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Abstract

Cells from organisms with renewable tissues parmanently withdraw from the cell

cycle in response to a variety of stimuli, including dysfunctional telomeres, DNA
damage, physiological stress, and activation of certain oncogenes. This phenomenon,
cellular senescence, is controlled by the p53 and tpRiour suppressor proteins, and
constitutes a potent arttimour mechanism. The underlying mechanism controlling
cellular senescence and the signal transduction pathways involved are poorly defined
and the critical targets of the p53 ap&b pathways in his process are not well

charactesed.

As most breast cancers originate in epi
colleagues developed a conditionally immortalized human mammary epithelial line,
226L 8/13, derived from human mammary luminal epigheells, as a model to study
cellular senescence in epithelial cells. 226L 8/13 cells constitutively express hTERT,
the catalytic component of human telomerase, and a temperature sensitbélAon
binding mutant of Simian Virus 40 large $\(40LT) antigen. These cells grow at the
permissive temperature 34°C, but undergo a rgpiavth arrest at the nepermissive
temperature 38°C, upon inactivation of the thermolabile LT antigen which allows
activation of the p53 and pRB tumour suppressor pathwaysis drhest displays
features of cellular senescence, and is dependent mainly on the p53 pathway, but also on

the pRb pathway.

The Open Biosystems HumaIPZ lentiviral shRNAmir library and pSM2c retroviral
shRNAmir library were applied to the conditionalseem to identify mediators of
cellular senescence, and several genes whose inhibitiositte@ells overcoming the
conditional growth arrest were identified, including HRF FOXAl, Rab23 and
CCNL1. By acting as mediat® of cellular senescence theggmes may play a role in

the prevention of tumourigenesis. There is already significant evidence suggesting that
IRF-1, FOXA1, Rab23 and CCNL1 play a role in cell proliferation, senescence and
tumourigenesis, supporting the results presented in this thesiesGdentified in this

study may have prognostic and/or diagnostic value in the context of cancer biology.
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1 Introduction

In 1961 Hayflick and Moorhead observed growth arrest of human diploid cells, after
appaently exhausting their capacity to divide vitro (Figure 1.1;(Hayflick and
Moorhead, 1961) They described this phenomenon as cellular senesa@Tdiggecause

they found an inverse correlation between prolifeeapotential of isolated cells and

age of the donor, thegssuned a central role of senescence in cellular and possibly
organismalageing It has been suggested that pathological age of the donor might be
more significant thn chronological agéCristofalo et al., 1998 Replicative senescence

is the program of irreversible cell cycle arrésat normal cells undergo after a finite
number of divisiongHayflick and Moorhead, 196,1)which is morphologically and
biochemically closely related to premature senescence, an acutely inducible form of
cellular semescence. Cellular senescence can be triggered in response to a variety of
intrinsic and extrinsic stimuli including alteration in telomere length and structure
(Hemann et al., 2001; Martens et al., 2008@oxyribonucleic acid (DNA) damage
(DiLeonardo et al., 1994)chromatin change¢Munro et al., 2004; Ogryzko et al.,
1996) physiological sresssuch as sustained cytokine signallifidoiseeva et al.,
2006) andactivation of certain oncogenes first demonstrated by expression of Ras in
human fibroblasts(Serrano et al., 1997)It can compromise tissue repair and
regeneration and contribute to tissue and organismal ageing due to depletion of
stem/progenitor cell compartments. It canoalsad to removal of defective and
potentially cancerous cells from the proliferating pool thereby preventing tumour
developmenireviewed by(Campisi, 2005; Campisi ardlAdda di Fagagn&007]. In

the Hanahan and Weinberg model of tumorigenesis, overcdimriopite proliferative
potential is one of the six hallmarks of can@danahan and Weinberg, 2011)he
underlying signalling pathways that controtellular senescence and the signal

transduction pathways involved are poorly understood.
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Hayflick and MoorheadHayflick and Moorhead, 196¥pund that primary HDFs sutultivated in vitro

exhibited a finite proliferative potential; after approximately 50 population doublingspainaitermed

the o6Hayflick 1imité, the cultures ceased dividi

cellular senescence.

21



In this chapter | will discuss characteristics and causes of cellular senescence, the
significance of senescende vivo and its role in tumour suppression and ageing,
senescence and its evolutionary context, and the acquisition of a limitless replicative
potential. Also, | will discuss the cell cycle, specifically its role in the context of cellular
senescenceand someDNA tumour virugs and their effect on the cell ©fe.
Furthermore | will discuss cell types of the human breast and their importance in cancer,
and the establishment of conditionally immortalized human breast luminal epithelial
cells, namely 226L 8/13 dsl Finally the concept dRNA interference (RNAI), short
hairpin RNA §hRNA) libraries and their usi®r geneticscreenwill be introduced.

1.1 Cellular senescence

Senescence can be dividetbitwo broad categories, namely replicative senescence and
premature senescence. Replicative senescence is the program of irreversible cell cycle
arrest that normal cells underggon serial pasgeing after a finite number of
population doublings(Hayflick and Moorhead, 1961pelieved to be caused by
shortening of telomeres. Premature senescence is an acutely inducible form of cellular
senescence, and is morphologically and biochemicabtingly related to replicative
senescencéSchmitt, 2@7). Senescence stimuli activate the pRb and p53 pathway,
which can in turn induce cellulaenescence [Figure2].reviewed by Campisi and
d'Adda di Fagagna&007]. In this chapterfeaturescausesand significancef cellular

senescenceill be discussed.
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Senescenemducing stimuli usually activate the p53 or/and the pRb pathway, which are the two main
pathways underlying cellular senescerj@@apted by permission from Macmillan Publishers Ltd:
[Nature Reviews Molecular Cell BiologyCampisi and d'Adda di FagagrZ007) copyright (2007)
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1.1.1 Features of senescent cells

1.1.1.1Cellular senescence is a irreversible growth arrest

The trademark afenescentells is their inability to advance through the cell cyTleis

growth arrest, in contrast tquiescenceis in essence irreversiblghysiological
mitogensdo not stimulate growth in senescent ¢diist senescence can be reversed by
experimental manipulatiorExpression of the tumour suppressor proteins p53 and pRb

Is strongly increased in senescent cells, and in senescent mouse embryonic fibroblasts
(MEFs)inactivation of thesento proteins lead to cells reentering the celtycle, which
suggests that they are required for maintenance of senescence as well as induction of
senescence in murine ce{Birac and Bernards, 2003; Sage et al., 2008human ells

it has beerdemonstratedhat in cells that express P16 at moderate to high levels,
senescenceannotbe reversed by the inhibition of p53, whereas in BJ cells, which
express very low levels of p%*?, senescence care reversed by p53 inactiian. In

cells that express p¥6*® at moderate to high levelsuppression of p¥“? confers
sensitivity to senescence reversalimgctivationof p53 (Beausejour et al., 2003)

Senescent cells usually arrest growth with a DédAtent characteristic @; phase of
the cell cycle, but it can also occur duri@gphasgDi Micco et al., 2006; DiLeonardo
et al., 1994; Olsen et al., 2002; Wada et al., 2004; Zhu et al.,,1888)n tumour cells

in G-phase or $Hhase when senescence is induced by certain cancer tresafSteay
and Roninson, 2004)Senescent cellstay metabolically active, demonstrated by their
ability to synthesise mMRNA and protdioumpkin et al., 1986)

1.1.1.2Cellular senescence and apoptosis

Senescent cells often becomesistahto apoptosigSeluanov et al., 2001; Wang, 1995;

Yeo et al., 2000)Apoptosiss a controlled progamme of cellular suicidef cells die by
apoptosis (as opposed to necrosis) the contents of dying cells are encapsulated and
removed by scavenging cell§reviewed by (Ellis et al., 1991]) Like cellular
senescence, apoptosis isegponse to cellular stress ahds an important artiumour

mechanismSenescent cells can be resistant to certain apoptotic signals but sensitive to
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others, and this resistance/sensitivity can be cell type spdeificinstance, senescent
human fibroblasts have been shown to enpaptosis upon binding and activation of

the Fas death receptor, but they have been demonstrated to be resistant to apoptosis
induced by oxidative stress and growth factor deprivai@ren et al., 2000; Tepper et

al., 2000) Senescent human fibroblasts also resist ceramdileed apoptosis, whereas
enddhelial cells are not resistatd it (Hampel et al., 204). It is not yet clear what
decides whether cells enter senescence or undergo apoptosis, but again, cell type seems
to be a factor in this decision. For instance, damaged epithelial cells and fibroblasts
usually enter senescence, whereas damaged lywytelsotend to undergo apoptosis.
Furthermore, it has been reported that manipulations of the expression levelairBcl
caspase inhibition may cause cells that normally would lienergoneapoptosis to

enter senescend®lelyudova et al., 2007; Rebbaa et al., 2003)ese studies indicate

that thee is crosstalk betweenhe pathways of apomes and cellular senescence,
possibly through their common factor p@3eluanov et al., 2001t is not completely
undersbod how cells become apoptosis resistant dunngtro senescencé his may

partly be causetly the failure ofsenescent human fibroblastsupregulatep53 after
genotoxic stresses such as UV, actinomycin, cisplatin, or etop@ite et al., 1995;
Seluanov et al., 2001 Anothercontributorfor this apoptosis restance of senescent

cells is the high levels of the aréipoptotic protein BCi{2 in senescent human
fibroblasts(Wang, 1995)

1.1.1.3Altered gene expression and senescence biomarkers

Senescent cells have a chahggene expression profile compared to +s@mescent
cells.Certain markerssuch as senescenrassociated-galactosidase [SA-gal; (Dimri
et al., 1995) PAI-1, fibronectin(Kumazaki et al. 1991) p53 (Kulju and Lehman,
1995) andthe cyclin dependent kinase inhibieo(CDKIs)p21 and p18**? (Alcorta et
al., 1996; Hara et al., 1996; Tahara et al., 1988k been shown to be-vpgulated in
senescent cells. On the other hand, positive regulators ofltlyade have been shown
to be downregulated upon senescence, suclcB&2 (Afshari et al, 1993) cyclin A,
cyclin B (Stein et al., 1991)cyclin E and cyclin D(Dulic et al., 1993)In senescent

cells, E2F target genes can be dawgulated either because E2F is inactivate@Rly
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and can not initiate transcriptio such genesor in other cases they are silenced by re
organization of chromatin into senesces@ssociatecheterochromatirfoci (SAHFs)
caused bypRb(Narita et al.2003)

Many of the proteinsvhose expression is alteragon senescence are secreted proteins,
which is known as thesenescencassociated secretory phenoty(f®ASP), or the
senescence mexgeing phenotype secretom@uilman and Peeper, 2009There is
evidence that many of these factors not only correlate with senescence but also
contribute to it. For example, the ECM regulatlasminogen activator bitor-1
(PAI-1) was long believed to merely correlate with senescence, but was demonstrated to
contribute to replicative senescenddortlever et al.,, 2006) The SASP includes
proteins that are involved iremodeling the extracellular matrfeCM) as well as
numerous inflammaty proteins(Acosta et al., 2008; Cristofalo and Pignolo, 1996;
Kuilman et al., 2008)There are three main groups of SASPdex; which are soluble
signdling factors (interleukins, chemokines, growth factorsecreted proteases, and
secreted insoluble protein/extracellular matrix compondntsontrast to the tumour
suppressive role of senescence, SASP has been demoristiatechotecarcinogenesis
(Coppe et al., 2008; Krtolica et al., 2001; Kuilman and Peeper, Z0083e factors can
promote tumour developmenn vivo and proliferation and invasiveness vitro
[reviewed by(Coppe et al., 201Q))as SASPfactors camctivae vaious receptors on

the cell surfaces of surrounding cells, thereby activating certain signal transduction
pathways which cancontribute to cancer. These factors includmterleukins,
inflammatog cytokines, and growth factors. One example is the cytokitezleukin6
(IL-6), which can affectarious epithelial and endothelial celbich express the H6R
(gp80) and gp130 signaling complex their cell-surface

The first senescence biomarker to be used wa$-§al, which can be detected by
histochemicalstaining in mostsenescentells. This assay is based on the increased
lysosomal biogenesithat occurs in many senescent ceflee et al., 2006)which
therefore exhibit lysosomdi-galactosidaseddvity at pH6. Unfortunately, this marker
can also be induced Isgressfulculture conditions and confluence in cell cult(@Gary
and Kindell, 2005; Iwasa et al., 2003)
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Anothermarkerfrequently used is based on treetf that senescent cettentainmany
heterochromatin rich regions of DNA, known as SAHR¢ghich are believed to silence
E2F target genedNarita et al., 2003) These are dependent on hypophosphorylation of
both pRb and p1®“2. SAHFs can be detected by preferential binding of DNA dyes,
for instance 46-diamidino-2-phenylindole (DAPI).

P168VK* is an important regulator of senescence, and it is also used as er fioark
senescent celléKrishnamurthty et al., 2004Many senescent cells express 'B1%,
but there arexceptionssuch as senescent BJ céBeausejour et al., 2003; Itahana et
al., 2003)

1.1.2 Senescence and terminal differentiation

Complex organisms contain mitotic and postotic cells. Theoss of ability to divide

in postmitotic cells is caused by terminal differentiatid?otten and Lajtha, 1987ill,

1982) Mitotic cells can proliferate, but they can also reversibly arrest, which is termed
quiescene; quiescentcells reenter the cell cycle in response to mitogenic signals.
Cellular senescence only occurs in mitotic cellhere are similaritiesbetween
senescence and growth arrest induced by terminal differentiation, as both cases cells
stay viable but they undergo an irreversible growth arrest which makes cells resistant to
mitogenic signalling(Wier and Scott, 1986)Furthermore, significant changes in
morphology can be observed in both senescent and termdiidéyentiated cells
(Dimri et al., 1996)as well as changes in transcription, for instance induation
interleukins, cell cycle regulatory genes and DNA darvindacible genegreviewed

by (Peacocke and Campisi, 1991)

1.1.3 Cellular senescence and evolutiona ry antagonistic pleiotropy

Cellular senescence can act as a-eaaticer mechanism, but on the other hand it can
contribute to organismalgeingby depleting stem cell and progenitor cell pools, and it
can even contribute towardsmourigenesigCoppe et al., 2010)These contradictory
actions of cellular senescence can be explained by a concept known as antagonistic

pleiotropy; pleiotropic genesvhich are beneficiato an organisnearly in life will be
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selected forgven if they have bad effects at later afyesiewed by(Campisi, 2003;
Campisi, 2005) For organisms with renewable tissues, cancer is a major threat to
longevity; to counteract the risk of cancer, tumsuppressor mechanisms evolved,
such as cdéllar senescence and apoptogidanahan and Weinberg, 2011)he
detrimental actions of senescence are believéx: teide effects of a mechanisvhich
evolved for its beneficial effect osurvival at a time when extrinsic hazards such as
predation, infection and starvation caused life spans to be relatively shoefother
tumour suppressor mechanisms functioned to extend lifespan at a relatively young
organismal age and only needed to be beneficial in this relatively short life span, such as
a few decades for humans. The fact that such mechanisrnadsbeodeleteriousaterin

life, for example, by reducing the regenerative capacity and accumulation of
dysfunctional senescent cells, would cause little selective pressure against these

mechanisms.

1.1.4 Causes of cellular senescence

1.1.4.1Telomere associated senescence

Telomeres @ DNA-protein complexes |I@ted at the ends of chromosomes; vertebrate
tel omeres are stret-dMEGG3m0f) raeppeotciitaitvwee DM
(Moyzis et al., 1988; Wellinger and Sen, 199Their main function is believed to be to

protect the ends of chromosomes from being recognised as dtrenid DNA breaks,

which wouldresult in degradation and ematend fusion with other chromosombyg

DNA repair processesfor instance, recombination could occur through -non
homologous DNA engbining (Chan and Blackburn, 2002; Lundblad, 2Q0)e exact

structure of telomeres 8ot known, but mammalian telomeres end in a large duplex
loop, named-toop (Griffith et al., 1999)

The unidirectional nature of DNA replication 53 éand the requirement for a primer
to initiate DNA symrtah e 9ins pNAmwdndberepbdated a® e n d
acontinuouppi ece of DNA on the 56 to 306 strand
to occur in a discontinuous process on the lagging straoeducing DNA fragments

known as Okazaki fragments. RNA primeneaynthesised by the activity of primase,
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an RNA mlymerase that does not requaetemplate for RNA polymerisation. DNA
polymerase thereplaces primase and polymesdeNA nucleotides to the RNA primer

until it reaches the previously added RNA primerhich is then replaced with
deoxyribonuclease triphosphate mol ecul es
Finally, these DNA fragments, Okazaki fragments, are then covalently linked by DNA
ligase activity. But the last primer that is added to makéatfteOkazaki fragment at the

50 e ndlaggng sttartcannotb e r epl aced by DNA, causi
p r o b ITkkerefore, about 5800 base pairs of telomeric DNA is lost from the ends of

the chromosomes during each S phédarley et al., 1990)causingtelomeres to
become shorteasind eventually become critically short and dysfunctioBaly one or a

few such short dysfunctional telomeres are sufficient to trigger seneq¢tzoann et

al., 2001; Martens et al., 2000)

The shorteimg of telomeres can be courdeted by elongation of telomeres by
telomerase, which adds telomeric DNA repeats directly to the ends of dooe®
(Collins and Mitchell, 2002) This enzymeis composed of telomeric reverse
transcriptase, hTERTthe catalytic subunif) an RNA component(TERC) which
functions aghetemplate for hTERTand a number of associated factors which regulate

its activity. In human somatic celleTERT is not or hardlyexpressed, and if it is
expressed then at levels that are so low they can merely slow down, but not prevent
telomere shorteningCollins and Mitchell, 2002; Masutomi et al., 200Bjowever, it

has been demonstrated that substantial levels of hTERT expression and telomerase
activity occur in highly proliferating normaluman cells and tissues, bathvitro and

in vivo [reviewed by(Ge « al., 2006). Furthermore, hTERT expression and telomerase
activity has also been demonstrated in normal cycling human diploid fibroblasts
(HDFs), even though it was previously believed that in normal HDFs hTERT was
transcriptionally repressed was slown thatthis telomerase activity was required for

the maintenance a@élomere structure, and that inhibition of telomerase activityslead

an increased rate oégicative senescence, and weakem#dA damage response

these HDFs [reviewed hse et al., 2006)

When telomeres beconwitically short they trigger seseence via initiation of the
DNA-damage response (DDRJ'Adda di Fagagna&t al, 2003; Herbig et al., 2004;
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Takai et al., 2003)There is evidence which demonstrates that telomere erosion can
contribute to genome instabiliyreviewed by(Maser and DePinho, 2002)On the
other hand, studies with mousslomerase, p53 and P16 knockout models have
shown that dysfunctional telomeres inhibit tumour initiatiorvivo if an intact DNA
damageinduced p53 signalling pathway is present, by activagitiger p53-dependent
apoptosis or replicative senescenmviewed by(Deng et al., 2008) These studies
showed thatn p16™**® knockout mice with short dysfunctional telomeres a reduced
rate of tumour incidence was obsenasi compared to pf6“® knockout mice with
functional telomeres upon treatment with ultraviolef@eenberg et al., 1999ut in

p53 knockout mice, telomere dysfunction and tbensequentiaenomic instability
promotes tumorigenesisdemonstrating that p53 cooperates with dysfunctional

telomeres toeduce tumorigenesis.

Telomere shortening might function to generically avoid the growth of cancer, as
telomereinduced senescenoecurs when cells have undergone their maximum number
of divisions, the Hayflick limit(Hayflick and Moorhead, 1961)Such proliferation
induced telomere shortening could make cancerlisgting, and in many cancers
telomerase isctivated inappropriatelgCounter etal., 1994)or othermechanismshat

inhibit telomere shortening are activated, termed alternative lengthening of telomeres
(ALT) mechanism(Muntoni and Reddel, 2005urthermore, it has been demonstrated
that short telomeres can suppress tumour develdpmenice (GonzalezSuarez et al.,
2000; Greenberg et al., 1999vhereas expression of telomerase together with

cooperating oncogenes can cause malignant tnanafion(Hahn et al., 1999)

1.1.4.20ncogeneinduced senescence

The first indication of oncogeriaduced senescen¢®IS) came fromin vitro studies,

which demonstrated that oncogenic signalling can induce cellular sene¢Sen@ao

et al., 1997) OIS is triggered by signallingy oncogenes, and it is accompanied by
activation of tumour suppressor genes that are often inactivated in cancers, such as
p16™¢*? (Gruis et al., 1995b; Kamb et al., 199#)therefore appears that OIS involves

the activation of tumour suppressor gengsmany benign tumours proliferative arrest

occurs, and it was speculated that oncogedaced snescence might be responsible
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for this protective proliferation arrest; there is strong evidence supporting this theory
(Braig et al., 2005; Chen et al., 2005; @dib et al., 2005; Gragchopfer et al., 2006;
Michaloglou et al., 2005)

Oncogenes induce cell proliferation, and the senescence response induced by OIS might
be counteracting oncogenic transformation caused by the excessive proliferation
induced by mitognic stimulation. This excessive proliferation can lead to DNA
damage, which in turn can induce a senescent arrest. This is supported by the finding
that Rasnduced senescence is inhibited in mouse cells that are cultured infseeum
medium, which redues mitotic signallingWoo and Poon, 2004)

There are similarities between OIS and telomere induced seneskErgeoncogenes
induce DNAdamage response, because the proliferation caused by excessyenic
stimulation by oncogenic signalling can lead to DNA damage which m itduces
DNA-damage responsé.has beerdemonstrated that the DDR in OIS is required for
induction and maintenance of senescgda@tkova et al., 2006; Di Micco et al., 2006;
Mallette et al., 2007)These studies demonstrate that senescence, triggered by the
expression of several oncogenes, is a consequence of the activation of a robust DDR
and that experimental inacétton of DDR abrogates OIS and promotes cell
transformation. Furthermore, both OlSduced by several oncogenesnd telomere
induced senescence lead to the activation of' fféand cause the formation of SAHFS
(Narita et al., 2003)

1.1.4.3DNA-damage induced senescence

DNA damageis sensed byhe evolutionary conserve®DR pathway, starting with
DNA-damage sensors, which activate a signalling cascade which leads to ttt®mdu
of quiescence, senescenceapoptosis ffigure 1.3;reviewed by(d'Adda di Fagagna
2008].
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Figure 1.3: DNA-damage response and induction of cellular senescence

DNA damage is sensed by the evolutionary conserved DDR pathway, starting witld&@hs#ge sensors,

which activde a signalling cascade which leads to the induction of quiescence, senescence or apoptosis
[Adapted by permission from Macmillan Publishers Ltd: [Nature Reviews Cafitddda di Fagagna

2008) copyright (2008)
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As discussed aboveheé DNA-damage response is activated both in telerdependent
and oncogenenducal cellular senescence, and it seems like cellular senescence
pathways whether replicative senescence or premature senesceneeetimaluced by
different stressors, share a common underlying mechanism, that is, IDDRro
cultured cells undergo irreversible growth ariiestesponsdo various forms of DNA
damage(Parrinello et al., 2003; te Poele et al., 200Bhere is also evidence that
accumulation of DNA damage due &meingmight contributeto cellular senescence
(Vijg et al., 2005) leading to an accumulation of senescent cellageingtissues as
well as depletiorof stem cell and progenitor cell poodMany chemotherapeutic drugs
induce DNA damage, andtudies show thathese therapies are more effective in
tumours which can senesce ratltean those that do not senes@@oninson, 2003;
Schmitt et al., 2002)

Like in telomereinduced senescendbde p53 pathway plays an important roleDiNA-
damage induced senesceliddda di Fagagnat al., 2003; DiLeonardo et al., 1994;
Herbig et al., 2004)p16"*** has also ben shown to be induced in response to DNA
damage and dyunctional telomeres, and it telieved to function as an additional
barrierto stopcells with damaged DNA or telomer&®m re-entering the cell cycle
(Beausejour et al., 2003acobsand de Lange2004) P16"*** knockdown alone was
not sufficient to overcome 8RFZ*™.inducedtelomereinduced senescence arrast
IMR90 primary human fibroblastsbut p16“*® did seem to contribute to the
proliferation arrest as inhibition of p53 lead to a pagitape fronTRFZ®™ _induced
growth arrest,whereasinhibition of both p18"** and p53 togetheted to a near
complete restoration of the rate of DNA synthesid an increased rescue from growth
arrest( Jacobsand de Lange2004)

1.1.4.40ther causesand mediators of cellular senescence

In additionto the fact thaheterochromatin formation and SAHFs can induce cellular
senescence, it seems like euchromatin formation can also induce senescence. Chemical
histone deacetylation, which inducesclkromatin formation has been shown to
promote senescengblunro et al., 2004; Ogryzko et al., 1998he fad that chemical

histone deacetylation can induce ATM kinase acti{l#gkkenist and Kastan, 2003he
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key kinase responsible for DDR doufsitand break (DSB) signallin@Zgheib et al.,

2005) suggests that euchromatin induced senescence Ingigiwolved in this process

Sustained signalling of certain cytokines can also induce cellular senescence, and
secreted inflammatory cytokingdoiseeva et al., 2006}heir cognate receptors and
positivefeedback loops with corresponding transcription factors, have been implicated
as key mediators of both oncogenduced andeplicative senescendBartek et al.,

2008)

1.1.5 Senescence and its relevance in vivo, tumour suppr ession and

organismal ageing

1.1.5.1ldentification of in vivo senescence by 8- -gal staining

Dimri and colleagues(Dimri et al., 1995)first used SAb-gal staining to identify
senescent fibroblasts and keratinocyteageinghuman skinin vivo. Since then it has
been used to identify senescentsillmany other tissueg.or instance, enescent cells
were detected in human breast epithelial tumootkviing chemotherapy induced
DNA damage(te Poele et al., 2002Choi andcolleagus detected SAb-galpositive
epithelial cells in prostates from men with benign hyperpl@smei et al., 2000)

1.1.5.2P16'NK4a gnd p14ARFand detection of in vivo senescence
It has been shown that expression levels of thetursuppressors p16*® andp14*~*
correlate with SAb-gal positivity in rodents in organ patholo@grishnamurthty et al.,

6N Kda

2004) demonstrating the presee of senescent cell®1 expression levels have

been demonstrated to increase dumggingin the human kidneyMelk et al., 2003;

B4 and other

Melk et al., 2004) Benign melanocyte naevus aelexpress pl
senescence mkars such asSA-b-galactosidaseThis demonstratethat senescence

occurs insuchbenign melanocytic naein vivo (Gray-Schopfer et al., 2006)

Furthermoreijt has been shown thatyocardial cells of pathological hearts from elderly

patientshaveincreasedevels ofp16™<*® as compared to nepathological hearts from
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patients of equal age or pathological hearts from younger sul§feoisenti et al.,
2003) demonstrating the increased presence of senescent cells in pathological hearts

from elderly patients.

1.1.5.3Telomeres and in vivo senescence

Telomere shortening was first identifiéal vitro in humanfibroblasts(Harley et al.,

1990) and it has since been demonstratedivo in many tissues s as skinLindsey

et al., 1991)the kidney(Melk et al., 2000)andthe liver(Aikata et al., 2000)In human
atherosclerosis, it was demonstrated that vascular smooth muscle cells undergo

telomereinduced senescenilatthews et al., 2006)

1.1.5.40ncogene induced senescence in vivo

Since OIS was identifieth vitro (Serrano et al., 1997%ignificant evidencéas been
produced whichsuggestsa role in tumour supgm@ssionin vivo (Braig et al., 2005; Chen

et al., 2005; Collado et al., 2005; Michaloglou et al., 2008AS knockin mice were
shown todeelop lung adenomasvith a low proliferative rate, which expressed-8A

gal as well as other senescence mark@sllado et al., 2005)Michaloglou and
colleaguegMichaloglou et al., 2005Pemonstrated that mutant oncogene BRAFE600
induces senescentike arrest in vitro associated with SAgal activity in cultured
human melanocytes. Validating these results in vivo, they confirmed the presence of the
BRAFE600 mutation in eight specimens of a panel of 23 naevi, and high levels-of SA

b-gal in a panel of 23 naevi they analysed.

1.1.5.5Senescenceorganismal ageing and tumour suppression

As discussed above, the use of senescent markers demonstrates the accumulation of
senescent cells vivo. They accumulate in multiple tissues and are often associated
with pathologies, such as atherosclerosis. The accumulation of sdanestienrmay

impair tissue repair and renewdle to a depletion of stem and progenitor cdllse

secretory phenotype of senescent cé&llASP includes proteins that are involved in

35



tissue environmenfAcosta et al., 2008; Cristofalo and Pignolo, 1996; Kuilman et al.,
2008) and can therefore alter functionality and structure of tissheh could
contribute to theageingphenotype Furthermore, senescent cells, in contrast to their
tumourprotedive function, can promotearcinogenesisn vivo due to SASPand
secretion of matrix degrading enzym@Soppe et al., 2008; Krtolica et al., 2001;
Kuilman and Peeper, 2009Pn the other hand, senescence seems to be a protective
mechanism against tumorigenesis. Evidence for this is the accumulation of cells
expressing senescent rkersin vivo in benign tumours, preventing the emergence of
carcinoma(Braig et al., 2005; Chen et al., 2005; Collado et al., 2005;-Gcappfer et

al., 2006; Miclaloglou et al., 2005)In contrast to normal somatic cells, cancer cells
have the potential to proliferate indefinitely and this acquisition of an infinite
proliferative potential has been proposed to be one of the six key events required for
malignant tansformation(Hanahan and Weinberg, 2010hese opposite effects of
senescence suggest thageing might be a consequence ahtagonistic pleiotropy;
senesence tumour suppressioms beneficiary to an organismarly in life and was
therefore evolutionargelected foreventhough it hasnegativeeffects at later ages

This is supported by studies such as thafTger andcolleagueswho developed a
mouse wih a mutant p53 allele that appears to enhance overall p53 activity, resulting in
enhanced cancer resistance which is accompanied by preragaimgphenotypes and
reduced longevityTyner et al., 2002)

1.2 The cell cycle

In complex, multicellular organisms, the ability of cells to divide is critical for both
development and viability.The cell cycle and its checkpoist are involved in
proliferation of cells, organismal development, maintenance of genomic stadildy,
cancerand tissue hyperplasia in response to injury. It é®mplex process which ends

in mitosis and the production of two daughter cedisd is contolled by numerous
mechanisms to ensure the DNA of a cell is accurately replicated to maintain genomic
stability in the daughter cells. Cyclolependenkinases CDKs), which associate with
andare regulated by cyclins, are very important in this proaedsguide cells through

the cell cycle. Proteins such as p53, p21 and“pf6regulate cyclin proteins and
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CDKs, and cyclinCDK complexes regulate genes including pRb and E2F. The cell
cycle can bdlivided into interphase, which consists of,G&B, and G [reviewed by
(Norbury and Nurse, 199R)and M phase (mitotic phase), which consists of prophase,
metphase, anaphase, and telophaseiewed by(Vermeulen et al., 200B)the cell

cycle is illustrated inFigure 14. DNA replication occurs during S phase, which is
preceded by & which is when the cefpprepaes for DNA replication, and followed by

Gy, which is when cells prepare for mitosis. During S phase cells have aneuploid DNA
content between 2N and 4N. CalisG; before they areommittedto DNA replication

canbecomeayuiescent, which means they are adtively cycling, known as &

1.2.1 The restriction point and cell cycle checkpoints

The point at which aell becomes committed to enter mito&@stermedRestriction
Point [R, (Pardee, 1974,) which occurs two thirds of the way through the first gap
phase (@. Growth factos mainly affect cells in ggand G. They induce the entry of
cells from G to G;, and before R in Geells return to G upon removal of growth
factors. But once cells have reached R they no longer respond to withdrawal of growth
factors and continue into Bhasedespite growth factor withdrawaln addition to R
there are also other checkpoints ensuring that the cell cycle occurs caireatiyel
and Weinert, 1989)namely DNA damage checkpoints and the spindle gueok
DNA damage checkpoints occur before the cell starts DNA replicat@ni (S
checkpoint)as well asafter DNA has been replicated before the cell enters mit@sis (

M checkpant), and there are further DNA damage checkpoints during S and M phase.

1.2.2 Cell cycle regulation z cyclins, cyclin dependent kinases and their
inhibitors

CDKs are key regulators of the cell cycle, ensuring that the transition between the cell

cycle phasesoccurs in orderly fashionSeveral CDKs have been identified, these

include CDKs active during; (CKD4, CDK6 and CDK2), during S phase (CDK2)

andduringG; and M CDK1) (Figure 14).
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Figure 1.4: The cell cyclgFigure has been remad due to Copyright restrictions.
The cell cycle can be divided into interphase, which consists of G1, S, and G2, and M phase. Different
cyclin/CDK complexes are active during the different stages of the cell cycle [figure adapted from

(Vermeulen et al., 200B)
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CDKs are a family of serinthreonine kinases which remain at relatively constant levels
throughout the cell cycle, but they are activatedpaific points during the celtycle
by cyclins.

Cyclins were the first regulators of the cell cycle to be discovered. They owe their name
to the fact that they oscillate during early embryogenesis and drive the cell cycle in a
cell autonomousmanner;their levels oscillate during the cell cycleand due to the

falling and risinglevelsduring the cell cycle they periodically activate CDfgsans et

al., 1983; Pines, 1991%ince the discovery of cyclins many different cyclins have been
identified, and they can be group@dcording to when in the cell cgclthey are
required. For instance, the-tPpe cyclins are active irG;, and cyclin D-CDK
complexes are essential toansit throughG; (Sherr, 1994)Unlike other cyclins, cyclin

D expression does not occur periodically but is induced by growth factor stimulation
and is not expressed in the absence of growth fapda@soian and Zhu, 1997Cyclins

A and E are active during@aseandcyclinsA and B during M phase.

The timing of expression of cyckntheir subcellular location and their biochemical
activity are important for the cell cycle to ocdar an orderly fashion [reviewed by
(Murray, 2004), and the regulation of CDK activity lgyclins ensures that CDKact
on their target proteins at the correct time during the cell dyeleewed by(Tessema
et al., 2004)

CDK activity is also regulated by phosphorylation of specific threonine and tyrosine
residues.They caneither have a positive effechaCDK function, as in the casaf

CDK1 phosphorylations caused byhe cyclin H-CDK7 complex. These
phosphorylations can lead to conformational changes which increase the binding of
cyclins (Jeffrey et al., 1995; Paulovich and Hartwell, 199%5) other cases they can
inhibit cyclin activity, such as phosphorylatioosSCDK1 caused by Weel and Myth.

this case, dephosphorylaii at the site phosphorylatdyy Weel and Mytl is required

for CDK1 activity and progression through the cell cyfleviewed by (Lew and
Kornbluth, 1996).

Furthermore,CDKs are also regulatel by CDK-inhibitors (CDKIs). CDKIs regulate

cyclin-CKD complex activity by phosphorylating specific threonine, serine or tyrosine
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residues in these complexéthere are two suproups of CDK$, the Cip/Kip family

and the INK4A family. The Cip/Kip family awsists of the members p21, p27 and p57
[reviewed by(Sherr and Roberts, 1999During the cell cycle, CDKs phosphorylate
their target proteins to control their activity. Duri@g andGo cyclin levels are low and
CDKI levels are high, leading tow CDK activity. Therefore, pRb, a CDK substrate,
stays bound to the EZ2F transcription factor, preventing E2F from activating
transcription of its target genes, which are required for entry into S pbasgpe
cyclins are active in the pgence of mitognic signallingthe level of D type cyclins can
increase in response to extracellular signalling, which causes an increased level of
cyclin D-CDK4/6 activity. This activity causes phosphorylation of the CDK substrate
pRb, which in turn causes E2F to b&eased and activaits target genefreviewed by
(Bartek et al., 1996; Weinberg, 1995)Furthermore, cyclin BCDK4/6 activity
facilitates the expression of cyclin Eyclin E-CDK2 activity levels start to increase
towards the end o8, phase, and they reach their highest level at the transition between
G: and S phaséulic et al., 1992; Koff et al., 1992 he cyclin ECDK2 activity can
further increase phosphorylation of pRb, causing pRb to become fully inactivated.
When S phase is reached cyclinCbK2 and cyclin ECDK2 complexes are required
(Cowerley et al., 2002)Cyclin E stimulates replication complex assembly through
interaction with Cdc6. Cyclin ACDK2 promotes phosphorylatiorof component®f the

DNA replication machinery. Furthermore, they inhibit E2F, which is important to
ensure that # cell cycle exits S phase to en@&r. Cyclin A-CDK2 stays active until

the end of S phase. In tl&® to M phase boundary cyclin B1 and cyclin B2 and their
partner, K1, become active. They are components of the M phase/maturation
promoting factor(MPF) that regulates processes that lead to assembly of the mitotic
spindle and sistethromatid pair alignment on the spindle. For exit of M phase

degradation of cyclin B is requird@allant and Nigg, 1992)

1.2.3 Rb family of proteins and pRb
One of the main targets of cycl@DK activity is the pRb family opocket proteins,
which have in common a bipartite pocket region. These proteins are able to interact

directly with proteins which possess an LXCXBEordain, such as the histone
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deacetylases HDAC1 and HDAC®ia specific residues in the pocket [reviewed by
(Stiegkr et al., 1998) Members of this family are pRb, p107, and p130, and their best
known function is repression of transcription of EBfgulated gene@-lemington et al.,
1993; Frolov et al., 2001)ut many more pRb binding proteins have been described
[reviewed by(Morris and Dyson 2001). Rb family members share common activities
in the regulation of cell proliferation, differentiati and apoptosis(Claudio et al.,

1996) but there is also functional specificity of individual members.

PRbis ubiquitously expressed, and iactivity is regulated in a cell cycléependent
manner which is in accordance with its function as a catlecyegulatory protein
[reviewed by(Cobrinik et al., 1991.

The retinoblastoma genBBJ) is one of the most intensively studigsinoursuppressor
genes.RB1 mutationsare involved in the development of the childhood cancer of the
eye, retinoblastoma, and tpeoductof the RB1gene, pRb, is believed to besant or
deregulated in moréhan90% of cancers; this includes mutationRig1itself, as well

as mutations in uptream regulators such as homozygous deletion of“§16or
amplification of the CDK4 locuéHanahan and Weinberg, 2011; Sherr and Mccormick,
2002) Most tumour associatddB1 mutations occur in the pocket protein domain
RB1(Hu et al., 1990; Huang et al., 199®B1 was te first tumour suppressor gen
cloned in humans, and itfome d t he b as i s-hitbypothEsKnidsann 6 s t
1971) This hypothesis was supported by the results from analysis of patients with
hereditary and nchereditary forms or retinoblastoma. Knudson demonstrated that
patients with hereditary retinoblastoma often develop#éateral tumours, wheras
patients with the nohereditary form usually only developed tumours in one eye.
Knudson hypothesized thatvd mutational events are required for retinoblastoma to
develop, but in patients that had the hereditary form one mutation was already, present
therefore they only needed one mutational evemdotivatethe remaining functional
allele. Furthermore, familial tumours are likely to occur earlier since only one
mutational event is required, whereas +m@meditary cancer requires two mutational
everns and therefore occurs later. Familial cancer often involves loss of heterozygosity,

i.e. loss of normal function of one allele of a gene in which the other allele was already

41



inactivated whereas noimereditary cancer is usually caused two independent

mutations

In Gy and early G; the carboxyterminal (Gterminal) domain of pRb is
hypophosphorylate(Bonetto et al., 1999; Knudsen and Wang, 19%96)s enal#s pRb

to bind directly to E2FRand inactivate itlt exerts its inactiviang function on E2F in two

ways; it binds to an 18 amino acid motfthin the E2F transactivation domain, and
thereby blocks the abilityof E2F to form transcription activational complexes
(Flemington et al., 1993Helin et al., 1993a)In addition, pRb recruits repressive
complexes such as histone deacetyladdDACs) complexes and histone
methyltransferases to the promoter region of E2F target genes to actively repress E2F
transcription [reviewed by (Frolov and Dyson, 2004) PRb can spreadhe
transcriptional silencing signal by binding to the heterochromatic protein HP1, which
binds to modified histones and adjacent histone tails, thereby spreading silencing to
nearby nucleosomg8annister et al., 2001; Lachner et al., 2001; Nielsen et al., 2001)
This function of pRb causes the formation of a compact DNA structure which
transciption factors cannot accesbhe fact that durings; phase, pocket proteins can

be detected together with E2Fs and histone deacetylase proteins in perinuclear foci,

supports the role of pRb in transcriptional silendqiignnedy et al., 2000)

Midway throughG; cyclin D1-CDK4/6 phosphorylates pRb, and at the restriction point

R and lateG; phase, pRb is further phosphorylated by the activity of cyclDDK?2
[reviewed by(Adams, 2001) Late duringG; pRb hygerphosphorylation reaches its
highest levels, which causp®bto dissociate from E2Bonetto et al., 1999; Knudsen

and Wang, 1996)Loss of Rb family repressor complexes at #@8§ponsive promoters
enables E2F to activate transcgpt of S phase genes which are required for DNA
synthesigRayman et al., 2002; Takahashi et al., 2000; Taubert et al.,. Z0RHB)stays
hyperphosphorylated until the transition to M phase, when it is dephosphorylated by
PP1, a type 1 serine/threonine phosphatdséson et al., 1997)

As well as regulation of the cell cycle, pRb is also involved in otherepess such as
senescence, differentiation and apoptosis. In senescence, E2F is bound to the pocket
domain of pRb (Welch and Wang, 1995)and the pRI{E2F interaction leads to

repression of E2F activityBlack and AzizkharClifford, 1999; Helin et al., 1993a)
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pRb nat only exers its growth suppression by inhibiting E2F activity, but it has also

been shown that in some cases pRE2F1 complex can bind to promoters and
actively inhibit t anscri ption by Dblocking other tr
promoterdreviewed by(Black and AzizkharClifford, 1999)

In differentiation, pRkhas been shown tateractdirectly with transcription factors to
causethe differentiation ofmultiple cell lineages, such as adipogenesis, myogenesis and
haematopoiesi@Condorelli and Giordano, 1997; Condorelli et al., 1995; Dunaief et al.,
1994; Gu et al., 1993pndPRb is essentidbr normal nouse development, shown by
the fact that homozygous mutants in tRb1 locus are embryonic lethals ammdve

defects in neurogenesis and haematopofesss et al., 1992)

Rb also sems to be involved in apoptosis. For example, it has been demonstrated that
loss of E2F repression by Rb activity can induaspas&-mediatedapoptosigLieman
et al., 2005) Functional Rb activity has been demonsgdtto inhibit Interferoro-

induced apoptosi@Berry et al., 1996)

1.2.4 E2F

The E2 factor family (E2F) of transcription fact@st downstreanof the pRb proteins
and play anmportant role in cell cycle control. They were first discovered for their
ability to bind to and activate the adenoviral E2 gene pronf&iresdi et al., 1986)
E2Fs are known to have an importanteral the positive regulation of genes required
for entry into S phase and DNA synthesis, but functions in additi@i/& control have
been demonstrated. E2Fs have roles in both transcriptional activation and repression,
and they have a role in many diféat processes such psoliferation, differentiation
apoptosis, tumour suppression and oncogenesis [reviewghby and Dynlacht, 2003;
DeGregori, 2002)Genes regutad by E2Fs include genes involved in DNA replication,
DNA repair and recombination, differentiation and developnmaitgsis,apoptosis and
genes whose function is not yet knog@imova et al., 2003; Ishida et al., 2001; Muller
et al., 2001; Ren et al., 2002)

In mammals,eight E2F geneshave been identifiedE2F1-E2R8), and their protein

productsinteract with otheproteinsto exert their many differg functions.It has been
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demonstrated that the mous2F 3genecodes for two E2F proteins, E2F3a and E2F3b
(Leone et al., 2000E2Fs act as heterodimers, ahéd proteins that E2Fs interagith

are DP1, DP2 and DP®8yson, 1998) For E2F activity, E2F and DPrgieins
heterodimerize and it has been shown that thégterodimerizein all possible
combinationsin vivo (Bandara et al.,, 1993; Helin et al., 1993b; Wu et al., 1995)
Furthermore E2Fs interact withe members of the giRfamily (pRb, p107, and p130)
(Dyson, 1998)

More is known about E2EE2F2, E2F3a, E2F4 aifPF5 than about the more recently
discoverd E2Fs, E2F6, E2FE2F8and E2F 3b. The well studied members of the E2F
family have varying functiosm and can be roughly divided into two functional groups
[reviewed by(Trimarchi and Lees, 200R)E2F1, E2F2 an&2F3a oscillate during the

cell cycle, they almost only interact with pRb and are positive regulators of
transcription. The other group consists of E2F4 and E2F5, which are only weak
transcriptional activators and their main function seems to be as traiosaip
repressors of E2F regulated promoters by forming ¢texes withmembers of the pRb
family. E2F4 can form complexes with all three pocket proteins, whereas E2F5 only
interacts with p13@nd p107reviewed by(Dyson, 1998))

The lesswell studied members of the E2F family all seem to act as transcriptional
repressors.Whereas E2F3a proteiaccumulates at th&:/S transition, E2F3b is
constitutively expressethroughout the cell cycleand it is the predominant E2F bound

to target promotersin some quiescent cellhong et al., 2009; Leone et al., 2000)
Thereis also evidence for E2F3lunction in cycling cells, for instance E2F3b was
shown to bind and repress the promoter offthé"" tumour suppressor uadnormal
growth conditiongAslanian et al., 2004)

E2F6 and E2F7 lack the transactivation domain and the pocket pbateding domain

that all the other E2Fs hawe common, and they act as transcriptional repressors in a
pocket proteiindependent manngCartwright et al., 1998; de Bruin et al., 2003)
E2F6 has been shown to act as a transcriptional repressor by binding to Polycomb group
proteins(Trimarchi and Lees, 2002)
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The most studied activity of E2F is its functionGato S phase transition and initiation

of DNA replication during S Ipase.E2F/Rb proteindranscriptionally regulate many
genes required for S phase entry. Repressor E2F/pocket protein complexes are present
in Go and in early G but they dissociate later @; due to the phosphorylation of Rb
proteins, to allow entry int& phase. When this occurs E2F activates transcription of its
target genes [reviewed KipeGregori, 2002; Trimarchi and Lees, 200B2F1, E2F2,

and E2F3a function as transcriptional activatorE2FtargetgeneqHelin et al., 1992;
Lees et al.,, 1993)Furthermore, if these transcription factors are @sgressed in
quiescent cedl it causes the callto start cyclingE2F4 and E2F5 also have this effect
but to a lesser exterlohnson et al., 1993; Lukas et al., 199%6his process is
dependent on the ability to bind DNA and activate transcrigtiohnson et al., 1993)
Established cell lines can be transformed by E@ferexpression, and in primary rat
embryonic cell overexpression of EAFaloneor together withactivated Ras can cause
oncogenic transformatiofdohnson et al., 1994; Singh et al., 1994)contrast, if E2F1

Is overexpressed in primahuman fibroblasts they enter a senestiknt state, which
might be caused by pA# expressiofDimri et al., 2000)

Activating E2Fs seem to be required for proliferation. In primary cells-E2f3
antibodies can lead to cell cycle arrfistone et al., 1998)urthermore, proliferation

can be blocked comphy if all 3 activating E2Fs-2F1, E2F2 and E2F3ye mutated

(Wu et al., 201). Many possible E2F target genes are required in mitosis [reviewed by
(DeGregori, 2003) They are involved in processes such as chromosome condensation
chromosome segregation, centrosome duplication, spindle checkpoints and cytokinesis.
Hernando andtolleaguesdemonstrated that in cells which have deregulated pRb/E2F
function, the E2F target Mad2 @berrantlyexpressed, which causes defects in mitosis

and aneuploidyHernando et al., 2004)

The repressor E2F£2F4 and E2F5appear to be important in cell cycle exit and
differentiation, and cells which do not have these E2Fs daumdérgoG; arrestin

response to some cell cycle arrest sigf@kmsubatz et al., 2000)

There is evidence th@Rb/E2Fs are directly involved in DNA replication. It has been
demonstrated that Rb can bind &md inhibit certain proteins involved in DNA

replication such as DNA polymerase alplf@akemura et al., 1997and MCM7 to
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inhibit replication(Sterner et al., 1998Jurthermore, Rb and E2F have been shown to
be present at sites of DNA replication in S phase in mammalian(Keltsiedy et al.,
2000; Lai et al., 2001)Also, pRb can be detected at replication initiation sites caused
by DNA damagédAvni et al., 2003)

E2F might also be involved in DNA repair and in checkpoint control. Many genes that
arepossible targets of E2F have functions in DNA damage repair and in DNA damage
checkpointgRen et al., 2002)There are studies which support a role of E2F in DNA
damage response, for example it has been demonstrated that E2F1 protein levels rise
and E2F activity increasan cells in which DNA damage is inded (Huang et al.,

1997; Lin et al., 2001; Stevens et al., 20@E3vere DNAdamage can lead to apoptosis,

and it has been shown that E2F1 can induce apoptosis in reaction to DNA damage
(Huang et al., 1997; Stevens et al., 20@8)d in some cases E2F1 activity is required to
induce apoptosis by DNA damagden et al., 2001) It appears that E2F induced cell
death can & p53dependent(Qin et al., 1994; Wu and Levine, 1994 a p53
independen{Holmberg et al., 1998)

1.2.5 The p53 pathway

P53 is amember of a unique protein family whidgs comprisedof 3 proteins, p53
(Deleo et al., 1979p63(Schmale and Bamberger, 199nd p73Kaghad et al., 1997)

The family members are structurally related to each other, but irthaganisms it
appears that p53 has evolved to act as a tumour suppressor, whereas p63 and p73
function in organismal developmejmeviewed by(lrwin and Kaelin, 2001a; Irwin and
Kaelin, 2001b). P53null mice are prone to develop spontaneous and induced tumours
(Donehower et al., 1992whereas p63and p73null mice do not show increased
tumorigenesisbut instead develapental defectd(Mills et al., 1999) reviewed by
(Irwin and Kaelin, 20010) Nevertheless, p63 and p73 share some of the tumour
suppressive functions with p5&Il three members can horaligomerise, bind to DNA

and act as transcriptional activators at p53 responsive pronfifimada et al., 1998;
Yang et al., 1998) reviewed by(Irwin and Kaelin, 20014) It has been shown that
overexpression of p63 or p73 can induce transcriptigpbd target genes and apoptosis

(Irwin and Kaelin, 2001a; Jost et al., 1997; Yang et al., 19%98) thalike abrogation
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of p53, abrogation of p63r p73 activity can inhibit apoptosia response to DNA
damaggFlores et al., 2002; Irwin and Kaelin, 2001a)

1.2.5.1P53

The nuclear phosphoprotein p53sa@st identified as a proteithat formed a complex

with SV40 LT (Lane and Crawford, 1979; Linzer and Levine, 1919yas found to be
up-regulated in cancer and believiadact as an oncogene, lstudies in knockout mice
demonstrated that p53 has a potent fiencas a tumour suppress@onehower et al.,

1992) and following genotxic stress it is vital to prevent inappropriate proliferation
and to maintain genome integrieviewed by(Vogelstein et al., 2000; Vousden al,

2002; Vousden, 200pR) It has been demonstrated that pb8ucesapoptosis or cell

cycle arrest and DNA repair in respert®e DNA damage [reviewed lyin and Levine,

2001; Vogelstein et al., 20J0)The p53 geneis one of the most common stef
genetic mutations in human cancérollstein et al., 1991; Levine et al., 199#pout

half of human cancers have a mutated p53, and nearly all human cancers -have de
regulatedp53 function (Hollstein et al., 1994)p53is importantin controlling and
integrating signals responsible for cell cycle ttol) and is thereforeermedé gu ar di an
of t he (lareenldoe 6

P53 is ubiquitously expressed a low level but in response to stress, such as DNA
damage, heat shock, hypoxia or deregulated growth signalling it is activated and
stabilized [reviewed byEnoch and Norbury, 1995; Levine, 19p7)When p53 is
activated, p53 protein levels rise and extensive posttranslational modifications occur,
which lead to qualitative changes in the protein, and this resultsivatan of p53
target genes(Fritsche et al., 1993) These posttranslational changes include
phosphorylation, methylation, sumoylation and acetylation, which lead to changes in
p53 stability and conformatigorand in turnto changes innteractions with binding
partners as well as stdellular location [reviewedyb(Woods and Vousden, 20Q1Jor
instance, in response to DSB DNA damage ATM (attedangiectasia mutated) protein
kinase becomes active which causes activation of chids&Matsuoka et al., 1998)

P53 is then phosphorylated by ATM and Chk2 at specific sites which in turn leads to
cell cycle arrestioapoptosigBanin et al., 1998; Canmaet al., 1998)Phosphorylation

of threonine residue 18 or seriresidue20 in the aminderminus of p53 stabilises p53;
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phosphorylation at these sites inhibits the negative action of Mdm2 ofKpSS8ie et

al., 1996, which is a ubiquitin E3 ligase thhlocks transactivatioor repressiomnf p53
target promotey by p53 by directly binding to its transactivation doméihen et al.,
1995) and promotes p53 ubiquitinatidifdaupt et al., 1997; Kubbutat et al., 1997)
Mdm2 relocates p53 intthe cytoplasm, where ubiquitinated p53 is then targeted for
proteolysis(Momand et al., 2000Mdmz2 is ativated by p53, and it forms a negative
feedback loop acting as a major negative regulator of p53 [reviewdHdryis and
Levine, 2005) If p53 dissociates from Mdmz2 it returns to the nucleusitnbaltlife
increases, which leads to €18 fold increase in p53 levels in the nucleus [reviewed by
(Harris and Levine, 200h)

P53 proteins form tetramers, and they bind to DNA in a sequence specific manner to the
p53 responsive elemerthe consensus binding sites consisting of two copiea @D

base pair motif separated by @ base pairéEldeiry et al., 1992)Many gene promotsr

have been shown to have a p53 responsive elerapdtgenes whose transcriptisn
activated by p53 includsiDM2, BAXandp21 (Hoh et al., 2002)Several positive and
negative feedback I@ps have been identified in the p53 pathwhkigure 1.5). These
loops contain proteins whose expression or activity is affected by p53 activation, and
which in turn have an effect on p53 levels and activity [reviewe(Hayris and Levine,
2005]. Eight of these loops are negative feedback logdgl/19 ARE MDM-2, Copl,
Pirh-2, p73 delta N, cyclin G, Wit and Siakl), and wo of them are pasve feedback
loops (PTENAKT and RbD). Six of the loops aciavMdm2 toaffect p53 activity; these

are theMDM -2, cyclin G, Siah1, p14/18~F, AKT and Rb loops.
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Figure 1.5: Positive and negative feedback loops of p53 signalling

Several positive and negative feedback loops have been identified in the p53 pathway. These loops
contain proteins whose expsi@n or activity is affected by p53 activation, and which in turn have an
effect on p53 levels and activity. Eight of these loops are negative feedback loops (A, C, E, F, G, H), and
two of them are psitive feedback loops (B and DAdapted by permissiomrdm Macmillan Publishers

Ltd: [Oncogene]Harris and Levine, 2005¢opyright (2005)
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In addition to acting as a transcriptional activator p53 has also been shown to act as a
transcriptional repressor. Genes suchca$OS (Ginsberg et al., 1991)and BCL2
(Miyashita et al., 1994have been shown to be negatively controlleghby P53 might
indirectly interact with other promotdyound transcription factor@Horikoshi et al.,

1995; Ragimov etla 1993)as well as witthistone deacetylases (HDACS), recruited by

the corepressoSin3A (Murphy et al., 1999)to achieve this transcriptional repression.

Activation of p53 can lead to cell cycle arres@pn G, and in S phasgAgarwal et al.,
1995; Agarwal et al., 1998When cell cycle arrest is inducedGi or G, due to DNA
damage it ensures that DNA can be repaired before the cell enters S phase or mitosis.
P53 also facilitates DNA repair, such as baseiston repair and nucleotide excision
repair, and once DNA has been repaired the cell can continue to(2jde et al.,
2001) In response to cellular stress p53 upregulates the CDKI p21, whibh mdst
important downstream target of p530DMNA damagenducedG; arrest(Eldeiry et al.,
1993; Harper et al., 1993; Xiong et al., 199821 inhibits phosphorylation of pRb by
cyclin EECDK2, which in turn blocks E2F release fiqgpRb and thereby the induction
of genes which are required to enter S pljemgewed by(Sherr and Roberts, 1999)
Agarwal andcolleagueshave also demonstrated a p&58duced S phase checkpoint

which is independent of pZAgarwal et al., 1998)

P53 has been shown to be involved in the induction of cellular senestep&d
function is lost in human cells, replicative senescence is delayed or abrjrgeieved

by (Itahana et al., 200L)Furthermore, p53 is essentfal the induction of senescence
by DDR [reviewed byWahl and Carr, 200})It has also been shown that introduction
of wildtype p53 into p53wll tumour cells can induce senescence in these(&ltgue

et al., 1997) In telomereinduced senescence p53 has been shown-tocatize with
components of the DNA damage signalling pathway at telonfjé¥edda di Fagagnat
al., 2003; Gire et al., 2004; Sugrue et al., 1997)addition to induction of senescence,
p53 also seems to have a role in maintenance of senegée¢adm et al., 1995; Klju
and Lehman, 1995and if senescent HDFs are injected with p53 antibodies to abrogate
p53 activity, senescence can be temporarily reversed and cells-eaterehe cell
cycle cells enter S phase and mitosis as demonstrated by an increase immtdt nu
(Gire and WynfordThomas, 1998) In BJ cells, which express very low levels of
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p16"**? senescence cdre reversed by p53 inactivatiom cells that express p16*®
at moderate to highevels, suppression of p16** confers sensitivity to senescence

reversal by inactivationf p53 (Beausejour et al., 2003)

P53 can induce both quiescence and senescence, and it is unclear how the decision
between the two respaoes is madeRecentfindings indicatethat levels of p53 might
contribute to tts choice[reviewed by(Meek, 2010). If cell cycle arest is induced,
hyperactive mTORIeads to cellular senescent®.some cell types,igh levels of p53
can inhibit mTOR signalling; by this rakanism, high levels of p53aould lead to the
induction ofquiescence instead of senescendeereas low levelsf p53 could induce

senescence.

In addition to induction of reversible cell cycle arrestcompanied by DNA repaiand
induction ofsenescence, p53 can also induce apoptosis in response to cellular stress
(Chen et al., 1996b)Apoptosis is induced when damage is too severe to be repaired,
and it is induced by p53 by several cellular stressors, such as DNA damage, hypoxia
and growth factor deprivatiofSoengas etla 1999) Transcription of many apoptotic
proteins is induced by p53, including Bax [Bthssociated X proteir{Miyashita and

Reed, 1993) DRAL (Scholl et al., 200Q)Fas/CD95 [celdeath signalling receptor;
(O'Connor et al., 200Q)Apaf-1 [apoptotic proteasactivating factorl; (Moroni et al.,

2001) and DRS5/KILLER [death receptor FTakimoto and EI Deiry, 200Q) P53
induces proteins that are involved imoth, theintrinsic pathway (the mitochondrial
pathway) e.g. Bax, or the extrinsic pathway (the death receptor pathway), e.g.
DR5/KILLER. One hypothesis is that p3%as the abilityto activate apoptosis via
multiple pathways because of the selective pressure to losgpppioticgenes during

tumorigenesis

1.2.6 P21 Wafl/Cipl/Sdil

P53 transactivates various growth inhibitory or apoptotic genes in response to cellular
stress. One of these genes is p21, which mediates p53 indugeowth arres{Eldeiry

et al., 1993; Harper et al., 1993; Xiong et al., 1992} belongs to th€ip/Kip family

of CDKIs which consist of the members p21, @ p57 [reviewed bySherr and
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Roberts, 1999) P21 inhibits the kinase activity of cyciidDK complexes by binding

to their amineterminal (Nterminal) homologous sequences, anggulates the activity

of cyclin-CDK complexes by interferingiith phosphorylation of CDK1 and CDK2 in
the activation segmeilfbbas et al., 2007; Mandal et al., 1998; Smits et al., 2600)
binding to cyclin is via a consezd Cylmotif in the Nterminal domainand it binds to

the CDK subunit of the complexes through a CBiKding site, also in the #&rminal
domain(Chen et al., 1996aBy binding to the Cy motif p21 inhibits binding of cyelin
CDK complexedo substrates, such as Rb family protg@hkiyanov et al., 1996; Zhu et
al., 1995) thereby inhibiting Rb phosphorylation and subsequent release ofPR22F.
seems to inhibit cell cycle progression primarily by inhibiting activity of CDK2, thereby
inhibiting CDK2 mediated phosphorylation and inactivation of Rb, as well as CDK2
mediated firing of replication origins and activation of proteins directly invoived
DNA synthesis(Zhu et al., 2005)P21 affects DNA replication and DNA repair by
competing for binding to PCNAFloresrozas et al., 1994; Waga et al., 1994)
component of the DNA replication machindrgviewed by(Moldovan et al., 2007)

For example, p21 interferes with PCNDNMT1 binding (Chuang et al., 1997yhich

is required for DNA synthesis and repéiortusewicz et al., 2005; Walsh and Xu,
2006) Following DNA danage, oncddDNA has been repaired, p53 levels fall, which
leads to p21 levels falling which in turn causes CDKs to become active and the cell can
re-enter the cell cycle.

The view that CDK2and inhibition of CDK2 by p2Jplays a central role in cell cycle
control has been challengedthere is evidence suggesting that proliferation of some
human cancer cells isiot dependent on CDKZTetsu and Mccormick, 2003)
Furthermore, mice lacking this kinase develop norm@irthet et al., 2003; Ortega et
al., 2003)and cells lackingCDK2 proliferate well in cultve and reenter cell cycle
without significant delay followingerum starvatiofOrtega et al., 2003J-urthermore,

it has been shown th@2l1 and p27can still block cell cycle progression in CDK2
deficient cells(Martin et al., 2005)demonstrating that these CDKIs inhibit cell cycle
progression not only through CDK2 inhibitidhappears that in some tissues p21 might
exert its antproliferative effects in tumogenesis through CDKIreviewed by
(Malumbres and Barbacid, 200Furthermore it has been demonstrated that p21 can

inhibit both Cdk4 and Cdk2 activities to induce a G1 affidstet al., 2005)As p21can
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interact with a variety of yclin/CDK complexes it can induce cell cycle arrest at any
time , whereas the INK4 family specifically inhibits CDK4 and CDK6 and can only

induce arrest in G1/G0.

There is substantial evidence that p21 can promote-peoiiferative effects
independenyl of p53, for example p21 transcription can be activated by some nuclear
receptors, such as androgen receptors and retinoid receptors, which binddogihaie
response elements in the p21 promoter to activate transcrif@iariel and Tyaer,
1999) Several memberof the Kiuppetlike transcription factor(KLF) family can
transactivate p21 in a p53 independent manner, for example KlLF& al., 2000)

KLF6 is a tumour suppressor which is inactive or downregulated in many tunf@urs
example prostate canc@Chen et al., 2003nd norsmall cell lung cancer§to et al.,
2004)

One of the ways in which2d was originally identifiedvasas an ugegulated gene in
senescencéNoda et al.,, 1994and it is thought to be one othe key regulators of
senescent cells as demonstrated by the findingnhativation of p21 wasufficient to
bypass senescence in normal diploid human fiastd(Brown et al., 1997)There is
significant evidence demonstratingetimportance of p21 in cellular senescence. For
instance, the p5p21 pathway has been shown to be required for cellular senescence
induced by the inhibition of protein kinase CKIl in human colon cancer @é€dsg et

al., 2009) P21is also requiredor senescencmduced by the loss d&pc in the renal
epithelium (Cole et al., 2010)P21 accumulation upon senescence is transient, and

expression of p21 falls again after the induction of senes¢8tei@a GH, 1998)

P21 mediates the growth repressive activity of p53, but it does not mediatedps8d
apoptosigAttardi et al., 1996)Ratherthrough inducing reversible cell cycle arrest in
respase to certain stimuli, such as genotoxic stress, it protects cells from apoptosis as
cells need to be actively cycling to trigger apoptosis in response to these $aduli.
contains a caspase cleavage sitesearboxyterminal domain which is cleavetiiring
inductionof apoptosis, thereby stopping p21 from inducing growth af#fsing et al.,
1999h). The abilityof p21to inhibit apoptosisnight explain itscontradictoryoncogenic

activities(Roninson, 2002)
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In contrast to its antiproliferative activities, p21 exerts vitalpraiferative and pro
survival activties when it is localized in the cytosol. For exammlben expressed at
low levelsp21 can act as an assembly factor for CDK4 and CDK6 with D type cyclins,
and it also facilitates their transport to the nucleus and prevents them from being
exported from he nucleus [reviewed b§Child and Mann, 206)]. By this action it
causes increased cycliD/CDK activity, which leads to phosphorylation and
inactivation of pRb, thereby allowing E2F induced transcription and progression
through the cell cycle. Cytoplasmic p21 can also activate c¢@DK activity, and it

can block Fasnediated apoptosis by binding to and inhibiting procaspase 3 [reviewed
by (Child and Mann, 2006) P21 subcellular location can be controlled by
phosphorylation of certain resiés in the protein [reviewed b¢Child and Mann,
2006}.

1.2.7 P27

P27 was first identified in complexes with cyclin@K2 in transforminggrowth
factorb ( WG F ar r e(Kdff etadl., 19@2)Likesp21, p27 belongw the Cip/Kip
family of CDKIs which inhibit cell cycle progressioand like the other members of
this family it inhbits cyclinCDK activity by binding these complexes with its N
terminal domain, and by physically obstructithg catalytic cleft of the CDKthereby
blocking ATP binding(Russo et al., 1996)t has been shown that pZan inhibit
recombinant cyclin DCDK complexesn vitro, buti t s i nhi bi tory act
CDK2 activity is stronger(Polyak et al., 1994b; Toyoshima and Hunter, 19@¢xlin

Ei CDK2 complexes can cause theswn adivation by phosphorylating p2on a
specific threonine residue to induite degradatior{Sheaff et al., 1997; Vlach et al.,
1997) In addition to its negative regulation of cyclBDK activity, p27 also seems to
facilitate assembly of cyclin D1/DEZDK4 complexes, as their assembly has been
shown to be impaired in MEFs lacking pZZheng et al., 1999)P27 activity is
regulated through transcriptional, translational and -passlational mechanisms
(Bagui et al.,, 2009; Carrano et al., 1999; Hengst and RE¥G) P27 activity is
induced by various signalling pathways, and factors that increase p27 include for

example TGFb (Polyak et al., 1994and cAMP ¢yclic adenosine mon@hosphate)
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signalling (Shin et al., 2009) Some signalling pathways reduce its activity
phosphorylation, thereby allowing cell cygeogression(Jin et al., 2009; Morishita et

al., 2008) P27 has been shown to play a significaste in regulation of the restriction
point. In fibroblasts, inhibition of p27 prevents cell cycle arrest caused by mitogen
depletion(Coats et al., 1996)

P27 null mice exhibit aroverall increase in cell proliferatiorsuggesting that cells
undergo additional cell divisions before differentiatiamd they are more prone to
spontaeots or induced tumorigenegislakayama et al., 1996 humans, it hebeen

shown that abnormally low amounts of nuclear p27 are associated with poor clinical
outcome and increased tumour aggressiveness in some tumours, for example breast and
colon cancefLoda et al., 1997and nonsmall cell lung cancefEsposito et al., 1997)

P27 has a role in senescence, and it has been shown to be required for senescence in
various cell settings and inded by various factors. For example, p27 is required for
induction of Rbmediated cellular senescence in human osteosarcomgAieksinder

and Hinds, 2001)and for AKT1 induced senescence in mouse luminal epthegils
(Majumder et al., 2008)

P27 also has some promorigenic functions, such as promoting cell cycle progression
by facilitating assembly of cyclin &DK4 complexesvhen expressed at low levels
(Cheng et al., 1999and enhancing cell motility and thereby metast@@esson et al.,
2004) Creation of a knockn mouse model expressingrautantp27 whichcannotbind

cyclins andCDKs has demonstrated g®tumorigenicactionsin vivo, as these mice
develop spontaneous tumours caused by proliferation and tumour development from

stem cellgBesson et al., 2007)

There is evidence suggesting that sllotz localisationof p27 can control its activity.

It appears that nuclear p27 acts mainly as a tumour suppressor by inhibitingGiyKlin
activity, and cytoplasmic p27 has oncogenic effe@$agosklonny MV, 2002)This is
supported by the findgthat high nuclear levels combined with loytoplasmiclevels

of p27 correlates with better prognosis in hgglade astrocytom@Hidaka et al., 2009)
whereas cytoplasmic localization of p27 correlates with high tumour grade and poor

prognosign several types of tumou(Slingerland and Pagano, 2000)
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1.2.8 INK4A and INK4B locus

The region of human chromosome 9, where Itti€4b-ARFINK4a locus is located,
which corresponds to regions on chromosome 4 in mice and chromosome 5 in rats, is
one of the most frequently mutatetkesiin cancer (reviewed [fiRuas and Peters, 1998;
Sharpless, 200%R)FirstINK4a was identified(Kamb et al., 1994; Nobori et al., 1994)
which was followed by the identification dNK4b adjacent tolNK4a (Hannon and
Beach, 1994) INK4a encodes for two different splice variants, namely"¢8 and
p14™"F. P14 is translated from a different reading frame to P18, giving it its
name ARF, which stands fdklternative Reading Frame (Quelle et al., 1995)The
INK4b locusencodes p1¥“", andboth p16™*® and p18*“ act as CDKIsp16N<42
and p14%F both are involved in regulaty cell cycle progression, but in different

pathways. p18 @

activatesthe pRb pathwayy binding am inhibiting the action of
cyclin D-CDK4/6 complexeswhereas p1¥" acts on the p53 pathwéy counteracting
MDM2-mediated degradation of pg8Bothner et al., 2001; Lowe and Sherr, 2003;
Pomerantz et al., 1998Figure 1.6, adapted froniGil and Peters, 200p) Both
transcripts are induced in response to stimuli such as oncogenic stress and aberrant
growth, and both can be induced upon senescenceeribgé suggests that p16? is

more important in senescence and tumour suppression in human cells, whef&as p14
seemsmore important in mouse cellShereis significant evidence that p6* is
important in preventing tumorigenesis, but there is éagdence for the importance of
p14'*F in preventing tumorigenesis. This is because mutations that specifically affect
p14'RF are rare, and pf4~ has not been studied in the context of cancer as much as
p16™ 42 Studying the relative importance tfK4a, ARF and INK4b in tumour
suppression is complicated by the fact that homozygous deletions in the region of
chromosome 9 often affect all three genes. Most of the point mutations in the locus
affect INK4a, rather than thé&RF or INK4b, but there are also s types of tumour
which are connected with specific inactivation of tN&K4b or theARFlocus|[reviewed

by (Ruas and Peters, 1998; Sharpless, 4005)
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Figure 1.6: p4**F and p16N<*2
p14*RF and p18™“? are both involved in regulatig cell cycle progression, but in different pathways.
pl4*RF acts on the p53 pathway by counteracting MDMediated degradation of p3), whereas
p16"“@ activates the pRb pathway by Hing and inhibiting the action of cyclinBDK4/6 complexes
(B) [Adapted by permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cell Biology]
(Gil and Peters, 2006¢0pyright (2006])
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1.2.9 P1l6/Nk4a
The first evidence pointing to p6** as a tumour suppressor wae bccurrence of

missense mutatiorsf p16™K42

in familial melanomgHussussian et al., 1994) is now
known that p18"“? is inactivated in many tumouend tumour cell lines, by various
mechanisms such as deletion, promotethylation and point mutations. On the other
hand, individuals which have a homozygous mutation which causmseelytruncated
form of p18“Y%*® may not develop tumours for several decadesich suggests that
homozygoudoss of p18““® alone might not be sufficient to induce tumours, but it
probably needs further mutations to induce tumoriger(€susis et al., 1995a; Gruis et

al., 1995b)

p16™ *2 is upregulated upon senescence and is maintained at high levels in senescent
cells, suggesting it is importarfor induction and maintenance of sescence. In
addition to upregulation of p16™“?in senescent cells, pRb is hypophosphorylated and
E2F target genes are represg@ttorta et al.,, 1996; Hara et al., 1996; Stein et al.,
1999) Recorstitution of telomerase activity in conjunction with g6 inactivation
immortalises some human cell typés;, examplebreast epithelial cell&Kiyono et al.,

1998)

P16"**? can bind both monomeric Cdk4/6 and cyclibbund Cdk4/6. Binding to the
monomeric Cdk4/6 subunit inhibits binding of cyclin D and causes the CDK to become
nonactivatable, and binding tine Cdk4/6cyclinD complex leads to inhibition of ¢h
complex without dissociatingt; in turn pRb phosphorylation by CDK4/CDK&
preventedJeffrey et al., 2000) This seems to be the main function by which"¥¥8
induces growth arrest, which is demonstrated by the finding ithatontast to cells
GNK4a

with normal pRb functionpl
lack pRb(Lukas et al., 1995)

expression cannot efficiently arrest cell lines which

p16™K*2 transcription is induced in response to Ras signalliig, Ras Rafi MEK
kinase cascadactivation of Etsl, which in turn activates transcription of P62
(Ohtani et al., 2001)
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1.2.10 P14ARF
P147F (p19*%F in mice)was identified as a splice variant of tiNK4A locus, and it has

its own promoter and an atnative first exonexon b, to p16V“A

(Quelle et al.,
1995) It is translated from an alternate reading frame td"p¥6 and therefore these
two proteins share no amino acionology.P14R" exerts its antproliferative function

by sequestering Mdm2 to the nucleolus, thereby inhibiting Mdrediated
ubiquitination and degradation of p%&viewed by(Gil and Peters, 200B) The N
terminal 25 amino acids are required for this activity, and this is encoded by thebexon 1
(Quelle et al., 1995P14RF acts onMdm2 following stress, making Mdm2 incapable
of modifying other proteingreviewed by(Sherr and Weber, 2000; WesiersBadek
and Schmid, 2005)t has been demonstrated that stabilization of p53 by anbe
achieved without relocation of MDM2 to the nucleo{utanos et al 2001) In addition

to stabilizing p53 levelsp14'~F has also been shown to control cell proliferation in a

p53independent manngreviewed by(Cleveland and Sherr, 2004)

P14"F seems to assume the more prominent ttode p18““** in mice, where it was
first indicatedas a tumour suppressor as mice lacking the first exon @t pivere
highly prone to spontaneous and carcinemeluced tumourgSharpless, 2005 The
p19**F-p53 pathway is the major senesceirmhicing pathway in micgreviewed by
(Gil and Peters, 2006; Sharpless, 2008)MEFs p197F is expressed upon senescence,
and cels deficientof p19*"" do not enter senescence in cultarel are transformed by
Ras(Kamijo et al., 1997)

In humans, p14* specific mutations have beesbserved in familial melanoma
astocytomasyndrome(RandersosMoor et al., 2001) Furthermore, p¥¥" promoter
methylationhas been reportad various cancers, for instance glion{ge & al., 2010)
andcolon cance(Burri et al., 2001)P14'*F overexpression has been shown to induce
cell cycle arrestn human cell{Sekaric et al., 2007; Weber et al., 20t p14***
does not seem to lgitical for induction of senescene least in someuman cellsas
demonstrated by the ability of human melanocytes to undergo oncogkroed
senescence in the absencéNif{4a/ARFencoded proteindHaferkamp et al., 2009)
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1.2.11 The Ras family

In 1964 it was demonstrated that preparations of a mleuk@emia virus taken from a
leukaemic rat could induce sarcomas in fimwn rodentgHarvey, 1964) and soon
other viruses with oncogenic properties were identi{jigdsten and Mayer, 1967,
Peters et al., 1974)t was found that the Harvey and Kirsten retrovirus strains were
recombinant viruses which contained rat gene sequéscefick et al., 1973)The rat
sequences conveying the oncogenic properties were identifeslin Harvey strain
and Kras in the Kirsten retrovirus(Ellis et al., 1981) In the 1980s a human
transforming gene was identified which was shown to be a member BAB&mMIly

(Hall et al., 1983; Parada et al., 1982; Shimizu et al., 1988 humarRASgene,

NRas was identified in human neuroblastoma and human sarcoma cell lines.

The protein products of th& humanras genes(H-ras, N-ras ard K-ras) are GTP
(guanosine triphosphgt&DP (guanosine diphosphate; inactive form of Gagjvated
switches(Barbaid, 1987; Boguski and Mccormick, 1993; Bourne et al., 19B@ys
proteins are localized on the inner surface of the plasma membrane, and this localization
is essential for their function. They transduce extracellular ligaediated stimuli into

the cell thereby controlling signal transduction pathways which are involved in cell
proliferation, differentiatiorandapoptosidreviewedby (KhosraviFar and Der, 1994)
Figurel.7 adapted from(Campbell et al., 1998) Guaninenucleotide exchange factors
(GEFs) pomote formation of GT#ound Ras (b active state), and Ras GTPase
activating proteins (GAPs) promote formatiohthe inactive GDFbound state of Ras
(Boguski and Mccormick, 1993; Quilliam et al., 1999utations in theRasgenes have

been identified in various pes of tumour, such @&slorectal cancer, bladder carcinoma,

and in urinary tract tumour@os et al., 1987; Fujita et al., 1984; Visvanathan et al.,
1988) Mutations foud in these tumours always cauaeconstitutivey active Ras
protein, and it has been demonstrated that single point mutations can create a mutant
Ras whichcannotbe inactivated by GAP, thereby producing a constitutiaelyve Ras

(Adari et al., 1988)
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Figure 1.7: Ras signal transduction

Ras proteins are localized on the inner surface of the plasma membrane, and this localization is essential
for their function. They transduce extracellular liganeediated stimuli into the cell, thereby controlling

signal transduction pathways which are involved in cell proliferation, differentiationapngtosis

[Adapted by permission from Macmillan Publishers Ltd: [Oncogé@empbell et al., 1998opyright
(1998].
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Many signalling pathways converge at Ras, and Ras proteins are activaeésganse

to many stimuli, such as growth factors, cytms, neurotransmitters and hormones
which stimulate cell surface receptdreviewed by(KhosraviFar and Der, 1994)
Activated Ras transmits theignalby activating a cascade of cytoplasmic proteins, and
the best characterized pathway is through Ras activation ¢ftfRaRas Rafi MEK
kinase pathway (Figure 1.7) Ras interacts with Rafiecruiting Raf to the plasma
membranewhere Raf is activated[reviewed by (Marais et al., 1995; Morrison and
Cutler, 1997) Signalling of active Rafactivates mitogesctivded protein kinase
(MAPK, also known as ERKsignalling which in turn leads to activation of
transcription factors, such as members of the Ets fafWilysylyk et al., 1998)These
transcription factors control transcription of genes involved in proliferation and
differentiation. Ras/Raf signalling doices cellular proliferatignbut it also induces
activation of CDKIs, such ag21 and p16*? [reviewed by(Lloyd, 1998), which

counteract proliferation.

Ras can induceellular senescence, as first demonstrated by Newbold and Overell who
found that oncogenic ras can transform most immortal rodent cell lines but it atoes n
transform primary cell§Newbold and Overell, 1983)n primary cells oncogenic Ras
results in a pliferative arrest shown to be cellulaenescencérFranza et al., 1986;
Hirakawa and Ruley, 1988; Ridley et al., 1988; Serrano et al., 198&)initial effect

of Ras on normal cells is to trigger proliferation, and following thlserrant
proliferation cells enter cell cycle arrest. This arrest is induced by Ras/Raf induced
expression of p1®8“* and p18~F, which in turn activate Rb and p53 respectivi¢lyn

et al., 1998; Palmero et al., 1998; Zhu et al.,8)9&viewd by(Bringold and Serrano,
2000) Figure 1.8].Ras/Raf signalling can also induce pRidependentlyof p53
activation(Sewing et al., 1997; Woods et al., 1997)

It was shown that Ras can cooperate with certain other oncogenic alterations to
transform primary rodent celldand et al., 1983; Ruley, 1983 primary murine
fibroblasts lacking either p53 or pt6™ transformation can be achieved by oncogenic
Ras along€Serrano et al., 1996; Tanaka et al., 1994)
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Figure 1.8: Oncogenenduced senescenc@igure has been rem@d due to Copyright restrictiorns.
The initial effect of Ras on normal cells is to trigger proliferation, and following this aberrant
proliferation cells enter cell cycle arrest. This arrest is induced by Ras/Raf induced expressidi6f p16
and p#*"F, which in turn activate Rb and p53 respectively. Ras/Raf signalling can also induce p21
independently of p53 awettion [figure adapted fror(Bringold and Serrano, 2000)
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1.3 DNA tumour viral proteins that de -regulate the cell cycle

DNA t u mo u rnatural hos aseeddférentiated cells. As differentiated cell do not
proliferate, thes i r ulysicecgcie is dependent on their ability to control the replicative
machinery of their host. Therefore, likemour cells, DNA tumour viruses evolved
mitogenc mechanisms that overcome tmgracellular and extracellular factors that
normally control cellular replication. These viruses can alter transcription to promote
the expression of proteins required for viral replication, and overcomige fi
proliferative potential of cells. Many of the cell cycle checkpoints that DNA viruses
deregulateare also deregulated in tumour cells. For instance, some DNA viruses can
inactivate thepRb pathway or thgpRb and p53 pathways, which are frequently
inadivated in tumour cells. Viral proteirsich asSimian Virus 40 large tumour antigen
(SV40 LT), Human papillomavirus 16 E@HPV Type 16 EY and Adenovirus Type 5
E1A all function as potent viral oncoproteins to induce immortalisation and
transformation ofmany cell typeqBraithwaite et al., 1983; Caporossi and Bacchetti,
1990; Chang et al., 1997; Duensing and Munger, 2002)

DNA tumour viruses are a powerful tool for studying signalling pathways and have
contributed strongly to our basic derstanding of the cellular pathways that drive
tumorigenesisBefore the use of recombinant DNA technologies DNA tumour viruses
were used extensively to study cancer, and most of the beginnings of the field of cancer
biology reside in the study of viralediated transformatiofhe importance of the pRb

and p53 pathways in tumorigenesis was first revealed with the help of DNA tumour

viruses.

1.3.1 Simian Virus 40 large tumour antigen

SV40 belongs to the family dPolyomaviridae which are small icosahedral wges.

The tumorigenicactivity of SV40 was first demonstrated by its ability to transform
several hamster and rodent cell lines, and by the fact that infection with SV40 caused
the formation of tumours in hamstepeviewed in (Hilleman, 1998). The SV40
genome encodes three structural components of the virion (VP1, VP2, and VP3), as
well as the three nestructural proteins lge T (LT) and small t antigen, and 17kT
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antigen.If SV40 infects permissive cells it enters its normal lytic cycle, leading to host
cell lysis and the production of infectious progeny virions. But if SV40 infects non
permissive cells, such as rodent cdiisst cell lysis and progeny virion production does
not occur. Instead, infected cells are forced to entph&e. Failure to induce the
normal lytic cycle seems to be caused by the fact that irpeomissive cells SV40 fails

to initiate viral DNA repli@ation and activate transcription from the late promoter, but

early events including production of T antigens occurs nornjahyja et al., 2005)

The LT protein alone is sufficient for many of the functions requiredii®6Vv40 life
cycle. Also, its expression is necessary and often sufficient to immortalize many cell
types. For example, LT is sufficient to bypass replicative senescof rat embryo
fibroblasts, butfiLT is inactivated in these cells, they rapidly enter irreversiblesain

G or G, demonstrating the requirement of LT to remain immortal{ded and Sharp,
1989) Furthermore, this shows that the cell cyoctatrol and checkpoints remain iota
during immortalizationof REFs with LT. REFs only become dependent on LT once
their normal proliferative potential has been usedTine LT transforming function can
be explained by its ability to impair the activity of two host cell proteins involaed i
antrtumorigenesisp53 (Lane and Crawford, 1979; Linzer and Levine, 19380 pRb
(Decaprio et al., 1988)t can also impair the activity of many othershaell proteins,
such as p10{Dysonet al, 198%; Ewen et al., 1989p130(Hannon et al., 1993YBP
(Martin et al., 1993)BUBL1 (Cotsiki et al., 2004and CBP and p30QAvantaggiati et
al., 1996; Eckner et al., 1996)

LT binds to Rb family members via its LXCXEinding domain(Decaprio et al., 1988;

Moran, 1988) It binds to and sequesters thetive hypophosphorylated forrof Rb

(Ludlow et al., 1989; Ludlow et al., 199Ghereby promoting release of E2F which in

turn activates transigtion of E2F responsive genes. Rb binding of LT is required for its
ability to immortalize cells, as mutants which are defective for Rb binding have a
reduced ability to immortalizéDecaprio et al., 1988; Powell et al., 1998p binding

al so seems t o be yrodrgnsform eetls ag shown hyThe $act thadt i | |

some pRkbinding LT mutants are defective for transformati@mao et al., 2000)

LT also binds to p53, and p53 was discovered as a cellulairpvatech binds to LT in

SV40transformed cellLane and Crawford, 1979; Linzer and Levine, 1979)
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inhibits b3 from binding to promoterand regulatinggene expression by interacting
with its DNA binding surfacéBargonetti et al., 1992; amg et al., 1993)It has been
shown that the @erminal domain of LT is sufficient to inhibit p53 activi{€avender
et al.,, 1995) and that p53 binding occurs via a bipartite region in ther@inal
domain LT can inhibit p53dependentranscriptionand growth arrest not only by p53
binding but alsoindependery of p53 binding (Rushton et al.,, 1997) SV40
transformed cells have large amounts of p53 because binding of LT to p53 results in
stabilization ofp53, but the p53 is functionally inactiy®ren et al., 1981) This
stabilization of p53 might be caused by the association of,p8bBi¢h is involved in
Mdm2-mediated p53 degradatig@Grossman et al., 1998nd Mdm2 with p53 when
bound to LT(Brown et al., 1993; Henningt al., 1997)

1.3.2 Adenovirus type 5 E1A

Adenovirus ype 5 is a double stranded DNA virus which infects gfighcells in the
respiratory tract. The protein products encoded by genes in the early region 1A (E1A)
cause viral transcription and-pgogramme ellular gene expression to overcome cell
cycle arrest. Primary rodent cells can be immortalized by expression of E1A
(Houweling et al., 1980)If E1A is expressed in quiescent rodent cells it aboses

them to reenter the cell cycl¢reviewed by(Bayley and Mymryk, 1994; Gallimore and
Turnell, 2001), but it can also induce apoptosis in growthested rodent cells
(Mymryk et al., 1994)

The first E1A binding protein identified was pRWhyte et al., 1988)and E1A binds
pRb mainly through an LXCXE motivithin CR2 This interaction disrupts pRB2F
complexes and enables E2F to promote entry imitba&S&Sherr, 1996)E1A also binds
the dher members of the pRb familyl07 and pl3QWhyte et al., 1988)E1A
pREFerentially but not exclusively,binds to the active hypophosphorylated pRb
(Mittnacht et al., 1994)

If E1A is overexpressed at high levels it can induce apopfbsimryk et al., 1994,
Rao et al.1992) One mechanism by which E1A can induce apoptosis is via induction
of p14*RF by E2F whichinhibits Mdm2-dependent p53 degradatichereby allowing
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p53 to accumulatgde Stanchina et al., 1998, many tumour cell lines stable
expression of E1A does not induce apojstdsut revert the transformed phenotype
which was first demonsdted by Friscl{Frisch, 1991; Frisch and Dolter, 1995)

E1A enhances acetylation of pRb by p300, and acetylation of pRb by p3€Ks blo
phosphorylation of pRb by cyclin-EDK2 (Chan et al., 2001)Acetylation of pRb
promotes it to interact with Mdm@han ¢ al., 2001) and pRb, p53 and Mdm2 form
complexeslt has been shown that such trimeric complgxesent degradation of p53

and allow p53mediated transcriptional repression and p53 mediated induction of
apoptosis, while inhibiting p5&ediated transqgotional activation of target promoters
(Hsieh et al., 1999%hereby dissociating the apoptotic function of wild type p53 from its
transactivation function [reviewed kKyrap et al., 1999) Thereby E1A can stabilize

p53 and increase the host cells sensitivity to apoptotic signals, which has been observed
in many cellyfLowe and Ruley, 1993)

1.3.3 Human papillomav irus 16 E7

HPV is a norenveloped doubtstranded DNA virus witlanicosahedral capsid which
infects mucosal and cutaneous epithelial detsiewed by(Longworth and Laimins,
2004). Approximately 118 types of HPV have been identifigdndi et al., 2010)
which can be grouped into low risk, whichuse benign warts and lesipaad high risk
which causemalignant transformatiofreviewed by(Cutts et al., 200T) type 16 and
type 18 are high riskThe viral genome codes férearly genes, EL E7, and two late
genes, L1 and LDuring the normal life cycle the virus replicates extrachromosomally,
but when the virus integrates into the host cells genome the oncopribtginsause

transformationE6 and E7are overexpressed.

The HP\V16 E7 oncogene is approximately 100 amino acids |¢hgnger and
Howley, 2002) and it binds to and inactivates pRb, leadingeteaseof E2F which can
in turn activate transcription from E2F responsive promdi@yson et al., 1989. E7
binds to the active hypophosphorylated form of p&id it binds pRb with itEXCXE
motif (Liu et al., 2006) In cells overexpressing E7 the/& phase checkpoint is lost,

causing aberrargellular proliferation(Dyson et al., 1989 Dyson, 1998)In addition to
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inactivatingpRb, it has also been demonstrated that E7 casecahbiquitinproteosome
mediated degradation of pRBoyer et al., 1996)E7 also binds to other proteins such

as transcriptioal corepressor proteins HDAG8rehm et al., 1999)which are proteins
recruitedby pRb to actively repress E2F transcription [reviewedMrplov and Dyson,
2004). Furthermore it has been showrat E7 can bind to and activate cyclin/CDK2
complexes, which in turn phosphorylate and inactivate pRb and induce transcription of
genes required for S pha@&royo et al, 1993; Mcintyre et al., 1996l has ale been
demonstrated that Edan cause aberrant proliferation by bindingata inhibitingthe
CDKIs p21 and p27Funk et al., 1997; Zerfasehome et al., 1996)

HPV-16 is a high risk HPV type which causes malignant transform&@aoits et al.,
2007) Holland andcolleaguesfound that HPV16 E/ can induce transcription of
enhancer of zeste homologue 2 (EZH2) through E2F transcription factors, which in turn
enhances proliferation of cells by bypassing thE&S@heckpoint and inhibits apoptosis
(Holland et al., 2008)Baldwin andcolleaguegperformed a screen for kinases targeted
by HPV-16 E7 and identified Suchkinases essential for proliferation and cell survival,
namely CDKG6,FYN, adaptor protein 2 associat&thase 1 (AAK1), testispecifc
serine/threonine kinase(ZSSK2) and epidermal growth factor receptelated protein
tyrosine kinase B3 (ERBB3Baldwin et al., 2008)

HPV-16 E7 can alsoeldto increased levels of expression of ifeakin-6 (IL-6) and
the antiapoptotic protein Mell(Cheng etl., 2008) It has also been shown that E7 can
bind to and inactivate interferon regulatory factor 1 {lBFPark et al., 2000; Um et al.,
2002) thereby contributing tohe immune evasiorof HPV-infected tumour cellsin
addition to being a key regulator of the cellular immune respdR$&el has also been
shown to act as a negative regulator of ifecdtion [reviewed byfRomeo et al., 200D)
therefore inhibition of IRFL by E7 could contributeowards the aberrant proliferation
induced by E7.

The HPV EG6 protein consist of approximately 150 amino acid polypeptides , and they
have four CysX-X-Cys motifs which can form two zinc fingers [reviewed(lbjljomas

et al., 1999) The HP\\16 and HPV18 E6 proteins are oncogenes which can bind to
and destabilise p53 by causing ubiquitin induced degradation ofSz3®ffner et al.,

1990) E6 has also been demonstrated to affect telomerase activity; Klingelhutz and
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colleagues(Klingelhutz et al., 1996found that HPV16 E6 activates telomerase in
early-passage human breast epithelellscand keratinocytes. Telomerase wasvattid
before cells entered crssend became immortal. Functions of E6 extended the lifespan,

but E6 introduction was insufficient to immortalize cells

1.4 Senescence, crisis and immortalisation

As first describedby Hayflick (Hayflick and Moorhead, 196,1ormal cultured somatic

cells have a limited proliferative potential, and once they have used up this potential
they enter senescence, also known as mortality 1 stagelf dlls are transformed

with viruses which can inhibit pRb and p53 function,rtipeoliferative potential can be
extended(Lustig, 1999) Following this extended period of proliferation, cells reach
crisis, also termed M2 (mortality stage[@viewed by(Lustig, 1999) which is defined

by o&duncappedd c hifusions clwromesome rokakage and dusion,
mitotic catastrophe and a high proportion of apoptotic dedieiewed by(Shay and
Wright, 2005). Crisis ocars because cells camtie to dvide in spite of their telomeres
becoming critically short(Lustig, 1999; Shay and Wright, 2009puring crisis an
increase in cell death rate and chromosomal abnormalities occurs. Both, M1 and M2,
represent potential arAtimour mechanisms. At a low frequency, celi& survive crisis

and become spontaneously immortalised; this is believed to occur due to activation of
endogenous telomerase activityALT (Shay and Wright, 2005)

Bodnar and colleagues have demonstrated that introduction of HTBR two
telomerasenegative normal human cell types, retinal pigment epithelial cellsBdnd
foreskin fibroblasts was sufficient to immortalise these céBodnar et al., 1998)
Further studies seesd to demonstrate that introduction of hTERVas sufficient to
immortdize cells (Ouellette et al., 2000; Vaziri and Benchimol, 1998; Yang et al.,
1999) In contast, others have found that activation of telomerase is not enough to
immortalize cell{Counter et al., 1998; Hahn et al., 1999; Kiyono et al., 19Q§pno

and colleaguegKiyono et al., 1998jound that inactivation of the pRB/p16* pathway

was required in addition to telomerase activation to immortalize neonatahkeydes

and adult mammary epithelial cells. Counter and colleagues immortalized human
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fibroblasts and embryonic kidney cells by introducing SV40 LT antigen in addition to
hTERT (Counter et al., 1998; Hahn et al., 1999)has been suggested that when cells
are cultured under adequate conditions hTERT is sufficient to immest&lerbert and
colleagues found that primary HMEQiuman mammary epithelial cg)lcan be

dNK4

immortalized by introduction ohiTERT without abrogating the pRid pathway

when cells were grown on feeder lay@ferbert et al., 2002)

Mike O 6 H aRammnijit Jaand colleague§O'Hare et al., 2001fpund that hTERT alone

or a temperatursensitive(ts) mutant (U19tsA58) of SV40 LT antigen alof@ normal

SV40 LT alone)werenot sufficient tommortalize freshly isolated normal adult human
mammary fibroblasts and endothelial cetowever, combined expressiaf hTERT

and ts SV40 LTyielded immortal cell linesimmortalization occurred irrespective of

the order in which these factors were introduced, and irrespective of whether they were
introduced early or late in the normal pfelative lifespan of these cultures. The
temperature sensitive LT antigen becomes inactive upon shift to a higher temperature,
the nonpermissive temperature, and when the immortalized cultures were shifted to this
temperature cultures arrested, demotisigethat maintenance of the immortalized state
depended on continued expression of functional LT antigen, with hTERT alone
insufficient to maintain growth. Within 7 days of incubation at the-pemissive
temperaturecultures arrested irreversibly, evérough telomeres had been lengthened

and telomerase was still active.

1.5 Development of conditionally immortalized human breast luminal

epithelial cells
Studying cellular senescence is complicated by the fact that it occurs asynchronously in
heterogeneousell populations. To overcome this problem, magletemsof oncogene
induced senescence, stresduced seescence and irradiatianduced senescencge
which can be induced prematurely and acutely, have been stiMikd. O6 Ha r e
Parmijit JalandcolleaguegO'Hare et al., 2001)sed another approachhe requirement
of hnTERT andSV40 LT in combination to immortalise cells enablddemto develop

conditionally immortalized human mammary fibroblasts to study senescence, by using
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hTERT in conjunction withthe tsmutantSV40 LT, U19tsA58(O'Hare et al., 2001)

These cultures are conditional for growth as inactivation of the LT antigen results in a
rapid growth arrest; the cells proliferate at’G4but undergo a synchronous growth
arrest upon shift to 3& O6 Har e and coll eagues used
conditionally immortalize freshly isolatechuman breast luminakepithelial and

myoepithelial cells (unpublished datammarised in this theis

1.5.1 226L8/13 cells

226L 8/13 are luminal epithelial cells immortalised with hTERT an®WI0 LT
antigen.These cells were derived from a fresh reduction mammoplasty2B®r The
epithelial cells were immunomagnetically sorted to prepare an enriched culture of
luminal epithelial cellsHBr 229 were grown oB8T6* feedercells and when the cells
were dividing well they were transduced witramphotropicviral supernatantén E93
medium overnighin the presence of gg/ml polybrene. They were transducgith the
cosmtructs previously us e O'Harey et @6 HDI @ and
immortalisefreshly solated normal adult human mammary fibroblasts and endothelial
cells, namelypBabehygrohTERT Clonel@&xpressing hTERT (the catalytiakainit of
human telomerase), anaZIPNeoU19tsA58 Clone &xpressingU19tsA58 LT (the
temperature sensitivBV40 LT). Following transduction cells were selected for G418
amd hygromycin resistance. The transduced cells were then serially single cell cloned to
deplete their finite proliferative potential. Luminal cells underwent very few population
doublings even upon introducti of hnTERT. However, SV40 LT extended the lifespan

of these cells extensivelBecause SV40 LT extended the lifesgtensively it was
necessary to serially single cell clone cells transduced with hTERT and SV40 LT to
deplete the extended life spantdbk seven rounds of serial single cell cloning before
SVA40 LT transduced cells stopped dividing; Cells transduced with hTERT and SV40
LT continued dividing even after seven rounds of single cell cloning. The single cell
cloning was performed in low oxygen conditions and using a 3T6feeder layer.
Cultures were negatively sortedjainst the myoepithelial markers CALLE@mmon

acue lymphocytic leukemia antigen) aeéd integrinto remove myoepithelial celigt
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each round of single cell cloninghis was repeated until the 226L 8/13 cells had

reached clonal leveight

1.5.2 Celltypes of the human breast

The breast stroma consists of many cell types, which include fastgsbadipocytes,
endothelial cellend inflammatory cells. Myoepithelial cells and luminal epithelial cells
make up thenammary gland ductal systetauminal epithelial cells line the lumen of

the mammary gland, and there are two tygpkestal and alveola cells. Myoepithelial

cells are contractile cells that surround the luminal cells and are in contact with the
basement membrangVith each menstrual cycle and during pregnancy the mammary
gland undergoes proliferation. It is believed that stem cellsraseptat the tip of these
ducts (mammary stem cells, MaSCsyhich give rise to luminal epithelial and

myoepithelial cells during these proliferative cydessiewedby (Visvader, 2009)

There is evidence that the mammapitheliumis organized in a hierarchical manner
[reviewed by (Visvader, 2009) This developmental process begins with an
undifferentiatedoestrogerreceptor negative MaSC which setenews tomaingin its

pool and can differentiate into committed common progenitors. It is not clear if there
are one or more types of progenitor. These common progenitors differentiate into the
luminal progenitors which give rise to the mature luminal epithelial cedlalje, both
ductal and alveolar cells, and the myoepithelial progenitors which give rise to mature
myoepithelial cellsAlveolar progenitor cells give rise to alveotaalls, but they might

also be able to differentiatento myoepithelial progenitors Figure 1.9).
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Figure 1.9: Breast cells and their progenitorgFigure has been removed due to Copyright restrictipns.
Schematic model of the differenciation hierarchy of thammary epithelium [figure adapted from
(Visvader, 2009)
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It is not clear from which cell type breast cancer usually originates. Human breast
cancer can be categorized into subtypes that have properties consistent with both basal
and luminal origin.Breast cancer is a heterogeneous disease, and the presence of six
molecular subtypes, namely the luminal A and luminal B subtypes (edtrogen
reeeptor alphgpositive), the normadike, HER2positive, basal subtypes (comprising
triple-negative cancers), and the clautiw subtypereviewed by(Yalcin-Ozuysaland
Brisken 2009]. This heterogeneity of breast cancers could be explained by two
hypotheses; the cetif origin hypothesigproposeghat breast cancers can originate in
different cell types, including breast epithelial stem and progenitor cells, transit
amplifying cells and differentiated cells [reviewed (8tingl and Caldas, 2007)The

cancer stem cel(CSC) theory proposes that solid dast tumours are driarchically
organized, and that a subpopulation CSCs-reeiéw and give rise to different cell

types, thereby sustaining the tumour [reviewed\ligvader, 2009)

The most common subtypef breast cancer are luminal subtyp@setersen et al.,
2003) but cancers that express myoepithelial (basal) markers have a poorer prognosis
(El Rehim et al., 2004) In the Carolina Breast Cancer Study, luminal breast cancers
madeup 67% of theumoursanalysed [reviewed bfBrenton etal., 2005). Generally,
luminal subtypes have a good prognosis, but luminal B carries a significantly worse
prognosis than luminal A(Sorlie et al. 2003) reviewed byBrenton et al., 2005) The

luminal subtypes are hormone receppmsitive breast cancers arfdve expression
patterns reminiscent of luminal epithelial ceNghich includeexpression of luminal
cytokeatins 8/18, ER and genes linked with ER activation like LIV1 and CCND1
[(Perou et al., 2000; Sotiriou et al., 200@viewed byBrenton et al., 2005)

1.6 shRNA libraries and studying gene f unction

RNA interference (RNAIi) was first discovered by Fireand colleagues, who
demonstratedhe ability of doublestranded RNAhomologous to a specific gene
silene this gen& &xpressionn the nematode worr@aenorhabditis elegan@=ire et

al.,, 1998) A problem that needed to be overcome before RNAI could be used in

mammalian cellswas the induction of innate immune pathways and shutdown of
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cellular protein expression by mammaliatisan reaction to long dsRNA, which is part
of the cells antviral mechanism. If dsRN#&longer than 2830 bp are introduced into
mammalian cells the innate immune system is indwadisRNA dependent protein
kinase (PKR) (Williams, 1997) This was overcome when it was demortsttathat
introduction of synthetic small interfering RNA (siRNA), which are shorter and
therefore do not triggd?KR activation, could achieve sequergpecific knockdown of
genes in mammalian cel(Elbashir et al., 2001auch siRNAs can be introduced into
target cellsusing several standardransfection systemsRNAI occurs in plant and
animal cells, and it is a sequence specific f@stscriptionalmechanismof gene
silencing, which is initiated by doubkiranded RNA (dsRNA) with a homologous
sequence to the silenced gene [reviewed(®lgarp, 2001; Tuschl, 2041)RNAI
provides a fast and convenient method to study gene function in mammalian cells, as it
can achieve efficient knoefown of single or multiple genes [reviewed (Bantounas

et al., 2004)

One theory for the evolution of RNAI is that it primarilyobved as a protective
mechanismagainst RNA viruses or transposable elem@etdewed by(Waterhouse et

al., 2001). It is also possible that RNAivolved as a mechanism to negatively regulate
expression of endogenous genes. MiRNAs are endogenous dsRNAs that negatively
regulate gene expression through the RNAI pathineewed by(Bartel, 20@; He and
Hannon, 2004) In release 16 of the Sangearstitute miRbase 15172 miRNAs are
annotated[(http://www.mirbase.org/ (Ambros et al., 2003; Griffithdones, 2004;
Griffiths-Jones et al., 2006; Griffithdones et al., 2008; Kozomara and Griffifltnes,

2011), a number which is constantly rising (e.g. 922 annotated MmiRN&® in

version 14). Many putative target genes have been identified, and different methods are
used to detect miRNA targetsuch as computational prediction, genetic approaches,
MiRNA overexpression or knockdown followed by microarray anallysigewed by

(Thomas et al.,, 20Ty pi cal | y, mi RNAs paduntranslatep er f e
region (UTR) of their cognate mRNAgnaking identification of targets more
complicatedlt is believed that the degree of match with the target mRNA sequence
determines whether the target mRNA is degraded or translation of the target mRNA is
inhibited.Pai ri ng between the &6seed-8r eqi drmé& &f6

of the guide strand) and complementary sequences t he 36 UTR of t he
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determines specificity [reviewedy (Naito et al., 2008 Naito et al, 200D)].
MicroRNAs are involved in t& regulation of many functions, such as developmental
timing, differentiation, proliferation, antiviralefenceand metabolisn{Thomas et al.,
2010)

1.6.1 Mechanism of RNA interference

shRNAs(short hairpin RNAsarenoncoding dsRNAsvhich can beprocessed by cells
into SIRNAs and their design is based bmowledge about miRNA synthesfsinction
and maturatiorireviewed by(Pekarik, 2005) especially the miFRB0 based shRNAs
(Silva et al., 2005)Early shRNAs had stems of -P® nucleotides and were expressed
using RNA polymerase Ill promoterksater onshRNAs were deveped which imitate
endogenous miRNAs, which are undlee control of RNA polymerase ppromoters and

e X pr es s e dcappexl and poltyapdengldied primary shRNNMaito et al, 2009).

shRNAs can be transcribed by RNA polymerase |l or Ill, drel grimary transcript
containsa haipin and stem and &p which canthen be processed to generafRN\s.

The long primary transcripts, the ®MRNAs (equivalentto primary miRNAsS,
microRNAs) ar e processed into shRNAs with 2
which contans the RNase Ill enzyme Drosha transcrigtnown as preshRNAs
(equivalent to preniRNAS) [(Lee et al., 2003; Zeng et al., 200 viewed byPekarik,

2005]). Exportin 5 transports the pstRNA into the cytoplasrfyi et al., 2003) where

the loop of the hairpin is removed by a complex containing the RNbselated
enzyme Dicer andrRBP/PACT, resulting in aalible strandedsiRNA (mature miRNA)

of approximately 22 nucl eo t(Berdstem etwali, 2001; a 2
Elbashir et al.2001b; Zhang et al., 20025iRNAs are then loaded onto the RNA
induced silencing complex (RISC), which contains members of the Argonaute (Ago)
protein family (Hammond et al., 2001; Nykanen et al., 2001; Pham and Sontheimer,
2004) Which strand is incorporated into the RISC complex seems to be dependent on
the sequence composition at the ends of
terminus is at the thermodynamically less stable @fritie duplex gets incorporated into
RISC (Khvorova et al., 2003a; Schwarz et al., 2003; Tomari et al., 20@0jcase

activity in the RISC complex wvinds the siRNA andhe sequence of the incorporated
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singlestranded RNA directs the complex to homologous mMRNA sequences. The
endogenous target RNA is then cleaved by RISC endonuclease activity where the
sequence isdmologous to the siRNA sequen(€bashir et al., 2001b; Meister et al.,
2004; Rivas et al., 2005The activated RISC complex can carry out multiple rounds of
RNA cleavage(Hutvagner and Zamore, 2002Depending on mismatch between the
target sequence and the siRNA sequence, the mRNA may not be degraded but rather
translation inhibitedreviewed by(Pekarik, 2009) miRNA and shRNA biogenesis is
illustrated inFigurel.10

Microarray profiling has demonstrated that -t#fge effects, i.e.unintended gene
silencing, occurfrequently because of sequence similarity between sittkarget
MRNAs and the seed sequerafethe siRNA (nucleotidet o 8 on t he 56
guide strand) [reviewed b{Naito et al, 200%)]. Ui-Tei and colleaguesshowed a
correlation between the thermodynamic stabi[ity calculated melting temperature
(Tm)] for the formation of the proteifree seedarget duplex,and the ability of an
SiRNA to cause offarget effectgUi-Tei et al, 2008) Naito and colleagues showed that
shRNAs with a low T, in the seedarget duplex had little or no eférget effects,
whereas with shRNAs with a high,Tn the seedarget duplex high levelsf off-target

effects were observe@Naito et al, 200%). These results suggest that shRNAs with a

low probability of having offtarget effects could beonstructed.
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1.6.2 shRNAlibrary screens

Several different methods have haesed to dowanegulate proteimevels, such 2 GSEs
(genetic suppressor elements) and ribozymes which cause degradation of specific
RNAs. But these methods are not very efficient in complex mammalian systems, and
they are limited in their use in genomade screens. RNAI represents a method to
downregulate gene expression which can be used on the cell or organismal scale, and
due to its relative simplicity and genomede availability, in a high throughput fashion

and for genetitoss of functiorscreens.

Elbashir and colleaguegElbashir et al., 2001ajlemonstrated that introduction of
synthetic small intefering RNA (siRNA)could achieve sequensgpecific knockdown

of genes in mammalian cells. Such siRNAs can be introduced into target cells following
several standard transfection systearsl they can be used for high throughput screens
but these chemically synthesized siRNAs are very expensive to synthéswetrong

the knockdown is depends on transfectiefiiciency, i.e. amount of siRNA introduced

into cells, andhe knock-down efficacy of the individual siRNAgHannon and Rossi,
2004)

Following the discovery of miRNAs in mammalian cells, shRNAs were developed
based on the knowledge about miRN@&&karik, 2005) SIRNAs have relatively short

half lives, and to increase the length of expression of sSiRNAs expression, vectors were
developed which express shRNAsom eukaryotic RNA polymerase Il and I
promotergChang et al., 2006Yhese expression vectors can be introduced into cells by
standard transfection protocols, or they can be packaged into viruses, for instance
retroviruses and lentiviruses, and then stably thaosd into cells. Expression of such
shRNAs can be eitheonstitutive or inducibleshRNA librarieswhich cover the whole
genomehave been developed, which can be used in loss of function genetic screens
(Chang et aJ.2006; Root et al., 2006; Silva et al., 2Q00Bpoled screens have been
successfully performed by several groups, for example screens revealing genes whose
expression is required by cancer cédis proliferation and surviva(Schlabach et al.,
2008; Silva et al., 2008)r geneswhosesilencing selectively impairthe viability of

Ras mutant cellé_uo et al., 2009)

79



1.7 Aims of the research

Studyirg cellular senescence in serially soildtivated cells is difficult due to the
asynchrony of sgescence growth arre3thereforg a conditionally immortalised human
mammary fibroblast cell line had been deypeld in the Jat laboratory lrgtroviral
transduction of early passage, adult interlobular mammary fibreblasth a
temperature sensitivaonDNA-binding mutantSV40 LT U19tsA58 and hTERT,
namely HMF3A cells(O'Hare et al., 2001)The HMF3A conditional growth arrest is
critically dependent upon inactivation of LT since, at the permissive temperatt@:, 34
HMF3A cells grow normally whereas, at the Amermissive temperature, 3B,
HMF3A cells enter into an irreversible state of growttest within a period of between
5-7 days that is phenotypically indistinguishable from cellular senescence. The HMF3A
cells have been used to study cellular senescence by microarrays, RNiAi slcb
promoter analysis to promote the dissection of tgeailing pathways responsible for

regulating cellular senescen@g¢ardy et al., 2005; Rovillaiet al, 2011)

Cellular context is highly significant in the development of cancer, and most cancers
originate in epithelial cellConsidering the importance of cellular context and that most
cancersoriginate in epithelial cells, conditionally immortalizedman breast epithelial
cells were developetiamed 226L 8/13yhich were derived fromhuman breadtiminal
epithelial cells These cells represent a highly relevant model to study cellular
senescere. 226L 8/13 are epithelial counterpastshe HMF3A fibroblasts and were
immortalized by introduction dJ19tsA58 and hTERT.

The aims of this thesis were:

1. To characterise of 226L 8/13 cells in terms of expression of cell type specific
markers of epitelial, luminal epithelial and myoepéial cells. Senescence has
mainly been studied in fibroblasts, but most cancers arise in epithelial cells.

Therefore, epithelial cells are a highly relevant model to study senescence.

2. To characterise the growth of @2 8/13 cells athe permissive temperature, i.e.

the temperature at which it is active, and the nepermissive temperature, i.e
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the temperature at which g is inactive. To establish if 226L 8/13 cells arrest
at the norpermissive temperature, andthis arrest exhibits features of cellular

senescence

. To optimise agrowth complementation assayith the conditional cellsand
determine the importance of the p53 and pRb patewia mediating the

conditional growth arrest of 226L 8/13 cells

. To use thecomplementation assap perform a loss of function shRNAmir
screen in the conditional system to identify measmbf cellular senescence in

the 226L 8/13 cells which might represent mediators of cellular senescence in
human breast epithelial cells
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2 Materials and Methods

2.1 Mammalian cell culture

2.1.1 Celllines

A amphotropic, A ecotropic and Human Emb
293 T/17) were obtained from the ATCC. 226L 8/13, EcoR Clone 7 and HMF3A cells
were made by Mi ke (Obdfeetat,200h)d Par mjit Jat

2.1.2 Cell media

226L 8/ 13 cells were cultured in E93: Du
(DMEM/F12; 1:1; Invitrogen), suppleemted with 2 millimolar (mM) glutamine
(Invitrogen), 100 units/ml penicillin (Invitrogen), 100 pug/ml streptomycin (Invitrogen),
10% volume per volume (v/v) heat inactivated foetal calf serum (FCS; Invitrogen), 5
pg/ml Insulin (Sigma), 10pg/ml Hydrocortis¢bigma), 20 ng/ml Epidermal Growth
Factor (EGF, Sigma), and 20 ng/ml Cholera toxin (Sigma).

A amphotropic, A ecotropic and Human HEK
in DMEM supplemented with 2 mM glutamine, 100 units/ml penicillin, 100 pg/ml
streptomyin, 10% v/v heat inactivated FCS.

2.1.3 Cell culture conditions

All cell lines were maintained in a 5% O 2 and 20% oxygen a
amphotropica ecotropic HEK 293 T/17 The 226L 8/13 cell line and 226L 8/13 EcoR

Clone 7 cells were maintained at &°+05°C, a temperature at which the cells
proliferatedcontinuously due to the funohal activity of U19tsA58 LT. 226L 8/13 and

EcoR Clone 7temperature shift experiments were performed &tC380.5C, a
temperature at which U19tsA58 LT was inactivated ared délls became senescent

within a period of7-14 days.

2.1.4 Sub-culturing of cells
226L 8/13 and EcoR Clone &lts were grown until a subonfluent state was reached

(approximately 80% confluence)Medium was then removed and the cells washed
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three times withPhosphate Buffed Saline (PBS; Invitrogen) armhce with versene
ethylenediaminetetraacetic acid (versene/EDTA; Invitrogen). CHlle weredetached
using trypsiREDTA (0.25% trypsin and 0.03% EDTA; 1 ml/T75 flask equivalent
Invitrogen) for5 mins at37°C and the trypshiEDTA was inactivated by addir@gparts
completemediunl part trypsin Cells were then plated at a defined ratio (e.g. 1 in 5 of

the total cells), or counted using a haemocytometer and plated at the required density.

HMF3A and HEK 23 cells were suoultured as described above, but no
versene/EDTAwas used and trypsin was only applied for 3 minutes.

Forn amphot r cepotropiccals rbversene/EDTAand trypsin was used but
cells were washed off with medium following two PBSses.

2.1.5 Preservation of frozen cells

Cells from a sulronfluent T175 flask were trypsinised, resuspended in complete
mediumand spun down at85gfor 2 mins toremove any traces of trypsi@ells were
resuspended in completmedium supplemented with 10% dirtigl sulphoxide
(DMSO; Sigma)3x 1 ml aliquots were then transferred to cryotubes (Nunc) and frozen
at-70°C wrapped in several yars of tissue for insulatiom.ubes were transferred into
liquid nitrogenafter 24 hrs.

2.1.6 Recovery of frozen cells

Cells wereremoved fronmliquid nitrogen storagand thawed rapidly at 3€. 10 ml of
completemediumwas added to the cells in a 15 ml falcon tube and cells were pelleted
at 485¢g for 2 mins to remove DMS@ontaining medium The cell pellet was
resuspended in 10 ndf complete medium transferred to a T175 cm2 flask and
incubated at the appropriate temperature in a 5% CO2 and 20% oxygen atmosphere
until subconfluence was reached. Cells were thenautured, as described above.

2.1.7 Complementation assay

226L 8/130r EcoR Clone Avere infected with retroviral or lentiviral supernatant and
selected with the appropriate antibiotic as described in sectionFalwing drug
selection, when no viable cells remained in4mdected control cultures, drug resistant
clones ininfected cultures were reseededapproximately 1,050 cells per érwhich

corresponds t@0,000 cells in T75 flasker 10,000 cells per well in-@ell plates)
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shifted to the nomermissive temperature the following day, and incubated at the non
permissve temperature for B 2.5weeks. Following the incubation period, cells were
stained with methylene blu@% [w/v] methylene blue and 50% ethanol in double
distilled [dd] H:0) at room temperature for 116 mins

2.1.8 Crystal violet staining to determine cell growth

Cells were seededt 500 cells/well in 96 well plate¢Nunc) and grown at the
appropriate temperature. Cells were washed twice with PBS and fixed in 200ul
industrial methylated spiritf1S, VWR) for 10 minutesafter which IMS was taken off

and plaes were air dried. Plates were then washed once with 200 pl PBS and stained
with 100 pl 0.1% crystal violet (10 mg crystal violet from Sigma, 1 ml methanoBand

ml distilled water) for 20 minutes at room temperature. Plates washed with tap
water unil all excess stain was removed and air dried. 100 pl/ well of 33% acetic acid
(VWR) were added, plates were placed on an orbital shaker for 10 minutes until stain
was evenly distributed throughout the wells, and optical de(SiD) was measured at

590 nmon a luminometer

219 3AT ACGAAT AA AgAQdioshasd OAA

Cultures were fed with fullnediumthe day before the assay which was performed in 6
well plates.Medium wasaspirated from the cells, and cells were washed twice with 1
ml of PBS. Then, 1.5 ml of X Fixation Buffer (10 x solution containing 20%
formaldehyde, 2% glutaraldehyde, 70.4 mM,NBO,, 14.7 mM KHPQO,, 1.37 M
NaCl, and 26.8 mM KCI) was added and cells were incubated foméiutes at room
temperature. Following this incubation cells wereseih 3 times with 1 ml of PBS, and

1 ml of the Staining Mixture [1 part Staining Solution, 0.125 parts Reaget@BniM
Potassium Ferricyanifie0.125 parts Reagent @00 mM Potassium Ferrocyanjde
0.25 parts Xgal Solution $%-bromo4-chloro-3-indolyl-b-D-galactopyranoside40
mg/ml) and 8.5 parts ultrapure water] was added per well. Plates were sealed with
parafilm and incubated at 37 °C without £@ver night. The following day the Staining
Mixture was replaced by PBS and cells were photographed agif@ympus CKX41

microscope.
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2.2 Retroviral and lentiviral infection protocol

2.2.1 Retroviral and lentiviral constucts

pLPCX was purchased from BBiosciences Retroviral vector pBabepuwat LT
cDNA and pRetroSuper were provided by O. Gjoerup, University a$tRitg, USA;
pLPG12SE1AORI was from S. Lowe, Cold Spring Harbor Laboratory, USA,;
pBabePuro HPV16 E7 was provided by K. Munger, Harvard Medical School, USA,;
pLXIPGSEp53 was provided by A. Gudkov, Roswell Park Cancer Institute, USA;
pWZLpuroJEcoR was from J. Downward, CRUK, UK; pWZlastF was from J.
Morgenstern, Millenium Inc., USApWZLBIlast3EcoRwas constructed byDr. Louise
Mansfield bysubcloning theEcoR gene frompWZLpuroJEcoR into pWZL-BlastF,
pLPCX-E2FDB was constructed bRr. Louise Mansfield byubcloning the E2DB
gene from pCMVDB providedby Xin Lu (LICR, UK) into pLPCX; pRetroSupep53,
pRetroSupep21 and pRetroSupémmin were constructed by Dr. Louise Mansfield,

Lentiviral shRNAmir silencing constructs from the Opero®istems human GIPZ
lentiviral shRNAmir library, were provided by the UCL shRNA library core facility.
Lentiviral Gag/Pol expression vector p8.@ind VSV-G viral envelope expression
vectorpMDG.2, were provided by G. Towers (UCL, UK) and D. Trono (Uniitgref

Geneva, Switzerland).

2.2.2 Packaging of retroviral constructs

A amphotropic and ecotropic retrovirapackagingcells were plated at 1xi@ells/10

cm2 plate the day prior to transfection. Cells were transfected the following day (in 10
ml completemedum) with 10 pg of retroviral vector DNA and 12 pl of FUGENE 6
Transfection reagent (ROCHE). 24 hrs pinahsfectionmediumwas changed using 10

ml freshmediumper plate. 48 and 72 hrs pdsiansfection, the retroviral supernatant
was harvested, filterethrough a 0.45 um filter, quickly frozen a80°C. Frozen

aliquots of retroviral supernatant were thawed rapidly at 37°C before use.

2.2.3 Retroviral infection
Cells utilised for lentiviral infection were seeded at 5x&6lls/T75 cm2 flask. The
following day (at approximately 30% confluencapediumwas aspirated, and cells

were infected wittb ml retroviral supernatant in the presence qfgdml polybrene in
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15 ml of full mediumCells were then incubated at°®tfor 24 hrs. The following day,
mediumwas repaced with 15 ml fresimediumand 48 hrs poshfection, antibiotic
selection was added (2 pg/ml puromycin or 5 pg/ml blasticidin, where appropriate;
Invitrogen), andnedium(including antibiotic) was changed everg3lays.

2.2.4 Retroviral titration

Cells wereseeded at 64,000 cells per well kwéll plates andnfectedwith a range of
supernatant (0.1 pl, 1 pl, 10 pl, 20 ul and 30jaljowing the protocol described above.
Selection was discontinued afteidays and 14 days peahtibiotic selectionmedium

was removed from the flasks and cellerev stained with methylene bl room
temperature for 205 mins. Plates were then gently rinsed with water, and cell colonies

counted.

2.2.5 Packaging of lentiviral constructs

HEK 293 T/17 cells were plated at 6X1@ells/10 cn? plate the day prior to
transfection. Cells were transfected the following day (in 1@fitompletemedium
with 1.5 pgof the lentiviral vector DNA, lig p8.91packagingplasmid DNA (gagpol
expresser 1 ug pMDG.2 packagingplasmid DNA (VS G expresser and 10 i of
Fugene 6 Transfection reage®# hrs postransfectionmediumwas changed using 10
ml freshmediumper plate. 48 and 72 hrs pdsinsfection, the lentiviral supernatant
was harvested, filtered through a 0.45 pum filter, and quitiklgen at-80°C. Frozen

aliquots of retroviral supernatant were thawed rapidly at 37°C before use.

2.2.6 Lentiviral infection

Cells utilised for lentiviral infection were seeded2a8x10° cells/T75 flaskor 80,000
cells/T25 flask The following daymediumwasaspirated, and cells were infected with
lentiviral supernatanin the presence of 8 pg/ml polybrene (Sigma) in full medium.
Cells were themncubated at 34°@r 24 hrs. The following daynediumwas replaced
with freshmediumand 24 hrs postinfection, antibiotic selection was added (6 pg/ml

puromycin; Invitrogen), antchedium(including antibiotic) was changed every3lays.

2.2.7 Lentiviral titration
Cells wereseeded at 64,000 cells per well kwéll plates andnfectedwith a range of

supernatant (0.1 plL pl, 10 pl, 20 pl and 30puHollowing the protocol described abave
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6 pg/ml puromycin was added 24 hours pwgéection and selectiowas discontinued
after5 daysl4 days posantibiotic selectionmediumwas removed from the flasks and
cells were stamned with methylene bluat room temperature for 116 mins. Plates were
then gently rinsed with water, and cell colonies counted.

2.3 Immunocytochemistry
Cells were plated at on coverslips (VWR #8R48), grown to the required confluence,
fixed and stainedral then mounted on slides from VWR (#63102). Photos were

taken with a Zeiss microscope with an AXiGsion camera system

2.3.1 1 -catenin

T h e-catbnin antibody was purchased from BD Biosciences (#610154). When cells
were approximately 60% confluent medium was aspirated, they were washed twice with
PBS and then fixed for 15 minutes with freshly prepared 3.5% PFA. They were washed
3 times with PBS and then permeabilised with fresh 0.1% Tritd®®X for 10 minutes.
Coverslips were washed three times with PBS, blocked with 0.1% BSA in PBS for 15
minutes and washed another three times with PBS before the primary antibody was
added at 200 in blocking solution (0.1% BSA in PBS) for 1h at room temperature or
overnight at 4°C. Coverslips were washed three times with PBS before adding the
secondary goaantFmouseantibody (Molecular Probes) at 1:400 with Dapi (Invitrogen;

at final concenttion 300nM) in blocking solution for 1h at room temperature in the
dark. Then, coverslips were washed three times with PBS and mounted using Invitrogen

prolong antifade reagent. They were left to dry in the dark and stored at 4°C.

2.3.2 1-4integrin

The Dbegrh antibndy was purchased from Chemicon (clone 3E1, #MAB1964).
When cells were approximately 60% confluent medium was aspirated, they were
washed twice with PBS and then moved into a glass disttoldeacetone was added

and aspirated immediately (twad crystals formed by freezing PBS), more acetone
was added and coverslips were incubated for 2 minutes. They were then washed three
times with PBS, blocked with 0.1% BSA in PBS for 15 minutes and washed another
three times with PBS before the primarytibody was added at 1:100 in blocking
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solution (0.1% BSA in PBS) for 1h at room temperature or overnight at 4°C. Coverslips
were washed three times with PBS before adding the secondarargeabuse
antibody (Molecular Probes) at 1:400 with Dapi (Invieo; at final concentration
300nM) in blocking solution for 1h at room temperature in the dark. Then, coverslips
were washed three times with PBS and mounted using Invitrogen prolong antifade

reagent. They were left to dry in the dark ataredat 4°C.

2.3.3 E-cadherin

The ecadherin antibody was purchased from BD Biosciences (#610182). When cells
were approximately 60% confluent medium was aspirated, they were washed twice with
PBS and then fixed for 15 minutes with freshly prepared 3.5% PFA. They were washed
3 times with PBS and then permeabilised with fresh 0.1% Tritd®®X for 10 minutes.
Coverslips were washed three times with PBS, blocked with 0.1% BSA in PBS for 15
minutes and washed another three times with PBS before the primary antibody was
added at 200 in blocking solution (0.1% BSA in PBS) for 1h at room temperature or
overnight at 4°C. Coverslips were washed three times with PBS before adding the
secondary goaantFmouseantibody (Molecular Probes) at 1:400 with Dapi (Invitrogen;

at final concentition 300nM) in blocking solution for 1h at room temperature in the
dark. Then, coverslips were washed three times with PBS and mounted using Invitrogen
prolong antifade reagent. They were left to dry in the dark and stored at 4°C.

2.3.4 Cytokeratin 14

The cytoleratin 14 antibody was purchased from Abcam (clone LL002, #ab7800).
When cells were approximately 60% confluent medium was aspirated, they were
washed twice with PBS and then fixed with -ti@dd methanol is for 5 minutes.
Coverslips were washed three tinweish PBS, blocked with 0.1% BSA in PBS for 15
minutes and washed another three times with PBS before the primary antibody was
added at 1:100 in blocking solution (0.1% BSA in PBS) for 1h at room temperature or
overnight at 4°C. Coverslips were washed ghtenes with PBS before adding the
secondary goaant-mouseantibody (Molecular Probes) at 1:400 with Dapi (Invitrogen;

at final concentration 300nM) in blocking solution for 1h at room temperature in the
dark. Then, coverslips were washed three timels RRBS and mounted using Invitrogen

prolong antifade reagent. They were left to dry in the dark and stored at 4°C.
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2.3.5 Cytokeratin 18

The cytokeratin 18 antibody was purchased from Sigma (clor@@ ¥C8541). When

cells were approximately 60% confluent mediwars aspirated, they were washed twice
with PBS and then fixed for 15 minutes with freshly prepared 3.5% PFA. They were
washed 3 times with PBS and then permeabilised with fresh 0.1% Tritd0Xor 10
minutes. Coverslips were washed three times with BBSked with 0.1% BSA in PBS

for 15 minutes and washed another three times with PBS before the primary antibody
was added at 1:200 in blocking solution (0.1% BSA in PBS) for 1h at room temperature
or overnight at 4°C. Coverslips were washed three timds RBS before adding the
secondary goaantFmouseantibody (Molecular Probes) at 1:400 with Dapi (Invitrogen;

at final concentration 300nM) in blocking solution for 1h at room temperature in the
dark. Then, coverslips were washed three times with PBS andtad using Invitrogen
prolong antifade reagent. They were left to dry in the dark and stored at 4°C.

2.3.6 Cytokeratin 19

The cytokeratin 19 antibody was purchased from Abcam (cloneBAa3, #ab7754).

When cells were approximately 60% confluent medium wasradsd, they were
washed twice with PBS and then fixed with -ti@dd methanol is for 5 minutes.
Coverslips were washed three times with PBS, blocked with 0.1% BSA in PBS for 15
minutes and washed another three times with PBS before the primary antibody was
added at 1:50 in blocking solution (0.1% BSA in PBS) for 1h at room temperature or
overnight at 4°C. Coverslips were washed three times with PBS before adding the
secondary goaantFmouseantibody (Molecular Probes) at 1:400 with Dapi (Invitrogen;

at final concentration 300nM) in blocking solution for 1h at room temperature in the
dark. Then, coverslips were washed three times with PBS and mounted using Invitrogen

prolong antifade reagent. They were left to dry in the dark and stored at 4°C.

2.3.7 BrdU

Cells wee fixed with 4% PFA for 15 mins, washed 3 times with PBS, and
permeabilised with 0.1% triton -X00 for 30 mins at room temperature. This was
followed by a DNA denaturation stepith 2M HCI for 30 mins at room temperature.
Cells were washed 3 times with 8Bblocked with 1% BSA in PBS for 15 mins at
room temperature, and washed 3 times with PBS. Alexa H&8rconjugated BrdU
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( 0. 2 @lgna kdBt}1; Invitrogen) antibody was used at 1:250 in 0.25% BSA for
2h at room temperature. Cells were washed twide WBS, and then Dapi (1ug/ml)
and HSC cell mask at 3ug/mH82712 Invitrogen) in PBS wereadded and plates
incubated for 30 minutes at room temperatdieis was replaced with fresh PBS and
plates were stored at @’ Plates were analysed by ClBshop wth the InCell 1000

automated microscope (GE Healthcare/Amersham Biosciences, Little Chalfont, UK)

2.4 Bacterial manipulation

2.4.1 Bacterial strains

The JS4 Escherichia coli strain (a kind gift from J. Sedivy, Brown University) was used
for plasmidmanipulation ad preparationJS4 is a recAl derivative of MC1061, and
has the following genotype-&aD139,qdara, leu)7697¢dlac)c74, galU, galK, hsdR2

(rk- mk-), mcrA, mcrBC, rpsL (Strr) thi, recAl.

2.4.2 Media and bacterial growth

E. coliwere grown in Luria Base (LB)mth (25 g/L Luria Broth Base; Invitrogen) or
Superbroth (10 g MOPS sodium salt from Sigma, 20 g yeast extract from Oxoid, and 32
g tryptone from Oxoidper litre). 15 g/L of agar (Oxoid) was added when LB agar
plates were prepared. To make up minedium all the components were dissolved in
ddH20 and autoclaved for 20 mins at 421 As appropriate, antibioticaere added:
kanamycin (Sigma) was addémla final concentration of 50g/ml, ampicillin (Sigma)

and carbenicillin (Sigma) wre added to a finakconcentration of 100ug/ml, zeocin
(Autogen Bioclear UK Ltd) was added to a final concentration of 25ug/ml, and

chloramphenicol was added to a final concentration ofu@zol.

2.4.3 Preparation of competent bacteria

5 ml of LB medium was inoculated with a sinddacterial colony and incubated with
shaking at 37C overnight. The overnight culture was then diluted into 500 ml of LB
and grown at 37T with aeration for 242.5 hrs until theOD reading at 600 nm
(OD600) reached 1:0.2 (midexponential phase). Bactariwere harvested by
centrifugation at @00 g for 20 mins, resuspended in 5 ml4celd 0.1 molar (M)
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calcium chloride (CaCl) and incubated on ice for 20 mins. Bacteria were then
centrifuged again and resuspended in 5 ml otcadd 85:15 solution 0.1 M @@, and
glycerol. 50 pl aliquots were frozen in petilled 1.5 ml microfuge tubes using liquid
nitrogen, andtored at70°C.

2.4.4 Bacterial transformations

One 50pl of competent JSé4acteria can be usddr up to 10 transformations. The
aliquot of frozen cmpetent JS4 bacteria was thawed on ice. @5&e cold 0.1 M
CaCl2 was added; 10l of this mixture was then added to each DNA to be
transformed. The DNA was incubated with the bacteria on ice for 30 minutes followed
by heat shock at 42 for 90 secondésec). Transformations were returned to ice for 2
minutes, after which 1 ml of LB medium was added and the transformations were
incubated at 3T with shaking for 30 minutes. Cells were concentrated by
centrifugation (BO0 g for 10 minutes) and resuspendéed 100 pl LB medium.
Transformations were then plated ori® cnf prewarmed LBagar plates containing
100 pg/ml final concentration ampicillin or 50 pg/ml kanamycin at2D pg/ml
chloramphenicol, or 100 pug/ml carbenicillin and 25 pug/ml zeocin where ppate.

Plates were then incubated afG7vernight.

2.5 DNA manipulation

2.5.1 Plasmid DNA preparation
All plasmid preparations (both small scale and large scale preparations) were carried out

using QI AGEN kits foll owing the manufact

2.5.1.1Small scale plasmid preparation

Bacterial stocks werstoredat -70°C in LB medium containing 15% glycerol. Liquid
cultures of bacteria picked from single colonies were grown in a bacterial shaker
(vigorous shaking) overnight at 37 in 5 ml of LB medium wh the appropriate
antibiotic. 1.5 ml of culture was then transferred to a 1.5 ml microfuge tube and spun at
17,900 g for 30 sed he cell pellet was resuspended in 26®f solution P1 (50 mM
Tris/hydrochloric acid [HCI], pH 8.0, 10 kh EDTA and 100 mg/ml RNAs@&). 250 ul
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of solution P2 (200 mM sodium hydroxide [NaOH] and 1% sodium dodecyl sulphate
[SDS]) was added and gently mixed by inverting tre bl microfuge tube 4 times.

To the same 1.5 ml microfuge tube, 38H00f solution N3 (3.0 M sodiunacetate, pH
5.5) was added and immediately mixed by inverting tie rtl microfuge tube 6
times. The mixture was then spun in a microfuge for 10 minutes7é8800 gand the
supernatant émsferred to a QlAprep colummhe column was centrifuged for 30 sec at
17,9009 then the flowthrough was discardedhe column was then washed with 0.5
ml of PB buffer (QIAprep Spin Miniprep kit, QIAGEN) and then 0.75 ml of PE buffer
(QlAprep Spin Miniprep kit, QIAGEN)DNA was then eluted with 50l of EB elution
buffer (QlAprep Pin Miniprep ki, QIAGEN). All solutions used were from the
QIAfilter Plasmid Mini kit, QIAGEN.

2.5.1.2Large scale plasmid preparation

200 ml of superbroth medium containing the appropriate antibiotic was inoculated with
an overnight culture of bacteria and groswernight at 37C with vigorous shaking.
Bacteria were harvested &2 gfor 15 minutes at 4C using an SLA 1500 rot and
Sorvall RC5C centrifugeThe cell pellet was resuspended in 10 ml of resuspension
buffer P1 (50 mM TrisHCI pH 8.0, 10 mM EDTA and 00 ug/ml RNAse A, stored at
4°C). 10 ml of lysis buffer P2 (200 mM NaOH and 1% SDS) was added and, after a 5
minute incubation step at room temperature, 10 ml etadé neutralisation buffer P3
(3mM potassium acetate pH 5.5) was added and the mixasedisectly applied to a
QIAfilter Cartridge. The QIAfilter Cartridge was incubated at room temperature for 10
minutes before the cell lysate was filtered and directly applied to a previously
equilibrated QIAGEMip 500 column (equilibration buffer QBT:59 mM NaCl, 50

mM MOPS [31 [N-morpholino] propanesulphonic acid] pH 7.0, 15% ethanol [v/v] and
0.15% Triton %100) and allowedo enter the resin by gravityhe column was washed
twice with 30 ml of wash buffer QC (1 M NaCl, 50 mMOPS pH 7.0 and 15%
ethanol). DNA was then eluted with 15 ml of elution buffer QF (1.25 M sodium
chloride [NaCl], 50 mM TrisHCI pH 8.5 and 15% ethanol) and precipitated in 10.5 ml
of isopropanol at room temperature. Centrifugation was perform#8,@d0 gfor 30
minutes at 4C using the SS34 rotor and Sorvall RC&htrifuge.The DNA pellet was
washed with 70% ethanol then centrifugediaga 15,000 g for 10 minuteS.he

supernatant was removed and the DNA pellet was air dried for 5 minutes. DNA was
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resuspended in 1e@00ul Tris-HCI-EDTA (TE), depending on the size of the pellet, in
a 1.5 ml microfuge tube. All solutions used were from the QIAfilter Plasmid Maxi Kit,
QIAGEN.

2.5.2 DNA quantification

To determine DNA concentration, the OD of the solution was measured at 260 nm
(OD260) using a Nanodrop 1000 from Thermo scientific. DNA concentration was
calculated using the relationship: 1 OD unit at 260 nm gdithl DNA

2.5.3 Agarose gel electrophoresis

DNA wasloaded with 1x DNA loading buffer (2.5% Ficoll, 0.04% [w/v] bromophenol
blue and 0.04% Xylene) and fractionated by electrophoresis-afo (w/v) agarose
(Invitrogen) gels as appropriate, prepared in 1x TAE (40 mM-daetate and 2 mM
EDTA) with 1 pg/ml ethidium bromide (BDH). Electrophoresis in 1x TAE was carried
out in electropbresis tanks and DNA fragments were separated at a constant voltage of
100 Volts (V) for a minimum of 20 minutes. Samples were loaded alongsib&kb+

DNA ladder (Invitrogen). Ethidium bromide stained DNA fragments were then

visualised on a UVP (Duahtensity UV translluminator), and an image was saved

2.5.4 Recovery of shRNA inserts from cells expressing pSM2 or pGIPZ

constructs

2.5.4.1Genomic DNA extraction

Genomic DNA was extracted from a near confluent well of 6 well plates using the
QIAamp DNA Blood Mini kt (Qiagen).Medium was removed and the monolayer of
cells was washed three times with PBS and once with versene/EDTA. The monolayer
was detached using trypstDTA (0.25% [v/v] trypsin and 0.03% [weight per volume
[wiv]] EDTA; 0.5 ml/well) for 10 minutesat 37C and the trypsvEDTA was
inactivated by adding 10 ml of PBS. Cells were spun dowii8%tg resuspended in 1ml
PBS, transferred to a 1.5 ml microfuge tube, spun dow#8%tgagain to remove any
residual trypsin, and resuspended in 200 pl PBSul26f QIAGEN Protease (QlAamp
DNA Blood Mini Kit, Qiagen) was added, followed by 2@0 Buffer AL (QlAamp

DNA Blood Mini Kit, Qiagen). The contents were mixed by pulsetexing for 15 sec,

followed by incubation at 58C for 10 minutes. The 1.5 ml microfeigtube was
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centrifuged briefly then 20l ethanol (96100%) was added, followety pulse
vortexing for 15 secThe mixture was then applied to a QIAamp Spin Column
(QlAamp DNA Blood Mini Kit, Qiagen) and centrifuged #9,000 gfor 1 min. The
QIAamp SpinColumn was placed in a clean 2 ml collection tube then washed with 500
ul Buffer AW1 (QIAamp DNA Blood Mini Kit, Qiagen) and centrifugeti 20,000 gfor

1 min. The QlAamp Spin Column was placed in a clean 2 ml collection tube then
washed with 500ul Buffer AW2 (QlAamp DNA Blood Mini Kit, Qiagen) and
centifuged at 10,000 dor 3 mins.The QIAamp Spin Column was then placed in a
clean 1.5 ml microfuge tube and 2Q0 Buffer AE (QIAamp DNA Bloa Mini Kit,
Qiagen) was addedrollowing incubation at room tempdure for 1 min, the 1.5 ml

microfuge tube was centrifuged2,000 gfor 1 min.

2.5.4.2PCR amplification of pSM2 sequences from genomic DNA

200 ng genomic DNA was used in a GDPCR reaction that containedpl each of
primers pSM2longForwarand pSM2longRevee (both at 6.uM), 5 pl 10x KOD
buffer (Novagen), 5 pl KOD dNTPs (Novagen), 3ul KOD MgSO4 (Novagen), gud 1
KOD Hot Start DNA Polymerase (Novagen). An initial denaturation step°a &5 2
mins was performed before PCR amplification. PCR ampliinaparameters were
denaturation at & for 30 sec; annealing at ¥9 for 30 sec; extension at € for 30
sec, and a final extension of 10 minutes &tCr@fter the last cycle. 40 cycles were
used in total. Jul of each PCR reaction was then resolvemhgside 5ul 1kb+ DNA
ladder (Invitrogen) on a 1.4% agarose gel to check for the generatioe4¥8bp PCR
products that could be visualised on a UVP.

2.5.4.3PCR amplification of pGIPZ sequences from genomic DNA

250-300 ng genomic DNA was used in ajfPCRreaction that contained|8 each of

a forward primer and a reverse primer provided by Open Biosystems (both at Bpmol/
5 ul 5M Betaine (Sigma Aldrich), 5 ul 10x KOD buffer (Novagen), 5 pl KOD dNTPs
(Novagen), 2ul KOD MgSO4 (Novagen), angl IKOD Hot Start DNA Polymerase
(Novagen).An initial denaturation step at 9@ for 2 mins was perfoned before PCR
amplification.PCR amplification parameters were denaturation &€ 34r 15 seconds;
annealing at 5% for 30 seconds; and extension at@8or 1 minde. 40 cycles were

used in total. 5ul of each PCR reaction was then resolved alongside1kb+ DNA
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ladder (Invitrogen) on a 1.4% agarose gel to check for the generation of 561 base pair

PCR products that could be visualised on a UVP.

2.5.4.4Preparation of PCR products for sequencing

The PCR product was cleaghup using the micrCLEAN system (Microzone Ltd).

PCR products were loaded on a 96 well plate and equal volumes of microCLEAN were
added to the samples (p0). Samples were mixed and incubated at roomperature

for 5 minutes. Plates were spun at 3000 g for 40 minutes. They were then placed upside
down onto tissue paper in the centrifuge holder and pulse centrifuged up to 40 g for 30
seconds. Pellets were resuspended in appropriate volume of ddH200(30) as
determined by intensitgf the band on thagarose gel (see 2.5.4.3).

2.5.4.5DNA sequencing
DNA sequencingvascarried out by the genetics group within the MRC Prion. unit

2.6 RNA manipulation

2.6.1 RNA isolation

Cultures grown in T75 cm2 flasks (or T180 cm2 ke preparing RNA for microarray
analysis) were fed with fresmedium the day prior to RNA extraction and were
harvested at no greater than 80% confluence on the day of RNA extradédium

was removed and 600ul &uffer RLT (RNeasy Mini Kit, Qiagengontaining 1%b-
mercaptoethanplwere added to cultures to lyse the cells. The lysate was applied to a
QIAshredder spin column and spun for 2 minutes at maximum speed to homogenise the
sample which increases RNA yieldhen, 600ul 70% ethanol was addedtie lysate,

which was then mixed by pipettinghelysate was then applied to an RNeasy Mini spin
column and centrifuged for 15 seconds at 8000 g and the flow through was discarded.
350 ¢l Buf fer RW1 (RNeasy Mini Kicdlumn Qi ag
and it was spun at 8000 g for 15 seconds. To remove possible DNA contamination, 10

el DNase | stock solution (tRNea®yelIMiBuf fK
(RNeasy Mini Kit, Qi agen) , and 80 ¢l of
column me mbr ane, and i ncubated for 15 mi n u
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Buffer RW1 were added to the RNeasy spin column and it was centrifuged for 15 s at
8000 g. This wadollowed by 2 washes with 500 | Buffer RPE t;( RNea
diluted 1 in 4 pas in 100% ethanol), the first wash spun for 15 seconds at 8000 g, and
the second wash for 2 minues at 8000 g. The RNA was elutecbviith ¢ | -fré&&Na s e

waterfor 1 minute at 8000 g.

2.6.2 RNA quantification

To determineRNA concentration, the OD of the solutiamas measured at 260 nm
(OD260) using a Nanodrop 1000 froffhermo Scientific RNA concentration was
calculated using the relationship: 1 OD unit at 260 rd0 gg/ml RNA

2.6.3 Reverse transcription (RT) of RNA

cDNA was reverse transcribed from equal amountsu¢d of total RNA using
MoMuLV reverse transcriptaselhe SuperScriptl RT kit (Invitrogen) was used,
accordngd manuf act ur eRNAwas added to O.figoot oligo dTsprimer
(Promega) and 0.5 mM dNTPs (Promega) then denatured@tf665 mins followed
by quick chilling on icel pl ribonuclease inhibitor (Promega) angil10.1M DTT were
then added to the mixture, together withlaf [15x First-Strand Buffer (250 mM Tris
HCI [pH 8.3], 375 mM KCI and 15 mM Mgg), and incubated at 42 for 2 mns. 200
units of MoMuLV reverse transcriptase enzyme was added and the reaction was
incubated at 4 for 50 mins before heat inactivation at@0for 15 mins to denature
the RNADNA duplex and inactiate the reverse transcriptasé@e resultant cDNA was
stored at20°C.

2.6.4 Reverse Transcription Polymerase Chain Reaction (RT -PCR)

All PCR reactions were carried out in a total volume of 25 pl and contained 10 pl of a
1:10 dilution of the cDNA generated by RT reaction, 1 pl of each oligonucletide primer
(10 uM), 2.5 units Tag DNA polymerase (Promega), 2.5 ul 10x PCR buffer (10 mM
Tris HCI pH 9, 50 mM KCI and 0.1% [w/v] Triton -£00; Promega), 1 pl 10 mM
dNTPs (Promega) and 2 pl 25 mM MgC{Promega). The PCR reaction was
performed in a PTQ00 Peltier Thermal ycler thermocycler. A 1 minute, 94°C
denaturation step was used before amplification. Cycling conditions were denaturation

at 94°C for 1 min, annealing at the specific temperature for each primer pair for 1 min,
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extension at 72°C for 1 min, and a finaktension of 5 mins at 72°C at the end of the
last cycle; 35 cycles were performed. For each PCR reaction, a contia@aB{ion
containing no reverse transcriptase {Rbntrol) was included to check for DNA
contaminationof the RNA samples or reaction xture. PCR products were resolved
alongside 5 pl 1kb+ DNA ladder (Invitrogen) on 2% agarose gels, depending upon the
size of the expected PCR product. Ethidium bromide stained DNA fragments were

visualised on a UVP and images were saved.
Annealing tempeature for the primer sets:

LOC219321(53095): 56°CLOC343425(25465): 56°CLOC351347(127153): 57°C;
FLJ31301 (68969): 56°@;0C346321(145373): 58°CL.OC349975(109096): 56°C;

2.6.5 Real-Time quantitative RT -PCR

The TagMan Gene Expression CeatsCT Kit from Applied Biosystems (AB) was
used to perform quantitatiRT-PCR. The following TagMan Gene Expression Assays
(AB) were used: p21: Hs00355782_ml; CCNL1: Hs00220399 m1l; FOXAZI:
Hs00270129 m1; Rab23: Hs00212407_m1; SPOPL: Hs01100158_m1

RNA isolation

The daybefore lysis 10,000 cells/well were seeded in 96 well plates (Nunc). The
following day cells were washed with cold PBS, and 50 pl of Lysis Solution (AB) was
added per well and mixe&ollowing 5 minuteof incubation at room temperature, 5 pl

of Stop Soltion (AB) was added, mixed and incubated for 2 minutes at room

temperature. Lysates were stoe¢e20°C until Reversd@ranscription was performed.
Reverse Transcription

10 pl of the lysate was used for the RT reaction and was mixed with 40 pl of master
mix. For each reaction the master mix was prepared by mixing 25 ul of 2x RT Buffer
(AB), 2.5 ul of 20x RT Enzyme (AB) and 12.5 ul of nuclease free water. The reactions
were incubated at 37°C for 60 minutes followed by heat inactivation of the RT enzyme
at %°C for 5 minutesThe resultant cDNA was stored-a0°C.
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Real-Time PCR

cDNA amplification was carried out in a 20 ul reaction containing 4 pl of cDNA, 10 pl
2x TagMan Gene Expression Master Mixofitaining AmpliTaqg Gold DNA
Polymerase, AmpErase UD@Jiadl-DNA Glycosylas¢ dNTPs with dUTP, ROX
passive reference dye, and optimised buffer componaBfs;1 pl 20x TagMan Gene
Expression Assay (containing primer sets and probes for the gene of interest; AB), 1 pl
20x ACTB TagMan Gene Expression Assay (comitgy primer sets and probes for the
endogenous control geneAgtin; AB) and 4 pl nucleaséee water.Reactions were
performed in a MicroAmpOptical 96Well Reaction Plate(AB) covered with a
MicroAmp Optical Cap(AB). Reattime PCR quantitation was memed using the
Applied Biosystemsd 750 0 Fald tme RePLCIR  d@gorlihge tadthe
manuf act ur e rBefsre amplgidatrony & 2 mins maubation step atGvas
used to optimise DG activity, followed by a 10 minenzyme activatiorstep at 95C.
Amplification parameters were: denaturation at’®5for 15 sec, followed by a

combined annealing and extension step &C&or 1 min. 40 cycles were used in total

2.7 Protein analysis

2.7.1 Preparation of total protein extracts

Culturesgrown in T75 flasks wer fed with freshmediumthe day prior to lysis and

were harvested at no greater than 80% confluence on the day of lysis. For lysis, cells
were washed twice with cold 1x PBS, and 0.5 ml of 1x radioimmunoprecipitation
(RIPA) lysis buffer(50mM Tris HCI pH 8,150 mM NaCl, 1% NP0, 0.5% sodium
deoxycholate,0.1% SD$ was added to each T#task. 2 ul of Protease Inhibitor
Cocktail (2 mM 4[2-aminoethyl] benzenesulphonyl fluoride [AEBSF], 1 mM EDTA,

130 uM Bestatin, 14uM E-64, 1 uM Leupeptin and 0.341M Aprotinin; Sigma) was
added per 1 ml of lysis buffer used. Cells were incubated on ice for 30 mins then
scraped and transferred to a 1.5 ml microfuge tube. Lysates were passed three times
through a 2igauge needle to shear the DNA then centrifugegD@6 gfor 30 mins at

4°C. The supernatant from each lysis reaction was transferred to a feeshl 1.

microfuge tube, aliquoted arstiored at80°C.
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2.7.2 Determination of protein concentration

The BioRad Protein Assay was used to determine protein concentration. The Dye
Reagent (BieRad) was prepared by diluting 1 part Dye Reagent concentrate with 4
partsDistilled Delonized water(DDI water). BSA standards were prepared in PBS (0
mg/ml, 0.05mg/ml, 0.1mg/ml, 0.2mg/ml, 0.4mg/ml, and 0.5 mg/ml) and 10 pl of the
proteinsamples to be analysed were diluted 1 in 10 in PBS. Samples were diluted as the
linear range of this assay is from 0.05 mg/ml to approximately 0.5 mg/ml; therefore
undiluted sample concentrations would be too high for the assay. 10 pl of each sample
and sandard were used per reaction, and 200 pul of the diluted Dye Reagent were added
in 96 well plates (Nunc). Reactions were mixed and incubated at room temperature for
10 minutes, and then absorbance was measured at 595 @muminometerA BSA
standard cwe was establishedhe regression coefficient was calculated and the

unknown sample concentrations determined.

2.7.3 Sodium-Dodecyl-Sulphate-Polyacrylamide -Gel-Electrophoresis

16% and 10% gels (Invitrogen) were used as sta@®qg of each cell lysate (unles
otherwise stated) was heated at®@or 5 mins with 2x Laemmli sample buffer (8%
SDS, 40% glycerol, 20%-&hercaptoethanol, 0.008% bromophenol blue and 0.260 mM
Tris-HCI, pH 6.8) and fractionated by SEFAGE. Electrophoresis was carried out at a
constan voltage of 100150 Vin running buffer (25 mM Tris, ®mM Glycine, 0.1%
[w/v] SDS). Proteins were fractionated alongside broange prestainedKaleidoscope

protein size markgiBio-Rad Laboratorig).

2.7.4 Western blotting of SDS-PAGE

Following separation im SDSPAGE, proteins were transferred to a nitrocellulose
membrane, Hybond extra (Amersham Life Science) by electrophoretic transfer in a
wet tank blotting system (BiRad Laboratories TrarBlot cell). The transfer was
carried out in transfer buffe2$ mM Tris, 190 mM glycine and 20% [v/v] methanol)
for 3 hrs at a constant voltage @5 V at room temperatureThe nitrocellulose
membrane was then blocked by incubation in 5% (w/v) skimmed milk powder (Marvel,
Premier Brands) and 0.005% (v/v) Twe2b (BDH Laboratory) in PBS at room
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temperature for 1 hiThe filter was then incubated for 1 hr at room temperature, or
overnight at 4C with the primary antibody diluteth 5% milk in PBS with0.05%
Tweenor 3% BSA in PBS with0.05% Tweenat the indicated ditions (as described
below). The filter was then washed three times (15 mins each at room temperature) in
PBS with 0.05% Tween prior to incubation with horseradish peroxidase (HRP)
conjugated secondary antibody (GE Healthcare UK limited) diluted 1:1010806i

milk in PBS with0.05%Tweenfor 1 hr. Following three further washes (15 mins each

at room temperature) iIRBS with 0.05% Tween the filters were developed iHRP
detection reagentsf@0s ec, accordi ng t o nmanershmECLuUr er
Western blotting detection reagenfsmersham Pharmacia Biotech). The membrane
was then wrapped with Sararrap and exposed to an ausaiographic film for times
varying from 10 sec to 2 hr&nersham Hyperfilm ECL. Films were developed with

an AGFA X-ray film processor.

2.7.5 Antibodies used

anti-b-tubulin mouse monoclonal antibo@gione 228-33) waspurchased from Sigma
antrp21 mouse monoclonal antibody (clone SX118) waschased fromBD
BiosciencesCCNLL1 antibody raised in rabbit was a kind gift from. Rahti; FOXAL
antibody(ab23738)was purchased frombam;Rab23 antibodyaised in rabbit waa
kind gift from Professor Bor Luen Tang

The antibodies were dilutehd incubatedor Western blot analysis as follows

b-tubulin (1:2000 in 5% milk in PBS with 0.05% Tween for 1 hour at room
temperature); p21 (1 in 250 in 5% milk in PBS witl@5% Tweenat 4°C over night);
CCNL1 (1 in 1000 in 5% milk in PBS witl®).05% Tween for 1 hour at room
temperature); FOXA1 (1 in 500 in 5% milk in PBS wiitD5% Tweenat 4°C over
night); Rab23 (1 in 500 in 3% BSA in PBS wiltD5%Tweenat 4°C ovemight);
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2.8 shRNA library sreens

2.8.1 pSM2 viral production, titrations and confidence intervals

100g of each pool wer e pac kpckagitgystem. @fg t h
each harvest, 1ml of viral supernatant was aliquoted separately to use for titrations.
Titrations were performed on the EcoR Clone 7 cells (as describé2id) to
detemine the amount of virus required for a MOI of 0.1, to achieve single inserts per
cell. To determine the number of infectious events required to achieve a full saturation

screen, the following calculation was used:
In (1-0.99) / In (1-1/(Library Size))
(Nolan labor#ory; http://www.stanford.edu/group/nolan/screens/screens.html)

This indicated that for pools consisting of approximately 200 constructs, 918dnfec

events were required to be 99% confident that every construct is assayed.

2.8.2 pGIPZ titrations and confidence intervals
The library consisted of 7 pools, each containing approximately 9,000 constructs. Using
the formulaln (1-0.99) / In (&1/(Library Size)),it was determined that 41,444

infectious events were required per pool.

2.8.2.1Determination of t he titer of the pGIPZ pools in EcoR Clone7 cells

For each pool the virditer in HEK 293 cells was known. To determine thter of each
pool in our target cells, a nesilencing control whosster in 293 cells was known was
titratedin EcoR Clone 7 cedt

The day before transduction, a 24 well tissue culture plate with EcoR Clone 7 cells was
seeded at 1800 cells per well in their respective media. Dilutions of the-sitencing

control shRNAmir viral stock were made in a round bottom 96 well plate) s&rum

free E93 medium. 4 replicates of dilutions of the viral stock were made, each a series of
5-fold dilutions to reach a final dilution of 390628ld. To each well (rows A, B, C,

and D 18) 80¢ | of serum free medi wnm weasiEmcegld dNeod
control shRNAmir virus stock to the first well in each row (5 fold dilution). Contents

were mixed with a pipette, and with new pipette tipse20 f r om each wel |
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were transfered to the corresponding well in column 2. Again, contents were mixed and
with new pipette tips, 2& | from each well of col umn
corresponding well in column 3. This was repeated from columns 3 through 8, pipetting
up and down 145 times and changing pipette tips between each dilution. Culture
medium was removed from the cells in the 24 well plate ande2R5 o f serum
medium were added to each well. Then, cells were tranduced by adding 250 f di | u
Nontsilencing control SRNAmir virus from the 96 well plate to a well on the 24 well
destination plate containing the cells. After transduced cultures were incalb&4tC

for 4 hours, 1ml of E93 medium (normal serum concentration) was added. Puromycin
selection with 6 pg/ml wastarted 24 hours pestinsduction. Cells were grown for 14

days, stained with methylene blue, and colonies were counted to determiiter thie

the nonsilencing control in the target cells. This was then used to determitigetief

the 7 pools irthe EcoR Clone 7 cells.

Non-silencing controtiterd by Open Biosystems in HER93

+ Nonsilencing control shRNAmittiterd by user in their respective cell line and

medium

= Relative transduction efficiency

Titer for poolstiter in HEK 293 cells by Opa Biosystems

+Relative transduction efficieny

= Titer of pools in EcoR Clone 7 cells
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3 Results - Characterisation of the 226L 8/13 cells
The 226L 8/13cells were developedlyar mj i t Jat  ¢orstddy déllulare OO |

senescence, a programme of irmsitde cell cycle arrest which cells must overcome to
become cancerous, which has been demonstnatetvo (Chen et al., 2005; Cosme

Blanco et al., 2007; Feldser a@teider, 2007; Hanahan and Weinberg, 20226L

8/13 cells were derived from mammary luminal epithelial cells, and they were
conditionally immortalized so that they can be made to arrest in a synchronised
manner. This synchronised arréastilitates tle study of senescence. It is of importance

as one of the main stumbling blocks in studying the finite proliferative life span has
been the absence of suitable model systems because of the asynchrony as well as the
complexity of this process in heterogengaell populations that are typically used to

study this process by serial subcultivatinitro.

3.1 226L 8/13 cels AGPOAOO OEA ADEGhtdninBRIE | AOE
cadherin
Cellular context is highly significant in the development of cancer, and most cancers
originate in epithelial cells. Cancers of epithelial cells are called carcinoma and make up
approximately 85% of lacancers. Other types of cancers are sarsofrmalignant
tumours derived from connective tissue, or mesenchymal cells), leulsaeamib
lymphomas (derived from haematopoietic cells), germ cell tumours, blastomas (tumours
which resemble and immature or enydnic tissue), and tumours derived from other
body tissues (the biggest group of thesenaeédanoma Considering the importance of
cellular context and that most cancers originate in epithelial cells, the conditionally
immortalized226L 8/13cells were dvelopedfrom mammary luminal epithelial cells,
to study cellular senescenae an epithelial cell modelMost studies investigating
cellular senescence are done in fibroblasts, and it ielefanceto find out if the

pathways that regulate senescendibimblasts are the same in epithelial cells.

To confirm that 226L 8/13 cells had not lost thepithelial phenotypedue to the
immortalization process corulturing conditionsthey were stained for two epithelial

markers, nam | ycatemin ande-cadherin 226L 8/13 cells were seeded at@ cells
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on coverslips in 24vell plates. Whercells reached about 60% confluendey were

fixed and stained fob-catenin ande-cadherin Dapi was used to stain nucleCells
stained posive for bothmarkers(Figure 3.1 A and B) HMF3A mammary fibroblasts

were used as a negative control, because fibroblasts do not express these. marker
HMF3A cell were negative for both marker@igure 3.1 C and D. b-cateninwas
observed mainly on the eambrane at celio-cell boundaries, which correlates with the
fact that it plays a crucial role in citlell adhesionAlso, it is in accordance with the
finding that normal epithelia display cell boundary staining for oett@nin(Hao et al.,

1997) Some cytoplasmic staining was also observed. Cytoplasmic localization -of beta
catenin has been associated with poor outcome in breast cancer patients, but some
cytoplasmic staining is normalLopezKnowles et al.,, 2010) E-cadherin, a
transmembrane glycoprotein, is strongly expressed in the cytoplasmic membrane of
normal ductal epithelial cells in the mammary glaBaikholm et al., 200Q)and in

226L 8/13 cellE-cadherinstaining was observed in the plasmambrane as expected.
Some punctatestaining was observed with thedadherin antibody, which was also
observed in the negative control cells. Thisctatestaining was not observed in the
control using the secondary antibodipne (data not shown)Furthermore the same
secondary ant i katahiyg stameghere thepuhctatestainingowas not
observed; hereforeit wasmost likely not an artefact caused by the secondary antibody.
The punctatestaining occurred in all repeat experiments

Theseresults show that 226L 8/13 cells have retained their normal epithelial phenotype

and thereforeepresent good model system to study epithelial cells
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B-catenin E-cadherin

B-catenin E-cadherin

20pM

226L 8/13

HMF3A

Figure 3.1: 226L 8/ 13 cel lcatenimandEadherint he epit hel i a
226L 8 13 cell s were st ai nedcditeninand Eadherin.(&)R26L 8/EIcells | ma r
e x p r eaesin.(B) 226L 8/13 cells express-&adherin. Negative control HMF3A cells were negative

for (C) b-catenin andD) E-cadherin
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3.2 226L 8/13 cells expre ss luminal and basal markers

Two types of epithelial cells are found in the human breast, myoepithelial and luminal
epithelial cells.The most common subtypef breas cancer are luminal subtypdsut
cancers that express myoepithelial (basal) markers &goorer prognos(&l Rehim et

al., 2004) The luminalepithelialand myoepithelial cells in the human mammary gland
ductal systemcan be distingshed bythe pattern of keratin expressidqiaylor-
Papadimitriowet al., 1989)Cytokeratins, or keratingsire intermedia filament forming
proteins thaprovide mechanical support and fulfil a variety of additional functions in
epithelial cells226L 8/13 cells were stained for the luminal markers cytokeratin 18 and
cytokeratin 19, and the basal marker cytokeratin \When 226L 8/13 cells are
initially isolated, they were negatively selected against the basal nfatkertegrin, a
plasma membrane protein with a long cytoplasmic domain; therefore the cells were also
st ai n eddintefyrim.Cellsbstained positive for both basalarkers (Fgure 3.2, A

and B and the luminal marker cytokeratin 18 (Figurea3@). However, hey were
negative for the luminal marker cytokeratin 19 (Figurea3). The intermediate
filaments were visible in ytokeratin 14 and 18 stainingnd bothhad a typical
appearancgO'Hare et al., 199]1)and the b-4 integrin staining also hadh typical
appearance.HMF3A mammary fibroblasts were used as negatbomtrols andthey
were negative for all 4 marke(&igure 3.b, A, B and §. HB4A cells, which are
immortalized derivatives of luminal cells and haverbsbhown to express cytokeratin
19 (O'Hare et al., 199]1)were used as a positive control for cytokeratin 19 staining;
HB4A cells stained positive for cytokeratin 19, confirming that thenstgi protocol

and antibody worked(Figure 3.2b, D)

In conclusion, even thoughmmunomagnetically sortetuminal cells wereusedto
generate the 226L 8/13 celkzells had a mixed expression profile, expressing markers
of both luminal and basal cells,dnot expressing the luminal marker cytokeratin 19.
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Figure 3.2a: 226L 8/13 cells express luminal and basal markers

226L 8/ 13 cells wer e s4iatégnneadd cytokeratint 14, @nd ioateealdminaha r k e
markers cytokeratin 18nd cytokeratin 19. They expre@s) b-4 integrin, (B) cytokeratin 14 andC)

cytokeratin 18(D) 226L 8/13 cells do not express cytokeratin 19.
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B-4 integrin Cytokeratin 14 Cytokeratin 18
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HMF3A

20uM

Cytokeratin 19

HB4A

20uM

Figure 3. 2b:-4idegnrnicytakérain if4,acytokevatin 18 and cytokeratin 19staining
Negative control HMF3A cells were negative {&) b-4 integrin,(B) cytokeratin 14, an@C) cytokeratin

18. (D) Positive control HB4A cells were positive for cytokeratin 19
108



3.3 226L 8/13 cells grow at the permissive temperature, 34°C, but

they arrest when incubated at the non -permissive temperature,

38°C
To determine the ability of the 226L 8/13 cells to proliferate &C3d4nd 38C, cells
were seeded and incubated at@4and 38C for 7 days. Cultures grown at the
permissive temperature had to bditspnce whereas cultures at the nparmissive
temperatureceasd to grow and did not need to be split. After 7 days at each
temperatureultures werg@hotographedRepresentative images aieown in Figure 3.3
A. Culturesgrown at the permissive temptree show the normatnorphology of
dividing cells, witha few cells showingsenesceniorphologyin these cultures.They
grew in islands, which is typical of epithelial cells, aatso have the characteristic
cobblestone morphology of epithelial cel26L 8/13 ells incubated at the nen
permissive temperature acquired a phenotype typical of senescent cells; they were

enlarged with a flattened morphology and vacuole rich cytoplasm

To further confirm that the cells undergo growth arrest upon inactivatiothe
U19TSA58 LT antigen, cells were seeadcb00, 1000, 5000, 10000, 20000, and 30000
cells in 6 well plates and grown for 2 weeks at@34nd38°C and then stained with
methylene blueshown inFigure 3.3 B. Blue stained cellsvereclearly visible at eery
concentration on the plate incubated atG4with 20,000 and 30,000 seeded cells a
near confluent layer of cells had formed, the 10,000 seeded cells had grown to
approximately 90% confluence and the 5,000 cells to approximately 50% confluence.
The 1000 cells had grown to about 30% confluence, and the 500 cells to approximately

10 %. Nb blue coloniesverevisible on the plate incubated at°83

Furthergrowth assays were carried out by seed&ti cells per welin 96 well plates,
incubaing themat 34°C and at 38C, and staining 3vells for each temperature every
day from day 1 (24 hours after cells were seededlay 7 Plates were fixed, stained
with crystal violet, and optical density was measured at 590nnaluminometer. At
38°C cells grew aapproximately the same rate as at@4ntil day 3, when they started

slowing downandgrowthceased (Figure 3.3C).
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Figure 3.3: Growth of 226L 8/13 cells at 34°C and 38°C

(A) 226L 8/13 cells incubated at the permissivagperature showed the normal mieopogy of dividing
epithelial cells 226L 8/13 cells incubated at the Rparmissive temperature acquired a phgpe typical

of senescent cell¢B) Cells were seeded cells at 500, 1000, 5000, 10000, 20000, and 300@@ceilt|

and grown for 2 weeks at 34°C and 38°C and then stained with methylene blue; 226L 8/13 cells grew at
the permissive temperature 34°C, but they arrested at thpararissive temperature 38°(C) Crystal

violet growth assays demonstrated that 283613 cells grew at 34°C, but at 38°C growth cea&atbr

bars represent the standard error of the mean.
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3.4 226L 8/13 cells stain for senescence associated [ - galactosidase
when they undergo growth arrest at the non -permissive

temperature

One of the markers widely recognised for cellular senescence is senescence associated
b-galactosidasewhich s upregulated upon senescer(@mri et al., 1995) This assay

is based on the finding that unlike ggenescent, quiescent and immortal cells that only
exhibit lysosomal hydrolade galactosidasecsivity at pH4.0, senescent cells to exhibit
lysosomal hydrolask-galactosidase activity at @0 (Dimri et al., 1995)

226L 8/13 cellswere grown at 34C and 38C for 2 weeks, and following this
incubation period were stained f&A-b-gal. To control for temperature shift, 226L
U19/13 cells, which express a ntrermolabile LT antigen and therefore do not arrest

at 38°C, were also incutest at 38C and stained Cells were then stained using the
Sigma O0Senescence Cells Histockevwringhld! St .
Blue staining, indicative of SA-gal activity, was clearly visible in 226L 8/13 cells

grown at the nompermissve temperaturgFigure3.4, A). In the controR26L 8/13 cells

grown at the34°C and 226L U19/13 cells grown &8°C, SA-b-gal staining was not
detectedFigure 3.4, B andC). Thisindicatesthat226L 8/13 undergosenescence arrest

at the normpermissive émperature
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226L U19/13 at 38°C
G " ) ‘ > {.\.

Figure 3.4: Arrested 226L 8/13 cells stain for SAb- galactosidase
226L 8/13 cells were grown at 34°C and 38°C for 2 weeks, and following this incubation period were

stained for SAb-gal. To control for temperature $hi226L U19/13 cells, which express a non
thermolabile LT antigen and therefore do not arrest at 38°C, were also incubated at 38°C andA}ained.
Blue staining, indicative of SA-gal activity, was clearly visible in 226L 8/13 cells grown at the-non
pemissive temperaturéB) In the control 226L 8/13 cells grown at the 34°C @) 226L U19/13 cells

grown at 38°C, SA-gal staining was not detected. This indicates that 226L 8/13 undergo senescence

arrest at the nepermissive temperature.
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3.5 Complementatio nin 226L 8/13 cells

To i mmortalize breast | uminal epithelial
sufficient but additional activities were required, which could be provided by SV40 LT
antigen. SV40 LT inactivates the Rb and p53 tumour supregsaits of which play a

role in cellular senescence [reviewed {Ben Porath and Weinberg, 20D4)n a
fibroblast system equivalent to the 226L 8/13 cells, the growth arrest appears to be very
much dependent on the p53 pathway, only allspraportion of cells overcomdhe
conditional growth arrest by inactivation thfe pRb pathway(Rovillain et al, 2011)
Genetic complementation ofal226L 8/13 cells by knoefown of genes involved in

these pathways represents a strategy to identify the importance of the pRb and p53
pathways in cellular senescence in this epithelial system. Components of the p53 and
pRb pathways were functionally algeted in the 226L 8/13 cells to test if their
abrogation could lead to cells overcoming the conditional growth arrest at the non

permissive temperature.

3.5.1 Expression of wild -type large T antigen causes 226L 8/13 cells to
overcome the conditional arrest - establishment of the 226L 8/13
complementation assay

226L 8/13 cells arrest at the npermissive temperature because the temperature

sensitive large T antigeis inactivatedat this temperature. Therefore, reconstitution of

large T activity at the nepermssive temperature by introduction of wilgbe large T

antigen into 226L 8/13 cells should lead to cells overcoming the conditional growth

arrest.

10ug of pLPGWTLT which expresses wild type L(Rovillain et al, 2011)and pLPCX
empty vector were packaged using a mp h opackagipgcetls. 226L 8/13 cells

were seeded at 500,000 cells in T75 flasks and infected with 5 ml of viral supernatant in
15 ml full medium and8 pgml polybrene over night. The following day infection
medium wageplacedwith full medium, aad selection was commenced 48 hours post
infection with 2pg/ml puromycin. Cells were kept under selection for 5 days, after

which period no viable cells remained in the ofected control culture, whereas

113



multiple puromycin resistant clones were obseruednfected cultures. After drug
selection cells were reseeded at 80,000 cells in T75 flagksh corresponds to 10,000
cells per well in éwell plates (see Figure 3, and shiftedto the nompermissive
temperature the following day. Whereasconfluem monolayer waobserved in the
pLPGWTLT-infected culture incubated at 38°C for 14 days, no outgrowing colonies
were observed in the pLPCX contiofected culture incubated under the same
conditions The experiment was repeated three times and repregentiasks are
shown (Figure 3.5). This demonstrated thattroduction of wildtype large T antigen

was sufficient to overcome the conditional growth arrest at 38°C. Furthermore, this was

used to define the conditions for the complementagsayseemehods section .2.7).

3.5.2 Abrogation of the p53 pathway

To inactivate the p53 pathway two different reagents, GSE p53 and p53 shRNA, were
used. GSE p53 functions as a domiraagative peptide of p53 and was identified in a
GSE screen. It corresponds to aioegin the oligomerisation domain of p53
(Ossovskaya et al., 1996nd exertsts function as a dominamnegative peptide of p53

by promoting the accumulation of endogenous p53 protein into a functionally inactive
form. There is however a high level of sequence conservatioreiolitpomerisation
domain between p53 and the p53 fiygrmmembers p63 and p78&)iewed byLevrero et

al., 2000) therefore GSE p53 probably intetsavith all three members of the p53

family. For this reason we also used p53 shRNA to abrogate p53 specifically.

3.5.2.1Knock-down of p53 by shRNA complemens the conditional growth
arrest

Louise Mansfield had previously shown that knalckvn of p53 rescues HNBA cells

from the conditional growth arrest. She reconstructed shRNA construct,

pRetroSupep53, which had been shown to effectively knock down gB8rns et al.,

2004) This construct wasested in the 226L 8/13 complementation assay, and

pRetroSupet.aminA/C (also made by Dr Louise Mansfieldpsvused as the negative

control Many colonies were observed in the p53 shRNAfected culture incubated at
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38°C for 14 dayswhereas very fewoutgraving colonies were observed in the lamin
controkinfected culture incubated under the same conditidiie experiment was
repeated three times, and representative flasks are showrgure 3.5 This
demonstratedhat downregulation of p53 by shRNA wasffigient to complement the
growth arrest of these cellstak nonpermissive temperature, but it was not as effective

as reconstitution of SV40 LT antigen activity.

3.5.2.2Abrogation of p53 by p53 GSEcomplements the conditional growth

arrest
After growth compémentation activitypy p53 shRNA was confirmed, the ability of p53
GSEto complement growth under n@ermissive conditions vgatested. pLPCX and
pLXIP-GSEp53 retroviral expression constructs weested in the 226L 8/13
complementation assagpfter 14 dag of incubationat 38C flasks were stained with
methylene blue; multiple colonies were visible in the GSE-ipf&ted cultures, but
very few colonies were observed in lamin contmoiected culturs. This showed that
abrogation of p53 with p53 GSE wasfstii ci ent to compl ement
growth arrest at the nepermissive temperaturelhe complementation assay was

repeated three times, and representative flasks are shé&igune3.5.

3.5.2.3Knock-down of p21 by shRNA complements the conditional growth
arrest

P21 is a downstream target of p%td p21 knockdown by shRNA was sufficient to

bypass the conditional growth arrest in tfilwroblast cell lines analogous to the 226L

8/13 cells, namely BJERT-tsLT (Berns et al., 2004kells and HMF3A cells

(Rovillainet al, 2011)

A pRetroSupep2l constructwhich expresses ashRNA that wasshown to knock
down p21 very effectively by Diouise Mansfieldvas tested in the complementation
assaypRetroSupet.aminA/C was used as a negative control. Following incubation at
the nonpermissive temperature,amy growing colonies wex observed in p21 shRNA

infected cultures, but not in the Lamin A/C shRiWectedcontrol cultures.The assay
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was repeated three times, and representative flaskshaven in Figure3.5. Levels of
rescue achieved by knocking down p21 seemsigghtly highe thanlevels of resce
achieved by knocking down p53, which had also been observed in the HMF3A cells
(Rovillain et al, 2011) This mght be due to more efficient knodown by the p21
shRNA construct.

This demonstrated that knodown of p21 achieved highly efficient abrogation of the
226L 8/13 conditional arrest.
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wt LT antigen p53 shRNA

Figure 3.5 The p53 pathway and complementation

226L 8/13 cellswere infected with retroviral constructs expressing wt LT, p53 shRNA, p53 GSE, p21
shRNA and with the negative control lamin and empty pLPCX, and assayed for growth complementation.
(A) expression of wt LT, silencing of p53 k) shRNA and(C) p53 GSE, ad silencing ofD) p21 were
sufficient to abrogate the conditional growth arrest of 226L 8/13 dédis low background levels were

observed in negative contrdE) lamin and(F) pPLCX
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3.6 Abrogation of the pRb pathway

The viral oncoproteins adenovirtigpe5 E1A 12S and HPV type 167, both of which
are known to bind and secgter the RB family of proteind®yson et al., 1992; Dyson,
1998; Dysonet al, 198%; Whyte et al., 1988)are two reagents commonly used to
inactivate this pathwaylherefore, theeffect of ectopic expression of ELA and E7 on

the conditional arrest of 226L 8/13 cells was tested.

3.6.1 Constitutive Expression of Adenovirus Type 5 E1A complement s the
conditional growth arrest

An EI1A retroviral expression construct, pLACSE1AORI (gift from S. Lowe)
(Rovillain et al, 2011) was testedh the226L 8/13complementation assay to establish
if it is sufficient to abrogate theonditional growth arrestPLPCX was used as a
negative control. Followingncubation at the nepermissive temperature for 2 weeks
multiple growing colonies were observed in Eitdected cultures, but not in control
pLPCX-infected cultures The complemeation assay was repeated three times, and
representative flasks are showm Figure 3.6. The rescue achied lty E1A was
significantly lower tha rescue achieved by p53 shRNA, GSEp53, and p21 shRNA.
Furthermore, a lot of dead cells were observed in th&ureulmedim, which is
consistent with the finding that ovexpression of E1A can induce apoptd®s/mryk

et al., 1994; Rao et al.,, 199F81A infection changed the morphology of 226L 8/13
cells, it amplified the cobblestofiéke appearance (cells became more cuboidal and

grew very tighty packed) and reduced size of the cells.

3.6.2 Constitutive Expression of HPV Type 16 E7 is not sufficient to
complement the conditional growth arrest
E7, like LT and E1A, functionally inactivates Rb family memigysnteraction via the
the LXCXE-binding motf. An E7 retroviral expression construct, pBabepkib (gift
from K. Munger)(Rovillain et al, 2011) was testedn the complementain assayor
its ability to bypass the 226L 8/13 cadbnditional growth arrest at the npermissive
temperaturepBabepurovas used as the negative contiiter 2 weeks of incubation
at the nompermissive temperature, no growing colonies were obsewaedither the
control pBabepro-infected cells,or the pBabepur&? infected cellsThe experiment
was repeated three times, and representative flaslshaven inFigure 3.6. This result
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is in contrast to HMF3A cells, iwhich E7 has been showio overcone the conditional
growth arres{Rovillain et al, 2011)

3.6.3 Constitutiv e ectopic expression of the non -pRb binding E2F mutant
E2FDB complement s the conditional growth arrest
The best known targets pRb are the E2F transcription factofBagchi et al., 1991;
Bandara and Lathangue, 1991; Cdygpan et al., 1991; Chittenden et al., 19Zhang
andcolleaguegZhang et al., 1999dpund thatexpression of E2PB, amutant E2F1
which lacks the @erminal transactivation domain atite pRb binding domain but can
still bind to DNA, could overcomep16™“**, TGFb and contact inhibitioninduced
growth arrestThis suggests that a major roleE##F in cell cycle control is to form an
active repressor complex wigfRb at promoters to inhittranscription required for cell
cycle progression in addition to its roleasdtivating transcription required for cell cycle
progression, as E2BB lacks theransactivation domain and can therefore not exert its
effect via activation of transcriptiofRather, by competing for promoter binding sites
with E2F/pRb repressive complexes, it can inhibit E2F/pRb mediated repression of

transcription.

An E2FDB retroviral expression construct was constructe®byouise Mansfield by
cloning the E2FDB open eading frame (giffrom Pr.Xin Lu) into the pLPCX vector
(Rovillain et al, 2011) pLPCX was used as the negative contfallowing 2 weeks of
incubation at the nepermissive temperature multiple colonies were observed in the
pLPGE2FDB-infected cultures, buvery low background levels were olged in
control pLPCXinfected culturesThe complementation assay was repeated three,times
and representative flasks are shown in FiguéeThis demonstratethat the 226L 8/13

cell conditional growth arrestan be abrogatedy inhibition of the transcriptional
repression activity othe RBE2F repressor complex, which is consistent withultes
observed in the HMF3A cell&Rovillain et al, 2011) Abrogationof the gowth arrest

by E2FDB was less efficienthan by p53 ah p21 inhibition, and also slightly less
efficientthan abrogation of the growth arrest achieved by E1A. Even though colonies in
E2FDB infected cells grew to a slightly larger size, many more colonies were observed

in E1A infected cells.
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pBabepuro
E

Figure 3.6. The pRb pathway and complementation
226L 8/13 cells were infected with retroviral constructs expressing E1A, EZDB2&nd with the
negative control empty vectors pBabepuro and pLPCX, and assayed for growth complemég@ation.
expression of E1A was didient, (B) E7 was insufitient, and/C) E2RDB was sufficient to abrogate the
conditional growth arrest of 226L 8/13 celigery low background levels were observed in negative
controls(D) pLPXC and(E) pBabepuro

120



3.7 Discussion

3.7.1 226L 8/13 cells express the e pEOEAT EAl -taerEdhd &
cadherin

226L 8/13 cells had been developed as a model to study cellular senescence in epithelial

cells. They were derived from luminal epithelial cells. To confirm that 226L 8/13 cells

had not lost their epithelial phenpty due taculturing conditions othe immortalization

process they were stained for two epithelial markera, m e {cayenirbande-cadherin

and it was demonstrated that they expresth markergFigure 3.1) b-cateninwas

observed mainlyn the membranat celtto-cell boundaries, and this correlates with the

fact that it plays a crucial role in cetlell adhesion. It has been shown that normal

epithelia display cell boundary staining for betenin(Hao et al., 1997)In additian

to cell boundary staining, some cytoplasmic staining was also observed. It has been

shown that cytoplasmic localization of b&@tenin is associated with poor outcome in

breast cancer patients, but some cytoplasmic staining is nfromzKnowles et al.,

2010)

E-cadherin staining was observed the cytoplasmic membrane of 226L 8/XI2lls

which is consistent witht being a transmembrane protein, and with the finding that it
strongly expressed in the cytoplasmic membrane of normal ductal epithelial cells in the
mammary glandBukholm et al., 1998; Bukholm et al., 200@omepunctatestaining

was observed with the-&adherin antibody. This was also observed in the negative
control HMF3A fibroblasts. Th@unctatestaining was not observed in tsecondary
antibody alonecontrol (data not shown), furthermore the same secondary antibody was
us e d -catemin steéining where theunctatestaining was not observederefore it

was most likely not an artefact caused by the secondary antiboepunctatestaining

could repesent Ecadherin being internalized. Le and colleagues obsepuedtate
cytoplasmic Ecadherin staining, and they demonstrated that this repressghssirface
E-cadherinbeingactively internalized and then recycled back to the plasma membrane
(Le et al., 1999)They showed thanicells withoutstable celicell contactshe amount

of E-cadherin undergoing endocytosis and recycling was increasednd colleagues
suggest thasurfacetrafficking of E-cadherinthrough an endocyticecycling pathway

may provide a mechanism for regulating the awdity of E-cadherin for junction
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formation in development, tissueemodelling and tumourigenesis Furthermore,
punctatemembrane or cytoplasmic-&adherin staininghas beenobserved in some
tumourcells (Harigopalet al, 2005) Immortalisation and cell cultureonditions could
have led to increased levels of internalisedaBiherin, but to confirm this, theimary
luminal epithelial cellsfrom which 226L 8/13 cells were derived would need to be
stained for Ecadherin.Interestingly, thgunctatestaining pattern was also observed in
the HMF3A fibroblasts Generally, fibroblasts do not expressc&dherin and no
membrane staining for-Eadherin wa observed in HMF3A cells; therefore henctate
staining is unlikely to represent internalisea&lherin. In conclusionjt is most likely
that thepunctatestainingwas an artefact caused by the primary antibody or staining

procedure.

Most cancers ar derived from epithelial cells, anovercoming finite proliferative
potential i.e. senescences required for the development of candéfanahan and
Weinbeg, 2011) Many studies are done in fibroblgsbut cancer is cell type specific,
and the fact that 226L 8/13 cells are epithelial makes them a highly relevant model to

study senescence.

3.7.2 226L 8/13 cells express luminal and basal markers

226L 8/13 cellswere positive for thduminal marker cytokeratin 1@&nd thebasal
markes cytokeratin 14andb-4 integrin, and they were negative for the luminal marker
cytokeratin 19Figure 3.2)

Originally, luminal cells were isolated to generate the 226L 8/13 @eits;ulturing the

cells in vitro and immortalisationcould have caused expression of such markers to
change(Moll et al., 1982) This couldhavecausd cells to express the basalrkes
cytokeratin 14andb-4 integrin and lose expression of the luminal marker cytokeratin
19. Unfortunately earlier cells were not available for analysis of luminal and basal
marker expressiort has been reported that cytokeratin 19 expression can be lost as a
consequence ofrimortalization(Spancake et al., 199%owever others have shown
that this is not necessarily the cd&udjonsson et al., 2002; Wazer et al., 1995is
possible that the lack of cytokeratin 19 expression was due to immortalizatiooetf

from the cytokeratin negative subpopulatmficells since it has been suggested that in

the normalmammarygland, cytokeratin 19 is expressed in only a subpopulation of
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luminal epithelial cells within the terminal ductal lobular unit (TDL{artek et al.,
1985) 226L 8/13 cells were positive for the basal marker cytokeratin 14. Bartek and
colleagues found that when they immortalized breast luminal epithelial cellSwdta

LT antigen about 30% of the colonies expressed cytokeratifBddek et al., 1991)
which h& been shown to be induced in some luminal cells when grown in culture
(Taylor-Papadimitriowet al., 1989)Furthermore, even thgh generally only basal cells
express cytokeratin 14, it has been shdhat somekeratin 14 expression is seen in
luminal cells in the very large duc{®'Hare et al., 1991Taylor-Papadimitriouet al.,
1989)

During the immortalisation process, 226L 8/13 cells were selected afainsitegrin

at every clonal level (up to clone level &ereforeitissr pr i si ng t hat t he
integrin It is possible thatell culture conditionput strong pressure on them to express

b-4 integrin. Also, as negative selection by the antibody was not confirmed at each
selection step, it is possible that tlwetgg was unsuccessful. Nonetheless, since 226L

8/13 cells were initially derived from luminal epithelial cells, immortalisation and/or

culturing the cells seems to have induced expression of this basal marker.

3.7.3 226L 8/13 cells grow at 34 °C, and they enter a senescence arrest at

38°C
It was demonstrated that 226L 8/13 cells grow at 34°C, at which temperature the
temperaturesensitive LT is active, and that they cease to grow at 38°C, where the ts LT
is inactive (Figure 3.3) Cells were stained fosenescencesas o c i -galactodidagea
widely recogiisedmarkerof cellular senescend®imri et al., 1995)226L 8/13 cells
incubated at the nepermissive temperature for two weeks were positive for this
marker, whereas 226L 8/13 cells grown at the permissive temperature were negative
(Figure3.4), supporing that the arrest at 38°@assenescence arrestowever,the use
of SA b-galactosidas@as asenescenckiomarker remains controversial; for example,
positive SA b-galactosidaseactivity may also occur under senescemuoipendent
conditions such as stressful culture conditiimgasa et al., 2003)r confluence(Gary
and Kindell, 2005) Other markers of cellular senescence could be used to confirm that

the growth arrest at the permissive temperature is senescence, such ay/Sa#itet
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al., 2003) senescencassociatedNA-damage foci(SDFs) which can be caused by
dysfunctional telomeres or other sources of DNA danjeggewed by(Campisi and
d'Adda di Fagagn&2007Jand ODNA segments with <c¢chr oma
s e n e s cDNA-S@\BRS) (Rodier et al., 2011)Although DNASCARS are novel
markers of senescence in normal cdligy can onlybe used as senescence markers
combinationwith other markerspecauseDNA-SCARS are associated with, but not
exclusive to, senescent celBarticubrly, p53deficient cellsspontaneously develop
DNA-SCARS, but they proliferate

3.7.4 Complementation zrelative importance of the p53 and pRb pathway

First, it was demonstrated that reconstitution of wt LT actiijyectopic expression of

wt LT was sufficient to overcome the conditional growth arrest of 226L 8/13 Téiks.
indicated that th26L 8/13system could be used to dissect the pathwangkerlying

the cellular senescende epithelial cells by genetic complementation. A 226L 8/13
complementation assay was developed and used to determine the n@lptit@nceof

the p53 and pRb pathways in the loss of growth potential upon inactivation of LT. It
was shown that th226L 8/13conditional growth arrest could be complemented at the
nonpermissive temperature lyhibition of the p53 pathwalpy expressingsSE p53 or
shRNAs against p53 a2 1 (Figure3.5). Growthcomplementation by inhibition of the
p53 pathway was highly efficient, even though slightly less efficient than reconstitution
of LT activity. Furthermore, it was shown that inhibition of the pRb pathway by
expression oE1A andE2FDB could overcome the conditional growth arrest of 226L
8/13 cdls (Figure3.6), but this was far less efficient than inhibition of the p53 pathway.
Expression of E1A and&E2F~DB only caused a proportion of cells to overcome the
growth arrest. Inhibition of the pRb pathway by expression of E7 was insufficient to

overcane the conditional arrest.

It was not surprising that inhibition of the p53 pathway was more efficient than
inhibition of the pRb pathway, as this had also been observed in HMF3A cells, which
are the fibroblast counterpart of the 226L 8/13 c@levillain et al, 2011) However,

the finding that inhibition of the p53 pathway did not abrogate the growth arrest as
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efficiently as expressio of wt LT, which inhibits both the p53 and pRb pathway,

suggests that pRb provides an additional barrier to stop these cells from proliferating.

It was surprising that E7 was not sufficient to abrogate the conditional arrest, which was
in contrast to HMBA cells, in which it has been shown to be sufficient to abrogate the
conditional arres{Rovillain et al, 2011) It is possible thathis was due to cell type
specific differences;E7 might be less efficient in epithelial cells. On the other hand,
expression of E7 in the 226L 8/13 cells was never demonstrated, and it is therefore
possible that it was simply not expressed in these deflswas introduced with the
construct pBabepur&7, which expresses E7 under control of IR (puromycin
resistance is under control of the SV40 promotet)ereas all the other cort r uct s 6
expression cassettegre under control of theMV promoter.The LTR is not as strong

as CMV, andmight not have led to efficient expressiohE7 in the 226L 8/13 cells,
thereby causing the E7 construct not to have an effect in theseBesimuse E7 and
puromycin resistance are under the control of different pramaiepBabepurdc7 it is
possible that puromycin resistance was expressed more efficiently than E7. This would

allow cells to survive drug selection without expressing E7.

3.7.5 What causes the 226L 8/13 cells to arrest at 38°C
Because the 226L 8/13 cells emps hTERT, the senescence arrest at the non
permissive temperature cannot be caused by telomere shortening. It is unclear what

causes the cells to arregion inactivation ofs LT at the nofpermissive temperature.

Rodier (Rodier et al., 2011and colleagues showed the presence of EBOMRS in
senescent cells, which are relatively stable Dinage foci that are distinct from
transient damage foci, and they demtrated that SCARS are important for the
senescence arrest. DNBCARS are associated with, but not exclaste, senescent
cells. Particudrly, p53deficient cells spontaneously develop DI$€ARS, but they
proliferate. Rodier and colleagues showed thalls expressing SV40Lharboured
senescence levels of DN®CARS but continued to proliferate, indicating that defective
cell cycle checkpoints can uncouple DNACARS from the senescence growth arrest.

SCARS initiate senescence B&IA-damage respong®DR) signalling.
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226L 8/13 cells express SV40LT, which inhibits both the pRb and the p53 pathway. It is
therefore possible that the cellsarbour SCARS when grown at the permissive
temperatureand that when SV40 LT is inactivated at the {p@nmissive temperate,
p53and pRb becomactive and induce senescemeised by SCARS226L 8/13 cells
grown at both 34°C and 38°C should be tested for the presence ofSOMMRS. This
leads to the question of why both hTERT and SV40LT were required to immortalize
human beast luminal epithelial cells, whereas other groups have shown that
introduction of hTERT alone is sufficient to immortalize several somatic cell types
(Bodnar et al., 1998; Ouellette et al., 2000; Vaziri and Benchimol, 1998; Yang et al.,
1999) Possibly, forcing these cells to divide vitro could lead to the development of
DNA-SCARS, leading to cells senescing in the presence of a functionahp53Rdo
pathway; this might explain the requirement of inhibition of the pRb and p53 pathway
in addition to introduction of hnTERTIt has been suggested that when cells are cultured
under adequate conditions hTERT is sufficient to immortalize; Herbertalaghgues
found that primary HMECs can be immortalized by introduction of hTERT without
abrogating thepRb/p16™** and p53pathway (Herbert et al., 2002)It would be
interesting taestprimaryluminal epithelial cells whose lifspan has been extended by

the introduction of telomerase for the presence of ENZARS.

The fact that the p53 pavay plays an important role in the induction of senescence
226L 8/13 cells suggests titae arrest might be induced BYOR. The p53 pathway has
been shown to play an important role in DMdAmage induced senescerfd®dda di
Fagagneet al., 2003; DiLeonardo et al., 1994; Herbig et al., 200dhen telomeres
become critically short they trigger senescence via initiation oDibR (d'Adda di
Fagagneet al., 2003; Herbig et al., 2004; Takai et al., 2008)ich induces senescence
via DNA damageinduced p53 signalling pathwdyeviewed by(Deng et al., 2008)
But p16““® has also been shown to be induced in response to DNA damage and
dysfunctional telomeres, and it imelieved to function as an additional barrier to stop
cells with damaged DNA or telomeres fromamteing the cell cyclgBeausejour et al.,
2003; Jacobsand de Lange2004) P168Y“® knockdown alone was not sufficient to
overcome aTRFZ*™.induced telomerinduced senescence arrest, but"§¥8 did
seem to contribute to the proliferation arrest ashitibn of p53 led to a partial escape

from TRFZ®™.induced growth arrest, whereas inhibition of both "J¥8 and p53
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together lead to a near complete restoration of the rate of DNA synthesis and an
increased rescue from growth arrgkicobsand de Lange2004) This also supports the
hypothesis that 226L 8/18enescencarrest is caused by DNA damage, as the pRb
pathway seems to play a minor role in these cells. It should be tested if inhibition of the

pRb pathway in addition to the p53 paty would increase abrogation of the growth
arrest of 226L 8/13 cells.
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4 Results z Establishment and Characterisation of the sub-clone,
EcoR Clone 7

4.1 Introduction of the ecotropic receptor into 226L 8/13 cells

Human cells have previously beemgeneered to express the murine ecotropic receptor
to make them infectable with ecotropic retroviruses [for exar{ipens et al., 2004)

The use of ecotropic uises increases safety, as harallscannot be infected by such
viruses. Furthermore, much higher vitiédérs can be achieved with ecotropic compared
to amphotropici packagingcells. Therefore, the murinecotropic receptor cDNA
sequence (EcoR; gift from J. Downwandhich had beemloned intopWZLBlastUby

Dr. Louise Mansfield waintroduced into the 226L 8/13 cells. i) of pWZLBlast}
EcoR wer e package dpadkagingels and 250m,p600alt Imloapd ¢
2ml of the viral supernatant was used to infect 226L 8/13 celledesd500,000 cells

in T75 flasks over night. 48 hours pastection 5ug/miblasticidinwas added to the
culture medium and after completion of 10 days of drug selection no viable cells
remained in the nomfected control culture, whereas multiple bleislin resistant
clones were observed in all infected 226L 8/13 cultufesobtainuniform cultures
single cell clones were picked; this was of importance as for the planned shRNA screen
cells needed to stably express the ecotropic recdpadrighly infetable with ecotropic
virus, and also show high conditionality for growth at the permissive temperature and
the ability to be rescued from the conditional growth arrest by inhibition of the p53 and
pRb pathways.In the culture infected with 500ul virus gile cell clones were well
separated, whiclenabledisolation of single clones. Drug resistasibneswere ring
cloned and grown in the presence of blasticidin for a further 14 days. Stable expression
of the ecotropic receptor was demonstrated by the preseh puromycin resistant
coloniesfollowing infection of the 226L 8/13 EcoR clones with ecotropic retroviruses

conferring puromycin drug resistance (see below).

4.2 Clone screening to identify a clone suitable for the screen
To identify a clone for the scregseveralclones isolated after transduction with the

ecotropic receptor were screened for complementation witlrspBBIA, p21 shRNA,
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E7, E1A and E2B. 10pg of pRetroSupep53 pRetroSupep2l, pLPCX
12SE1AORI, pBabepur?7, pLPCGE2FDB, and pRetroSupetaminA/C were
packaged using ecotropicpackagingcells, and 226L 8/13 EcoR clones were seeded at
500,000 cells in T75 flasks and infected with 5ml viral supernatant over night. 48 hours
postinfection Zug/ml puromycin was added to the culture medium aiter completion

of 5 days of drug treatment, no viable cells remained in theinfeated culture,
whereas multiple puromyciresistant clones were observed in all infected cultures.
Puromycin was removed from the culture medium and -desigtant clonesvere
reseeded at 500, 1,000, 5,000, 10,000, 20,000 and 30,000 cells/well in 6 well plates and
shifted to 38C. 10,000 cells corresponds to approximately 80,000 cells inflagks

which was used in the complementation assay with parental 226L 8/13Feglises

3.5 and 3.6). Cells werethen grown for 2 weeks before they were stained with
methylene blue. Several 226L 8/13 EcoR clones fulfilled the above stated requirements,
but 226L 8/13 EcoR Clone 7 exceeded all the other clones in fulfilling theseacrite
When infected with the negative contrdRgtroSupetaminA/C background levels of
growth at the noipermissive temperature were very low (Figutd F), whereas
efficient complementation was achieved with p53 shRNA (FiguieB) and p21
shRNA (Figure4.1 A). Complementation was also achieved with EEAg@re 4.1 D)

and with E2FDB (Figure 41 C), but like in the parental 226L 8/13 cells, E7 was not
sufficient to complement the conditional growth arrest (FiguteE). 226L 8/13EcoR

Clone 7mirrored he parental cells andere likely to represergt good candidate for the

large-scale shRNAmir screen.
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Figure 4.1: EcoR Clone 7 complementation assay

EcoR Clone 7 cells were infected with retroviral constructs expressing p53 shRNA, p21 shRNA, E1A,
E7, E2FDB and with the negative control lamin. Following drug selection cells were seeded at 500,
1000, 5000, 10000, 20000, and 30000 cells and tested in the complementatio(Pygs2l) ShRNA(B)

p53 shRNA,(C) E2RDB and (D) E1A were sufficient to bypasthe conditional arres{E) E7 was
insufficient to abgrogate the growth arre$t) Very low background levels were observed in negative
controtinfected cells
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4.3 Characterisation of EcoR Clone7

226L 8/13 EcoR Clone Was a promising candidate for the screbased on the
complementation assay. But to confirm that 226L 8/13 EcoR Clone 7 was suitable, it
needed to be characterized to ensurglisnotypiccharacteristics did not deviate too

far from the parental 226L 8/13 cells.

4.3.1 EcoR Clone 7 cellsexpress the eDEOE AT EAIl -chtehio B EO
cadherin
226L 8/13 EcoR Clone 7 cells were seeded at 10,000 cells on coverslipsmvell 24
plates. When they reached about 60% conflueheg were fixed and stained for the
epit hel i achtenimandkcadhesin Nbidei were stained with Daplike the
parental 226L 8/13 cells, cells stained positive for both markers, confirming their
epithelial phenotype (Figurel.2). EcoR Clone 7 cells were stained with the parental
cells, therefore the same controls are shawegdive control cells, HMF3A mammary
fibroblasts, were negative for both markers (FigBuk C and . Secondary antibody
alone controls did not show any staining (data not shown). As in pag&#@hl8/13
c e | {caenin vilas observed mainly on the membrane ateekll boundaries, which
correlates with the the finding that normal epithelia display cell boundary staining for
betacatenin(Hao et al., 1997)Some cytoplamic staining was also observed. The
transmembrane glycoproteiB-cadherinwas observed in the plasma membrane as
expected.As previously observednithe parental 226L 8/13 cellspme punctate

staining was observed with thedadherin staining

These redis showedthatlike 226L 8/13 cellsEcoR Clone 7 cellbave retained their
normal epithelial phenotype and therefospresenta good model system to study

epithelial cells
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R-catenin E-cadherin

EcoR Clone 7

20uM

Figure 4.2: EcoR Clone 7 cells express the epithelial mare r -sateffin and Ecadherin
EcoR Clone 7 cells wer e s-ta@iinrarddeadherin(A)tEboR Clengirt hel i
cel | s -atepin(B)EsoR Glone 7 cells expressdadherin.
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4.3.2 EcoR Clone7 cells express luminal and basal markers

2260 8/13 EcoR Clone 7 cells were stained for the luminal markers cytokeratin 18 and
cytokeratin 19, and for t h & integris. dikethena r k e
parental 226L 8/13 cells, cells stained positive for both braadters (Figurd.3, A and

B), and the luminal marker cytokeratin 18 (Fig4r8, C), but werenegative for the
luminal marker cytokeratin 19 (Figue3 D). The intermediate filaments were visible

in cytokeratin 14 and 18 staining and both had their typical appeaf@fidare et al.,

1991) a # dnteddin staining also had its typical appearance. EcoR Clone 7 cells
were stained together with parental cells, therefore the same con&qgiseaented:
HMF3A mammary fibroblasts were used as negative controls, and they were negative
for all 4 markers (Figure 3.2b, A, B and JIB4A cells, which have been shown to
express cytokeratin 190O'Hare et al., 199]1)were used as a positive control for
cytokeratin 19 staining; HB4A cellstained positive for cytokeratin 19, confirming that

the staining protocol and timody worked (Figure 3.2b, D)
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Figure 4.3: EcoR Clone7 cells express both luminal and basal markers

EcoR Clone 7 cells were stained for the basal mafkdrintegrin and cytokeratin 14, and for the luminal
markers cytokeratin 18 and cytokeratin 19. They expfd¥d-4 integrin, (B) cytokeratin 14 andC)
cytokeratin 18(D) EcoR Clone 7 cells do not express cytokeratin 19.
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4.3.3 EcoR Clone 7 Cells grow at the permissive temperature, 34°C, but they
ceaseto grow at the non -permissive temperature, 38°C

To determine the ability of the EcoR Clone 7 cells to proliferate 4t &hd 38C, cells

were seeded and incubated at@4nd 38C for 7 daysWhereas gltures gown at the

permissive temperature had to be spiite cultures at the nepermissive temperature

ceased to grow and did not need to be split. After 7 days at each tempeu#tues

were photographed. Representative images are simoligure 44 A. Like the parental

226L 8/13 cells, they grew in islands, which is typical of epithelial cells, and had the

characteristic cobblestone morphology of epithelial cells. EcoR Clone 7 cells incubated

at the normpermissive temperature acquired a phenotype typicagénescent cells; they

were enlarged with a flattened morphology and vacuole rich cytoplasm.

To confirm that EcoR Clone 7 cells grow at’@4but arrest at 3&, cells were seeded

at 500, 1000, 5000, 10000, 20000, and 30000 cells in 6 well plates and fmo&
weeks at the permissive and at the -penmissive temperature. Representative images
are shown in Figure 4 B. Growing colonies werelearly visible on the plate incubated
at 34C, butapart from very little staining at the highest cell density,@80 cells)no
blue colonieswere visible on the plate incubated at°88 This confirned that ECoR
Clone 7 cells grow at the permissive temperature but arrest at thpenuoissive

temperature

Furthermore, direct growth assays were performed to confianEcoR Clone 7 cells

grow at 34C but arrest at 3&. 500 cells per well were plated in 96 well plates, and
cells were incubated at 32 and at 38C. 3 wells for each temperature were stained
every day from day 1 (24 hours after cells were seeded)daytil7. Plates were fixed

and stained with crystal violet, and optical density was measured at 590 nm in a
luminometer. At 38C cells grew at approximately the same rate as at s4htil day 3,

when they started slowing dovamd growth ceased (Figure44C). This confirms that

226L 8/13 EcoR Clone 7 cells grow at the permissive temperature, but they cease to

grow at the nofpermissive temperature.
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Figure 4.4: Growth of EcoR Clone 7 cells at 34°C and 38°C

(A) EcoR Clone 7 cellsncubated at the permissive temperature showed the normal morphology of
dividing epithelial cells. EcoR Clone 7 cells incubated at the-pemissive temperature acquired a
phendype typical of senescent cel(®8) Cells were seeded cells at 500, 1000,(6AMO00, 20000, and
30000 cells per well and grown for 2 weeks at 34°C and 38°C and then stained with methylene blue;
EcoR Clone 7 cells grew at the permissive temperature 34°C, but they arrested at-pleemissive
temperature 38°QC) Crystal violetgrowth assays demonstrated that EcoR Clone 7 cells grew at 34°C,
but at 38°C cells ceased to grdarror bars represent the standard error of the mean.
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4.3.4 EcoR Clone 7 cells stain for senescence associated beta galactosidase

when the y undergo growth arrest at the non-permissive temperature
To assess whether EcoR Cloneells senesce at the nparmissive temperature, they
were tested for expression for $AgalactosidaseEcoR Clone 7 cells were grown at
34°C and 38C for 2 weeks, and following this incubatiperiod were stained f@A-
b-gal. To control for effects of the temperature shift, 226L U19/13 cells, which express
a nonthermolabile LT antigen and therefore do not arrest at 38°C, were also incubated
at 38C and stained.Cells were stained using the iSg ma 60Senescenc
Hi st ochemi cal St ai ni°@ gverkight. Blueatairng,iindicatived a t e
of SA-b-galactosidase activity, was visible in EcoR Claheells grown at the nen
permissive temperature (Figudes A). Apart from a few cellsgontrols, EcoR Clone 7
cells grown at the permissive temperature and 226L U19/13 cells grown at the non
permissive temperature, did not stain for-8falactosidase (Figu#e5 B andC). This
indicatesthat EcoR Clone 7 cells undergeenescence arrest the nonpermissive

temperature
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Figure 4.5: Arrested EcoR Clone 7 cells stain for SA- galactosidase

EcoR Clone 7 cells were grown at 34°C and 38°C for 2 weeks, and following this incubation period were
stained for SAb-gal. To catrol for temperature shift, 226L U19/13 cells, which express a non
thermolabile LT antigen and therefore do not arrest at 38°C, were also incubated at 38°C andA}ained.
Blue staining, indicative of SA-gal activity, was clearly visible in EcoR Cloiecells grown at the nen
permissive temperatur€B) In the control EcoR Clone 7 cells grown at the 34°C @jd226L U19/13

cells grown at 38°C, SA-gal staining was not detected. This indicates that EcoR Clone 7 undergo

senescence arrest at the pa@rnissive temperature.
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4.4 Discussion

Once it had been shown that 226L 8/13 cells could be used as a model to study cellular
senescencehé murine ecotropic receptor was introduced into the cells. This enabled
infection of the human cells with murine ecotropiuges, and it had two advantages;
firstly, it greatly increased safety, as ecotropic viruses, unlike amphotropic viruses,
cannot infect human cells. Secondly, the infection efficiency ofr@gie viruses is
greater than that of amphotropic virus286L 8/13 cells were infected with constructs
carrying the ecabpic receptor, and single cellones were picked. This was done as for

the shRNA screen, a stringent model was requidesliitable clone for the largecale
shRNA screen would nedd be highly nfectable with ecotropic viruses, ahd highly
conditional, i.e. grow at the permissive temperature but arrest at thpenwissive
temperature, to ensure low background levels in the screen. Furthermore, such a clone
would need toreadily overcome the omditional arrest by abrogation of the p53
pathway, and also bgxpression oE1A and E2FDB.

EcoR Clone 7 showed the above characteristics, and was therefore a good candidate for
the screen. Once EcoR Clone 7 had been selected on the basis of the eotapi@m

assay (Figure 4.1), othezharacteristics such as expression of epithelial, luminal
epithelial and myoepithelial mar k eqga , gr
at the norpermissive temperature were tested. It was important that the Clone selected

for the screen refléed the characteristics of t&artingcell population.

226L 8/ 13 had been shown tcatenie and EEadkesn, t h e
and it was demonstrated that EcoR Clone 7 cells also expresseantnkses (Figure

4.2). Like in 226L 8/13 ced , i n EcoR -&Gtermnmwas obBserced mding/ orb
the membrane at cdib-cell boundaries. adherin staining was observed in the
cytoplasmic membrane of EcoR Clone 7 cells, like in 226L 8/13 cells. Furthermore, as
in the 226L 8/13 cells, somepurctate staining was observed with the-dadherin
staining in EcoR Clone 7 cells.

Like the 226L 8/13 cells, EcoR Clone 7 cells were positive forldih@nal marker
cytokeratin 18and thebasal markes cytokeratin 14 and-4 integrin, and they were

negativefor the luminal marker cytokeratin 19 (Figure 4.8).EcoR Clone 7 cells, as
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observed in 226L 8/13 cells, the intermediate filaments were visiblgtakeratin 14
and 18 stainingnd both had their typical appearance a-# ihteghin staining @b had

its typical appearance.

It was demonstrated théike 226L 8/13 cells EcoR Clone 7 cellgrow at 34°C, at
which temperature the temperatsensitive LT is active, and that they cease to grow at
38°C, where the ts LT imactive (Figure4.4). EcoR Clone 7cells were stained for
senescenc e-gaastasidagearal ke 226LB/13 cells EcoR Clone 7 cells
incubated at the nepermissive temperature for two weeks were positive for this
marker, whereakcoR Clone Zells grown at the permissive temperature were negative
(Figure 4.5). This is consistentwvith the growth arrest that EcoR Clone 7 cells enter at

38°C being senescence arrest.

The advantags of using a single cell clorier the screen were that this clone could be
selected for stable expression of the ecotropic tecegnd therefore infectivity with
ecotropic viruses, as well as stringent conditionality, i.e. growth at 34°C and arrest at
38°C, and abrogation of growth arrest by inhibition of the p53 pathway and expression
of E1A and E2FDB; EcoR Clone 7 did fulfil tase characteristics. The disadvantage of
using a clone was that it might not truly be representative of the mixed popuBagion.
single cell cloning, a clone which does not reflect characteristics a$téneng cell
population such as expression of déptial makers, could have been selecteld.was
important to show that EcoR Clone 7 cells reéeidhe mixedcell population to select a
clone for the screen that was representative of epithelial cells. But the characterisation
of EcoR Clone 7 could havbeen done in more detail, as possible genetic mutairons
epigenetic changesuch as chromosome duplicatiadoss of certain gengwere not
investigated. Such mutations could have an effect in the complementation fassay,
instance they couldau EcoR Clone 7 cells to overcome the growth arbgsknock

down of genes which would have no effect in thi@ed population. Genetic alterations

are not unlikely to occur, as SV40 LT antigen can causeerical or structural
chromosome aberrationdriving karyotypic instability(Ray et al., 1990)The EcoR
Clone 7 cells could be karyotygally and genetically characterised to rule out such

genetic alterations.
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Mi ke O6Hare and Parmjit Jat al so produce
nonBubl-binding ts LT antigen was used in combination with hTERT to immortalise
luminal epittelial cells, and these cells are karyotypically stable. Initially, these cells
were meant to be used for the screen, but unfortunately they did not arrest at-the non

permissive temperature.
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5 Results z pPSM2c primary and secondary shRNAmir screen

Short hairpin RNA mediated screens in mammalian cells are powerful tools for
discoveringthe basis ofossof-function phenotypeand have been used in various cell
types to discover genes involved in various cellular processes such as embryonic stem
cell identity (Ding et al., 2009)and aggregate formation in mutant Huntington in
Drosophila (Zhang et al., 2010)The conditionally immortalised EcoR Clone 7 cglls
described in therevious chapterprovide a suitable system for analysis by shRNA
screening to identify genes involved in senesceBeeaise: (1) the EcoR Clone tells
exhibited a very stringent conditional growth phenotype vatily low levels of
background growth at the ngrermissivetemperature (see Figudel F and 44 B); (2)

since inactivation of the p53 and the pRb pathways bypasses senescence inlthese cel
these celldrave the potential of identifyingrigets in both of theggathwayqsee Figure

41 A, B, C and D. (3) it would be performed in a clically highly relevant cell type,
breast epithelial cells

5.1 Primary screen

5.1.1 The pSM2clibrary

The screenwas performed using version @ f the Cold Spring Ha
pShagMagic2c (pSM2c) library (Open Biosystems; gift from A. Ashworth). We
received the library in 100 poots DNA, with approximately 200 constructs per pool.

The libraryconsists ofL5,148 constructs to target 9,3§2nes in totaleach represented

by 1, 2 or 3 BRNAmIr constructs (each covering a unique region of the target gene).
Only 9,392 genesut of the tothknumber of unique human genestimated to b&2,500
(International HumarGenome Sequencing Consortium, 20843 represented in this
library. However, thidibrary is still a good tool to indentify newargets involved in
senescence d@isese 9392 genes were enriched for cancer associated genes which makes
them very relevant tetudying cell cycle disruptiolhe library is based on thESM2c

vector (Figure 5.2), which carries the shRNA sequences under control ofUBe
promoter (RNA polymerase Ill promotegndconveys puromycin resistance under the
control of thephosphoglyceate kinase eukaryotic promotéfhe shRNAs have been
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designed to mimic a natural microRNA primary transcaptl are based on 30 by
replacing the mature microRNA sequence in-8tirwith gene specifiduplexegFigure
5.3). This is meant to increase dck-down efficiency, as adding the m¥80 loop and
context sequences leads to endogenous processing by Drosha which increases
subsequent Dicer recognition and specificity, which in foromotes loadingf the
processed siRNA rdo the RISC complexAdding a Drosha processing site to the
hairpin construct has been shown to greatly increase knockdown effi¢@odgn ¢

al., 2004) The hairpin stem consists of 22 nt of dsSRNA andi9ant loop fromthe
human miR30. By addinthe miR30 loop and 125 nt of miR30 flanking seq@enn
either side of the hairpirprosha and Dicer processing of the expressed hairpins
increagd greater than 1bld compared to conventional shRNA desigvithout these
featureq(Silva et al., 2005)Before the siRNA is loaded onto RISC, the two strands of
the duplex are separated resulting in departure of the passengellstasthner et al.,
2006; Matranga et al., 2005; Rand et al., 20@s)ection of the RNA strand to be
incorporated is govead by the thermodynamic profile of the siRNA duplex termini.
The siRNA stand whend s m&edweakly bound to the complementary strand
more readily incorporates into RIS@hvorova et al., 2003b; Schwarz et al., 2003;
Tomari et al., 2004)The hairpins in this library are designed to destabilize eendbod

the antisense strand for strand specific incorporation into RISC
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Figure 5.2: pSM2 vector design

The pSM2 vector carries the shRNA sequences under control of the U6 promoter (RNA polymerase I
promoter), and conveysuromycin resistance under the control of the phosphoglycerate kinase eukaryotic
promoter ("pSM2  Retroviral BRNAmir* - Thermo  Scientific  Open  Biosystems:

http://www.openbiosystems.com/RNAi/shRNAmirLibraries/pSM2Retroviral/).
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Endogenous mir-30 primary transcript

mir-30 context Drosha  1ir.30 sequence  mir-30 loop
cleavage site

Antisense sequence of shENA

Figure 5.3: miR-30 adapted shRNAmirtranscript design

The shRNAs have been designed to mimic a natural microRNA primary transcript and are based on mir
30 by replacing the mature microRNA sequence in30irwith gene specific duplexgsshRNAmir
design" - Thermo Scientific Open Biosystems:
http://www.openbiosystems.com/RNAi/shRNAmirLibraries/pSM2Retroviral/shRNAmirDesign/).
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5.1.2 Sensitivity

It was important to minimise the background levels tsfefpositive hits without losing

true positive hitsThe optimal conditions for performing an RNAI screen in the EcoR
Clone 7 system hadbeen determined by the development of the EcoR Clone 7
complementation assay (see Figure 4.1), wah optimal seedingdensity of
approximately 1,050 cells per éni80,000/T75 or 10,000/well in-@&ell plates)for

growth at the noipermissive temperature, 38. But for the screen the protocol was
modified slightly; first, it was established that puromycin selection couthdy be

added 24 hours posifection. Second, cells were infected at an MOI of 0.1 to achieve
single insertsThis was to enable identification of inserts that led to cells overcoming
the conditional arrest directly by PCR amplificateamd sequencing dhe insertThird,

ideally cells should not be reseeded before being shifted to thepemomssive
temperature. In the complementation assay it had been established that the ideal number
of cells to be reseeded was 10,00€r well in 6well plates, but tat reseeding
approximately 5,000 to 20,000 cells was within the limits ofaksay (Figure 4.1).

This corresponds to approximately 40,000 to 156,000 cells in T75 flasks, or 80,000 to
312,000 cells in T150 flasks. Therefore EcoR Clone 7 cells were saef@d, 000 cells

in T75 flasks or at 1,000,000 cells in T150 flasks, and infected at an MOI of 0.1, leaving
approximately 50,000 or 100,000 puromycasistant cells respectively. It was found

that following this strategy cells did not need to be resebdtmte they were shifted to

the nonpermissive temperature as clones were small andseplrated following
drugselection. Not reseeding cells is advantageous as by reseeding cells from one
growing colony might produce several growing colonies once desedf cells are not
reseeded and an insert is identified multiple times this suggest that this insert is a true
positive, whereas if cells are reseeded clones carrying the same insert might all stem

from the same infected cell.

The library consisted ofGD pools, each containing approximately 200 constructs, and
before the screen was carried out, it was investigated if the complementation assay was
sensitive enough to detect constructs which were able to abrogate the growth arrest in

the pools when followng the protocol designed for the screen. To test for sensitivity, a
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1 in 200 mix of pRetroSupep2l positive controlDNA in pRetroSupet.aminA/C
negative controDNA waspackaged andsed to infect 1,000,000 EcoR Clone 7 cells at

an MOI of 0.1. Followingincubation at the nepermissive temperature for 2 weeks,
multiple colonies were observed (data not shown), demonstratiag the
complementation assay was sensitive enough to detect constructs which were able to

abrogate the growth arrest.

5.1.3 Infection o f EcoR Clone 7 cells and growth conditions

EcoR Clone 7 cells were frozen in bulk at passagé3LZor each pool, cells were
infectedat passage 14; this was done to reduce the chance of background caused by
mutations that cells could acquulae toextersive pasggeingand also to ensure that all
pools were screened under the same conditidigsexplained inChapter 2.8919
infectious events per pool werequired toachieve @9% confidence interval to cover
eachconstruct in the pooFor pools 120 E®R Clone 7 cells were seeded in duplicate

at 500,000 cells in T75 flaskbe day before transduction, and infected over nighh at a
MOI of approximately 0.1 in the presence ofu§/ml polybrene and 18l complete
medium. For pools 2100 ells were seededt 1,000,000cells in T150 flasks and were
infected over nightat an MOI of approximately 0.1 in the presence 8fug/ml
polybrene and 25 ml of complete medium. This equakpproximately 10@00
infectious events for each poBbllowing puromycinselectio, most pools were shifted

to 38°C without being reseeded. Pool$311 and 20 were reseedati180000 cells

per T1750r approximately 80,000 cells in T75 flasks puromycinresistant clones
were not well separated following drug selectanmd very canfluent cultures of cells
could have produced higher levels of backgroymetroSupet.aminA/C transduced

cells were used as the negative control, and pRetro®2ddaransduced cells were used

as the positive controlThe pSM2cp53 shRNAconstruct V2HS 3615 which is
presentn pool 82 of the library, was not available, and therefore could not be used as
the positive control. Cells were fed twice per week, and after two to three weeks of
incubation at the nepermissive temperature clones that overcahee conditional
arrest could be detecte@ihese were ringloned andexpanded for DNA extraction.
PCR reactions were set up to amplify the insert, which was then sequenced. Identified
hairpins were tested in a secondaoreen. Figure 5.1 illustrates thiasegy of the

screen
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Infect target cells at MOI of ~ 0.1, select with
puromycin for 5 days, and shift to the non-
permissive temperature 38°C; incubate until
clones can be picked (2-4 weeks )
PCR reac-

Sequence g “mmmﬁ tion to am-
the hairpin pllfy tr_me
hairpin

Figure 5.1: shRNA screening strategy

Illustration of the sceening protocol. EcoR Clone 7 passage 14 cells were infected at an MOI of 0.1.
Following infection, selection with 2ug/ml puromycin was applied for 5 days, aftéchacells were
shifted to the noipermissive temperature, 38°C. Cultures were grown at thgp@missive temperature

until growing colonies could be rirgjoned, which were then expanded for DNA extraction. PCR
reactions were set up to amplify thesért which was then sequenced (figure adapted from Open
Biosystems "ShRNAmir design” - Thermo Scientific Open Biosystems:

http://www.openbiosystems.com/RNAi/shRNAmirLibraries/pSM2Retroviral/shRNAmirDesign/).
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5.1.4 Retroviral production and titrations

10 pg of DNA of each pool were packaged udingcotropic retrovirapackagingcells.

11 ml of supernatant were harvested 48 hours and 72 hourggusdection. Of edc
harvest, one Inl and one 10ml aliquot were frozerand stored at70°C. The 1ml
aliquots were used to determine titer of the supernatanthe 48h and 72harvests
were mixed To determine théter, EcoR Clone 7 cells were seeded 3069 cells/wé

in 6 well plates and infected over night with 1 pl, 10 pl, 20 pl, 50 pl, 100 ul, and 500 pl
of the virus in the presence 8f ugml polybrene and 2ml of complete mediug#
hours postransduction, 2ug/ml puromycin was added to the culture mediumwiolp

5 days of selection, cells were grown b2 weeks withouppuromycin stained with
methylene blue, and clones of growing cells were counted to determitietlod each
pool. Table 5.1 showthe titer of each pool and the amount of virus requirednfect
1,000,000 cells at an MOI of 0.1, i.e. the amount of virus required for 100,000

infectious events.
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Virus (ml) required Virus (ml) required

to achieve 100,000 to achieve 100,000

Pool Titre (TU/ml) infectious events Pool Titre (TU/ml) infectious events
1 5333 19 51 5667 18
2 7000 14 52 6000 17
3 6333 16 53 8000 13
4 5333 19 54 7000 14
5 9000 11 55 6000 17
6 8333 12 56 6667 15
7 5333 19 57 9333 1
8 5667 18 58 5000 20
9 7000 14 59 3000 33
10 5333 19 60 6333 16
11 6000 17 61 5667 18
12 7333 14 62 7000 14
13 10667 9 63 6333 16
14 6333 16 64 7333 14
15 5333 19 65 5333 19
16 8333 12 66 7333 14
17 5667 18 67 6000 17
18 8667 12 68 7333 14
19 8000 13 69 8000 13
20 3667 27 70 7000 14
21 4000 25 71 11667 9
22 8000 13 72 7333 14
23 6667 15 73 5000 20
24 7000 14 74 6333 16
25 7000 14 75 8000 13
26 8000 13 76 4333 23
27 5333 19 77 8333 12
28 7333 14 78 3000 33
29 6667 15 79 8000 13
30 6000 17 80 8333 12
31 6333 16 81 8000 13
32 5333 19 82 5333 19
33 7000 14 83 8333 12
34 7000 14 84 5000 20
35 5667 18 85 7333 14
36 8667 12 86 6333 16
37 10667 9 87 6667 15
38 6333 16 88 6000 17
39 7333 14 89 10667 9
40 10333 10 20 7333 14
4 7667 13 91 6333 16
42 4333 23 92 7000 14
43 7000 14 93 7000 14
44 7667 13 94 7000 14
45 12000 8 95 8000 13
46 5333 19 96 13333 8
47 4333 23 97 5667 18
48 8667 12 98 8333 12
49 9333 11 99 7333 14
50 6667 15 100 6333 16

Table 5.1 pSM2c pooltiter s
Thetiter and the amount of virus required to infeddQ,000 cells at an MOI of 0.1.€. the amount of

virus required for 100,000 infectious eventgas determineébr each poal
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5.1.5 Identification and isolation of ShRNA inserts in clones of growing cells

which overcame the conditional arrest
Clones which were growing at the rparmissive temperature were growrstdficient
size and then ringloned and seeded in 24 well plates; if several clones were detected in
one flask all of them were picked. At the Rpermissive temperature, clones were
grown to confluence in 24 well plates, and then split into 6 well platese they were
grown to confluence before cells were harvested and genomic DNA extradtéte
clones picked, some arrested either at the 24 well-ptatthe 6 well platestage, and
therefore DNA was not extracted from sugbnes. A total of 1Q clones were picked
from the screen, and 1®f these continued to grow. Table2shows the number of

clones picked per pool, and the number of clones that continggadvto

200ng genomic DNA was &sl in50 M PCR reactioathat containedhe pSM2 specific
primerspSM2longForwarfGCAGCACATATACTAGTCGACTAGGGATAACAGG)

and pSM2longReverd€GAAGTGATCTTCCGTCACAGGTTTTATTC) 5ni of each

PCR reaction was then resolved alongsiadé Bkb+ DNA ladder on a 1.4% agarose gel

to check for the generation of tA88bp PCR products. For some of the DNA samples
PCR reactions failed; each of these reactions was set up agaihthmy failed again

they were notrepeatedThis could have been due to loss of the insert, or a mutation
which led to primers not bindingr lossof the sites corresponding to the primdtss

aso possible that for these DNA samplee PCR amplification was not very efficient,

and in that case nested PCR could have been used to amplify the inserts; but due to the
high number of shRNAs identifiein the screen such inserts were not pursued. PCR
products were purified using the mie@LEAN system, and sequencimgscarried out

by the genetics group within the MRC Prion ufiihe pSM2shortForward primer was
used for the sequencing reactidimreeof the sequencing reactions were unsuccessful.
To identify inserts from totadequenced are¢he hairpin framing sequenciag¢ miR-30
context and miR30 loop; common to all the construc(Bjgure 53)] waslocated. The
sequence framed byis, the maturesiRNA sequencewas then looked for in the
pSM2c data base, which contains all hairpin sequences and available information such

as which genethe harpinswere designed to target. When the screen was first started,
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SsiRNA sequences were BLASTED againg MCBI human genome daiidentify the
target genes.

From the 101 clones from which DNA was extracted, 87 yielded 438 bp inserts, and 84
of these were successfully sequenced (Table 5.2). These led to the identification of 63
individual shRNA constructsTable 5.3 lists candidate genes and the shRNA<stdelte

in the screen.
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Pool

Number of clones
picked per

Number of clones
that continued to grow

Number of shRNA inserts
identified

500bp PCR
products
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Number of clones Number of clones Number of shRNA inserts 500bp PCR
Pool picked per that continued to grow identified products

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
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94
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100
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5 (one shRNA twice)
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Total 110 101 84 (63 individual shRNAs)

Table 5.2: pSM2c primary screen summary
A total of 110 clones were picked from the screen, and 101 of these continued targtrd®NA was
extracted.87 yielded 438 bp irests, and 84 of these were successfully sequernideskse led to the

identification of 63 individual shRNA constructs.
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Pool Reseeded shRNA identified
3 yes TOAK1: V2HS_59892
GLS2: V2HS_71051 (7x)
NDC80: V2HS_65600
LOC219958: V2HS_66916
CLECS5A: V2HS_71374 (5x)
LOC344307: V2HS_55251
PROO0397: V2HS_58944
4 no FLJ3600: V2HS_57466
5 yes CCCTCAGCGTCTCCAATTACAT (7x)
1 yes OXGR1: V2HS_58850 (2x)
12 no LOC348891: V2HS_65035
15 no LOC344635: V2HS_55092
20 yes DSC2: V2HS_62007 (3x)
36 no LOC351318: V2HS_51318
38 no LOC219321: V2HS_53095
44 no SLC12A6: V2HS_49730
56 no Rab23: V2HS_115231 (2x)
LOC284651: V2HS_122068
TKTL2: V2HS_117914
GOT1: V2HS_114214
57 no FMR1: V2HS_113928
LOC350158: V2HS_125697
ZBP1: V2HS_116790
58 no LOC346878: V2HS_125075
59 no LOC284034: V2HS_121535
62 no LOC341206: V2HS_122567
65 no CASC2: V2HS_118633
67 no LOC221710: V2HS_102282
73 no LOC351169: V2HS_110617
74 no LOC350575: V2HS_109881
80 no LOC349906: V2HS_108927
81 no CNOT6: V2HS_96585 (2x)
CSRP2BP: V2HS_100126
LOC346665: V2HS_107698
CD53: V2HS_93671
82 no LOC645231: V2HS_110270
LOC346696: V2HS_107848
LOC350585: V2HS_109826
LOC729686: V2HS_101013 (not available as pGIPZ, instead V2LHS_64780)
83 no LOC339526: V2HS_104148
LOC151647: V2HS_101815
84 no LOC349975: V2HS_109096
MGC5566: V2HS_98782 (not available as pGIPZ, instead V2LHS_98781, V2LHS_98784)
85 no LOC149301: V2HS_101511
86 no COQ6: V2HS_134428
87 no KCNMA1: V2HS_133674
90 no FLJ21075: V2HS_136662
LOC222119: V2HS_141264
91 no RPL26: V2HS_ 131626
KPNA3: V2HS_133768
CHCHDS8: V2HS_135019
coronin 7: V2HS_136224
V2HS_136793 (could not determine what it targets; not available as pGIPZ; not tested in secondary screen)
93 no LOC340536: V2HS_143839
94 no GRM6: V2HS_130905
95 no IL12RB2: V2HS_132321
96 no IRF-1: V2HS_133394
GRB2: V2HS_137365
97 no LOC352177: V2HS_148642
LOC352208 : V2HS_148744
98 no KPNA1: V2HS_133758
99 no ZNF454: V2HS 141497

LOC346321: V2HS_145373

Table 5.3 pSM2c primary screen: shRNAs identified

This tablelists candidate genes and the shRNAs detected in the screen.
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5.2 Secondary screen

A total of 63 individual shRNAshad been identified in the primary screen, and these
candidates werall tested in a secondary scre&or validation in a secondary screen,
hairpins that were successfully identified were thbtainedirom theOpen Bosystems
lentiviral pGIPZ library rather than the pSM2c library, @€L had joined the Open
Biosystems shRNAmir consortium amde thereforehad free access to the pGIPZ
library. Generally, the shRNAs in the pGIPZ library are the same as in the pSM2c
library, only in a different vector backbone. If ShRNAs were replaced by others in the
pGIPZ library, this is due to the newer shRNAs silencing bdtienost cases the same
hairpin as detected in the screen wasained fromthe pGIPZ library, and where ¢h

same constructvas notavailableall other availabléhairpinsfor the target genavere

tested in a secondary screeit the start of the screen, isolated sequences were
BLASTED against the NCBI human genome thatseto identify the target genes. In
these cass all available hairpins targeting the identified genes were tested in a
secondary screen, not only the one isolated in the primary screen. Furthermore,
sometimes BLASTING the sequences led to identification of several potential target
genes, in which casall available shRNAs against all of these were testédr a
sequence identified in pool 5 an exact match could not be found, therefore several
hairpins targeting three genes similar to the sequence identified were tested in a
secondary screeAs for the primary screen, EcoR Clone 7 céitszenat passage 12/13
were used for the validation scre@iime complementation assay was used as described
in section 3.5.1with three modifications Puromycin selection was started 24 hours
instead of 8 hours posinfectionat 6pg/ml instead of 2ug/mAlso, cells were infected

at ahigh MOl for the secondary scre€d ml of virus per 80,000 cellsas a higher MOI

was shown to produce better knesdwn and rescue with the positive control shRNAs
targeting p21, anbetter rescue with positive control shRNAs targepb§ (Figure &

and 67). pGIPZ nonsilencing control (scrambled) was used as a negative control.

In total, 95 shRNAs were tested in the secondary screen, targeting 67 candidate genes.
Out of these, 5€d to EcoR Clone 7 cells overcoming the conditional arrest in the
secondaryscreen. Table 5.4 summarizeendidategenes, the specific ShRNAs isolated

in the screen, and shRNAs tested for ezaididategene.
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Pool Gene name shRNAs identified in the primary screen shRNAs tested in the secondary screen
3 TOAK1 V2HS_59892 V2LHS_59892, V2LHS_202490, V2LHS_202996, V2LHS_261946, V2LHS_201624
GLS2 V2HS_71051 identified in 7 clones V2LHS_71051, V2LHS_71048, V2LHS_71049, V2LHS_71050
NDC80 V2HS_65600 V2LHS_65600, V2LHS_65601, V2LHS_263291, V2LHS_247761
LOC219958 V2HS_66916 V2LHS_66916
MEGF10 (V2HS_66916) V2LHS_138972, V2LHS_138974, V2LHS_138969
CLEC5A V2HS_71374 identified in 5 clones V2LHS_71374, V2LHS_71376, V2LHS_71372, V2LHS_71373
LOC344307 V2HS_55251 V2LHS_55251
PRO0397 V2HS_58944 V2LHS_58944
4 FLJ3600 V2HS_57466 V2LHS_57466
LOC100131001 (V2HS_57466) V2LHS_57466, V2LHS_57463
NFASC (V2HS_57466) V2LHS_205442
5 CACNA1H CCCTCAGCGTCTCCAATTACAT identified in 7 clones V2LHS_72193, V2LHS_72189
CACNA1G CCCTCAGCGTCTCCAATTACAT V2LHS_20824, V2LHS_20823, V2LHS_20822, V2LHS_20825, V2LHS_20821
KIAA0240 CCCTCAGCGTCTCCAATTACAT V2LHS_233585
1" OXGR1 V2HS_58850 identified in 2 clones V2LHS_58850, V2LHS_58922, V2LHS_58923
12 LOC348891 V2HS_65035 V2LHS_65035
15 LOC344635 V2HS_55092 V2LHS_55092
20 DSC2 V2HS_62007 identified in 3 clones V2LHS_62007, V2LHS_62042, V2LHS_62044, V2LHS_62043 and V2LHS_62040
36 LOC351318 V2HS_51318 V2LHS_51318
38 LOC219321 V2HS_53095 V2LHS_53095
44 SLC12A6 V2HS_49730 V2LHS_49730
56 Rab23 V2HS_115231 identified in 2 clones V2LHS_115231
LOC284651 V2HS_122068 V2LHS_122068
TKTL2 V2HS_117914 V2LHS_117914
GOT1 V2HS_114214 V2LHS_114214
57 FMR1 V2HS_113928 V2LHS_113928
LOC350158 V2HS_125697 V2LHS_125697
ZBP1 V2HS_116790 V2LHS_116790
58 LOC346878 V2HS_125075 V2LHS_125075
59 LOC284034 V2HS_121535 V2LHS_121535
62 LOC341206 V2HS_122567 V2LHS_122567
65 CASC2 V2HS_118633 V2LHS_118633
67 LOC221710 V2HS_102282 V2LHS_102282
73 LOC351169 V2HS_110617 V2LHS_110617
74 LOC350575 V2HS_109881 V2LHS_109881
80 LOC349906 V2HS_108927 V2LHS_108927
81 CNOT6 V2HS_96585 identified in 2 clones V2LHS_96585
CSRP2BP V2HS_100126 V2LHS_100126
LOC346665 V2HS_107698 V2LHS_107698
CD53 V2HS_93671 V2LHS_93671
82 LOC645231 V2HS_110270 V2LHS_110270
LOC346696 V2HS_107848 V2LHS_107848
LOC350585 V2HS_109826 V2LHS_109826
LOC729686 V2HS_101013 V2LHS_64780 (V2LHS_101013 not availabe in pGIPZ)
83 LOC339526 V2HS_104148 V2LHS_104148
LOC151647 V2HS_101815 V2LHS_101815
84 LOC349975 V2HS_109096 V2LHS_109096
MGC5566 V2HS_98782 V2LHS_98781, V2LHS_98784 (V2LHS_98782 not availabe in pGIPZ)
85 LOC149301 V2HS_101511 V2LHS_101511
86 COQ6 V2HS_134428 V2LHS_134428
87 KCNMA1 V2HS_133674 V2LHS_133674
90 FLJ21075 V2HS_136662 V2LHS_136662
LOC222119 V2HS_141264 V2LHS_141264
91 RPL26 V2HS_ 131626 V2LHS_ 131626
KPNA3 V2HS_133768 V2LHS_133768
CHCHD8 V2HS_135019 V2LHS_135019
coronin 7 V2HS_136224 V2LHS_136224
V2HS_136793 could not determine what it targets; not available as pGIPZ; not tested in secondary screen
93 LOC340536 V2HS_143839 V2LHS_143839
94 GRM6 V2HS_130905 V2LHS_130905
95 IL12RB2 V2HS_132321 V2LHS_132321
96 IRF-1 V2HS_133394 V2LHS_133394
GRB2 V2HS_137365 V2LHS_137365
97 LOC352177 V2HS_148642 V2LHS_148642
LOC352208 V2HS_148744 V2LHS_148744
98 KPNA1 V2HS_133758 V2LHS_133758
99 ZNF454 V2HS_141497 V2LHS_141497
LOC346321 V2HS_145373 V2LHS_145373

Table 5.4: pSM2c secondary screen: candidagenes and shRNAs tested

This table summarizes candidate genes, the specific ShRNAs isolated in the screen, and shRNAs tested

for each candidate gendighlighted in yellow are shRNAs validated in the secondary screen.
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5.2.1 Candidate shRNAs validated in the secondary screen

V2LHS_53095

The shRNA construct V2HS 53095 was isolated in pool 38, and it migsismlated
once. This hairpinis designed to knock down LOC219321. The same hairpin was
available from the pGIPZ library, and V2LHS 53095 was tested in the
conmplementation assay. Very fegrowing colonies were visible in cells infected with
the nonsilencing control virus, whereas martgrge colonies of growing cells were
observed in cells infected with the hairpin 5309%e experiment was set up in
triplicate and representative flaskwe shown inFigure 54. This demonstratedhat
V2LHS 53095 was sufficient tsuppress the temperatshbift-induced proliferation

arrest
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LOC219321 shRNA 53095

Non-silencing

Figure 5.4: V2LHS 53095 is suffiEent to abrogate the EcoR Clone 7 growth arrest
The LOC219321 shRNA construct V2LHS 53095 was tested in the complementation assay. Colonies of
growing cells were visible in cells infected with the hairpin 53095, and only very low background levels

were degcted in cells infected with the nailencing control virus.
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V2HS_115231

The shRNA constructV2HS 115231was isolated in two individually picked clones in
pool 56 This shRNAsilencesRab23, and the same hairpin was available from the
pGIPZ library. V2LHS_ 115231 was tested in the complementation assay. Following
incubation at the norpermissive temperatureyery low background levelsvere
detected in nosilencing control infected cells, but many healthy looking colonies of
growing cells were detected Rab23 shRNA infected cell3he experiment was set up

in triplicate and representative flasks are showirigure 5.5 This showed that the
hairpin 115231 was sufficient to overcome the conditional tr@srest of EcoR Clone

7 cells
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Rab 23 shRNA 115231

X Pag P T

Figure 5.5: V2LHS 115231 is sufficient to abrogate the EcoR Clone 7 growth arrest
The Rab23 shRNA construct V2LHS 115231 was tested in the complementation assay. Colonies of
growing cells were visible in cells infected with the hairpin 115281, only very low background levels
were detected in cells infected with the rsilencing control virus.
161



V2HS_109096

The shRNA construct V2HS 109096 was isolated in pool 84. It is designed to- knock
down LOC349975 The same hairpin was available from th&IPZ library, and

V2LHS _109®@6was tested in the complementation
the EcoR Clone 7 growth arrest. Following 2 weeks of incubation at thperamissive
temperature, very few colonies of growing cells were detected imahesilencing

control infected cells, but multiple healthy looking colonies of growing cells were
detected in cells infected with the hairpl®9096 The experiment was set up in
triplicate and representative flasks aleown in Figure 56. This showed tht the

shRNA was sulfficient to suppiethe conditional growth arrest
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LOC349975 shRNA 109096

Figure 5.6: V2LHS 109096 is sufficient to abrogate the EcoR Clone 7 growth arrest
The LOC349975 shRNA construct V2LHS 109096 was tested in the eomaptation assay. Colonies of
growing cells were visible in cells infected with the hairpin 109096, and only very low background levels

were detected in cells infected with the rsilencing control virus.
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V2HS_133394

In pool 96 the IRFL shRNA construcV2HS 133394 was detected in one clone. The
same hairpin was obtained from the pGIPZ library, and V2LHS 133394 was tested in
the EcoR Clone 7 complementation assay. After 2 weeks of incubation at the non
permissive temperatureery low background levelwere detected in the nesilencing
control infected cultures, whereas many healthy looking colonies of growing cells were
detected in the IRE shRNA infected cellsThe experiment was set up in triplicate and
representative flasks arghown in Figure 57. This demonstrated that the shRNA
133394 was sufficient to overcome the temperastwé-induced growth arrest of EcoR
Clone 7 cells.
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IRF-1 shRNA 133394

Non-silencing

Figure 5.7: V2LHS 133394 is sufficient to abrogate the EcoR Clone 7 growth arrest
The IRF1 shRNA construct V2LHS 133394 was tested in the complementation assay. Colonies of
growing cells were visible in cells infected with the hairpin 133394, and only very low background levels

were detected in cells infected with the rmilencing control virs.
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V2HS_145373

In pool 99 the shRNA construct V2HS 145373 was isolated fomeclone. This
hairpin is designed to knoakown LOC346321 and the same shRNA was available
from the pGIPZ library. V2LHS 145373 was tested in the complementation assay.
Following 2 weeks of incubation at the nparmissive temperatureery low
background levelsere detected in the negilencing contreinfected cells, but multiple
colonies of growing cells were detected in cultures infected with the shRNA 145373
The experimentvas set up in triplicate and representative fleaies shown inFigure

5.8. This showed that the hairpiM5373was sufficient to abrogate the conditional

growth arrest of EcoR Clone 7 cells
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LOC346321 shRNA 145373

Non-silencing

Figure 5.8: V2LHS 145373 is sfficient to abrogate the EcoR Clone 7 growth arrest
The LOC346321 shRNA construct V2LHS 145373 was tested in the complementation assay. Colonies of
growing cells were visible in cells infected with the hairpin 145373, and only very low background levels

were detected in cells infected with the rsitencing control virus.
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5.3 Discussion

A loss of function shRNAmir screen was carried out in the conditional EcoR Clone 7
cells to identify mediators of cellular senescence in human breast epithelialToells
pSMZ library, which consists df5,148 constructiargeting9,392 genes in total, each
represented by 1, 2 or BBRNAmIr constructswas screened®nly 9,392 genes out of

the total number of unique human genes, estimated to Be@@@Anternational Human
Genone Sequencing Consortium, 2004) are represented idililasy. However, this
library wasstill a good tool todentify new targets involved in senescence as these 9392
genes were enriched for cancer associated genes which makes them very relevant to
studying cell cycle disruptionThe screen was performed in 100 pools of approximately
200 constructs each, and for each pool approximately 1,000,000veeisinfected at

an MOI of approximately 0.Mhich corresponds to 100,000 infectious events per pool.
A total of 110 clones wereing-cloned from the 100 pools, and from these 110 clones
84 hairpins were identifie(Table 5.2). These led to the identification of 63 individual
shRNA constructs. Table 5.3 lists candidgenes and the shRNAdetectedin the
screenOut of these, 5 led to EcoR Clone 7 cells ovencg the conditional arrest in a

secondary screen (Table 5.4)

5.3.1 Sensitivity and saturation

The effectiveness of the screen was dependent upon its sensitivity and stringency, and
in this respect it waimportant to minimize background levels whilst still detecting all
true positive hits. It was important to find a balance between allowing true positives to
be detected, whilst minimizing false positives which would increase the workload. To
achieve thisoptimal conditions for performinipe shRNAmir screen in the EcoR Clone

7 cellswere determined by the development of the EcoR Clone 7 complementation
assay (Figure 4.1Yhe frequency of the event which was being searched for needed to
be considered tachieve sufficient sensitivityThelibrary consisted of 100 pools, each
containing approximately 200 constructs. Therefooetest for sensitivity, a 1 in 200
mix of pRetroSupep21l positive control in pRetroSupet.aminA/C negative control

virus was use to infect 1,000,000 cells at an MOI of 0.1. Multiple colonies were
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observed, demonstrating that the complementation assay was sensitive enough to detect

constructs which were able to abrogate the growth arrest

Furthermore, to be®%6 confident that thentire librarywasscreenedi.e. the screen is
saturatedthe libraryneeded tde searched throughpproximately4 times its sizeas
determined by the following equation: {In(99)/In(1-1/(Library Size))}
(http://www.stanford.edu/group/nolan/screseséens.html) The number of infectious
events per pool required for a saturated screen was determined to laa®190,000
infectious events per pool were aimed for to increase chances of detecting true positives.
This was done for two reasons. Firsggme constructs might have been represented in
the library at a lower frequency, and increasing infectious events would greatly increase
the chances of assaying and detecting unglgesented constructs. Secondly, as seen
with E1A and E2FDB (Figure 4.1) some constructsiight only achieve abrogation of

the growth arrest in a proportion of the cells that carry ¢bastruct; therefore
increasing the number of infectious events could increase the chance cbgratiucts

being detected by infecting morells with these constructs.

Even though sensitivity was tested beftihe screen was performed, aid fimes the
number of infectious events required per pool to achieve a saturated screasedas

the screenwas not fully saturatedl'his was evident lmause a p53 shRNA construct
presenin the library was not detected in the screen. Pool 82 conttiegab3 shRNA
V2HS 93615 construct, and as it had previously been demonstrated thatknotiof

p53 rescues EcoR Clone 7 cells from the conditional drewest (see Figure 4.1 B),

this construct should have been detected had the screen been saturating. Detection of the
p53 shRNA would have been an internal control for the screen being saturating.
However, this specific construct had never been testedkmamck-down might not be

very efficient. The same hairpin in the pGIPZ vector has now been tested for rescue
from the conditional growth arrest in the EcoR Clone 7 cells, and it was found that at a
low MOI (approx.0.1 t00.3) rescue was not very efficientith less tharl0 very small
colonies forming from 10,000 seeded cells. At a aigMOIl of 5 rescue by the
construct was slightl improved, but still veryweak (Figure 6.6). Thisuggests that

multiple inserts might be required to provide sufficient kadown to achieve rescue
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with this construct, and even at a high MOI it only rescues a low percentage of EcoR

Clone 7 cells. Therefore the construct might not be easily detected in a screen.

Another indication that the screen was not saturated is thehf@cmultiple ShRNAs
targeting the true positive hiRab23 and IRA were shown to achieve abrogation of
the growtharrest(Chapter 7.1.3 and Chapter 7.1.5 respectlyddut these constructs

were not detected in the primary screen.

5.3.2 Stringency and false positives

As discussed above, in an attempt to achieve saturation, the screen was performed with
approximately 100,000 infectious events per pool, making a total of approximately
10,000,000. In total, 110 clones were pick6dyf which carried insertsvhich were

shown to overcome the conditional growth arrest of ECOR Clone 7 (B&ls23 was

found in two clones)Therefore, 18 clones can be assumed to have been background.
This is not a very high background levebnsidering the total amount affectous

events 0.00104%of infected cells gave false positives and continued to grow at the
non-permissive temperatur&@he background level observed in cultures infected with

the pools was comparable to that in lamin contrtdcted cultures.

Interestingly in pools that were reseedesgveralhairpins were detected inmultiple
clones(probably from the same infectious event) but did not hold up in the secondary
screen.In pool 3, he GLS2 shRNA V2HS 71051 was detecteelentimes and the
CLEC5A shRNA V2HS 1374 five times, in pool 5 the sequence
CCCTCAGCGTCTCCAATTACAT (it is unknown what gene it was designed to target;
was not found in the databaseventimes,in pool 11the OXGR shRNA V2HS_ 58850
twice, andn pool 20the DSC2 shRNA V2HS 62007 three tim€&kis might have been
caused by insertional mutagenesis. If so, primers could have been designed to sequence
the area around the insert and identify the gene which was affected by insertion of the
hairpin.But as insertional mutagenesis frequency shoulth®esame for all viruses and

is insertindependentthereforethe same amount of it should be observed in all pools,
but some pools had no growing colonies at all. On the other hand, pools that were

reseeded had to be reseeded becausetitkeinad beerunderestimated and too many
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surviving cells remained following puromycin selection. More infectious events were
achieved in these pools, which could explain why insertional mutagenesis could have

occurred in these pools and not all other

It is also pasible thatsome EcoR Clone 7cells could have acquired mutations that
allowed them to grow at the ngrermissive temperature, and when such cells got
infected with a hairpin and then pools got reseeded, multiples of the progtdmsef
mutated cel, sone of which caried the same hairpin, possibly from one infectious
event, continued to grow at the nparmissive temperature. When uninfected EcoR
Clone 7 cells were incubated at the spm¥missive temperature, similar background
levels were observed aslamin controlinfected cells. This supports the hypothesis that

a certain percentage of cells, irrespective of infection with a virus, overcome the
conditional arrest. It would be interesting to isolate such cells and analyse gene
expression changes, coarmg the expression profile of the cells that overcame the

arrest to cells which arrested at the qp@mmissive temperature.

Another possibility is that someells had a certain disposititegpigenetic chang&
overcoming the growth arrest.g.the p53 pathway was already partly inactivat@&y
infection of such cellswith the hairpins identified in multiple clones, théditional
knock-down of these genesould haveled to such cells overcoming the arre$hese
hairpins might only abrogate the growtirest in the context of such epigenetic
changes.However, if such mutations occurred which gave EcoR Clone 7 cells a
dispositionto overcoming the growth arreahd thereby led to detection of some target
shRNAs onewould expectsignal slightly above bekground when these targetsree
tested in a secondary scredio. avoid the occurance of mutations, instead of growing
cells in culture, cells were frozen down in bulk at passage 12/13 and infected at passage
14, and a fresh vial was used for each experinteells from the same batch were used

for the primary and secondary screen.

5.3.3 Screening in a p16'NK4a knock -down background
Berns and colleaguefBerns et al.,, 2004)xonditionally immortalisedfibroblasts

analogous to the 226L 8/13 cells to screen for mediators of cellular senescence. They
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found that knoctdown of p18*“® was insufficient to overcome the conditional growth
arrest in their cells, but that knock down of M in addition to kockdown of p53

gave stronger abrogation of the growth arrest compared to p53 -Hopwagk alone.
Therefore, they decided to screen for shRNAs that could abrogate the growth arrest in
cellsin whichp16™“?had been knocked dowafacilitate the detectionf mediators of

senescence in their cell system.

It could have been established if knediwn of p16™<*? does not abrogate the growth
arrest by itself and if iimproves abrogation of the growth arrest achieved 5% p
ShRNA when introduced in combinatointo EcoR Clone 7 cellsif so, a similar
approach as that of Berns and colleagues could have been used to facildatedtien

of mediators of senescence in EcoR Clone 7 cells.

5.3.4 Secondary screen

shRNAs that were detected in the primp8M2cscreenwere ordered from the pGIPZ
library ard tested in a secondary screen, knbck-down of targets that failed in the
secondary screen was never demonstrated. Even though in most cases the exact sShRNA
that had been isolated was tested in the secondary sitrisepossible that the level of
expression of the shRNAs was lower from the pGIPZ vector system than from the
pSM2c vector system, and that some true positive hits were therefore missed. To rule
this out, knockdown by the shRNAs tested in the secondameen should have been
demonstrated, but this would have been very time consuming and expensive.
Furthermore, it would most likely not have led to identification of additional true
positives, as pGIPZ constructs were used under optimized conditionseweeatite best

possible knocldown, such as fag/ml puromycin and a high MOI

In conclusion, 5 shRNAs which abrogate the EcoR Clone 7 conditional arrest were
identified from the pSM2dibrary screen. To determine if abrogation of the growth
arrest was caesl by knockdown of the genes which these hairpins were designed to
knock down was still unclear, efarget effects needed to be ruled out and ksubmkn

of target genes needed to be demonstrated. This was further investigated and will be
discussed in Clyder 7.
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6 Results z pGIPZ primary and secondary shRNAmir s creen

The screenper f or med using version 3 of t he
pShagMagic2c (pSM2c) librartargeted aly 9,392 genes out of the total number of
unique human genes, which is esdted to be 22,500 herefore when we got access to
the Expression Arrestvhole genome@GIPZ human lentiviral ShRNAmir library from
Thermo ScientifidOpen Biosystemst was decided to screen this library for rescue in
the EcoR Clone 7 cellsThis library was developed in collaboration with Dr. Greg
Hannon (CSHL) and Dr. Steve Elledge (Harvatdlke the pSM2c library, this library
usesthe design advantaged microRNA-adapted shRNA (shRNAmirJas shRNAs
have been designed to mimic a natural microRNA pmyntieanscript and are based on
mir-30 by replacing the mature microRNA sequence in-3@iwith gene specific
duplexes (Figure B). As a vector backbone, theGIPZ lentiviral vectorwas used
(Figure6.1). GFP,puromycin resistance and the shRNAs are alleurthe control of the
CMV promoter, @a RNA polymerase Il promoter, as a polycistronic transcript, allowing
visual marking and selection for sShRNA expression
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CMV Promoter RNA Polymerase Il promoter
cPPT Central Polypuri'ne t_ract o
helps translocation into the nucleus of non-dividing cells
WRE Enhances the stability and translation of transcripts
turbo GFP Marker to track shRNAmir expression

Puro’ Mammalian selectable marker
AMP' Ampicillin bacterial selectable marker
5'LTR 5' long terminal repeat

pUC ori High copy replication and maintenance in E.coli

SIN-LTR 3' Self inactivating long terminal repeat
RRE Rev response element
ZEO' Bacterial selectable marker

Figure 6.1: pGIPZ vector design

The pGIPZ vector carries GFP, puromycin resistanceth@dshRNAs under the control of the CMV
promoter (RNA polymerase Il promoter) as a single monocistronic transcript, allowing visual marking
and selection for shRNA expressi@i&IPZ lentiviral sShRNAmir'- Thermo Scientific Open Biosystems:

https://www.openbiosystems.com/RNAi/shRNAmirLibraries/GIPZLentiviralshRNAmir/).
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6.1 pGIPZ library o ptimisation

6.1.1 pGIPZ p21 and p53 shRNA constructs were unable to abrogat e the

EcoR Clone 7 temperature -induced growth arrest when tested in the

standard complementation assay
Previously it had been demonstrated that the retroviral constructs containing hairpins
which target p53 and p21, pRetroSupé&B and pRetroSupgR2l, wee sufficient to
rescue 226L 8/13 and EcoR Clone 7 cells from the conditional growth arrest at the non
permissivetemperature(see Figure 3.5 and 4.). Therefore all Expression Arrest
pGIPZ constructs targeting p§83613, 93615 and 287038hd p21(23037Q 202469,
268120 and 20311&nd thenonsilencingnegative control constru¢scrambled)vere
tested in the EcoRlone 7 complementation assay.|ig5of each DNA were packaged
as lentivirusesusing HEK 293 cells and 1pg each of thpackagingvectors. EcCoR
Clone7 cells were seeded at 500,000 cells in T75 flasks and the following day infected
with 5ml virus over night in the presence of 15ml complete medium8apgd/ml
polybrene. Selection was commenced 48 hour-jpdsttion with 2pug/ml puromycin,
and folloving drug selection for 5 daysells were reseeded &00, 1,000, 5,000,
10,000, 20,000 and 30,000 cells peell in 6 well platesand shifted to the nen
permissive temperature the following d&urprisingly, none of the constructs seemed
sufficient to rscue cells from the conditional growth arrest as all cultapgearedo
be arresed within 5 days at the nepermissive temperaturghen examined under an
inverted light microscopeOnly with the construct V2LHS 230370 some growing cells
were observed ahis point, but most of these also arrested within 7 days at the 38°C.
When cells were stained following 3 weeks of incubation at thepeomissive
temperature, most plates containedcotonies of growing celland lookedsimilar to
the non-silencingnegative controlinfected plategFigure 62). In wells in which 10,000
cells or more had been plated, blue stained cells were visible, but all of these were
arrestedColonies were detected aells infected with theZil shRNA V2LHS 230370,
and even thoughmost of theseomprisedarrested cellssomegrowing colonieswere

present Therefore this construgtas usedo optimise the assay for the pGIPZ library.
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Figure 6.2: pGIPZ p53 and p21 shRNA constructs complementation

All Expression Arrest pGIPZ constructs targeting p53 (93613, 93615 and 287039) and p21 (230370,
202469, 268120 and 203118) and the-sid@ncing negative control construct (scrambled) were tested in
the EcoR Clone 7 complementation assay. Apart from low levetesalue with the p21 shRNHA)
230370, none of the constructs were sufficient to abrogate the conditional arrest.
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6.1.2 Puromycin selection o ptimisation - increased stringency: 6 pg/ml
puromycin selection and lower cell density during drug selection
improves abr ogation of the conditional arrest

How strong the knocklown by an shRNAis dependsot only on itsknockdown

efficacy, but alsoon transfection efficiency, i.e. amounit SIRNA introduced into cells

(Hannon and Rossi, 2004)In the pGIPZ vector, the shRNAmir and the puromycin

resistance are expressed under the same promidterefore, mcreasing selection

stringency to enrich for cells expressipgromycin resistance more strongtguld
potentiallyselect for cells whiclexpress the shRNA at a higher lewblereby selecting
for cells with greaterknockdown This theorywastestedin the EcoR Clone 7 cells,
using the p21 shRNA/2LHS_ 230370 and the p53 shRNX2LHS 93615 These
constructs were selected because in the camgal&ation assa230370 gave the most
promising result asome growing colonies were observadd 93615 seemed to have
the best potential of the p53 shRNassome growth, even though very little, was also

observed with 9361fee Chapter 6.1.1).

First, itwas determined if selection with higher concentrations of puromycin would lead
to less cells surviving selection. Therefore, EcoR Clone 7 cells were seetizGa
cells in 24well plates and the following day infected witlullof dilutions of p21
SshRNAV2LHS 230370lentivirus, ranging from 1 in 100 to 1 in 10,000,0d8. hours
postinfection puromycin selection was added, at 2, 4, 6, 8, 10 apg/ba. Cells were
under selection for 5 days and grown fbdays following drug selection.ells were
fixed and stained with methylene blukt the dilutions ranging from 1 in 10,000,000 to
1 in 10,000 no colonies of cells were visibleaal concentration of puromycirt the
lowest viral diluion, 1 in 100, growing cells were detected at all drug concemgtio
but there was a clear differenae cell densitybetween thehreelowest puromycin
concentrations, with mosurviving cells at 219/ml, which was reduced atu/ml and
further reduced & pg/ml (Figure 63). The result a8 pgml puromycin looked sinter

to 6 pg puromycin, but colonies lookedlightly less dense. As the difference of
increasing concentration abogepg seemed to make little differenclut increasing
puromycin selection from 2 6 pgled to a clear reduction in surviving cells, théeet

of increasing concentration €pgin the growth complementation assay was assessed.
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Figure 6.3: Increasing puromycin concentration

EcoR Clone 7 cells were seeded at 13,000 cells weéldplates and the following day infectedth 1pl

of p21 shRNA V2LHS_230370 lentivirus diluted 1 in 100. Cells were selected at 2, 4, 6, 8, 10 and 12
pg/ml puromycin, and then fixed and stained with methylene blue. Growing cells were detected at all
drug concentrations, but there was a clededihce in cell density between the three lowest puromycin
concentrations, with most surviving cells at 2ug/ml, which was reduced at 4p/ml and further rediiced at
pg/ml. The result a8 pg/ml puromycin looked similar t& pg puromycin, but colonies lookeslightly

less dense.
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