keratinocyte culture system. Journal o f Virology, September, 78(17), pp. 9041- 

90S0.

Cartel, A. & Tyner, A., 2002. The role of the cyclin-dependent kinase inhibitor p21 in apoptosis. 

Molecular Cancer Therapeutics, 1(8), pp. 639-649.

Gary, R. & Kindell, S., 2005. Quantitative assay of senescence-associated beta-galactosidase 

activity in mammalian cell extracts. Analytical Biochemistry, 342(2), pp. 329-334.

Gavrilova, N., Gavrilov, L., Severin, F. & Skulachev, V., 2012. Testing predictions o f the 

programmed and stochastic theories of aging: comparison of variation in age at death, 
menopause and sexual maturation. Biochemistry, July, 77(7), p. 754-760.

Ghittoni, R. et al., 2009. The biological properties of E6 and E7 oncoproteins from human 

papillomaviruses. Virus Genes, 17 October, 40(1), pp. 1-13.

Giacinti, C. & Giordano, A., 2006. i^b and Cell cycle progression. Oncogene, August, 25(8), pp. 

5220-5227.

Gibb, R. & Martens, G., 2011. The Impact of Liquid-Based Cytology in Decreasing the Incidence 

of Cervical Cancer. Reviews in Obstetrics and Gynecology, 4(Supplement 1), pp. 52-11.

Giroglou, T. et al., 2001. Human papillomavirus infection requires cell surface heparan sulfate. 

Journal o f Virology, February, 75(3), p. 1565-1570.

Gissmann, L. & zur Hausen, H., 1980. Partial characterization of viral DNA from human genital 

w/arts (Condylomata acuminata). International Journal o f Cancer, 15 May , 25(5), pp. 605-609.

Goldie, S., O’Shea, M., Diaz, M. & Kim, S. Y., 2008. Benefits, cost requirements and cost- 

effectiveness of the HPV16,18 vaccine for cervical cancer prevention in developing countries: 

policy implications. Reproductive Health Matter, 16(32), pp. 86-96.

247



Gonsalves, M. et al., 2008. Classical and non-classical HLA molecules and pl6INK4a expression 

in precursors lesions and invasive cervical cancer. European Journal o f Obstetrics & Gynecology 

and Reproductive Biology, November, 141(1), pp. 70-74.

Gonzalez, C. et al., 2011. Dietary factors and in situ and invasive cervical cancer risk in the 

European prospective investigation into cancer and nutrition study. InternationalJournal o f 

Cancer, 15 July, 129(2), pp. 449-459.

Gopinath, S. et al., 2006. An RNA aptamer that distinguishes between closely related human 
influenza viruses and inhibits haemagglutinin-mediated membrane fusion. Journal o f General 

Virology, March , 87(3), pp. 479-487.

Gottifredi, V., Shieh, S., Taya, Y. & Prives, C., 2001. p53 accumulates but is functionally 

impaired w/hen DNA synthesis is blocked. Proceedings o f the National Academy o f Sciences o f 

the United States o f America (PNAS), 98(3), pp. 1036-1041.

Gravitt, P., 2011. The know/n unknov^/ns of HPV natural history. Journal o f Clinical Investigation, 

1 December, 121(12), pp. 4593-4599.

Groskreutz, D. & Schenborn, E., 1997. Reporter systems. Methods in Molecular Biology,

Volume 63, pp. 11-30.

Hammond, S., Bernstein, E., Beach, D. & Hannon, G., 2000. An RNA-directed nuclease mediates 

post-transcriptional gene silencing in Drosophila cells. Nature, 16 March, 404(6775), pp. 293- 

296.

Harley, C, Futcher, A. & Greider, C., 1990. Telomeres shorten during ageing of human 
fibroblasts. Nature, 31 May, 345(6274), pp. 458-460.

Harris, J., 1996. Cigarette Smoke Components and Disease: Cigarette Smoke is more than a 
triad of Tar, Nicotine and Carbon monoxide. In: J. Harris, ed. The FTC Cigarette Test Method fo r  

Detemining Tar, Nicotine, and Carbon Monoxide Yields o f U.S. Cigarettes. 

Cambridge(Massachusetts); National institutes of Health National Cancer Institute, pp. 59-77.

Hasan, U. et al., 2007. TLR9 expression and function is abolished by the cervical cancer- 

associated human papillomavirus type 16. Journal o f Immunology, 178(5), pp. 186-197.

Helbig, K. et al., 2005. Analysis of ISG expression in chronic hepatitis C identifies viperin as a 

potential antiviral effector. Hepatology, 42(3), pp. 702-710.

Herrington, C. et al., 1992. Detection of high risk human papillomavirus in routine cervical 

smears: strategy for screening. Journal o f Clinical Pathology, 45(5), pp. 385-390.

Hildesheim, A. et al., 2001. HPV co-factors related to the development o f cervical cancer: 

results from a population-based study in Costa Rica. British Journal o f Cancer, 4 May, 84(9), pp. 

1219-1226.

Hildesheim, A. et al., 1998. Human leukocyte antigen class I/ll alleles and development of 

human papillomavirus-related cervical neoplasia: results from a case-control study conducted 

in the United States. Cancer Epidemiol Biomarkers Prev 1, 1 November, 7(11), pp. 1035-1041.

248



Hildesheim, A. & Wang, S., 2002. Host and viral genetics and risk of cervical cancer: a review. 

Virus Research, November, 89(2), pp. 229-240.

Hinkula, M. et al., 2004. A population-based study on the risk of cervical cancer and cervical 

intraepitheliai neoplasia among grand multiparous w/omen in Finland. British Journal o f Cancer, 

8 Mar, 90(5), pp. 1025-1029.

Ho, J. & Benchimol, S., 2003. Transcriptional repression mediated by the p53 tumour 

suppressor. Cell Death and Differentiation, April, 10(4), pp. 404-408.

Honegger, A. et a!., 2013. Silencing o f human papillomavirus (HPV) E6/E7 oncogene expression 

affects both the contents and the amounts of extracellular microvesicles released from HPV- 
positive cancer cells. InternationalJournal o f Cancer, 133(7), pp. 1631-1642.

Horner, S., DeFilippis, R., Manuelidis, L. & DiMaio, D., 2004. Repression of the human 

papillomavirus E6 gene initiates p53-dependent, telomerase-independent senescence and 
apoptosis in HeLa cervical carcinoma ceWs. Journal o f Virology, April, 78(8), pp. 4063-4073.

Horvitz, H., 1999. Genetic control o f programmed cell death in the nematode Caenorhabditis 

elegans. Cancer Research, 1 April, 59(Suppl 7), pp. 1701s-1706s.

How/ie, H., Katzenellenbogen, R. & Galloway, D., 2009. Papillomavirus E6 proteins. Virology, 20 
February, 384(2), pp. 324-334.

Huang, D., Sherman, B. & Lempicki, R., 2009. Bioinformatics enrichment tools: paths toward 
the comprehensive functional analysis of large gene lists. Nucleic Acids Research, 37(1), pp. 1- 

13.

Huang, D., Sherman, B. & Lempicki, R., 2009. Systematic and integrative analysis of large gene 

lists using DAVID Bioinformatics Resources. Nature Protocols, 4(1), pp. 44-57.

Huang, L, Chao, S. & Lee, B., 2008. Integration of human papillomavirus type-16 and type-18 is 
a very early event in cervical carcinogenesis. Journo/ o f Clinical Pathology, May, 61(5), pp. 627- 

31.

Huang, S. & McCance, D., 2002. Down regulation of the interleukin-8 promoter by human 

papillomavirus type 16 E6 and E7 through effects on CREB binding protein/p300 and P/CAF. 
Journal ofViroogy, September, 76(17), p. 8710-8721.

Hu, F. et al., 2010. PBK/TOPK interacts w ith the DBD domain of tumor suppressor p53 and 

modulates expression of transcriptional targets including p21. Oncogene, 29(40), pp. 5464- 

5474.

Hummel, M., Hudson, J. & LAimins, L. A., 1992. Differentiation-induced and constitutive 

transcription of human papillomavirus type 31b in cell lines containing viral episomes. Jounal 

o f Virology, October, 66(10), pp. 6070-6080.

Hyafil, F. & Strominger, J., 1979. Dissociation and exchange of the beta 2-microglobulin subunit 

of HLA-A and HLA-B antigens. Proceedings o f the National Academy o f Sciences o f the United 

States o f America (PNAS), November, 76(11), pp. 5834-5838.

249



International Agency for Research on Cancer lARC, 2007. Monograph on the evaluation o f 

carcinogenic risks to humans - Human papillomaviruses, Lyon: International Agency for 

Research on Cancer lARC.

Irizarry, R. et al., 2003. Summaries of Affymetrix GeneChip probe level data. Nucleic Acids 

Research, 31(4), p. e l5 .

Irizarry, R. et al., 2003. Exploration, normalization, and summaries o f high density 

oligonucleotide array probe level data. Biostatistics, 4(2), pp. 249-264.

Jacob, F. et al., 2013. Careful selection of reference genes is required for reliable performance 

of RT-qPCR in human normal and cancer cell lines. Public Library o f Science one (PLoS), 8(3), p. 
e59180.

James, H. & Gibson, I., 1998. The therapeutic potential of ribozymes. Blood, 15 January, 91(2), 

pp. 371-382.

Jeffery, I., Higgins, D. & Culhane, A., 2006. Comparison and evaluation of methods for 

generating differentially expressed gene lists from microarray data. BMC Bioinformatics, 26 

July, Volume 7, p. 359.

Jeong, S. et al., 2004. The role of HPV oncoproteins and cellular factors in maintenance of 
hTERT expression in cervical carcinoma cells. Gyneocologic Oncology, 94(1), pp. 40-47.

Jess, P. et al., 2008. Early identification of cervical neoplasia w ith Raman spectroscopy and 
advanced methods for biomedical applications. Biomedical Optical Spectroscopy, 8 February 

.Volume 6853.

Jess, P. et al., 2007. Early detection of cervical neoplasia by Raman spectroscopy. International 

Journal o f Cancer, 15 December, 121(12), pp. 2723-2728.

Jiang, M. & Milner, i., 2005. Selective silencing of viral gene E6 and E7 expression in HPV- 
positive human cervical carcinoma cells using small interfering RNAs. Methods in Molecular 

Biology, Volume 292, pp. 401-420.

Jimenez-Wences, H., Peralta-Zaragoza, O. & Fernandez-Tilapa, G., 2014. Human papilloma 

virus, DNA methylation and microRNA expression in cervical cancer (Review). Oncology 

Reports, 31(6), pp. 2467-2476.

Johnson, K. et al., 2009. Role of heparan sulfate in attachment to and infection of the murine 

female genital tract by human papillomavirus. Journal o f Virology, Volume 83, pp. 2067-2074.

Jones, P., Simons, B. & W att, F., 2007. Sic transit gloria: farewell to  the epidermal transit 
amplifying ceil?. Cell Stem Cell, 11 O ct, 1(4), pp. 371-381.

Juko-Pecirep, I., Ivansson, E. & Gyllensten, U., 2011. Evaluation of Fanconi anaemia genes 
FANCA, FANCC and FANCL in cervical cancer susceptibility. Gynecologic Oncology, 122(2), pp. 

377-381.

250



Kanter, E. et al., 2009. Effect of hormonal variation on Raman spectra for cervical disease 

detection. American Journal o f Obsterics and Gynecology, Volume 200, pp. 512.el-512.e5..

Kanter, E. et al., 2011. Effect of normal variations on disease classification of Raman spectra 
from cervical tissue. Analyst, Volume 136, pp. 2981-2987.

Kanter, E. et al., 2009. Application of Raman Spectroscopy for cervical dysplasia diagnosis. 
Journal o f Biophotonics, 2(1-2), pp. 81-90.

Karim, R. et al., 2013. Human papillomavirus (HPV) upregulates the cellular deubiquitinase 

UCHLl to suppress the keratinocyte's innate immune response. Public Library o f Science 

Pathogen (PLoS Pathog.}, 9(5), p. el003384.

Katzenellenbogen, R., Vliet-Gregg, P., Xu, M. & Galloway, D., 2009. NFXl-123 increases hTERT 
expression and telomerase activity posttranscriptionally in human papillomavirus type 16 E6 

keratinocytes. Journal o f Virology, July, 83(13), p. 6446-6456.

Kelly, J. et al., 2010. A spectral phenotype of oncogeneic human papillomavirus-infected 

exfoliated cervical cytology distinguishes women based on age. Clinica Chimica Acta, 5 August, 
411(15-16), pp. 1027-1033.

Kersemaekers, A., Hermans, J., Fleuren, G. & van de Vijver, M., 1998. Loss of heterozygosity for 
defined regions on chromosomes 3, 11 and 17 in carcinomas of the uterine cervix. British 

Journal o f Cancer, 77(2), pp. 192-200.

Kim, Y. & Zhao, M., 2005. Aberrant cell cycle regulation in cervical carcinoma. Yonsei Medical 

Journal, 46(5), pp. 597-613.

Kingerey, L, 1921. The aetiology of common warts—their production in the third generation. 

Journal o f the American Medical Association, Volume 76, pp. 440-442.

Klein, T. et al., 1996. Correlation between tumour and serum beta 2m expression in patients 
w ith breast cancer. European journal o f immunogenetics : official journal o f the British Society 

fo r  Histocompatibility and Immunogenetics, December, 23(6), pp. 417-423.

Kruger, K. et al., 1982. Seif-splicing RNA: autoexcision and autocyclization of the ribosomai RiMA 

intervening sequence of Tetrahymena. Cell, November, 31(1), pp. 147-157.

Kulasingam, S. et al., 2002. Evaluation of human papillomavirus testing in primary screening for 

cervical abnormalities: comparison of sensitivity, specificity, and frequency of referral. Journal 

o f the American Medical Association (JAMA), 9 October, 288(14), pp. 1749-1757.

Kuliman, T., Michaloglou, C., Mooi, W. & Peeper, D., 2010. The essence of senescence. Genes 
and Development, 15 November, 24(22), pp. 2463-2479.

Kumar, A. et al., 2002. Human papillomavirus oncoprotein E6 inactivates the transcriptional 
coactivator human ADA3. Molecular Cell Biology, 22(16), p. 5801-5812.

251



Kuner, R. et al., 2007. Identification of cellular targets for the human papillomavirus E6 and E7 

oncogenes by RNA interference and transcriptome analyses. Journal o f Molecular Medicine 

(Berlin, Germany), 85(11), pp. 1253-1262.

Kurreck, J., 2003. Antisense technologies: Improvement through novel chemical modifications. 

European Journal o f Biochemistry, April, 270(8), pp. 1628-1644.

Lacey, J. et al., 2001. Associations between smoking and adenocarcinomas and squamous cell 

carcinomas of the uterine cervix (United States). Cancer Causes Control, Feb, 12(2), pp. 153- 

161.

Lawler, D., 2011. The changing understanding of ageing. Part 1: Evaluating ageing theories and 
studies. Veterinaria italiana, July-September, 47(3), pp. 229-240.

Lei, M., 2005. The MCM complex: its role in DNA replication and implications for cancer 

therapy. Current Cancer Drug Targets, 5(5), pp. 365-380.

Leonard, S. et al., 2012. Oncogenic human papillomavirus imposes an instructive pattern of 
DNA methylation changes which parallel the natural history of cervical HPV infection in young 

women. Carcinogenesis, 33(7), pp. 1286-1293.

Libermann, T. & Baltimore, D., 1990. Activation of Interleukin-6 Gene Expression through the 
NF-KB Transcription Factor. Molecular and cellular biology, 10(5), pp. 2327-2334.

Liu, X., Clements, A., Zhao, K. & Marmorstein, R., 2006. Structure o f the human Papillomavirus 
E7 oncoprotein and its mechanism for inactivation of the retinoblastoma tum or suppressor. 

Journal o f Biological Chemistry, 6 January, 281(1), pp. 578-86.

Liu, Y. et al., 2009. Determinants of Stability fo r the E6 Protein of Papillomavirus Type 16. 

Journal o f Molecular Biology, 6 March, 386(4), pp. 1123-1137.

Li, Z. et al., 2012. Serum beta2-microglobin is a predictor o f prognosis in patients w ith  upper 
aerodigestive tract NK/T-cell lymphoma. Annals o f Haematology, August, 91(8), pp. 1265-1270.

Lopes, U., Erhardt, P., Yao, R. & Cooper, G., 1997. p53-dependent induction of apoptosis by 

proteasome inhibitors. Journal o f Biological Chemistry, 16 May, 272(20), pp. 12893-12896.

Lowe, J. et al., 2008. Evolutionary and structural analyses of alpha-papillomavirus capsid 

proteins yields novel insights into L2 structure and interaction with LI. Virology Journal, 17 

December, Volume 5, p. 150.

Loyter, A., Scangos, G. & Ruddle, F., 1982. Mechanisms of DNA uptake by mammalian cells: 

fate of exogenously added DNA monitored by the use of fluorescent dyes. Proceedings o f the 
National Academy o f Sciences o f the United States o f America (PNAS), Jan, 79(2), pp. 422-426.

Luque, A., Demeter, L. & Reichman, R., 1999. Association of human papillomavirus infection 
and disease with magnitude of human immunodeficiency virus type 1 (HIV-1) RNA plasma level 

among women w ith HIV-1 infection. Journal o f Infectious Diseases, 179(6), pp. 1405-1409.

252



Lyngea, E. et al., 2009. What's next? Perspectives and future needs of cervical screening in 

Europe in the era of molecular testing and vaccination. European Journal o f Cancer, 45(15), p. 

2714-2721.

Lynge, E., Antilla, A., Arbyn, M. & Segnan, N., 2009. What's next? Perspectives and future 

needs of cervical screening in Europe in the era of molecular testing and vaccination. European 

Journal o f Cancer, 45(15), pp. 2714-2721.

Lyng, F. et al., 2007. Vibrational spectroscopy for cervical cancer pathology from biochemical 
analysis to diagnostic tool. Experimental and Molecular Pathology, April, 82(2), pp. 121-129.

Macrae, I. et al., 2006. Structure of Dicer and mechanistic implications for RNAi. Cold Spring 
Harbor symposia on quantitative biology. Volume 71, pp. 73-80.

Madeleine, M. et al., 2008. Comprehensive analysis of HLA-A, HLA-B, HLA-C, HLA-DRBl, and 

HLA-DQBl loci and squamous cell cervical cancer risk. Cancer Research 2008, 1 May 1, 68(9), 
pp. 3532-3539.

Madison, K., 2003. Barrier function of the skin: "la raison d'etre" of the epidermis. Journal o f 

Investigative Dermatology, August, 121(2), pp. 231-241.

Maiorano, D., Moreau, J. & Mechali, M., 2000. XCDTl is required for the assembly o f pre- 
replicative complexes in Xenopus laevis. Letters to Nature, 6 April, 404(6778), pp. 622-625.

Maki, C., Huibregtse, J. & Howley, P., 1996. In vivo ubiquitination and proteasome-mediated 
degradation of p53. Cancer Research, 1 June, 56(11), pp. 2649-2654.

Malanchi, et al., 2002. Identification of a novel activity of human papillomavirus type 16 E6 
protein in deregulating the G l/S  transition. Oncogene, 21(37), pp. 5665-572.

Marques, J. & Williams, R., 2005. Activation of the mammalian immune system by siRNAs. 
Nature Biotechnology, 23(11), pp. 1399-1405.

Martin, S. & Caplen, N., 2007. Applications of RNA interference in mammalian systems. Annual 

Review/ o f Genomics and Human Genetics, Volume 8, pp. 81-108.

Massad, L. et al., 1999. Prevalence and predictors of squamous cell abnormalities in 

Papanicolaou smears from w/omen infected with HIV-1. Women's Interagency HIV Study 

Group. Journal o f Acquired Immune Deficiency Syndromes, 21(1), pp. 33-41.

Massimi, P. et al., 1999. Interaction between the HPV-16 E2 transcriptional activator and p53. 
Oncogene, 16 December, 18(54), pp. 7748-7754.

Matsumoto, K. et al., 2010. Tobacco smoking and regression of low-grade cervical 

abnormalities. Cancer Science, 101(9), pp. 2065-2073.

Matsumoto, K. et al., 2003. Are smoking and chlamydial infection risk factors for CIN? Different 

results after adjustment for HPV DNA and antibodies. British Journal o f Cancer, 1 Sept, 89(5), 
pp. 831-833.

253



McBride, A., Oliveira, J. & McPhillips, M., 2006. Partitioning viral genomes in mitosis: same 

idea, different targets. Cell Cycle, July, 5(14), pp. 1499-1502.

McCutchan, J. & Pagano, J., 1968. Enchancement of the infectivity of simian virus 40 
deoxyribonucleic acid w/ith diethylaminoethyl-dextran. Journo/ o f the National Cancer Institute, 

August, 41(2), pp. 351-357.

McLaughlin-Drubin, M. & Munger, K., 2009. The human papillomavirus E7 oncoprotein. 

Virology, 20 February, 384(20), pp. 335-344.

Melchjorsen, J. et al., 2009. Differential regulation of the OASL and OASl genes in response to 

viral infections. Journal o f Interferon & Cytokine Research : the official Journal o f the 
International Society fo r  Interferon and Cytokine Research (J. Interferon Cytokine Res.), 29(4), 

pp. 199-207.

Michalovitz, D., Eliyahu, D. & Oren, M., 0986. Overproduction o f protein p53 contributes to 
simian virus 40-mediated transformation. Molecular and Cellular Biology, 6 October, 6(10), pp. 

3531-3536.

Middleton, K. et al., 2003. Organisation of the human papillomavirus productive cycle during 
neoplastic progression provides a basis for the selection of diagnostic marker. Journal o f 
Virology, October, 77(19), pp. 10186-10201.

Middleton, K. et al., 2003. Organization of human papillomavirus productive cycle during 
neoplastic progression provides a basis for selection of diagnostic markers. Journal o f Virology, 
Oct, 77(19), pp. 10186-10201.

Mitrani-Rosenbaum, S., Tsvieli, R. & Tur-Kaspa, R., 1989. Oestrogen Stimulates Differential 
Transcription of Human Papillomavirus Type 16 in SiHa Cervical Carcinoma Cells. Journal o f 

General Virology, Aug, 70(8), pp. 2227-32.

Modis, Y., Trus, B. & Harrison, S., 2002. Atomic model of the papillomavirus capsid. European 

Molecular Biology Organization Journal, 16 September, 21(18), pp. 4754-4762.

Molica, S. et al., 1999. Clinico-prognostic implications of simultaneous increased serum levels 

of soluble CD23 and beta2-microglobulin in B-cell chronic lymphocytic leukemia. European 

Journal o f Haematology, February, 62(2), pp. 117-122.

Monreno, V. et al., 2002. Effect o f oral contraceptives on risk of cervical cancer in women with 
human papillomavirus infection: the lARC multicentric case-control study. The Lancet, 30 Mar, 

359(9312), pp. 1085-1092.

Moody, C. & Laimins, L, 2010. Human papillomavirus oncoproteins: pathways to 

transformation. Nature Reviews Cancer, 10(8), pp. 550-560.

Moody, C. & Laimins, L, 2010. Human papillomavirus oncoproteins: pathways to 
transformation. Nature Reviews Cancer, August, 10(8), pp. 550-560.

254



Morabito, A. et al., 2009. Analysis and clinical relevance of human leukocyte antigen class I, 

heavy chain, and beta2-microglobulin downregulation in breast cancer. Human Immunology, 

70(7), pp. 492-495.

Mori, M. et al., 1999. P2Microglobulin identified as an apoptosis-inducing factor and its 

characterization. Blood, 15 October, 94(8), pp. 2744-2753.

Morrison, M. et al., 2011. Targeting the Human Papillomavirus E6 and E7 oncogenes through 

expression of the bovine papillomavirus type 1 E2 protein stimulates cellular motility. Journal 
o f Virology, 85(20), pp. 10487-10498.

Moscicki, A. et al., 2001. Risks for incident human papillomavirus infection and low-grade 
squamous intraepithelial lesion development in young females. Journal o f the American 

Medical Association, 285(23), pp. 2995-3002.

Moxfyre, 2009. Wikipedia.org. [Online]
Available at:

http://en.wikipedia.org/wiki/Raman spectroscopv#mediaviewer/File:Raman energy levels.sv 

g
[Accessed August 2014].

Munger, K. et al., 2004. Mechanisms of human papillomavirus-induced oncogenesis. Journal o f 

Virology, 78(21), p. 11451-11460.

Munoz, N. et al., 2002. Role of parity and human papillomavirus in cervical cancer: the lARC 

multicentric case control study. The Lancet, 259(9312), pp. 1093-1101.

Nakahara, T. et al., 2002. Modulation of the cell division cycle by Human Papillomavirus type 
18 E4. Journal o f Virology, November, 76(21), p. 10914-10920.

Nandi, A. et al., 2007. Attenuation of DNA damage checkpoint by PBK, a novel m itotic kinase, 

involves protein-protein interaction with tumor suppressor p53. Biochemical and Biophysical 

Research Communications, 358(1), pp. 181-188.

Nandi, A., Tidwell, M., Karp, J. & Rapoport, A., 2004. Protein expression o f PDZ-binding kinase 

is up-regulated in hematologic malignancies and strongly down-regulated during terminal 

differentiation of HL-60 leukemic cells. Blood Cells, Molecules & Diseases, 32(1), pp. 240-245.

Napoli, C., Lemieux, C. & Jorgensen, R., 1990. Introduction of a Chimeric Chalcone Synthase 
Gene into Petunia Results in Reversible Co-Suppression of Homologous Genes in trans. Plant 

Cell, April, 2(4), pp. 279-289.

Nappi, L. et al., 2005. Cervical squamous intraepithelial lesions of low-grade in HIV-infected 

women: recurrence, persistence, and progression, in treated and untreated women. European 

Journal o f Obstetrics & Gynecology and Reproductive Biology, 121(2), pp. 226-232.

Narayan, G. et al., 2004. Promoter hypermethylation of FANCF: disruption of Fanconi Anemia- 

BRCA pathway in cervical cancer. Cancer Research, 64(9), pp. 2994-2997.

255



Narisawa-Saito, M. & Tohru, K., 2007. Basic mechanisms of high-risk human 

papillomavirusinduced carcinogenesis: Roles of E6 and E7 proteins. Cancer Science, October, 

98(10), p. 1505-1511.

National Cancer Screening Service, 2008. Cervicalcheck. [Online]

Available at: http://www.cervicalcheck.ie/news/national-cancer-screening-service-publishes-

firs t-annual-report.ll8 .h tm l

[Accessed 16 Oct 2012],

National Immunisation Advisory Committee of the Royal College of Physicians of Ireland, 2011. 

Imnnunisation Guidelines fo r  Ireland, 2008 Edition (with updated corrections and amendments). 
[Online]

Available at;

http://www.immunisation.ie/en/Downloads/NIACGuidelines/PDFFile 16868 en.pdf 
[Accessed 16 October 2012].

Naujokat, C. et al., 2000. Proteasome inhibitors induce caspase-dependent apoptosis and 
accumulationof p21W AFl/C ip l in human immatureleukemic cells. European Journal o f 

Haematology, October, 65(4), pp. 221-236.

Niebler, M. et al., 2013. Post-translational control of IL-ip via the human papillomavirus type 

16 E6 oncoprotein: a novel mechanism of innate immune escape mediated by the E3-ubiquitin 
ligase E6-AP and p53. Public Library o f Science Pathogens (PLoS Pathog), 9(8), p. el003536.

Niebler, M. et al., 2013. Post-translational control of IL-ip via the human papillomavirus type 

16 E6 oncoprotein: a novel mechanism of innate immune escape mediated by the E3-ubiquitin 
ligase E6-AP and p53. Public Library o f Science Pathogens (PLoS Pathog), 9(8), p. el003536.

Nomine, Y. et al., 2006. Structural and functional analysis of E6 oncoprotein: insights in the 
molecular pathways of human papillomavirus-mediated pathogenesis. Molecular Cell, 3 

March, 21(5), p. 665-678.

Nomine, Y. et al., 2006. Structural and functional analysis of E6 oncoprotein: insights in the 

molecular pathways of human papillomavirus-mediated pathogenesis. Molecular Cell, 3 
March, 21(5), pp. 665-678.

Nomura, T. et al., 2014. (32-Microglobulin-mediated Signaling as a Target for Cancer Therapy. 

Anti-cancer agents in Medicinal Chemistry, 11 March, 14(3), pp. 343-352.

Odunsi, K. et al., 1996. Susceptibility to human papillomavirus-associated cervical intra- 

epithelial neoplasia is determined by specific HLA DR-DQ alleles. InternationalJournal o f 

Cancer, 4 September, 67(5), pp. 595-602.

Olsen, A., Dillner, J., Skrondal, A. & Magnus, P., 1998. Combined effect of smoking and human 

papillomavirus type 16 infection in cervical carcinogenesis. Epidemiology, May, 9(3), pp. 346- 

349.

256



Ostrowska, K. et al., 2010. Investigation of the influence of high-risk human papillomavirus on 

the biochemical composition of cervical cancer cells using vibrational spectroscopy. Analyst, 

December, 135(12), pp. 3087-3093.

Ozubun, M. & Meyers, C., 1997. Characterization of late gene transcripts expressed during 

vegetative replication of human papillomavirus type 31b. Journal o f Virology, July, 71(7), pp. 

5161-5172.

Palanichamy, J. et al., 2010. Silencing of integrated human papillomavirus-16 oncogenes by 
small interfering RNA-mediated heterochromatization. Molecular Cancer Therapeutics, July, 

9(7), pp. 2114-2122.

Palefsky, J., 1999. Anal squamous intraepithelial lesions: relation to HIV and human 

papillomavirus infection. Journal o f acquired innmune deficiency syndromes, 1 Aug, 21(Suppl 1), 

pp. S42-48.

Palmero, I., Pantoja, C. & Serrano, M., 1998. pl9ARF links the tumour suppressor p53 to Ras. 

Nature, 10 September, 395(6698), pp. 125-126.

Park, J., Shin, M. & Lambet, P., 2014. High incidence of female reproductive tract cancers in FA- 
deficient HPV16-transgenic mice correlates w/ith E7's induction of DNA damage response, an 
activity mediated by E7's inactivation of pocket proteins. Oncogene, 26 June, 33(26), pp. 3383- 

3391.

Park, T., Fujiwara, H. & Wright, T., 1995. Molecular biology of cervical cancer and its 

precursors. Cancer, 76(suppl 10), pp. 1902-1913.

Parry, J., 2007. Vaccinating against cervical cancer, Hong Kong: World Health Organization,

Patil, S., Rhodes, D. & Burgess, D., 2005. DNA-based therapeutics and DNA delivery systems: A 
comprehensive review/. The American Association o f Pharmaceutical Scientists, March, 7(1), 

pp. E61-E77.

Peh, W. et al., 2002. Life cycle heterogeneity in animal models of human papillomavirus- 
associated disease. Journal o f Virology, October, 76(20), pp. 10401-10416.

Plug-DeMaggio, A. et al., 2004. Telomere erosion and chromosomal instability in cells 

expressing the HPV oncogene 16 E6. Oncogne, 29 April, 23(20), pp. 3561-3571.

Poletti, P., Halfon, A. & Marti, M., 1998. Papillomavirus and anal carcinoma. International 

Journal o f Colorectal Disease, 13(2), pp. 108-111.

Poijak, M., 2012. Prophylactic human papillomavirus vaccination and primary prevention of 

cervical cancer: issues and challenges. Clinical Microbiology and Infection, 18(Suppl 5), pp. 64- 

69.

Popa, L. et al., 1996. Specific targeting of human papillomavirus type 16 E7 oncogene with 

triple-helix forming purine oligodeoxyribonucleotides. Biochemistry and Molecular Biology 

International, Feburary, 38(2), pp. 285-295.

257



Pudlas, M. et al., 2011. Raman spectroscopy: a non-invasive analysis tool for the discrimination 

of human skin cells. Tissue engineering PartC, methods, 17(10), pp. 1027-1040.

Rahman, R., Latonen, L. & Wiman, K., 2005. hTERT antagonizes p53-induced apoptosis 
independently of telomerase activity. Oncogene, 17 February, 24(8), pp. 1320-1327.

Rahman-Roblick, R. et al., 2008. Proteomic identification of p53-dependent protein 
phosphorylation. Oncogene, 27(35), pp. 4854-4859.

Rahman-Roblick, R. et al., 2007. p53 targets identified by protein expression profiling. 

Proceedings o f the National Academy o f Sciences o f the USA (PNAS), 104(13), pp. 5401-5406.

Ramalingam, D. et al., 2011. RNA aptamers directed to human immunodeficiency virus type 1 
Gag polyprotein bind to the matrix and nucleocapsid domains and inhibit virus production. 
Journal o f Virology, January, 85(1), pp. 305-314.

Rattan, S., 2006. Theories o f biological aging; genes, proteins, and free radicals. Free Radical 
Research, 40(12), pp. 1230-1238.

Reyes-Gutierrez, P. & Alvarez-Salas, L, 2009. Cleavage of HPV-16 E6/E7 mRNA mediated by 
modified 10-23 deoxyribozymes. Oligonucleotides, September, 19(3), pp. 233-242.

Reynolds, A. et al., 2004. Rational siRNA design for RNA interference. Nature Biotechnology, 

March, 22(3), pp. 326-330.

Reynolds, A. et a!., 2004. Rational si RNA design for RNA interference. Nature Biotechnology, 
March, 22(3), pp. 326-330.

Rho, H. et al., 2010. Identification o f valid reference genes for gene expression studies of 
human stomach cancer by reverse transcription-qPCR. BioMed Central, Volume 10, p. 240.

Roberts, S., Ashmole, I., Rookes, S. & Gallimore, P., 1997. Mutational analysis o f the human 

papillomavirus type 16 E1^E4 protein shows that the C term inus is dispensable for keratin 
cytoskeleton association but is involved in inducing disruption o f the keratin filaments. Journal 

o f Virology, 71(5), pp. 3354-3562.

Ronco, L, Karpova, A., Vidal, M. & Howley, P., 1998. Human papillomavirus 16 E6 oncoprotein 

binds to interferon regulatory factor-3 and inhibits its transcriptional activity. Genes 

Development, lJu ly , 12(13), p. 2061-2072.

Roque, D., Wysham, W. & Sope, J., 2014. The surgical management of cervical cancer: an 

overview and literature review. Obstetrical & Gynecological Survey, 69(7), pp. 426-441.

Rositch, A. et al., 2013. Patterns of persistent genital human papillomavirus infection among 

women worldwide: A literature review and meta-analysis. International Journal o f Cancer, 15 

September, 133(6), pp. 1271-1285.

Rous, P., 1911. A sarcoma of the fow l transmissible by an agent separable from the tumor 
cells. Journal o f Experimental Medicine, 1 April, 13(4), pp. 397-411.

258



Rous, P. & Beard, J., 1935. The progression to carcinoma of virus-induced rabbit papillomas 

(Shope). Journal o f Experimental Medicine, 30 September, 62(4), pp. 523-548.

Rous, P., Kidd, J. & Beard, J., 1936. Observations on the relation of the virus causing rabbit 

papillomas to the cancers deriving therefrom: I. The influence of the host species and of the 

pathogenic activity and concentration of the virus. Journal o f Experimental Medicine, 31 

August, 64(3), pp. 385-400.

Saavedra, K., Brebi, P. & Roa, J., 2012. Epigenetic alterations in preneoplastic and neoplastic 
lesions of the cervix. Clinical Epigenetics, 4(1), pp. 4-13.

Sakaguchi, K. et al., 1998. DNA damage activates p53 through a phosphorylation - acetylation 
cascade. Genes and Development, 15 September, 12(18), pp. 2931-2841.

Sanjeevi, C. et al., 1996. Different HLA-Dr-DQ haplotypes are associated w ith cervical 

intraepithelial neoplasia among human papillomavirus type 16 seropositive and seronegative 
Swedish women. International Journal o f Cancer, 15 November, 68(4), pp. 409-414.

Schiffman, M. & Kjaer, S., 2003. Chapter 2: Natural History of Anogenital Human 
Papillomavirus Infection and Neoplasia. Journal o f the National Cancer Institute Monographs, 

Issue 31, pp. 14-19.

Schmitt, A. et al., 1994. Comparison of the properties of the E6 and E7 genes of low- and high- 

risk cutaneous papillomaviruses reveals strongly transforming and high Rb-binding activity for 
the E7 protein of the low-risk human papillomavirus type 1. Journal o f Virology, November, 

68(11), pp. 7051-7059.

Sellors, J. et al., 2003. Incidence, clearance and predictors of human papillomavirus infection in 
women. Canadian Medical Association Journal (CMAJ), 18 February, 168(4), pp. 421-425.

Seoane, M. et al., 2008. Retinoblastoma loss modulates DNA damage response favoring tumor 

progression. Public Library o f Science One, November, 3(11), p. e3632.

Serrano, M. et al., 1997. Oncogenic ras provokes premature cell senescence associated w ith 
accumulation of p53 and pl5INK4a. Cell, March, 88(5), pp. 593-602.

Shafqat, N. et al., 2006. Hep27 a member of the short-chain dehydrogenase/reductase family 
is an NADPH-dependent dicarbonyl reductase expressed in vascular endothelial tissue. Cellular 

and Molecular Life Sciences (CMLS), 63(10), pp. 1205-1213.

Shi, C. et al., 2009. Beta2-microglobulin: emerging as a promising cancer therapeutic target. 

Drug DiscoveryToday, January, 14(1-2), pp. 25-30.

Shieh, S., Ikeda, M., Taya, Y. & Prives, C., 1997. DNA damage-induced phosphorylation of p53 

alleviates inhibition by MDM2. Cell, 31 O ctober, 91(3), pp. 325-334.

Shlush, L. et al., 2011. Quantitative digital in situ senescence-associated P-galactosidase assay. 

BioMed Central Cell Biology, 15 April, Volume 12, p. 16.

259



Silverman, R. & Weiss, S., 2014. Viral phosphodiesterases that antagonize double-stranded 

RNA signaling to RNase L by degrading 2-5A. Journal o f Interferon & Cytokine Release, 34(6), 

pp. 455-463.

Sima, N. et al., 2007. Antisense targeting human papillomavirus type 16 E6 and E7 genes 

contributes to apoptosis and senescence in SiHa cervical carcinoma cells. Gynecologic 

Oncology, August, 106(2), pp. 299-304.

Smith, C., 2010. annaffy: Annotation tools fo r  Affym etrix biological metadata. s.I.iColin A.
Smith (2010). annaffy: Annotation tools fo r Affym etrix biological metadata. R package version 

1.30.0..

Smith, J., Campos, S. & Ozbun, M., 2007. Human papillomavirus type 31 uses a caveolin 1- and 

dynamin 2-mediated entry pathw/ay for infection of human keratinocytes. Journal o f Virology, 
September, 81(18), pp. 9922-9931.

Smith, J. et al., 2002. Herpes simplex virus-2 as a human papillomavirus cofactor in the etiology 

o f invasive cervical cancer. Journal o f the National Cancer Institute, 6 November, 94(21), pp. 
1604-1613.

Smith, J. et al., 2002. Evidence for Chlamydia trachomatis as a human papillomavirus cofactor 
in the etiology of invasive cervical cancer in Brazil and the Philippines. Journal o f Infectious 

Diseases, 1 February, 185(3), p. 324-331.

Smith, J. et al., 2010. Genome-wide siRNA screen identifies SMCX, EP400 and Brd4 as E2- 

dependent regulators of human papillomavirus oncogene expression. Proceedings o f the 
National Academy o f Sciences o f the United States o f America (PNAS), 23 February, 107(8), pp. 
3752-3757.

Somsubhra, D. & Sachchithanantham, K., 2010. Human Papilloma Virus Vaccine -  An update. 
European Journal o f Scientific Research, 43(2), pp. 256-264.

S0rensen, J., Nielsen, J. & Petersen, M., 2004. Solution structure o f a dsDNA:LNA triplex. 
Nucleic Acids Research, 18 November, 32(20), pp. 6078-6085.

Stacey, S. et al., 1995. Translation o f the human papillomavirus type 16 E7 oncoprotein from 

bicistronic mRNA is independent of splicing events within the E6 open reading frame. Journal 

o f Virology, November, 69(11), pp. 7023-7031.

Stacey, S. et al., 2000. Leaky scanning is the predominant mechanism for translation of human 

papillomavirus type 16 E7 oncoprotein from E6/E7 bicistronic mRNA. Journal o f Virology, 

August, 74(16), pp. 7284-7297.

Stanley, M., 2010. Pathology and epidemiology o f HPV infection in females. Gynecologic 
Oncology, May, 117(Suppl 2), pp. S5-10.

Stanley, M., Browne, H., Appleby, M. & Minson, A., 1989. Properties o f a non-tumorigenic 

human cervical keratinocyte cell line. International Journal o f Cancer, 15 April, 43(4), p. 672- 

676.

260



stern, P. et al., 2012. Therapy of Human Papillomavirus-Related Disease. Vaccine, Issue SuppI 

30, p. F71- F82.

Stone, K. et al., 2002. Seroprevalence of human papillomavirus type 16 infection in the United 

States. The Journal o f Infectious Diseases, 15 Nov, 186(10), pp. 1396-402.

Sugita, M. & Brenner, M., 1994. An unstable beta 2-microglobulin: major histocompatibility 

complex class I heavy chain intermediate dissociates from calnexin and then is stabilized by 

binding peptide. Journal o f Experimental Medicine, 1 December, 180(6), pp. 2163-2167.

Sundarama, P., Kurniaw/an, H., Byrne, M. & Wow/er, J., 2013. Therapeutic RNA aptamers in 

clinical trials. European Journal o f Pharmaceutical Sciences, 23 January , 48(1-2), p. 259-271.

Tang, S., Tao, M., McCoy, J. J. & Zheng, Z., 2006. The E7 oncoprotein is translated from spliced 
E6*l transcripts in high-risk human papillomavirus type 16- or type 18-positive cervical cancer 

cell lines via translation reinitiation. Journal o f virology. May, 80(9), pp. 4249-4263.

Tan, S., de Vries, E., van der Zee, A. & de Jong, S., 2012. Anticancer drugs aimed at E6 and E7 

activity in HPV-positive cervical cancer. Current Cancer Drug Targets, 12(2), pp. 170-184.

Tan, S. et al., 2012. Human papilloma virus 16 E6 RNA interference enhances cisplatin and 

death receptor-mediated apoptosis in human cervical carcinoma cells. Molecular 
Pharmacology, May, 81(5), pp. 701-709.

Teukolsky, S., Vetterling, W. & Flannery, B., 2007. Numerical Recipes: The art o f scientific 

computing. 3rd ed. s.l.’.William H. Press.

Thomas, M. et al., 2002. Oncogenic human papillomavirus E6 proteins target the MAGI-2 and 
MAGI-3 proteins fo r degradation. Oncogene, 1 August, 21(33), pp. 5088-5096.

Thorner, A., Parker, J., Hoadley, K. & Perou, C., 2010. Potential tum or suppressor role fo r the c- 
Myb oncogene in luminal breast cancer. Public Library o f Science one (PLoS 1), 5(10), p. 
el3073.

Tomita, L. et al., 2009. Dietary predictors of serum tota l carotene in low-income w/omen living 

in Sao Paulo, south-east Brazil. Public Health Nutrition, November, 12(11), pp. 2133-2142.

Tomita, L et al., 2010. Diet and serum micronutrients in relation to cervical neoplasia and 

cancer among low-income Brazilian women. International Journal o f Cancer, 1 February,

126(3), p. 703-714.

Towbin, H., Staehelin, T. & Gordon, J., 1979. Electrophoretic transfer o f proteins from 

polyacrylamide gels to nitrocellulose sheets: procedure and some applications. Proceedings o f 
the National Academy o f Sciences o f the United States o f America (PNAS), September, 76(9), 

pp. 4350-4354.

Tseng, G., Ghosh, D. & Feingold, E., 2012. Comprehensive literature review and statistical 

considerations fo r microarray meta-analysis. Nucleic Acid Research, 40(9), pp. 3785-3799.

261



Tungteakkhun, S., Filippova, M., Fodor, N. & Duerksen-Hughes, P., 2010. The full-length 

isoform of human papillomavirus 16 E6 and its splice variant E6* bind to  d ifferent sites on the 

procaspase 8 death effector domain. Journal o f Virology, Feburary, 84(3), pp. 1453-1463.

Ui-Tei, K. et al., 2004. Guidelines for the selection of highly effective siRNA sequences for 

mammalian and chick RNA interference. Nucleic Acids Research, 32(3), pp. 936-948.

Ullmann, E., 1923. On the aetiology of the laryngeal papilloma. Acta Oto-Laryngologica,

Volume 5, pp. 317-338.

Vaccarella, S. et a!., 2008. Smoking and human papillomavirus infection: pooled analysis of the 

International Agency for Research on Cancer HPV Prevalence Surveys. International Jourr)al o f 
Epidemiology, June, 37(3), pp. 536-546.

Vargis, E., Tang, Y., Khabele, D. & Mahadevan-Jansen, A., 2012. Near-infrared Raman 

microspectroscopy detects high-risk Human Papillomaviruses 1. Translational Oncology, June, 
5(3), pp. 172-179.

Venturini, F. et al., 1999. Kinetic selection of HPV 16 E6/E7-directed antisense nucleic acids; 
anti-proliferative effects on HPV 16-transformed cells. Nucleic Acids Research, 27(7), p. 1585- 

1592.

Vilches-Flores, A. et al., 2010. Biotin increases glucokinase expression via soluble guanylate 
cyclase/protein kinase G, adenosine triphosphate production and autocrine action of insulin in 

pancreatic rat islets. Journal o f Nutritional Biochemistry, July, 21(7), pp. 606-612.

Vinokurova, S. et al., 2008. Type-dependent integration frequency of human papillomavirus 
genomes in cervical lesions. Cancer Research, 1 January, 68(1), pp. 307-313.

Voipe, T. et al., 2002. Regulation of heterochromatic silencing and histone H3 lysine-9 
methylation by RNAi. Science, 13 September, 297(5588), pp. 1833-1837.

Vredeveld, L., 2009. Oncogene-induced senescence: from  in vitro tool to in vivo tumour 

suppression. Netherlands: Het Nederlands Kanker Instituut - Antoni van Leeuwenhoek 

Ziekenhuis.

Walboomers, J. et al., 1999. Human Papillomavirus is a necessary cause of invasive cervical 
cancer worldw/ide. Journal o f Pathology, September, 189(1), pp. 12-19.

Wang, S. et al., 2009. Common variants in immune and DNA repair genes and risk for human 

papillomavirus persistence and progression to  cervical cancer. Journal o f Infectious Disease, 

199(1), pp. 20-30.

Wang, S. et al., 2003. Seroprevalence of human papillomavirus-16, -18, -31, and -45 in a 

population-based cohort of 10,000 women in Costa Rica. British Journal o f Cancer, 6 Oct, 89(7), 

pp. 1248-1254.

Wang, X. et al., 1994. Hepatitis B virus X protein inhibits p53 sequence-specific DNA binding, 

transcriptional activity, and association w ith transcription factor ERCC3. Proceedings o f the 
National Academy o f Sciences (PNAS), 15 March, 91(6), pp. 2230-2234.

262



Warnes, G. et al., 2014. gplots: Various R programming tools fo r  plotting data. US: CRAN.

Wei, R., Stewart, E. & Amoaku, W., 2013. Suitability of endogenous reference genes for gene 

expression studies with human intraocular endothelial cells. BioMed Central Research Notes, 4 
February, Volume 6, p. 46.

Whiteside, M., Siegel, E. & Unger, E., 2008. Human papillomavirus and molecular 
considerations for cancer risk. Cancer, 15 November, 113(Suppl 10), pp. 2981-2994.

WHO/FAO, 2003. Diet, Nutrition and the Prevention o f Chronic Diseases, Geneva: World Health 

Organisation/Food and Agriculture Organisation of the united nations.

Wiebe, J. & Lewis, M., 2003. Activity and expression of progesterone metabolizing Salpha- 
reductase, 20alpha-hydroxysteroid oxidoreductase and 3alpha(beta)-hydroxysteroid 
oxidoreductases in tumorigenic (MCF-7, MDA-MB-231, T-47D) and nontumorigenic (MCF-lOA) 

human breast cancer cells. BioMed Central cancer Cancer, 22 March, Volume 3, p. 9.

Wilson, V., West, M., Woytek, K. & Rangasamy, D., 2002. Papillomavirus E l Proteins: Form, 

Function and Features. Virus Genes, 24(3), pp. 275-290.

Winer, R. et al., 2012. Prevalence and risk factors for oncogenic human papillomavirus 

infections in high-risk mid-adult women. Sexually Transmitted Diseases, Nov, 39(11), pp. 848- 
56.

Winer, R. et al., 2003. Genital Human Papillomavirus infection: Incidence and risk factors in a 
cohort of female university students. American Journal o f Epidemiology, 1 Feb, 157(3), pp. 218- 

226.

Woodman, C., Collins, S. & Young, L., 2007. The natural history of cervical HPV infection: 

unresolved issues. Nature Review/s Cancer, January, 7(1), pp. 11-22.

World Health Organisation, 2012. Report o f the HPV Vaccine Delivery Meeting, Geneva: 

Expanded Programme on Immunization (EPI) of the Department o f Immunization, Vaccines 

and Biologicals.

Wu, C., Gordon, J., Zhong, X. & Safa, A., 2002. Mechanism of beta 2-microglobulin-inducea 

apoptosis in the K562 leukemia cell line defective in major histocompatibility class 1. 
Anticancer Research, 22(5), pp. 2613-2621.

Wu, K. et al., 1999. Direct activation of TERT transcription by c-MYC. Nature Genetics, 21(2), 

pp. 220-224.

Xia, M., Knezevic, D. & Vassilev, L., 2011. p21 does not protect cancer cells from apoptosis 
induced by nongenotoxic p53 activation. Oncogene, 20 January, 30(3), pp. 346-355.

Yamato, K. et al., 2008. New highly potent and specific E6 and E7 siRNAs for treatm ent of 
HPV16 positive cervical cancer. Cancer Gene Therapy, March, 15(3), pp. 140-153.

Yang, H., Li, Y., Deng, H. & Peng, F., 2009. Identification of beta2-microglobulin as a potential 

target fo r ovarian cancer. Cancer Biology & Therapy, December, 8(24), pp. 2323-2328.

263



Yizhuo, Y. et al., 209. Effects of Cidofovir on Human Papillomavirus-positive cervical cancer 

cells xenografts in nude mice. Oncology Research, 18(11-12), pp. 519-527.

Yoshinouchi, M. et al., 2003. In-vitro and in-vivo grow/th suppression of human 
papillomavirusie positive cervical cancer cells by E6 siRNA. Molecular Therapy, November,

8(5), pp. 762-768.

Zanier, K. et al., 2007. Formation of well-defined soluble aggregates upon fusion to  MBP is a 

generic property of E6 proteins from various human papillomavirus species. Protein Expression 

and Purification, JAnuary, 51(1), pp. 59-70.

Zhang, Z. et al., 2013. Genistein induces G2/M cell cycle arrest and apoptosis via ATM/p53- 
dependent pathway in human colon cancer cells. InternationalJournal o f Oncology, July, 43(1), 

pp. 289-296.

Zheng, I . ,  2010. Viral oncogenes, non-coding RNAs and RNA splicing in human tum or viruses. 
InternationalJournal o f Biological Sciences, December, 6(7), pp. 730-755.

Zheng, Z. & Baker, C., 2006. Papillomavirus genome structure, expression and post- 

transcriptional regulation. Frontiers in Biosciences, 1 September, Volume 11, pp. 2286-2302.

Zhou, J. et al., 2012. Transcriptional gene silencing of HPV16 E6/E7 induces growth inhibition 
via apoptosis in-vitro and in-vivo. Gyneocologic Oncology, 124(2), pp. 296-302.

Zhou, J., Sun, X., Louis, K. & Frazer, I., 1994. Interaction of human papillomavirus (HPV) type 16 
capsid proteins w ith HPV DNA requires an intact L2 N-terminal sequence. Journal o f Virology, 

February, 68(2), pp. 619-625.

Zhu, J. et al., 2014. Antiviral activity of human OASL protein is mediated by enhancing signaling 

of the RIG-1 RNA sensor. Immunity, 19 June, 40(6), pp. 936-948.

Zimmermann, H., Degenkolbe, R., Bernard, H. & O'Connor, M., 1999. The human 
papillomavirus type l6  E6 oncoprotein can down-regulate p53 activity by targeting the 

transcriptional coactivator CBP/p300. Journal o f Virology, August, 73(8), p. 6209-6219.

Zoodsma, M. et al., 2005. Analysis o f the entire HLA region in susceptibility fo r cervical cancer; 

a comprehensive study. Journal o f Medical Genetics, 42(8), p. e49.

264



Appendix

265



Table 8-1; Table of all differentially expressed gene associations in E6#2. Up-regulated genes 
highlighted in red and down regulated genes highlighted in blue.

Symbol GeneName

KRT34 keratin 34

CCL5 chemokine (C-C motif) ligand 5

CCR4 chemokine (C-C motif) receptor 4

INHBA inhibin, beta A
dehydrogenase/reductase 

DHRS2 (SDR family) member 2
pregnancy specific beta-1- ^  

PSG2 glycoprotein 2
serpin peptidase inhibitor, clade E 
(nexin, plasminogen activator 

SERPINEl inhibitor type 1), m em ber 1

UTS2B urotensin 2B

F N l fibronectin 1

TCN2 transcobalamin II

IL24 interleukin 24
tum or necrosis factor, alpha-] 

TNFAIP3 induced protein 3
phorbol-12-myristate-13-acetate- 

P M A IP l induced protein 1

CCL3L1 chemokine (C-C motif) ligand 3-like 1
growth arrest and DNA-damage- 

GADD45A inducible, alpha

KLF4 Kruppel-like factor 4 (gut)

OASL 2'-5'-oligoadenylate synthetase-like

IL20 interleukin 20
ankyrin repeat domain 1 (cardiac 

ANKRDl muscle)

SNAI2 snail family zinc finger 2 y |H || j |

ARL14 ADP-ribosylation factor-like 1 ? ^ ^ ^
cytochrome P450, family 1,

C Y P lA l subfamily A, polypeptide 1

AL0XE3 arachidonate lipoxygenase 3

JUN jun proto-oncogene

KRTAP2-4 keratin associated protein 2-4
nuclear factor of activated T-cells, 
cytoplasmic, calcineurin-dependent 

NFATC2 2 4773 3.28 0.0003
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Symbol GeneName Entrez Fold- FDR
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Table 8-2: Table of all differentially expressed gene associations in E6#4. Up-regulated genes 
highlighted in red and down regulated genes highlighted in blue.
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274



■ ■ I1 S p |"K l^ ^^J
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FDR

<0.0001

<0.0001
<0.0001
<0.0001

< 0.0001

<0.0001
<0.0001
<0.0001

<0.0001
<0.0001

<0.0001
<0.0001

<0.0001

<0.0001
<0.0001

< 0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
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277
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Symbol GeneName Entrez Fold- FDR

0.0006

0.0006
0.0006
0.0007
0.0007

0.0007
0.0007
0.0007

0.0007
0.0007

0.0007

0.0007
0.0007

0.0007
0.0007
0.0007

0.0007

0.0007
0.0007

0.0007
0.0008
0.0009
0.0009
0.0010

0.0011
0.0011

0.0011
0.0011
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Symbol GeneName Entrez Fold- FDR
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282



283



Symbol GeneName Entrez Fold- FDR

0.0124
0.0127
0.0127

0.0130
0.0130

0.0131
0.0131

0.0130
0.0130
0.0133

0.0133

0.0133

0.0132

0.0133

0.0133
0.0132

0.0132
0.0134

0.0145

0.0156
0.0157

0.0161

0.0165
0.0177
0.0187
0.0186
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acidic (leucine-rich) nuclear 
phosphoprotein 32 family, member
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Figure 8-1: Light microscopy o f |3 galactosidase stained SiHa cells using senescence cells 
histochemical staining kit 72hrs post forw ard transfection technique. SiHa cells seeded a t 1.5x10^ 
cells w e re  le ft un trea ted , m ock-transfected , trans fec ted  w ith  scram bled con tro l sIRNA and 
trans fec ted  w ith  GAPDH ta rge ting  sIRNA or E6 ta rge ting  siRNA ((E 6 # l, E6#2, E6#3, E6#4 and E6#5) 
in th re e  biological replicates. 72hours post fo rw a rd  trans fe c tion ; cells w ere  fixed and sta ined w ith  a 
m ix tu re  con ta in ing  X-gal so lu tion  as substra te and incubated ove rn igh t in a CO2 deprived 

a tm osphere . The fo llo w in g  day, th e  num ber o f b lue-sta ined cells w e re  counted and analysed using 
a pa ired T-test via graph pad prism (M agn ifica tion  200x).
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Table 8-3: Table of HR-HPV E6 target molecules and the effect of E6#2 and E6#4 sIRNAs employed in 
this study. The target molecules are shown to  be either up-regulated or down-regulated in differential 
gene expression.

Target molecules 

of E6
Implicated biological 

effect

Differential gene expression 

72hrs post forward transfection

E6#2 E6#4

E6AP/p53

Degradation of 

p53/suppression of 

apoptosis
— Up-regulated

PDZ-domain-

containing

proteins

Degradation of PDZ 

proteins/loss of cell polarity —

Up-regulated 

(Fibroblast 

activation protein 

alpha, FAP)

GADD34/PP1 Suppression of apoptosis Up-regulated —

MCM7
Induction of chromosomal 

abnormalities —

Down-regulated 

(MCM 2,3, 4, 5, 6, 

7, 8, 10)

BRCAl
Release the inhibition of ER 

signalling —
Dow/n-regulated

(BRCA1&2)

RIN: 1.40
[FU]

32

30

25 200 1000 4000 [nt]

Figure 8-2: Electropherogram showing RNA quality of E6#l 72hrs post forward transfection
technique. Agilent Bioanalyser electropherogram and gel-like image (right hand side of figure) of 
RNA in tegrity depicts completely degraded RNA w ith no 18s and 28s peaks or bands respectively. 
RNA Integrity Number (RIN) of 1.4 also confirms this degradation.
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