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Abstract

The cell cycle isstrictly regulated to ensure the precise transmission of genetic information
from one cell to its daughter cells. The DNA damage response is one ofrelgetsory
pathways and is activated in response to both intrinsicextrinsic genotoxistress. Once
activated, downstream signalling disrupts normal cell cycle progression, causing arrest or
alternatively, cell deatlOne of the cell cycle proteins, cyclin Dias been suggested to play

a crucial role in integrating éhcell cycle machinery and the DNA damage response. This
investigation demonstrates that cyclin D1 expression responds in-defosedent manner to
the UMVmimetic DNA damaging agem;nitroquinolin oxide (4NQO). Immunoblding
experiments revealed apbiasic response of cyclin D1 expression to 4N@gxlin D1 levels
were largely unchanged following exposure of cells to low and digles of 4ANQO, whilst it
was dramatically reduced after treatment witlermediate dosesf 4NQO. The CDK
inhibitor proten, p21, also responded in a daispendent manner, exhibiting elevated
expression at low doses of 4ANQO but was reduced or unchanged at intermediate and high
doses, respectivelizxposure tdR or H,O, triggereddistinct responsdsy cyclin D1 and p21
indicating the likelihoodhattheseDNA damaging agents activate distinct signalling
pathwaysAnalyses of cellular responses by flow cytometry demonstrategp2lhagxpression
primarily conferred resistance to damageéuced cell death whereas the levelcgé€lin D1
expression correlated with the mode of cell de&dQC-induced cyclin D1 downregulation
was proteasomdependent buivas resistant tderegulation of the majority of the key
damageregulating proteins. This investigation also revealed that otfenbers of Etype
cyclin family, cyclirs D2 and D3, also exhibit distinotsponses to various DNA damaging
agentsPreliminaryobservations indicated that responses of the thregclns were not

interdependent artiey may play distinct roles in the Nlamage response.
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Chapter 1: Introduction

1.1 Cell cycle

Proliferation of somatic cells consists of a series of carefully orchestrated events which
collectivey f orm a process <called Athe cell cycl eo.
stages; G1 (a first gap phase), S (where DNA is synthesised), G2 (a second gap phase) and M
(where cells divide by mitosis); through which cells accurately duplicate theimues and
produce identical daughter cells. Progression through the cell cycle is regulated ultimately by
extracellular signals such as growth factors, adhesion molecules and cytokines, which
determine the balance between positive and negative reguldtoedl aycle (Kato, 1999;

Ekholm and Reed, 2000; Vermeulenal, 2003; van den Heuvel, 2009)litogenic ligands

arriving at the cell surface trigger a diverse array of intracellular signallimgdes typically
involving surfacereceptors and protein kinas@gzardee, 1989; Musgrow al, 194). These

signals converge to upregulate proteins that are capable of driving cell cycle through G1 and
towards DNA replication(Mann et al, 1997) Late in the G1 phaseells undergo an
irreversible transition and become committed to completing an entire round of cell cycle,
independently of the presence of mitogenic stimuli. This crucial transition was first identified

in 1974 and is referred to as the restriction (RjnpdPardee, 1974; Sherr, 1996;
Blagosklonny and Pardee, 200R) the absence of proliferaé stimuli, cells exit cell cycle in

G1 prior to the R point and establish a viable yet-paiiferative state known as quiescence

(Gy). Being the only phase of cell cycle responsive to extracellular signalling, the G1 phase

plays the mast critical rol@idetermining the fate of a cell.

Progression through the cell cycle is strictly regulated in such a way that the initiation of late
events depends on the completion of early evértstwell and Weinert, 1989)Several
classes ofpositive and negative regulators have been identified including, cyclins, -cyclin

dependent kinases (CDKs) and CDK inhibitors (CKIs). In addition to being the regulators of
Page [L7
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cell cycle, the activities of these components of the cell cycle machinery aretesnsnder

strict regulatory regimes.

1.2 The Cell cycle machinery

1.2.1 Cyclins

Cyclins constitute a family of proteins whose primary function is to bind and activate-cyclin

dependent kinases. All cyclins contain a highly conserved stretch of approximatelgit@0

acid resi dues known as it he cyclin boxd that
(Kobayashiet al, 1992; Lees and Harlow, 1993; Morgan, 199IMe cyclin box assumes a

unique tertiary struct ur e helicesNougentetsale 8991p f five
Brown et al, 1995; Jeffreyet al, 1995) The crystal structures of cyclins revealed that there

are two cyclin box repeats localised near the middle-ter@inal region of cyclins. The N

terminal cyclin box exhibited high sequence conservation amongst cyclins A, B, E and H. On

the other hand, the -@rminal fold appeared topologically similar but showed significant

sequence divergen¢Brown et al, 1995; Jeffreyet al, 19%; Nobleet al, 1997; Hondaet al,

2005; Petriet al, 2007)

Cyclins were originally identified as proteins whose expression levels oscillated in a cell
cycledependent manner in sea urchin effeganset al, 1983; Hunt, 2004)In mammalian
cells, at least 14 types of cyclins have biglemtified, 7 of which have been implicated in cell
cycle regulation as summarised Table 1.Programmed synthesis and proteolysis ensure
accumulation of a specific type of cyclin during a strictly defined window within the cell
cycle. Such regulation lmlws for phasespecific activation of particular cyci@DK
complexeqGlotzeret al, 1991; Pines, 1995; Sanchez and Dynlacht, 2008 Dtype and

E-type cyclins are often referred to as-Giclins since their activities are required for

Page [L8
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Tablel Human cyclins and their primary binding partners identified to date

The proposed activities associated with the named e@iK complexes are

indicated with appropriate reference.

Cyclins CDK Activity Reference
Cyclin A | CDK2, CDK1 S, G2/M phase (Minshull et al,
1990; Lew et al,
Cyclin B | CDK1 Mitosis 1991; Desaiet al,
1992)
cveline | coka. 8 GO/GL1 transition (Barette et al, 2001,
yelin ' Transcription Ren and Rollins, 2004
(Matsushimeet al,
Cyclin D | CDK4, CDK6 G1 phase 1992; Matsushimet
al., 1994)
Cyclin E | CDK2 G1/S phases (Koff et al, 1992)
_ Nuclear localisation of cyclin B] (Bai et al, 194,
CyclinF | - _
during G2/M phase. Konget al, 2000)
(Bates et al, 1996;
_ Apoptosis? Okamoto and Priveg
CyclinG | -
DNA damage? 1999)
_ CDK-activating kinase, (Harper and Elledge
CyclinH | CDK7 . _
Active throughout cell cycle 1998; Kaldis, 1999)
Cyclin | - DNA damage? (Jenseret al, 2000)
_ _ . (Kolonin and Finley,
Cyclin J Drosophilaembryogenesis
2000)
Cyclin K | CDK9 Transcription (Baeket al, 2007)
CyclinL | CDK11 MRNA splicing (Loyeret al, 2008)
Cyclin T | CDK9 Transcription (Wei et al, 1998)
_ (Edelheit and Meiri,
CyclinS | - Long-term memory

2004)

progression through G1 phase and an activation of a key transcription fact(yE2&chtet
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al., 1994; Black and Azizkha@lifford, 1999; Hengstschlaget al,, 1999) Activation of E2F

enables expression of components of the cell cycle machinery that are required for DNA
synthesigMuller et al, 2001; Dimova and Dyson, 200%31/S cyclins, comprising of-Bnd
A-cyclins bound to CDK2, promote the completion of 81/S transition and initiation of
DNA synthesis in S phag&€overleyet al, 2002; Woo and Poon, 2003)he activities of

cyclin A-CDK1/2 and cyclin BCDK1 complexes regulate mitotic entrydanompletion of

cell division (Pines, 1995; Nigget al, 1996; Sanchez and Dynlacht, 2005; De Beteal,

2008)

1.2.1.1 D-type cyclins

In mammals, there are threedyclins, namely D1, D2 and D3, encodagindividual genes.

They share an average of 57% sequence identity over their entire sequences whereas within
the conserved cyclin box motif, up to 78% sequence identity is obs@nadzhet al, 1992;

Xiong et al,, 1992) Distinct members of yclins are expressed in a tissspecific manner.

Cyclin D1 is predominantly found in fibroblasts whereas lymphocytes preferentially express
cyclins D2 and D3Ando et al, 1993; Tamet al, 1994; Kaplaret al, 2005) Furthermore,
different D-cyclins were shown to be expressed at particular sthgasy the development of
various organs in mic€Sunet al, 1996; Yanget al, 2006b) Due to its nearly ubiquitous
expresn and the highest incidence of deregulation observed in cancer cells, cyclin D1 is the

best characterised of the three members of tagdins.

D-cyclins are relatively unstable proteins with half lives of less than 3(Iiéhl et al, 1997;
Diehl et al, 1998) They differ from other cell cycle cyclins as their expression is regulated by
extracellular signals rather thanphasespecific mannefPardee, 1989; She 1995) In the
presence of a mitogenic stimulus;ciclin levels are maintained relatively high throughout

the cycle although a number of groups reported a small reduction during S(Blecssy,
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2003; Guceet al, 2005b; Yanget al, 2006a; Alao, 2007)A withdrawal of mitogenic stimulus

results in a rapid degradation ofdyclins (Matsushimeet al, 1991; Gucet al, 2005a) Such
property enables 10yclins to act as sensors which link extradelt signals to the regulation

of the cell cycle machiner§Diehl, 2002; Liang and Slingerland, 2003; Musgrove, 2086)
shown in Figure 1.1, cyclin D1 accumulation is achieved via at least three dR#Bct
oncogene regulated signalling cascadEseperet al, 1997; Hitomi and Stacey, 1999;
Musgrove, 2006)Firstly, an activated Ras induces a mitogen activated protein kinase (MAPK)
cascade consisting of MAPK kinase (MEK), and extracellutaragregulated kinase (ERK);
leading to a transactivation ayclin D1 gene (Aktas et al, 1997; Weberet al, 1997)
Secondly, Ras activates phosphoinosokinase (PI3K) subsequently inducing protein
kinase B (PKB)/Akt activity PKB/Akt activation results in an elevated level ofcyxlin
MRNA translation via promoting the activity of ribosomal protein S6 kinase 1 (S6K1)
(Cantley, 2002; Liang and Slingerland, 2003; Koziczak and Hynes, 2004; Musgrove, 2006)
Finally, the PI3BKPKB/Akt-pathway can also &l to inhbition of glycogen synthase kinase
3b (GSK3b) whose acti vit yyclins(Dighletgl 19897¢Riehlf o r

et al, 1998; Takahask¥anaga and Sasaguri, 2008)

Degradation of cyclin D1 is initiated by a phosphorylation of the T286 residue. The
phosphorylion promotes an association between cyclin D1 and a nuclear exportin, CRM1,
which shuttles cyclin D1 to the cytoplasiDiehl et al, 1997; Diehlet al, 1998) In the
cytoplasm, the phosphorylated T286 mediates the interaction of cyclin D1 withtibe F
subunit of the Edigase complex, known as the Sk@RI1-F-box>*VUBecr Y s SEptxe
UBerv§ tdiplek(Alt et al, 2000;Lin et al, 2006; Alao, 2007; Barbagt al, 2007) The
interaction between another subunit of the S&EB ™Y SédhpleR, Cull, and cyclin D1
further assists the ubiquitination evéhtaedaet al, 2001) Subsequently, cyclin D1 becomes
degraded via proteasordependent pathway. There are a number of other pathways by which

cyclin D1 appears to be degraded. For instance, degradation af/fiee D1 was shown to
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depend on ubiquitination but not on the phosphorylation of T286 re¢@ernainet al,
2000) An alternative protein kinase, Mirk/Dyrk1B, whose expression is prominent in
quiescent cells, was shown to bind to cyclin D1 instigating a phosphorylation of cyclin D1 at

T288. This modification was also able to destabiliseicyol (Zou et al,, 2004)

1.2.1.2 Multifaceted role of Ecyclins in mammalian cells

The primary function of Ecyclins is the activation of its cognate CDK partners, CDK4 and

CDK®6, and subsequent inactivation of retinoblastoma proteins (pRb, p107, pl30) by
phosphorylation(Matsushimeet al, 1992; Meyerson and Harlow, 1994Rb was the first

tumour suppressato be identified and is found mutated in a rare paediatric eye tumour,
retinoblastoma. It consists of 928 amino acids with the so caleoxAB-box and a spacer (S)

region forming t he-bdxpontaihsedveral hdghlynamnserved résitie B

such as Y709, Y756 and N757. These residues are involved in interactions between pRb and
Aipocket binding proteinso including histone de
nucleosome remodelling complex;dyclins and several oncogenes, most of Whiear a

conserved LXCxE moti{Dowdy et al., 1993; Leeet al, 1998; Harbour and Dean, 2000a;

Kim et al, 2001) pRb exerts its cell cycle inhibitory functions via two distinct mechanisms,

keeping a tight control at the-point of cell cycle. Firstly, pRb physically interacts with E2F

transciption factors via the pocket region, impeding the ability of E2Fs to transactivate gene
expressior(Flenmingtonet al, 1993; Helinet al, 1993) As a resultE2F transcription factors

are unable to induce expression of proteins that are important for S phase entry and DNA
synthesis such as cyclin E, cyclin A, DNA poly
(PCNA) (Ohtaniet al, 1995; Dyson, 1998; Black and Azizkh@étifford, 1999; Muller and

Helin, 2000) Secondly, through interactions mediated by the pocket region, pRb can recruit
SWI/SNF and HDAC1 to promoters with Ebinding sitesto form a single complex, E2F

pRb-SWI/SNF/HDAC1(Troucheet al, 1997) Thi s compl ex subsequently
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conformation on leromatin, reducing access to the transcriptional machinery and hence
inhibiting expression from E2Fesponsiove promotefgiarbour and Dean, 2000c; Zhaeg

al., 2000)

Cyclin D-CDK4/6 holoenzymes activated at G1 phase of cell cycle initiates aivatamt of

pRb by phosphorylating specific sites out of 16 identified target sites such as S780, S795 and
T826 (Kitagawaet al, 1996; Zarkowska and Mittnacht, 199undberg and Weinberg, 1998)
Physical interactions betweendyclins as well as CDK4 with pRb have been demonstrated

to promote this phosphorylatigipowdy et al, 1993; Eweret al, 1993; Katoet al, 1993;
Wallace and Ball, 2004)The current model suggests that these initial phosphomsatio
induce a conformational change in the/Bxboxes of pRb, exposing an additional
phosphorylation site, S567, which lies within thee§ion. Subsequent phosphorylation of
S567 by another Géyclin-CDK complex, cyclin ECDK2, induces a large conformatidna

change, disrupting the interaction between pRb and(HaFbouret al, 1999; Adams, 2001)

Whilst pRb remains as the best characterised substrate of cy@IDKA/6 holoenzymes, a

number of potentiatargets have been identified more recently. For instance, signal
transducers of transforming growth facbor ( DGR Smad2 and Smad3, ar e
repressive phosphorylation by cyclir@DK4 and cyclin E/ACDk2 (Matsuuraet al., 2004)

Cyclin D-CDK4 activities also appear to regulate the activity of a band cartilagéspecific

transcription factor, RunxgShenet al, 2006)as well as a CDK inhibitor, p21 (unpublished

data, Child and Mann). In addition to a CEi€tivatory function, it has become apparent that

D-cyclins possess cellular functions independenCbKs. Cyclin D1 positively regulates

transcription of estrogen responsive element genes by mediating ailigi@pendenbinding

of estrogen receptor U ( ERMisenatald19%7tZaviseni d r ec e p
et al, 1998) A physical interaction between cyclin D1 and p300/&BBociated factor

(PICAF) which contains an intrinsic histone acetghsferase activity can further assist
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transativation (Bernards, 1999; McMahoat al, 1999) On the other hand, binding of-D

cyclins to other transcription factors such as STAFRMb and cyclin Dbinding Myblike
protein (DMP1), results in inhibition of their activities in a Cidlependent maram (Hirai

and Sherr, 1996; Bienverat al,, 2001; Fuet al, 2004; Inouest al, 2007)

1.2.2 Cyclin-dependent kinases (CDKSs)

CDKs belong to a family of serine/thréoa protein kinases that form heterodimeric
holoenzyme with cyclins. They target a consensus five amino acid motiP-$/K/R, found

in their substrates. A proline residue at the +1 site is absolute requirement although the
positive residue at +3 site $g@metimes absefBtevensosiindertet al, 2003; Ubersagt al,

2003; Takadat al, 2004) Expression levels of CDKs remain relatively constant throughout
cell cycle and phasgpecific activation of distinct CDKs are ensured by oscillating levels of
their regulatory cyclin subuniiGlotzeret al, 1991; Ekholm and Reed, 2000lammalian

CDKs were identified either as cycliinding protein kinases that were closely related to
CDC2 of Schizosaccharomyces pom(&epombgor CDC28 ofSaccharomyces cerevisié®.
cerevisiag (Norbuty and Nurse, 1989; Meyerset al, 1992; Bullrichet al, 1995) To date,

up to 12 CDKs have been discovered and at least 7 of them have been implicated in cell cycle
control whilst others are involved in transcriptional and developmental regul@ioas,

1994; Morgan, 1997; Vahteristt al, 2001; Vermeuleret al., 2003) The activities of cell

cycle CDKs are tightly regulated by an array of peshslational modifications and

interactions with positive and negative regulators as discussed below.

1.2.2.1 Positive regulators of CDKs

(a) Cyclins
Binding of a cyclin toCDK induce a partial activation of the latter by triggering a large

conf ormati onal c hange. -shébiehsN-teaninal lolrecantpaoG ed of
Page p4



N. Suwaki

terminal | -bddixe with @ catalytié cleft found in between the two. Several
conserved residgen the Nterminal lobe have been identified to mediate an interaction with
cyclins (De Bondtet al, 193; Jeffreyet al, 1995) Upon binding of a cyclin, the highly
conserved PSTAIRE motif of the CDK rotates about the axis and becomes shifted into the
catalytic cleft, positioning a catalytic residue, E51, to align with D145 and(¥&Beyet al,

1995; Morgan, 1997)The TFloop of the CDK, containing a conserved threonine residue
found phosphorylated in fully active CDK, also interacts with cyclin. The interaction moves
the Floop away from the entrance of the catalytic tcédiowing binding of substrates and the
activatory phosphorylation site becomes accesgibdeBondtet al, 1993; Jeffreyet al, 1995;
Pavletich, 1999)In addition, it has been suggested that cyclins partly control the subcellular
localisation of cyclinCDK complexes(Yang and Kornbluth, 1999)Distinct molecular
mechanisms of nuclear trafficking have been proposed for diffeyetin-CDK complexes.
Subcellular localisation of cyclin4and cyclin B complexes are regulated by theétminal
region of the cyclins whilst cyclin E appears to mimic classical nuclear localisation-signal
containing proteins, directing an associatioh the cyclirnCDK complex with nuclear
trafficking pr ot ePinresandsHumten, 1994 Mdoata,d999) OthersU/ b
demonstrated that phosphorylation of cyclin D1 or cyclin B1 promotes their interaction with
the nuclear exporter, CRMDiehl et al, 1998; Yanget al, 1998; Altet al, 2000) Whilst

most cyclins can direct nuclear transport without forming a complex with a CDK, the ability
of cyclin A to regulate subcellular localisation of the complex depends on its interaction with

CDK2 (Maridor et al, 1993; Jackmaat al, 2002)

(b) Activatory phosphorylation by CDH#ctivating kinase (CAK)

Full activation of a CDK requires phosphorylation at a conserved threonine residue, T160 (in
human CDK2), mediated by CDH#ctivating kinase (CAKJLorcaet al, 1992; Brownet al,

1999; Kaldis, 1999; Stevensat al, 2002) The exact role of this modification during

activatin varies amongst cych@DK complexes. In some cases, such as cych8DX1
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complexes, this phosphorylation is a-peguisite for stable complex formation whereas most
cyclins and CDKs exhibit high affinity interactions in the absence of this phosphhamylat
(Ducommunet al, 1991; Desaiet al, 1995) In mammalian cells, the cyclin-BDK7
complexes together with a third protein, MATfunction as CAKHarper and Elledge, 1998)
Following an initial conformational change associated withiyginding as discussed above,
CAK-dependent phosphorylation of thelobp threonine induces further conformational
changes in the -Toop and Gterminal lobe of a CDK, completing the rearrangement of
catalytic residues to their active orientations fol &gttivation of the holoenzymd3effreyet

al., 1995; Russet al, 1996b; Pavletich, 1999)

1.2.2.2 Negative regulators of CDKs

(a) INK4 family of CDK inhibitors (CKIs)

Members of the INK4 family of CKls are specifichibitors of cyclin Dassociated kinase
activities. Four members of the INK4 family, 18?2, p18V“, p18"%*c and p14**?, share a
common structural unit known as ankyrin repeats, which forshaped domaingSerrancet
al., 1993; Hiraiet al, 1995) The crystal structures of pt6™ and p18"“‘-bound CDK6
revealed that the binding of an INK4 inhibitor induces allosteric changes in the CDK, rotating
the Nterminal lobe away from and its-#€rminal lobe. This misainment of the two lobes
distorts the ATFbinding site and subsequently inhibits kinase acti{Bothertonet al, 1998;
Russoet al, 1998) It is generally believed that INK4 inhibitors compete witkeylins for
binding to MK4/6 as INK4CDK complexes are often isolated as heterodirt®herret al,
1994; McConnellet al, 1999; Vidaland Koff, 2000) However, the amino acid residues
responsible for mediating p1'6**/p19"“*? interactions with CDK4/6 do not overlap those for
cyclin-CDK (Jeffreyet al, 1995; Coleranet al, 1997; Brothertoret al, 1998; Russet al,
1998) To support this view, a ternary complex between INK4 and cidK4 complex can

be obtainedn vitro (Serrano, 1997)
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(b) Cip/Kip family of CKI
The CDK interactingprotein/cyclin dependerkinaseinhibitory protein (Cip/Kip) family of
CDK inhibitors has three members, §#1"2" p27** and B7"? (referred to as p21, p27
and p57 hereafter), and show a broader target range when compared to INK4 inhibitors
(Harperet al, 1993; Xionget al, 1993; Polyalket al, 1994b; Toyoshima and Hunter, 1994;
Leeet al, 1995; Matsuokat al, 1995) The three members are structurally related and show
up to 44% sequence identity in theirt®&minal regions whilst their @rminal regions
exhibit divergence in length, sequence and fundfiRussoet al, 1996a; Nakayama, 1998)
p2lis a p53responsive gene and is often upregulated during a DNA damage regpainse
can cause cell cycle arrdst-Deiry et al, 1993; elDeiry et al, 1994) p27 expression, on the
other hand, is responsive to aptbliferative signals such as cekll contactand TGB and
is found at reduced levels during proliferati@agancet al, 1994; Polyalet al, 1994a; Sa&t
al., 2005) p57 is often found coexpressed wWitB7 in many organs although studies using
knockout mice suggested that p57 is likely to play a crucial role in early organogenesis that
cannot be complemented by p@&e et al, 1995; Matsuokat al, 1995; Nakayama, 1998)

p57 is the least studied Cip/Kip proteins of the three.

Cip/Kip inhibitors associate with different CDKs with varying affinities. They are potent
inhibitors of CDK2, CDK3, CDK4 and CDK6 kinases but are less effective towards CDK1
and CDK5 and do not associate with CDFU et al, 1993; Polyalet al, 1994a; Toyoshima
and Hunter, 1994; Harpet al, 1995; Leest al, 1995; Blain, B08). The crystal structure of a
ternary complex comprising cyclin-8DK2-p27 revealed that p27 binds to both cyclin and
CDK, utilising its highly flexible and extended structufi@ussoet al, 1996a) A large
conformational changes in CDK2, induced by the binding of p27, inh@D&2 kinase
activity by three mechanisms; (1) a structural rearrangement of-tearihal lobe of CDK2,
destabilising any bound ATP from the catalytic cleft, (2) p27 inserts a sipdieldk to the

catalytic cleft to mimic ATP and (3) binding of p27 aopeptidebinding groove of cyclin A
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blocks substrate interactio(Russcet al, 1996a; Pavletich, 1999 urthermore, binding of a
Cip/Kip inhibitor was shown to interfere wittctivatory phosphorylation of CDK by CAK

(Smitset al, 2000)

Although intially identified as inhibitors, Cip/Kip proteins are frequently found in complex
with active cyclinCDK complexes in proliferating celi&Zhanget al, 1994; Harpeet al,

1995; Chenget al, 1999; Sherr iad Roberts, 1999; Blain, 2008n particular, it has been
suggested that the formation of stable cyclhCDK4 complexes are promoted by Cip/Kip
proteins(LaBaeret al, 1997; Chengpt al, 1999; Sugimotet al, 2002; Baguiet al, 2003)

How p21 and p27 switch between these diametrically oppasiag in cell cycle control is
unknown. The Astoichiometry model 6 proposed th
cellular concentration exceeded a certain thres{ighénget al, 1994; Harpeet al, 1995)
However, this model contradicted an observation that a single molecule of p21 or p27 can
cause complete inhibition of cych@DKs (Russoet al, 1996a; Hengstt al, 1998) Recently,

it was suggested that thehosphorylation status at two tyrosine residues of p27 may
determine its ability to inhibit or activate cycl®DK complexeqBlain, 2008; Jamest al,

2008) This hypothesis appears promising as differential phosphorylation status of p21 can

regulate its multifaceted functionaliti€¥arviluomaet al, 2006)

(c) Inhibitory phosphorylation of CDKs

Cyclin-CDK complexes can be inhibited by pesanslational modification of a conserved
tyrosine residue, Y15 and, to a lesser extent, (Nd@rbury et al, 1991; Guet al, 1992;
Morgan, 1995) These residues are located within a glydieh loop of CDK (GXGTYG)

and are phosphorylatdny Weel and Mytl. As they protrude over the AfiRding regions
within the catalytic cleft, it is believed that the phosphorylation of these residues physically
blocks ATP binding to cyclWCDK complexegDe Bondtet al, 1993; Jeffreyet al, 1995)

The CDC25 faily of protein phosphatases is responsible for removing these phosphate
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groups to activate CDKduring cell cycle. In mammals, three CDC25 isoforms have been
identified; CDC25A, CDC25B, and CDC25C (splice variant 1, 2, and 3). Generally, CDC25A
regulates entry and progression through S phase by activating of cychCmB{& and
CDC25B and CDC25C havbeen implicated in the regulation of cyclin B/CDK1 and thus
controlling G2M transition (Donzelli and Draetta, 2003; Boutrat al, 2006; Karlsson

Rosenthal and Millar, 2006)

1.3 The DNA damage&sponse

1.3.1 Overview of the DNA damage response

The strict and timely regulation of the cell cycle as described above enables ordered
progression, orchestrating events in a timely manner to achieve the faithful transmission of
genetic material. However, our ggmes are under constant attack from both intrinsic and
extrinsic sources of damage, such as ultraviolet (UV) light, ionising radiation (IR), reactive
oxygen species (ROS) and a wide array of DNA modifying/damaging chemicals, that are able
to induce DNA Isions at any point during cell cyddoeijmakers, 2001; Sancar al, 2004)

To protect our genome, cells have developed mechanisms through which they detect the
presence of DNA lesions and rapidly induce global cellular responses including antansi
and/or permanent cell cycle arrest, DNA repair and cell death, collectively known as the DNA
damage response. The types of cellular responses triggered by the DNA damage are believed
to be dependent on types and levels of DNA abragionsu am Elledge, 2000; Carr, 2002;

Kastan and Bartek, 2004)

1.3.2 Components of the DNA damage response

The components of the DNA damage response form a hierarchy of signalling cascades. They

are composed of three classes of signalling molecules; sensors, teassdogd effectors;
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although the classification of upstream regulators is argybloeijmakes, 2001; McGowan

and Russell, 2004; Niida and Nakanishi, 2006; Harper and Elledge,. Zgor elements
govern the initial events in DNA damageluced signalling. Our understanding of how these
sensor proteins detect the structural changes in DNAlyaad translate it to an activation of
global cellular response is limited. However, a number of proteins have emerged as prominent
candidates for this taskitaxiatelengiectasianutated (ATM) andATM and Rad3related

(ATR) belong to a family of phosphwsitol 3kinase related kinases (PIKK) and are both
activated by DNA damage. ATM is primarily activated in responsdottblestrand DNA
strandbreaks (DSB) whilst ATR is found activated in responsairigle-strand DNA strand

breaks (SSB) and stalledpiecation forks(Abraham, 2001; Shiloh, 2001; Nybesgal, 2002;
Yanget al, 2003) The observations that both ATM and RTan interact with damaged DNA

led to the hypothesis that they are directly activated upon recruitment to the site of damage
and thus act as sens¢8uzukiet al, 1999b; Gucet al, 2000; Yanget al, 2004. Others have
suggested that ATM and ATR are activated through mediator proteins that can direct a
formation of a multiprotein complex at the site of damage. For instance, -Aitkbtacting
proteins include MretRad50Nbs1 (MRN) complex, mediator of DN#amage checkpoint

1 (MDC1) and p53inding protein 1 (53BP1), whereas ATR can associate with-ATR
interacting protein (ATRIP), Claspin, Radi&plication factor C (RFGlke complex, and
Rad9RadtHusl complex, to hame a fei€ortezet al, 2001; Bermudeet al, 2003; Chini

and Chen, 2003; Liret al, 2004) In this model, ATM and ATR are classified as signal

transducers and mediator proteins rather than sensors of DNA damage.

Upon activation, ATM and ATR phosphorylate two of the main downstream signal
transducers, checkpoint kinases 1 and 2 (Chkl and GNksuokaet al, 1998; Ahnet al,
2000; Guoet al, 2000; Liuet al, 2000; Zhao and Piwnie&/orms, 2001) They play an
important role of relaying DNA damage signalling from damage sites tefftbetor proteins

including the components of cell cycle, DNA repair, and cell death pathways, to bring about a
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Apamrel | ul ar (Bartekard pukass2003; Lukat al, 2004; Niida ad Nakanishi,

2006; Chen and Poon, 200&)eciphering DNA damage responses associated with various
DNA damaging agents is an extremely challenging task due to a sheer volume of potential
substrates identified for these upstream regulators. For exangyie aite several hundreds of
potential phosphorylation target sites identified for ATM and ATR whilst the number of
recognised substrates for Chkl and Chk2 continues to @fowe and LeedMiller, 2004;

Kim et al, 2007; Matsuokat al, 2007; Stokest al, 2007) The importance of DNA damage
response is apparent as a failure in this pathway results in genomic instability which is a
hallmark of cancer. Indeed, many canoells and canceprone genetic disorders show
defects in one or more components of the DNA damage resfegeert and Lydall, 1993;

Kastan and Lim, 2000; Wang, 2000; Hoeijmakers, 2001)

1.3.3 DNA damage response and cell cycle

Normal proliferating cells are only able to withdraw from the cedlle during G1 phase prior
to the Rpoint (Pardee, 1974). The effector components of the DNA damage response,
however, interact with the cell cycle machinery and enable cells to perturb their progress at
any point during cell cycle, allowing damaged DN& be repaired prior to cell cycle

progression. A number of wellstablished pathways are briefly discussed below.

1.3.3.1 G1 arrest: ATM/ATRChk2/Chk3p53/MDM2p21 pathway

Mammalian cells acquiring DNA damage during G1 phase of the cell cycle temporarily or
pemanently arrest in G1 via the ATM/AFRhk2/Chktp53/MDM2-p21 pathway. Active
ATM/ATR and Chk2/Chkl phosphorylate p53 at multiple target sites in therrNinal
domain, particularly at Ser 15 and Ser 20, respectii@hnmanet al, 1994; Chehalet al,

1999:; Lakin and Jackson, 1999; Tibbedtsal, 1999; Shiehket al, 2000; Saitcet al, 2002;

Chen and Poon, 2008)his phosporylation interferes with the binding between p53 and an
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ubiquitin ligase responsible for its rapid turnover, MDM2, and thus stabilises p53 expression.
In addition, the upstream kinases also phosphorylate MDM2 directly, leading to inactivation
of p53-degadation pathwayMaya et al, 2001) p53dependent transactivation results in an
accumulation of p21 which subsequently inhibits the-cdlin-CDK complexes whose
activities are required for the G1/S transitigSiliciano et al, 1997; Jabbuet al, 200Q

Bartek and Lukas, 2001)Furthermore, p2tlependent inhibition of Giyclin-CDK
complexes maintains pRb in an active form which contributes to a sustained G1 arrest by

repression of E2F activitig&arner and Raj, 2008)

1.3.3.2 S phase arrest: ATM/ATRhk2/Chk1CDC25A pathway

An alternative downstream target of Chk1/Chk2 is CDC25A, whose activity is required for
activation of Scyclin-CDK complexes. Following DNA @mage induced by UV or IR, a
rapid degradation of CDC25A is observed in ATM/ATRK2/Chktdependent manner
(Mailand et al, 2000; Falcket al, 2001; Sorensert al, 2003) This is accompanied by
inhibition of its downstream target, CDK2. As the activities of cych@BK2 and cyclin A
CDK2 complexes are required for efficient DNA synthesis and progressiongh S phase,
reduced CDC25A activities result in S phase ar®birahigeet al, 1998; Costanzet al,

2003; Xiaoet al, 2003)

1.3.3.3 G2/M arrest: Inhibition of cyclin BCDK1 complexes

DNA damageinduced G2/M arrest predominantly results from inhibition of cych@BK1
complexs. Both p21 and other members of the CDC25 family, CDC25B/C have been
implicated in establishing G2/M arrest downstream of ATM/ATR and Chk1/(Pé&Rget al,

1997; Bunzet al, 1998; Niculescwet al, 1998; Charet al, 2000; Bulavinet al, 2001;
Walworth, 2001; KarlssoiRosenthal and Millar, 2006)Firstly, a number of evidence

suggested that the pBependent inductio of p21 interfere with the activation of cyclin B
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CDK1 complexes by blocking the activatory phosphorylation of the complex by (GAdits
et al, 2000; Bauset al, 2003; CharrieSavourninet al, 2004) Secondly, DNA damage
induced degradation of CDC25B/C wasaalsbserved, leading to accumulation of inactive
phospheY15 CDK1 (Furnariet al, 1997; Rhincet al, 1997; Sancheet al, 1997; Gravest

al., 2000; Genet al, 2002)

1.4 Thesis

1.4.1 DNA damaging agents

Molecular and cellular responses mounted by cells as a result of activation of DNA damage
response are dependent on the types and levels of DNA damage infkesédann and
Paules, 1996; Zhou and Elledge, 2008pwever, defining precisely the types and amount of
DNA lesions associated with a single DNA damaging agent is difficult as it frequently causes
more than one types of damage including strand breaks modifications and crebsking

to name a few. Furthermore, the potency of an agent often varies amongst cell types. In this
thesis, four commonly used DNA damaging agents were employed: UVsriiRp4uinoline

1-oxide (4NQO) and kD..

1.4.1.1 IR and HO,
IR can impose DNA damage by two distinct mechanisms: (1) chemical modification by a

direct ionisation of DNA and (2) by generating potent ROS such as a hydroxyl rad¢8l (

(Leachet al, 2001; Lomaxet al, 2002) H,O, is a source of OH and hence induces similar
types of DNA damage as IR.oft and Poulsen, 1996; Patrzyt al, 2001) DNA lesions
incurred by IR andH,0,include base modificatiorSB andDSB. A single * OH often target

guanine andto alesserextent hymi di ne and can induce format:i
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where a*OH -adduct formed at one base triggers an electron/proton transfer amongst

nucleobases in the vicinity. As a result, an initial DNA lesion is amplified to form a cluster of
damaged resitks and/or strand brea{Siddigi and Bothe, 1987; Chatgilialoglu and O'Neill,
2001; Dizdaroglet al, 2002; Lomaxet al, 2002) Such damage imposed by IR oiQ4 are
potent activators of ATM and Chk2 as well as DNA repair pathways including base excision
repair and DSB repair pathway$aylor and Lehmann, 1998; Bakkenist and Kastan, 2003;

Buscemiet al, 2004)

1.4.1.2 UV and 4NQO

UV induces damage to cellular chromophores, such as DNA, that are able to absorb energy
from UV radiation leading to formation of pyrimidine dimers and base modifications. The
presence of such modifications imposes a structural constraint on DNA, interfering with
replication and transcription which often leads to further damage by strarkd (Bealingin

et al, 1992; Kimet al, 1995; Kaufmann and Paules, 1996; Sinha and Hader, 2002; Latonen
and Laiho, 2005)These events consequently result in the activation of the DNA damage
response components, ATR and Ch{duo et al, 2000; Heffernaret al, 2002; Unsal
Kacmazet al, 2002; Paulsen and Cimprich, 200An environmental carcinogen, 4NQO, is
often referred to as a UMimetic, primarily due to its ability to impose DNA damages that
arerepaired by nucleotide excision repair (NER), the same repair pathway that is responsible
for removing UVinduced damag@\olff et al, 1977; Zelle and Bootsma, 1980; Yagigal.,

1991; Jonest al, 1992; Taylor and Lehmann, 1998)pon cellular uptake, 4ANQO undergoes
metabolic activation leadg to the generation of the active species, acedeaminoquinolin
1-oxide (Ac4HAQO) (Figure 1.2Y\Kawazoe and Araki, 1967; Nagao and Sugimura, 1976;
Demeunyncket al, 1981; Galiegu&ouitina et al, 1983) Ac-4HAQO binds to guanine or
adenineto form bulky base adductdGucC8AQO, dGueN2-AQO, anddAdo-N6-AQO

(Bailleul et al, 1984; Galiegu&ouitina et al, 1985; Galiegu&ouitina et al, 1986) These
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modifications give rise to bagmir change mutation®Nagao and Sgimura, 1976; Fronzat

al., 1992) The intermediates such asyidroxyaminoquinolin Joxide (4HAQO) and various

other 4NQO derivatives have also been shown to cause DNA lesions and mjfatiicinet

al., 1971; Bailleulet al, 1981; Nunoshiba and Demple, 199Burthermoe, activation of
ANQO to 4HAQO contributes to the generation of ROS leading to an oxidative damage of
DNA such as strand breé#8peelmaret al, 1983; Fronzat al, 1992; Nunoshiba and Demple,

1993; Arimaet al, 2006)

1.4.2 Role of cyclin D1 in DNA damage response

Amongst various celtycle proteins implicated in the DNA damage response, a dramatic
clearance of cyclin D1 following exposure IR, UV, angdsihas been reportg@iyama and
Reeves, 1999; Agami and Bernards, 2000; Miyakawa and Matsushime, 2001; Batraiilin
2002; Fasanareet al, 2006). Although different molecular mechanisms appear to be
responsible for the degradation process in each case, reduced cyclin D1 levels are
predominantly associated with enforced G1 arrest. Moreover, there is evidence of both
positive and negative roled cyclin D1 in apoptosi¢Dobashiet al, 1998; Dobashét al,

1999; Katayamat al, 2001; Tabbet al, 2002; Dobashét al, 2004; RetzeLidl etal., 2007;
Thomset al, 2007a; Thomet al, 2007b) suggesting that cyclin D1 may have functions in
the DNA damage response additional to its critical role in cell cycle regulation. This may
explain the association of cyclin D1 deregulation with a wahgje of cancers including those

of breast, neck and heéde Jonget al, 1998; de Jongt al, 1999; Hardisson, 2003)

In this thesis, the potential roles of cyclin D1 in the DNA damage response were explored
with the following objectives:
1) Determindion of cyclin D1 responses to various DNA damaging agents (4NQO,

H.O,, UV and IR) and identification of the DNA damagesponsive cell cycle
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proteins in mammalian cells.

Assessment of cellular responses associated with DNA daimdgesd cyclin

D1 respose in mammalian cells.

Investigation of upstream and downstream regulators of the cyclin D1 response to
DNA damage.

Comparison of DNA damageduced responses of the three members-ofpe

cyclins in mammalian cells.
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Cyclin D1 Assembly with Cyclin D1 mRNA Cyclin D1
transcription CDK4/6 translation degradation

Figure 1.1 Rasmediated intracellular signalling cascades regulate cyclin D1

expression level at various levels

A schematic diagram of a Rdgpendent signalling cascade which ultimately leads to an
upregulation of cyclin D1.When activated, a signal traeed protein, Ras, induces cyclin D1
transcription via a MAPK signalling cascade composed of\R&aK-ERK. Ras also induces a
PI3K-Akt/PKB signalling which subsequently direct an upregulation of cyclin D1 by either
enhancing cyclin D1 mRNA translation or lyhibition of cyclin D1 degradation via an

i nactivation of GSK3b.
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NO, HO- °~|N O\
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4NQO 4HAQO di-Ac-4HAQO Ac-4HAQO

Figure 1.2 Mechanism of activation of 4NQO to AMHHAQO

Upon cellular uptake, 4NQO undergoes a series of reductions to form an intermediate
4HAQO, generating ROS during the reaction. 4HAQO is then convéotdts ultimate
carcinogenic form, A€iHAQO, via an intermediate diace#dhydroxyaminoquinolin 1

oxide (diAc-4HAQO).
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Chapter 2: Materials and Methods

2.1 Chemicals

All chemicals were purchased from Amersham Pharmacia, BDH Merck, Calbiochem, GE
Healthare, Gibco, InvitrogenMelford LaboratoriesMilliPore, Molecular Probe, National
Diagnostics, Pharmacia SigmaAldrich UK, TAAB Laboratories Equipment and VWR
International. Enzymes and antibodies were obtained from BD Biosciences, BD Pharmingen,
Biosouce International, Boehringer Mannheimm Helena Biosciences, Santa Cruz

Biotechnology, Cancer Research UK and New England Bio Labs.

2.2 Buffers and Solutions

The most commonly used buffers and solutions are listed below (Table 2).

Table2 Compositions of buffers and solutions employed

10mM TrisHCI pH8.0 / 10mM KCI, 1.5mM
MgCl, / 0.34M sucrose / 10% (v/v) glycerol /
1mM DTT/0.1mM PMSF

Buffer A

(subcellular localisation)

0.25% (w/v) Coomasie blue dye / 10% (v/v)

Coomassie brilliant blue staining solutio . .
methanol / 10% (v/v) acetic acid

Carbonated Electrophoresis transfer 3mM NgCO;/ 10mM NaHCQ/ 0.01% (w/v)

buffer SDS / 10% (v/v) methanol
Destaining solution 10% (v/v) acetic acid / 10% (v/v) methanol
DNA denaturing solution 2N HCI / 0.5% (v/v) Triton X100

500mM TrisHCI pH7.6 / 100mM ATP / 10mM

DNA ligation buffer
MgCl,/ 10mM DTT / 50ug/ml BSA

25mM Trisbase / 190mM glycine / 0.01% (w/\V

Electrophoresis transfer buffer (ETB)
SDS / 10% (v/v) methanol

10mM TrisHCI pH7.5 / 50mM NaCl / 2.5mM

Gene Clean Washing Istion
EDTA/50% (v/v) ethanol

GST Tween based wash buffer 20mM TrisHCI pH8.0 / 0.1% (v/v) Tween 20/
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100mM NaCl / 1mM EDTA

HEPES Buffered saline (HBS) solution

59mM HEPES pH7.04 / 280mM NaCl / 10mM
KCl/ 1.5mMNaHPQ, /12mM Dextrose

K-buffer

25mM TrisHCI pH8.0 / 5mM MgC}/ 0.1mM
EGTA pH7. 5 [Fme@aptbeéxhanplv /

Luria Broth Media

1%(w/v) bactitryptone / 1%(w/v) NaCl /
0.5%(w/v) bactoyeast extract pH7.0

Ligation Buffer

10mM ATP / 50mM TrisHCI pH 7.6 /1mM
MgCl,/ ImM DTT/ 5 0 88~ ml

NETN buffer

20mM TrisHCI pH8.0 / 0.5% (v/v) NonitedO /
100mM NaCl / 1mM EDTA

Phosphate buffered saline (PBS)

140mM NaCl / 3mM KCI / 10mM NadPQ, /
20mM KH,PO,

Phosphate buffer saline Tween (PBST)

140mM NaCl / 3mM KCI / 10mM NaiPO, /
20mM KH,PO, / 0.1% (v/v) Tween 20

RIPA bufer

50mM TrisHCI pH8.0 / 150mM NaCl / 0.1%
(v/v) Nonited40 / 0.128%(w/v) sodium
deoxycholate / 0.1% (v/v) SDS

Tris-Acetate Buffer (TAE)

40mM Tris-acetate pH8.5
1mM EDTA pH8.0

TAE loading buffer

40mM Tris-acetatgpH8.5 /1mM EDTA pH8.0/
0.04%(w/v)bromophenol blue / 2% (w/v) Ficol

SDSPAGE loading buffer

64mM TrisHCI pH 6.8 / 9.6% (v/v) glycerol /
2% (w/ v) SD¥®#ertaptéedtangl &
0.1% (w/v) bromophenol blue

SDSPAGE running buffer

25mM Trisbase / 190mM glycine / 0.1% (w/v)
SDS

Soluion | (DNA preparation)

25mM TrisHCI pH8.0 / 50mM glucose / 10mM
EDTA pH8.0

Solution Il (DNA preparation)

200mM NaOH / 1% (w/v) SDS

Solution 11l (DNA preparation)

3M potassium acetate / 5M glacial acetic acid

Sub G1 wash buffer

192mM NaHPQ, / 4mM citric acid pH7.8
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2.3 Antibodies

The primary antibodies used in this project asefollowings: retinoblastomg54162) from
BD Pharmingenphosphospecific antibodies for retinoblastomapSer807/811 PAb hu and
Rb-pT821 PAb hu from BioSource International; FLA®I2) from Sigma;cyclin D1 (72
13G; A12), cyclin D3 (D7), cyclin E1 (HE12; M-20), CDC2 p34 (17), CDK2 (M2), CDK4
(DCS35), p27(CG19), p21 (CG19-G) and p16 (JC8) from Santa Cruz Biotechnology; Histone
H2A.X-Serl139 (2577) and caspe3€9662 from New Endand BioLabs and cyclin A2
(E23-1), cyclin B1 (V152),cyclin D2 (DCS3.), a n dTululin (TAT-1) were kind gifts from

Dr Gordon Peters from CRUK LRI London, UK.

2.4 Plasmids

Following constructs were used in this study (Table 3).

Table3 Plasmid list

Plasmid Origin
pPcDNA3 - 2xFLAG human cyclin D1 D. Mann,unpublished data
pPcDNA3 - 2XFLAG human cyclin D1 R29A/L32A D. Mann, unpublished data
pPcDNA3 - 2xFLAG human cyclin D1 T156A D. Mann, unpublished data
pPcDNA3 - 2xFLAG human cyclin D1 T286A D. Mann, unpublished data
A kind gift from WG Kaelin Jr;
PGEX-KG i pRb (792973)
(Adamset al, 1999)

2.5 Recombinant DNAechniques

2.5.1 Enzymaticmanipulationof DNA

DNA digests were carried out in a total volumel6f2 0 ¢ | , using up to 5gg DN/
of each restriction enzyme in appropriate buffer (Boehringer Mannheim). Samples were

incubated at 3 for 30-60min.
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2.5.2 Agaroseelectrophoresis
Digested DNA was separated by agarose gel electrophofsctrophoresisvas carried out
at 80mAmp of constant current. Resolved Mffagments were visualised by ethidium
bromide staining undddV light and, if appropriate, the required DNragmentwas excised

for purification

2.5.3 GeneClean DNA purification

The sampleswvere inwbated in an equal volume of 6M Nal at°@5for Gmin. 5¢l of
Glassmilk(Boyle and Lew, 1995)vas added to the sample aimdubated on ice forrhin.

The DNAbound Glassmilk mixture was centrifuged for 1min at 13,000rpnm and the
supernatant was removetinpurities were removed by washing the pellet twice in wash
solutionas ingructed aboveDNA was eluted from the Glassmilk by resuspending the pellet

i n 20e¢ | watdrandsincebating a¢ 6& for Gmin. The eluent was obtained by brief

centrifugation and an aliquot of the supernatant solution was used for ligation.

2.5.4 JetSorb DNA purificadbn

For the purification of DNA fragment smaller than 500 base pairs, the JetSorb DNA gel

extraction was performed according to the manu

2.5.5 DNA ligation

Purified DNA fragments and 10ng of appropriately digested plasmidwvegtre incubateth
the ligation bufferat room temperature for at leash with 10 units of T4 DNA ligase
(Fermentas). Ligated products wer@eneCleanedprior to the transformation by

electroporation.
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2.5.6 Transformation by electroporation

DNA samples weremixed with an aliquot of electrocompeteft.coli DH5U .cel | s
Electroporation was performed using a BioRad Gene Pulser sebht2.2 2 5¢ F. Luria B
(LB) media was added and the mixture was plated on agar dishes contgipirapriate

antibiotics for sedction Plates were incubated at °87 for 1h for the selection of

transformants.

2.6 Preparation ofplasmidDNA

2.6.1 Small scale preparation of plasmid DNA (mini prep.)

Transformant colonies were selected and grown in 2ml LB supplementecpptbpriate

antibidtics for 8-16h at 37C with constant shaking. Cells were pelleted by ceamgafion

(13,000rpm for 20s . The pell et was r es20@eeln dRdhdu tni oln0 0 ¢ |
150¢l Solution 111 waxedegentydby ievetrsian.eBaatesah debria | 1 'y an
was removed by centrifugation (13,000rpm famiB). DNA was obtained by ethanol

precipitation  followed by centrifugation (13,000rpm formt). Extracted DNA was

resuspen dfeserileiwater5 0 ¢ |

2.6.2 Large scale preparation of plasmid DNA (maxi prep.)

200ul of the corresponding culture from small scale preparatias used to inoculate 200ml
of LB supplemented with appropriate antibiotimgernight at 37C with constant shaking.
The culture was centrifuged for 6nén 5,000rpm at%C. The pellet was resuspended in 10ml
Solution | by vortexing. 15ml Solution Il and 20ml Solution Il were addediesetiplly and
mixed by inversion. The suspension was centrifuged fioin %t 9,000rpm at 2C and the
supernatant solution was filterathd mixed witrd5ml isopropanol. The sample solutimas

mixed and centrifuged for 10mat 9,000rpm at €. The pellet \as dissolved in 3ndterile
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water. 4ml 5M LiCl was addedand the mixture wasincubated on ice for réin. The

precipitated RNA was removed by centrifugation of the solutiat82€000rpm for &in. The

supernatant was collected and mixed withml absolute etnol. Following a Bin

incubation on ice, the mixture was pelleted by centrifugationin(55,000rpm, 2C). The

pell et was briefly dJderiléewvattmendediugesendddwi nh500¢%¢
for 15min at 37C . DNA was precipit atwei)dolyethylereedlgcolng 600 ¢ |
(PEG) 4000/2.5M NaCl solution amgcubatingon ice for 3nin. The sample was centrifuged

for 5Bmin a t 13, 000rpm and t he pestdrile tvatemDINA was e S US p e nd
extracted by addi ng (519 @l mixipgh Wllowed /bg inor of or m
centrifugation at 13,000rpm. The aqueous fraction was retainethandce of phenol was

removed by adding an equal volume of chlorofdotlowed by centrifugation for rhin at

13,000rpmDNA was precipitated from the aqueous phase by brief incubatioril@ith(v/v)

3M sodium acetate (pH5.2) and two volumesb$oluteethand. After mixing by inversion,

the sample was centrifugduiefly at 13,000rpm. The DNA precipitation was resuspended in

50-1 0 Odtelile waterand the concentration determined by measun¢rog optical density

(OD) at 2®nm.

2.7 Protein Analysis

2.7.1 SDSpolyacrylamide gel electrophoresis (SP8GE)

Slab gel electrophoresisaw performed as describéd (Laemmli, 1970) All the protein
samples were separated on gels composed of 10% staekiagdresolving @l prepared at

7%, 10%, 12% or 15% (w/v) acrylamide to suit the experimental design.
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Stacking gel mixture Resolving gel mixture
Component To make up 5ml Component To make up 10ml
mixture mixture
(ml)

Acrylamide 0.85 Acrylamide As appropriate
Mixture* Mixture*
2M TrisHCI 0.625 2M TrisHCI 1.9
pH 6.8 pH 8.8
10% (w/v) SDS 0.05 10% (w/v) SDS 0.2

* Acrylamide mixture: 30%(w/v) acrylamide : 0.8%w/v) Bis-acrylamide stock solution

(37.5:1)(National Diagnostics)

Each nixture is made up to the appropriate volume with sterile water and the polymerisation

of t he mi xtures were induced by -addition

gel
tetramethylethylediamine (TEMED). Cell lysates were harveste8DISPAGE sample
buffer and heated to 10 for 10min in a hot block before loading onto the gel. Samples
were electrophoresed abnstant voltage 0200V to appropriate distandée the SDSPAGE

running buffer

2.7.2 Electrophoretic transfer protocols and immunostaining

For immunoblotanalysis, SDS)els were electroblotted fmlyvinylidene difluoride (PVDF)
membrane (MilliPoreJor 75min at 400mA constant ctent in electrophoresis transfer buffer
(ETB) or carbonated electphoresistransfer buffer. The®VDF membrae was incubated
overnight in 5% nonfat dried milk dissolved ifPBST with appropriate primary antibodies.
The blot was given brief wash with PBS followed by thremitOvashes with PBST before
being reincubated for 4&in in blocking solution containing a secondary antibodghouse

Urabbit o r -goblt conjugated to horseradish peroxidase (HRP) as appropeatejom

Page 45



N. Suwaki

temperature The blot was washed as before and with additional twim Svashesin PBS.
Protein samples bound by antibodies were visualised by the Luminobreastdescribed by
the manufacturerMiliPore). The membrane was developed using Fuji Film Image Reader
LAS 1 3000. The image was then analysed using Advanced Image Data Analys&) (AID

V.3.52.

2.7.3 Quantification of the band intensities

The band intensitiemeasured by the AIDA programme for each protein was normalised for
t he | oaditubulinblousi ng U

O (E'QOOZ [ "QoE" QN €608 § cX NAQ
OO Qo WM OO £"QIMNNI £608 | i NAQE™QBA (1 6

The relative protein expression was then calculated as following:

OO Qo AOHNI £XR CEE'QREA O (XX NERA QBN "G4 0 6
OO Qo' QIMN| 600 EQREN MEEE A QBNGEEA 0 (B NEQ

x 100 (%)

2.8 Invitro and in vivo expression of recombinant proteins

2.8.1 Expression and purification of GathioneS Transferase (GST) fusion

proteins

20¢ | of an ap precombinaintebacesl calture was idilgithdd 10% volume
with fresh LB supplemented with 50ug/mbrbenicillin Melford Laboratories and then
incubated at 3T for 1h. 1ImM isopropylbetaD-thiogalactopyranoside (IPTG) was added to
induce protein expression. The sample wasitiated for # with constant shaking, at 33.
The bacterial culture as centrifuged at 5,000rpm for 6man £C and resuspended in 10ml
NETN prior to sonication §onics Vibracell set at 20Watts for g¥5and the mixture was

centrifuged for fin at 5,000rpm The supernatant solution was
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(GSH)Sepharose beads (Pharmacia), which had been equilibrated in NETN. The sample was
mixed by inversion and incubated with mixing fdrdt £C. The GSHSepharose beads were
washed 3 times in NETlNnd the samples were stored20°C following the addition of an

equal volume of 80% (v/v) glyceroFor the purification of the GSfUll length pRb
recombinant protein, the IPTF@duction was carried out overnight at°@0and the NETN

buffer was replaakwith Tween based buffer (0.1% (v/v) Tween 20, 20i4-HCI pH8.0,

0.1M NaCl, 1mM EDTA to improve the yield.

The presence of the recombinant protein in each purified sample was confirmed by subjecting
2 0 ¢ Ithe pufified sampléo SDSPAGE on a 10% polyacrylamide gdlhe protein bands

were visualised by incubating gels with the staining solutiwnlh with constant shaking
Protein bands were detectedvegshing off excess stain solution in thesténing solutionfor

8-16h.

2.8.2 Eluting GSTfused protein off GSlHeads

The GSHused recombinant protein preparation was washed twice in 100mM Tris pH8.0. The
washed GSbeads were incubated in double the volume of an eluting solution (20mM
reduced glutathiondbeads (BDH Biochemicals), 100mM T##Cl pH8.0) at the room
temperature for 10min, with occasional vortex for mixing. The eluting mixture was
centrifuged at 8,000 rpm for 10s and the supernatant was kept as the eluted recombinant

protein.

2.8.3 Dialysis of tle recombinant protein preparations

Dialysis membraneMWR International) wagut to appropriate sizand washed in distilled
water. The recombinant protein preparations were poured into the dialysis membrane and the

both ends of the membrane were sealemhguslialysis clips. The recombinant protein
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preparations were dialysed against 1 litré PBS / Glycerofor 4h with stirring at £C. The

recombinant protein prepdi@n was dialysed for another 4h overnight infresh dialyate

2.8.4 Determination of prain concentration by Bradford assays

Bradford assays (200¢l) were perGolrmefd pmotmdicn
sample and 20% (v) Bradford Reagent (Sigma). The OD was measured at 595nm and the
protein concentration was determined usirseadard curve generated with serial dilutions of

BSA.

2.8.5 Protein Expression in Sf9 cells

Sf9 cells were maintained at2Z7inGr ace ds Co mp | ,esupgemented with 10%0Me di a
foetal bovine serum (FBS). 2.5 x télls were infected using 0.5ml of appriape virus
suspension and harvestechTater. Infected cells were centrifuged fani at 1,000rpm, 4C.

Each pell et was rbafieruaadppiced andce formin dvith @ccdsionél

vortex. The suspension was centrifugaedir2at 13,000rpm. The supernatant solution was

stored at20°C after addition oBEDSPAGE sampléuffer and usefbr immundlot assays.

2.9 Investigation of cellular response to DNA damagemammalian cells

2.9.1 Growth and Maintenance of mammalian cells

All the mammalian cells used were maintained in a humidified atmosphere containing 5%

carbon dioxide at 3T. unless otherwise st . Cells were cultured in
modi fi ed Eagl eds meRoswelhPark Mdmirial (InStitutp iR WI) 1640

medium (Sigma) supplemented with 10% serum and antibiotics where nec&hgaculture

components for the cell lines usedistproject are as listed beldWable 4).
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Cell line Description Base Serum Antibiotics
media (10% viv)
AT5BI VA SV4o+transformed human ataxia DMEM FCS -
telangiectasia (AT) compmentation
group D
C57BL MEF C57BL mouse embryonic fibroblast DMEM FCS -
(primary)
C57BL 3T3 C57BL mouse embryonic fibroblast DMEM FCS -
(immortalised)
C57BLcyclin C57BL MEF derived cyclin D1 DMEM FCs -
D1 MEF knockout cell line
C57BLcyclin C57BL MEF derived cyclin D1 DMEM FCS -
D1" 3T3 knockout cell line (immortalised)
C57BLp21" C57BL MEF derived p21 knockout cell DMEM FCS -
3T3 line
(Denget al, 1995)
EH1 U20S cells expressing p6* under | DMEM FCS Geneticin
IPTG-inducible promoter (300ug/ml)
(McConnellet al., 1999) Hygromycin
(150pg/ml)
HelLa Human cervix epitheloid carcinoma DMEM FCS -
MCF7 Human breast adenocarcinoma DMEM FCS -
MRC5CV1 SV40transformed Human lung DMEM FCS -
fibroblast
MOLT 4 Human acute T  Ilymphoblast| RPMI FCS -
leukaemia
NIH 3T3 NIH mouse embryonic fibroblag DMEM NCS -
contact inhibited
D1 inducible Swiss 3T3 derivative with IPTG DMEM NCS Geniticin
3T3 inducible expression of FLA@&agged (300pug/ml)
human cyclin D1 Hygromycin
(150ug/ml)
D1 wt 313 NIH 3T3 derivative with constitutive DMEM NCS Puromycin
expression of FLAGagged human (5ug/ml)
cyclin D1 wild type
D1 RXXL 3T3 | NIH 3T3 derivative with constitutive DMEM NCS Puromycin
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expression of FLAGagged human (5ug/ml)
cyclin D1with double mutation (R29A
& L32A)

D1 T156A3T3 | NIH 3T3 derivative with constitutivg DMEM NCS Puromycin
expression of FLAGagged humar (5ug/ml)
cyclin D1 with a point mutatior
(T156A)

D1 T286A 3T3 | NIH 3T3 derivative with constitutive DMEM NCS Puromycin
expression of FLAGagged humar (5ug/mi)
cyclin D1 with a point mutation
(T286A)

D3 inducible| Swiss 3T3 derivative with PTG DMEM NCS Geniticin

3T3 inducible expression of FLA@&agged (300pug/ml)
human cyclin D3 Hygromycin

(150ug/ml)

Saos2 Human osteosarcoma DMEM FCS -

Swiss 3T3 Swiss mouse embryonic fibrobla)] DMEM NCS -
contact inhibited.

SwissPI3K Swiss 3T3 cells engineered to expr¢ DMEM NCS Puromycin
constitutively active PI3K (Prasa (5ug/mi)
2003).

SVis8 Immortal cell line derived from TI& | DMEM FCS Penicillin
after transfectin withSV40tsT antigen. (100units/ml)
(Tsuyama et al, 1991) Cells were Streptomycin
normally grown at a permissiv sulphate
tempeature (34C). The temperatur (200pg/ml)
sensitive large -Bntigen was inhibiteg
by culturing cells at a nepermissive
temperature (38°&) for 15h

u20S Human osteosarcoma DMEM FCS -

XP12RO SVA40-transformed human DMEM FCS -
complementation group A xeroderma
pigmentosum fibroblast

WI38 Human lung fibroblast DMEM FCS -

(primary)
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2.9.2 Transfection of mammalian cells with DNA plasmids

Calcium phosphate mediated DNA transfecti@i mammalian cells we performed as

follows. Foreachi9 0O mm di s h, 400¢l DN2Adsg|l ptaosmi ¢a®onphuai
CaChkwas bubbled through 400¢!| rRiXinchkb&Bnet®om uf f er ed
temperature, thtransfectionmixture was added tthe cells Transfected cells were washed

briefly with 3ml of serum free DMEM4h laterand subsequentlyncubatedin appropriate

media for further 24lheforeprocessing

2.9.3 DNA damaging agen@nd chemical inhibitors

4-Nitroquinoline toxide was dissolved in absolute ethaabhOmM Aliquots of 1mlwere
kept at-20°C in the dark H,O, was kept at 4C in a coloured bottleVarious chemical
inhibitors such as SAPK2/p3&™ inhibitor (SB203580), Chk1 inhibitor (SB218078) and
Chk2 inhibitor Il, MG132, and ALLN,were dissolved in dimethyl sulphoxide (DMSénd

stored according to manufacturersodé instruction

2.9.4 Treatment of cells with DNA damaging agents and chemical inhibitors

Cells were seeded at a known densi hpiormn G 90 mn
use. Cells were treated with 4ANQO or hygln peroxide for 3in, followed by a brief wash

in PBS and exchange of culture media. Alternatively cells were exposed to 256nm UV using

the UVP CX2000 Crosslinker or IR by MDS Nordan Gamma Cell 30D00e effects of

chemical inhibitors were assessed Ibg-fpeating the cells for 30min with appropriate amount

of inhibitors prior to the treatment with DNA damaging agents. Cells were harvested at

various time points and processed further according to the experimental plan.
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2.9.5 Determination of cell viability y MTS assay
NIH 3T3 cells were seeded at the density of 2,000 cells per well oreelD@ssue culture
plate. 24h posplating, cells were subjected to a range of 4ANQO doses for 30min. Then the
cells were incubated at &7 for 3h. The MTS assays were thearried out using CellTiter

96® AQ,eousONe Solution Cell Proliferation Assay (Promega) as directed by the manufacturer.

2.9.6 Flow cytometry: Investigation of membrane integrity bgldstainingwith Yo

Pro-1® and Propidium lodide (PI)

For distinguishindpetweencells undergoing apoptosis and necrosis, dual staining of live cells
with Yo-Pro-1® and Pl was carried out. Cells wergpsinised and collected in 5ml of
DMEM/10% serum solution. Cells were centrifuged at 1,000rpmrfon5Cells were washed
twice in icecold PBS. Cell pellet was 1®ispended in 1ml of PBS asthined with0.1uM
Yo-Pro-1® (Molecular Probejnd 0.1ug/ml Pfor 30min on ice. Stained samples were then

analysed on the BD FACS Calibur system (BD Biosciences).

2.9.7 Flow cytometryFixation ofthe cells for analysis by fluorescent activated cell

sorter (FACS)

In preparation fosome ofthe flow cytometry analysis, ells were fixed in 70% (v/v) ethanol
before staining with appropriate reagenCells were trypsinised and collected in 5ml
DMEM/10% serum. Cells were centrifuged at ®Grpm for 5nin at £C. Supernatant was
aspirated and the cells were wasbedein ice-cold PBS. The pellet wesced by adding 70%
ethanol drogby-drop while vortexing.Samples were kept on ice for at leasm® befare

processing further, or kept diCtup to4 weeks before being processed.
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2.9.8 Flow cytometry: Cell cycleSubG1l) analysis

For analysis of suks1 population, saples were washed twice in 2isibG1 washbuffer.
Cells were centrifuged at 2,500rpm for 3mifhe cell pellet was treated with 100ug/ml
ribonucleaseA for 10minutesandwas stainedwith 50ug/ml PI for 30min on ice. Cells were
analysed by BDFACSCalibur analyser (Becton Dickenson Bioscienaesipg the laser
excitation at 488nm. 10,000 events gample were collected and DNA profiles of the cells

were analysed witthe FlowJosoftware version 7.2.@ree Star Inc.)

2.9.9 Flow cytometryBromodeoxyuridine (BrdUhcorporation assay

Cells were treated with a DNA damaging agent as described beforeeamihcubated for 3h

with last 30minutes in the presence of 10uM BrdU. Cells were harvested and fixed in 70%
(v/v) ethanol.The fixed cells were centrifuged at 2,500rpm for 3rain£C and the 70%
ethanol was removed. Cells were resuspended in 1ml eftutérg solution (2N HCI, 0.5%

(v/v) Triton X-100), and incubated at room temperature fani80 The denaturing solution

was removed and replaced with 1ml of the neutralising solution (0xid pH 8.5).Cells

were washed in 1ml of blocking solution (0.5%v) Tween 20, 1% (w/v) BSA, in PBS) and

the pellet was collected by centrifugation as ab@veé. € | o-donjuBated BrdU antibody

(BD 347583) was added directly to the cell pelleAfter 30min incubation at room
temperature the cells were washed once inbtbeking solution. Subsequently, cells were
resuspended in 1ml o Pl. DINR frofilesofrthe aellsrandrthg Brils g / ml of
incorporation leved were aalysed by FACSCalibur analyser. 20,000 events per sample were
collected. Using the FlowJo software, each sample was analysed by plotting FITC
fluorescence (i.e. BrdU staining) agaidtfluorescence (i.e. DNA content). BrdU positive
cells were scored as the population of cells with FilGrescence higher than that of the G1

or G2/M population.
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2.9.10 Localisation of cellular protein by immunostaining assay

Cells were grown to 80% conflltec e i n G 90mm tissue culture di s
(13mm diameter). Cells were fixed on coverslips by gently adding appropriate volume of 4%
formaldehyde solution (TAAB.aboratories Equipmepfor 10min. Coverslips were washed
three times in PBS fobmin. Cells were permeabilised by incubating with either ice cold
methanol or 0.2% (v/v) Triton 200/ PBS for 10min, depending on the primary antibody.
Coverslips were incubated with blocking solution (5% (v/v) BSA in PBS) for 1h followed by
three washeé PBS as before. Coverslips were stained with primary antibody for 1h in a
humid chamber. 1:50 and 1:1000 dilution was used for antibodies against cyclin D1 and
FLAG-tag , respectively. Coverslips were washed as before and were incubated with anti
mousesecondary antibody, diluted at 1:3000, for 45min. Following the PBS washes as before,
the coverslips were placed on a slide witt6-diamidino2-phenylindole (DAPI)-Mowiol
mountant The stained cells were visualised and the images were captured usigottem
software on a Zeiss Axiovert 200M inverted microscope. For quantitation of the
immunofluorescence, 18200 cells in random fields of view across the entire coverslip of
each sample were scored. For the observation of nuclear condensation, aelfixedeon
coverslips as described above and were placed on a slide withND@VAbl mount without

incubations with antibodies.

2.9.11 Immunoprecipitation (IP) assay

Cells from four 90mm dishes per sample were used in the IP assay.weeHsscraped in

3 0 0 ¢ 1 distp ef RIPA buffer and collected into an Eppendorf tube. The cells were
homogenised by passing througB gauge syringe five tinseand were incubated on ice for

15min Thecell lysate was centrifuged at 14,000 rpm fomi®in a precooled centrifuge at

4°C. The supernatant was transferred into a new Eppen f tube. 100¢l of t h

taken as the whole cell lysate sample. The remaiifitige lysatewasplaced in an Eppendorf
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tube cont ai ni n GE Healtbchrgbealds tht weoetpreequlibrat@d with RIPA

buffer. Zg per IP sample of an appropriate antibody was added. The samaplancubated

with mixing for 2hat £C. The protein Gbeads were washed 3 times in RIB4ffer by brief

centrifugation at 8,000rprmnd wer e r e s uokZXsSHDIPAGE loading Bulee. |

For IPkinase assays, the protein G beads were washed twicebrulK f er v ol ume b

mercaptoethanolinmediately aftethe 3 washeRIPA buffer

2.9.12 Kinase assay

Forinvitrok i nase assays, 15¢ | of K dmpedIAERs (cont ai
1uM MgCl,, 5¢l of recombinant protei#e@elputoegci and
1e Ci{*P]ATPandkbuf fer to 25&l wer e °CnReactiotis wered i ncub
terminatel after 45min using 5X SBDBAGE sample buffer, liess stated otherwise. Assay

samples were resolved on a 10% polyacrylamide gel by-FBRSE. Gels were fixed in

destaining buffer for 1@in followed by autoradiography or quidtation using

phosphorimager.
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Chapter 3: DNA damagénduced responses by celde

proteins in NIH 3T3 cells

3.1 Introduction

In addition to being the cellular sensor of mitogenic stimuli and hence the positive regulator
of cell cycle, cyclin D1 has been implicated in the DNA damage response. Rapid clearance of
cyclin D1 in the cells xposed to a number of DNA damaging agents including IR, UV and
H,0, have been reported previoughgami and Bernards, 2000; Miyakawa and Matsushime,
2001; Barnouiret al, 2002) One of the consequences of such degradation is G1 cell cycle
arrest. Other evidence showed that emgoression of cyclin D1 or CDK4 sensitise cells to a
DNA damageinduced apoptotic cell death while another report demonstrated that the loss of
cyclin D1 is required to induce efficient DNA repair process following DNA danjBggano

et al, 1994; Dobashét al, 1998; Dobashét al, 1999; Katayamat al, 2001; Dobashét al,

2004; Retzet.idl et al, 2007) Collectively, these reports suggest that cyElihlevels may

play a decisive role in regulating the cellular events after DNA damage is inflicted.

To dissect the role afyclin D1 inthe DNA damage responsmolecular changes in NIH 3T3

cells treated with 4NQO were investigated. In addition to cylin responses of other key
components of the cell cycle machinery were also examined. The 4hN{Ged molecular
responses were compared with those associated with D4, ahd IR. This chapter presents

the results from the initial investigations to sys#tically study the interelationship between

the DNA lesions imposed by various DNA damaging agents and the molecular responses of

the key cell cycle regulatory proteins especially focusing on cyclin D1.
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3.2 Results

3.2.1 Comparison of cyclin D1 response to 48@nd HO, in NIH 3T3 cells

The changes in cyclin D1 expression triggered by 4NQuDced DNA damage were

assessed by immunoblotting lysates of the mouse fibroblast cell line, NIH3T3, treated with a

range of 4ANQO doses as described (Materials and Metheigs).independent experiments

consistently showed that cyclin D1 responds to 4NQO treatment in aldpsadent manner

(Figure 3.1). At a low dose of 4NQO (2.5uM), cyclin D1 expression remained unchanged.
Moderate doses of 4ANQO (10uK56uM) reduced the cyiri D1 level to approximately 10%

of the control samples within 3h of exposure. The level of a Housee p i n g -tpbulio,t ei n, U
remained constant in the samples treated with up to 100uM of 4NQO, excluding the facile
explanation of protein loss through cédlath. Interestingly, at a high dose of 4ANQO (200uM),
cyclin D1 |l evels wer e s-umlinlwasrslightlpredudedinlevelf untr e
compared to control cells, suggesting potential protein loss through cell death (Figure 3.1).

Quantifiation using the AIDA programme revealed that approximately 80% of cyclin D1

expression was maintained following exposure to 200uM 4NQO (Figure 3.1b).

To determine whether this biphasic response in cyclin D1 levels triggered by 4NQO treatment
was commond all DNA damaging agents, the immunaoblotting experiment was repeated
using HO.. In line with the previous reports, exposure of cells to increasing dosefOpf H
resulted in a gradual degradation of cyclin D1 in a dtsmendent manner (Figure 3.2)
(Barnouinet al, 2002; Fasanaret al, 2006) When compared with the cyclin D1 degradation
caused by 4NQO exposure;®4 triggered a less dramatic reduction of cyclin D1 expression.
1mM H,O, was required to trigger an 80% reduction in cyclin D1 expression while 10uM
ANQO was sufficient to loer the cyclin D1 expression to a similar level. Moreover, the
maintenance of the cyclin D1 level following exposure to high doses of 4NQO could not be

reproduced usingup to 5mM8,, at wh i cthbulid sigaadwas redeicedisuggesting
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that there was a loss of protein potentially by cell death (data not shown). These data indicate

that 4ANQO and kO, trigger different responses by cyclin D1.

3.2.2 Response by other cell cycle protein NIH 3T3 cells

In an attempt to understand the molecular responses to 4NQO treatment further, the levels of
other cell cycle regulators following exposure of NIH 3T3 cells to 4NQO &, kivere
examined by immunoblotting. Cyclin A2, cyclin E1, CDK1, CPKand CDK4 did not
exhibit dosedependent changes in expression levels with either of the DNA damaging agents
tested (Figure 3.3) whereas changes in expression levels of cyclin B1 and p27 appeared
variable each time (data not shown). Although the majafitgell cycle proteins examined

here did not change expression levels in response to 4NQGO,- induced DNA damage,

the CDK inhibitor, p21, exhibited a strong dafspendent response to both of the DNA

damaging agents (Figure 3.3).

Differential phoghorylation of p21 has been shown to partly regulate the opposing functions
of p21 (Child and Mann, 2006)The phosphorylation of S130 of p21 produces cavst
migrating species of p21 on SEPAGE gel (Jarviluomaet al, 2006) and is visible in the
immunoblot presented in Figure 3.3. 4ANQO aiOkltreatment altered both the expression
level and phosphorylation status of p21. Exposure to 25uM or greaterafdd4g3, resulted

in an accumulation of both forms of p21 in a ddspendent manner (Figure 3.3b). On the
other hand, 4NQO induced a biphasic response in p21; treatment with a low dose of 4ANQO
induced a dramatic-fbld increase in p21 expression, at medimses the p21 level declined

by 80% and with high doses the level was similar to that in the untreated control cells (Figure
3.3a). The S130 phosphorylated form of p21 was only present in the control and the sample
treated with the low dose (2.5uM) of 4K0Q Combined with the difference in the cyclin D1

response caused by the two DNA damaging agents, these data support the notion that the
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DNA damaging agents induce distinct responses in the levels of two key cell cycle regulators.

3.2.3 Generality of the cyclib1 and p21 response to 4NQO

In order to test the generality of the 4AN@@uced biphasic response of cyclin D1 and p21
observed in NIH 3T3 cells, the response of these proteins in two other cell lines were tested. A
normal human fibroblast, WI38, and anan osteosarcoma cells, U20S, were treated with
ANQO and the responses of cyclin D1 and p21 were examined by immunoblotting as before.
The ability of U20S cells to maintain cyclin D1 expression appeared slightly inferior to NIH
3T3 and WI38 (Figure 3.4). dhetheless, the characteristic biphasic response of cyclin D1
was readily reproducible in both cell lines (Figure 3.4). The dramatic accumulation of p21
observed in response to 2.5uM of 4ANQO was absent in both cell lines. The medium to high
doses of 4NQOriggered similar changes in the p21 levels as was observed in NIH 3T3 cells
(Figure 3.4). These data suggest that the 4NiQpDced biphasic response of cyclin D1 is
likely to be a universal response whereas p21 response may exhibit certain tissue ®r specie

specificities in expression following DNA damage.

3.2.4 Responses of cyclin D1 and p21 to other DNA damaging agents in NIH 3T3

cells

Miyakawa and Matsuhime (2001) and Agami and Bernard (2000) previously reported that
cyclin D1 is downregulated in response WY and IR, respectively. To determine the
responses of cyclin D1 and p21 to other DNA damaging agents, NIH 3T3 cells were exposed
to various doses of UV and IR. Cells were harvested 3h after exposure and the responses of
cyclin D1 and p21 were analysed loymunoblotting as before. In line with previous
observations, cyclin D1 was indeed downregulated following exposure to UV and IR in NIH
3T3 cells (Figure 3.5). Whereas increasing doses of IR caused a gradual decrease in cyclin D1

level, UV treatment indwed a doselependent biphasic response which resembled the
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response observed after the 4NQO treatment. As can be seen in Figure 3.5a, cyclin D1
expression was maintained at a similar level to the control sample in response to up o 50J/m
UV. A dramatic clarance of cyclin D1 expression was observed following exposure to 500
2500J/m UV. In a similar manner to the response triggered by high doses of 4NQO, high
doses of UV (50000000J/M) resulted in a maintenance of cyclin D1 expression. Such
maintenance otyclin D1 expression following high doses of UV have not been reported
before. UV exposure also caused a similar p21 response as observed after 4ANQO treatment;
p21 accumulated in response to a low dose of UV (#Jfmedium doses of UV (500
2500J/M) led to a clearance of p21 and high doses of UV did not seem to have an apparent
effect on p21 expression (Figure 3.5a). Whilst UV seemed to trigger similar responses of
cyclin D1 and p21 as 4NQO induced DNA damagein@iced cyclin D1 and p21 responses
sharedsimilar features to those caused byOhHltreatment. As presented in Figure 3.5b,
increasing doses of IR induced a gradual decrease of cyclin D1 and an accumulation of p21.
Like in the case with kD,-associated responses, biphasic responses of cyclin f2loxere

not observed by increasingthe(R dose up to 80Gy,-tubalinsigudii ch dose

possibly by cell death was observed (data not shown).

3.2.5 Impact of cyclin D1 and p21 changes induced by DNA damage response at

molecular level

As a first step to determining the effect of tABIQO-induced response on cell cycle
progression, the phosphorylation status of pRb in the NIH3T3 cells treated with 4NQO or
H,O, was examined by electrophoretic mobility shift assay. Depending on the level of
phosphorylation, pRb shifts from an active hghosphorylated form to an inactive
hyperphosphorylated fornMittnacht, 1998) In the samples treated with,B, the pRb
population gradually shifted from hypdo hypaphosphorylated forms with increasing doses

of H,O,. pRb remained hyperphosphorylated up to 25uM eDH(Figure 3.6b) At 50-
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100uM of HO,, where p21 was induced and cyclin D1 lelbegan to declin€Figures 3.2,
3.3b), hyperand hypophosphorylated forms of pRbexasted in the population (FiguBe6h).

At doses higher than 100uM, only the hypophosphorylated form of pRb was detcttdu:

other hand, 4NQO treatment of NIH 3T3 cells resulted imem@mmplex changes in pRb
phosphorylation. In the samples treated with 2.5uM of 4NQO, where cyclin D1 was
maintained and p21 accumulation was observed, both -hgpdrhypophosphorylated forms

of pRb were detected (Figure 3.6a). For the samples treated @n5uM of 4ANQO, where

both cyclin D1 and p21 levels were reduced, the pRb ran slightly above the
hypophosphorylated form. In response to -200uM of 4NQO, where both cyclin D1 and
p21 levels were maintained at the similar levels as the controlppéthted in between the
hyper and hypephosphorylated forms of pRBVhen compared with cyclin D1 levels
observed in these 4NQtieated NIH 3T3 cells (Figure 3.1), the presence of cyclin D1 and
that of intermediate pRb species seemed to correspond to an @ttant, suggesting that
cyclin Dl-associated kinase activity may be responsible for the presence of the partially

phosphorylated form of pRb.

To dissect the ambiguous changes in the pRb phosphorylation pattern induced by 4NQO, the
pRb kinase activitie were directly examined by IP followed ly vitro kinase assay. To
observe the changes in the pRb kinase activities, NIH 3T3 cells were treated with 4 doses of
4ANQO: 0OuM, 2.5uM, 50uM and 200uM: to represent control, low, medium and high doses,
respectivey. Three hours after treatment, Cyclin@DK4 and cyclin E/ACDK2 complexes

were isolated by IP through their CDK subunits. The kinase activities associated with each
immunocomplex were measuredvitro, against a recombinant pRb fragmeRb(792973)

or histone H1. After several attempts, it became evident that the kinase activity associated
with CyclinD-CDK4 complex could not be detected through this method whilst the activity of
cyclin E-CDK2 was successfully measured. The CbBl&sociated activity wasduced by

approximately 70% in response to the low dose of 4ANQO (Figure 3.7). Medium and high
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doses of 4ANQO almost halved the kinase activity associated with CDK2, with 200uM sample
retaining slightly less kinase activity (Figure 3.As the immunoblothg showed,CDK2
present in the 4ANQ@reated NIH 3T3 cells exist as two forms with distinct electrophoretic
mobilities (Figure 3.79. The faster migrating form of the CDK2 represents the active form
which is phosphorylated at T160 on its activation loogh #ue slow migrating form represents
the inactive CDK2(Gu et al, 1992; Brownet al, 1999) Considering that similar levels of
both forms of CDK2 were maintained following 4NQO exposure, it appears that the-4ANQO
induced DNA damage response is unlikely to regulate CDK2 activityegalation of T160
phosphorylation (Figure 3.7arurthermore, the expression levels of neither cyclinnir
cyclin A2 responded to the 4NQO &tnent (Figure 3.3a). Collectively, these results suggest
thatany changes in the CDKassociated kinase actiyiare likely to be due to the interaction

of the complex with other proteins, such as €Kdr inhibition by covalent modificatian

other than phosphorylation of T160 (see 3.3 Discussion).

Although the CDK2associated kinase activity in cells treateithva low dose of 4ANQO was
reduced substantially (Figure 3.7b), the electrophoretic mobility shift assay for pRb presented
in Figure 3.6a showed the presence of hyperphosphorylated pRb in this sample. As described
earlier, the functional inactivation of pRrequires kinase activities of both CDKand
CDK4/6-associated complexdteeset al, 1991; Hatakeyamat al, 1994; Lundberg and
Weinberg, 1998) Moreover, three groups have demonstrated that the &ielddndent
phosphorylation of pRb is responsible foobility shift of pRb(Kato et al, 1993; Resnitzky

and Reed, 1995; Knudsen and Wang, 1998)e presence of hyperphosphorylated pRb,

therefore, indicates that the CDi&4sociated activity ay be preserved in the sample.

As an alternative approach to-kihase assay, the effect of 4ANQO exposure on the CDK4
associated kinase activity can be monitored by assessing the phosphorylation status of pRb at

CDK4 specific target sites. S807 and S814 @vo known phosphorylation sites specific to
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the cyclin DBCDK4 complex(Knudsen and Wang, 1998arkowska and Mittnacht, 1997)

Immunoblotting with a phosphospecific antibody revealed that the phosphorylation pattern at
these sites mostly followed the dedependent changes in the cyclin D1 expression,
suggesting that the CDKdssociated kinase adgties changed with cyclin D1 expression in
ANQO+treated NIH 3T3 cells (Figures 3.1, 3.8). Moreover, all the pRb phosphorylated at
S807/S811 sites emigrated with the hyperphosphorylated pRb (i.e. the pRb in the non
treated sample), suggesting that th@uation of pRb that migrated in between hypand
hypophosphorylated forms of pRb as observed in Figure 3.6a were not phosphorylated at
S807 or S811 sites. The experiment was repeated using a phosphospecific antibody that
detects phosphorylation of pRbt ane of the CDKzpecific sites, T821. Unlike
phosphorylation of CDK4pecific sites, T821 phosphorylation following 4NQO exposure did
not exhibit prominent dosgependency. Althouglin vitro kinase assays showed that the
CDK2-associated kinase activitiasere substantially reduced following 4NQO exposure
(Figure 3.7b), changes in the levels of T821 phosphorylation were limited. In fact, pRb
phosphorylation at T821 sites in 50uM and 200uM seemed unaffected compared to-the non
treated sample despite the 508duction of the CDKzassociated kinase activities as
presented in Figure 3.7b. These results seemed to imply either that the halved CDK2
associated kinase activity was sufficient to fully phosphorylate pRb at this site or unknown
kinases were able to psmhorylate pRb at T821. The pRb species phosphorylated at T821
also cemigrated with the hyperphosphorylated form, similarly to those phosphorylated at
CDK4-specific target sites (Figure 3.7). Together, these results demonstrated that the partially
phosphoylated forms of pRb observed in Figure 3.6a are likely to be phosphorylated at

phosphorylation sites other than S807, S811 and T821.
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3.2.6 Changes in pRb phosphorylation status in response to the 4Np0ed DNA

damage response

To investigate the relationgis between the cyclin D1 and p21 expression levels and pRb
phosphorylation status in the DNA damage response further, EH1 cells, a stable clone of
U20S cells that expresses P& under the control of an IPT{®ducible promoter was
employed(McConnell et al, 1999) EH1 cells were treated with 4 doses of 4NQO in the
presence and absence of IPTG. The changes in the expression of cyclin D1 and p21, as well as
the phosphorylation status of pRb in each sample were studied by immunoblotting (Figure

3.9).

McConnellet al, (1999) showed that when the p16* expression was induced, the activities

of CDK4/6 were inhibited in the EH1 cells. The dapendent changes in cyclin D1
expression levels induced by 4NQO was unaffected by the inhibitory effect@bp,
indicating that the changes in expression levels of cyclin D1 were independent of €DK4/6
associated kinase activities (Figure 3.9a). The induction dY'ff1éxpression stabilised and
somewhat induced the expression of p21 which is in agreem#mblaservations made by
Aboussekhra and colleagu¢al-Mohannaet al, 2004) pRb phosphorylation status was
dramatically different in IPT@nduced and uninduced EH1 cells. In the absence of IPTG,
cells proliferated normally as indicated by the presence of hyperphgktkdrpRb (Figure
3.9b). Upon induction of p1¥“2 pRb became hypophosphorylated, consistent with the study
reported by McConnelet al. (1999). Interestingly, the pRb in cells treated with 200uM of
ANQO, where cyclin D1 was maintained, was partiallpg@horylated despite the induction

of p16™*® and the maintenance of p21, both of which are able to inhibit the kinases
responsible for pRb phosphorylation. These observations give rise to three possible
explanations; (1) Cyclin D1 maintained followingpasure to 200uM 4NQO was shielded

from the inhibitory effects of p1%6“? and p21, (2) CKls were inactivated as a result of the
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DNA damage response or (3) Other kinases were able to phosphorylated pRb following DNA

damage.

In addition to the regulationf @Rb function by cyclin Bassociated kinase activitiggiller

and colleagues havkemonstrated the ability of pRb in regulating the expression of cyclin D1
by showingthat transfection of functional pRbtinpRb deficient tumour cells induseyclin

D1 expressionMuller et al, 1994) To determine whether the partial phosphorylation of pRb
observed in cells treated with 200uM 4NQO was theseaor the consequence of cyclin D1
maintenance, D1wt 3T3 cell line, a stable NIH3T3 cell clone that expresses human cyclin D1
under the control of CMV promoter, was generaiditerials and Methods) his cell line
allows the expression of ectopic cychi to remain after the imposition of quiescence as the
expression is driven by cytomegalo virus (CMV) promot€&itZsimonset al, 2002) Thus,

Diwt 3T3 cell line is suitable for studying the 4AN@@uced changes in cyclin D1, in the

absence of pRb phosphorylation.

Firstly, the integrity othe DNA damage response in the novel cell line was tested. Treatment
of asynchronous D1wt 3T3 with a range of 4ANQO dosages resulted in the biphasic response
by both endogenous and exogenous cyclin D1 as well as p21 (Figure 3.10a). This indicated
that theDNA damage response is intact, at least in terms of cyclin D1 and p21 expression, in
the presence of ectopic cyclin D1. It also suggested that the 4Nfp@ed changes in cyclin

D1 expression levels were regulated goshscriptionally. Dilwt 3T3 cell lineappeared
slightly more sensitive to 4NQO compared to NIH 3T3, with the maximum degradation of
cyclin D1 achieved in response to-28uM 4NQO rather than 250uM. However, 50uM

ANQO was still able to impose a substantial reduction of cyclin D1. Theré®ibsequent
experiments were carried out with the 4 doses of 4N@D2.5, 50 and 200uM as chosen
previously. To assess the 4N@@luced cyclin D1 response in the presence of

hypophosphorylated pRb, D1wt 3T3 cells were quiesced by serum starvatiod oights.
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Despite the presence of ectopic cyclin D1, the cells were quiesced successfully following the
serum starvation andpproximately 95%of cells accumulated in the &, peak Eigure

3.10c). Thisobser vati on agrees wi t h whigke showed thaty and
expression of cyclin D1 alone could not induce proliferation in quiescentReksitzky and

Reed, 1995) Furthermore, Cheng and colleagues demonstréiad etctopically expressed

cyclin D1 is unable to form an active complex with CDK4 in the absence of serum

stimulation possibly due to the presence of a high level o{@B&nget al, 1998)

Figure 3.10b shows that although the dlewwf p21 was reduced in the quiescent cell
population, the dosdependent induction of p21 could still be observed at 3heqgsisure.
Moreover, the biphasic response of cyclin D1 was intact even though the pRb remained
hypophosphorylated up to 3h aftee treatment at all the 4NQO doses tested. Taken together
with the results from the EH1 cell line, partially phosphorylated pRb is not required for the
maintenance of cyclin D1 following the 4NQO exposure. Furthermore, the presence of

partially phosphorydted pRb appeared to be serum dependent.

3.3 Discussion

The findings from the initial investigations into the potential role of cyclin D1 in the DNA
damage response are presented in this chapter. By screening for cell cycle regulators that
respond to the DNAlamaging agents, 4NQO and®{, unique dos&ependent responses by
cyclin D1 and p21 have been identified. Consistent with previous reports, treatment with
H,O, resulted in a classic DNA damage response where cyclin D1 levels declined and p21
accumulatedvith an increasing dosgChenet al, 1998; Cheret al, 2000; Barnouiret al,

2002; Fasanaret al, 2006) On the other hand, both cyclin D1 and p21 exhibited unique
biphasic responses to 4/Qreatment where at a low dose (2.5uM) cyclin D1 levels were

unchanged but p21 was induced strongly within 3h of exposure; at intermediate deses (10
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75uM) both cyclin D1 and p21 levels were reduced dramatically; at high dose2q@Qm)

little change incyclin D1 or p21 expression was observed (Figures 3.1a, 3.3a). Failure to
reproduce this biphasic response using a lethal dose,©f $liggested that the 4NQO
induced responses by cyclin D1 and p21 represent a novel DNA damage response that has not
been rported before. Further studies demonstrated that UV and IR, both of which are well
established DNA damaging agents, induced similar responses of cyclin D1 and p21 to 4NQO
and HO,, respectively. Although both U\and IRinduced DNA damage have been shown t
trigger cyclin D1 degradation previously, this is the first time whereinddced DNA
damage was shown to activate ddependent biphasic response of cyclin (Bllyama and

Reeves, 1999; Agami drBernards, 2000; Miyakawa and Matsushime, 2001)

The 4NQQinduced response of cyclin D1 was readily reproduced in cell lines other than NIH
3T3 cells as presented in Figure 3.4. A human osteosarcoma cell line, U20S, that retains fully
functional p53 ad pRb but lacks the expression of CDiibitor, p16“<** (Diller et al,

1990; Parket al, 2002) was also able to reproduce the biphasic response of cyclin D1 albeit
with slightly different sensitivity. This implies that the DNA damage respdiy cyclin D1 is
independent of the ability of pT6*® to dissociate cyclin D1 from CDK4 although
requirement for the inhibition of CDKdssociated kinase activity by other CKI cannot be
ruled out at this stage. Unlike the universality exhibited by dyein D1 response, p21
accumulation induced by a low dose of 4ANQO was absent in the two human cell lines tested
here. Comparable with the result presented here, Lee and colleagues have demonstrated that
p21 in human cells are more sensitive to-idfuceddegradation than p21 in mouse cells
(Leeet al, 2006) Furthermore Xie and the colleagues have demonstrated that the kinetics at
which p21 is induced in response to DNA damage varies amongst ce(Mieest al, 2002)

Such species and cell specific differences in the p21 response may partly explain the
discrepancies between previously reported p21 responses to DNA damage. While p21 is

mainly induced in response DNA damage caused by [Ranmaret al, 1994; Di Leonardo
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et al, 1994; elDeiry et al, 1994; Siliciancet al, 1997) the repord on UVinduced response

by p21 have been rather puzzling. Several groups have shown that irradiation with UV results
in upregulation of p21 in both p&&pendent and independent manr@®sonet al, 1996;
Loignonet al, 1997; Haapajanet al, 1999; Hiyama and Reeves, 1999; Jald#iual, 2000)

Others reported a downegulation of p21 in response to UV in a doependent manner
(Allan and Fried, 1999; Bendjennat al, 2003; lee et al, 2006; Leeet al, 2007) The
involvement of p21 in DNA damagaduced repair is another contentious property of the
CKI (Cooperet al, 1999; FukamKobayashi and Mitsui, 1999; Stivadd al, 2001; Perucca

et al, 2006) Such pleiotropic properties of p21 in the DNA damage response resemble its
functions in cell cycle regulation. It may play an important roleétermining the cellular

response to DNA damage alongside cyclin D1.

To determine the impact of DNA damaigeluced changes in cyclin D1 and p21 expression
levels, the G1/S transition status was examined at molecular level. As described above, the
progression of cells through G1 to S phase of the cell cycle is governed primarily by the
activities of the pRb tumour suppressor and E2F transcrifitiefin et al, 1993; Black and
AzizkhanClifford, 1999; Harbour ath Dean, 2000c¢)The growth suppressive activity of pRb

is dependent on the kinase activities of G1 cyclin/CDK compléZesneltCrowley et al,

1997; Ezhevskyet al, 1997; Lenget al, 1997; Ezhevskyet al, 2001) The crucial roles
played by the G1 cyclin/CDK complexes were demonstrated by a number of groups;
overexpression of cyclin D1 and cyclin E accelerated the G1 phase of cel(Mysigroveet

al., 1994; Resnitzky and Reed, 1995; Imo#d al, 1997, Kamalatiet al, 1998)
immunodepletion of cyclin D1 or dominant negative mutation of CDK2 inhibitecs@hase
progressionLeeset al, 1991; Lundberg and Weinberg, 1998)d loss of pRb expression
rendered cyclin D1 dispensalite regulation of GiS transition(Lukaset al, 1995; Keenan

et al, 2004) Furthermore the enhanced cell growth associated with overexpression of

cyclin/CDK complexes was overcome by expression of (pR¥ton et al, 1995) indicating
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the close functional relationships between these proteins.

Changes in cyclib1 and p21 expression levels induced following exposure of NIH 3T3 cells
to 4ANQO and HO, were reflected in the alteration of pRb phosphorylation status, which is
indicative of changes in the & phase transition (Figure 3.6). The reduced expression of
cyclin D1 and concomitant increase in the CDK inhibitor, p21, following exposure@ H
presented in Figure 3.2a resulted in the mobility shift of pRb from the -hyper
hypophosphorylated form (Figure 3.6b). This indicated that the cyclin D1 reduction was
associated with loss of kinase activity, most likely that of CDK4 as previously re§Gtied

et al, 1998; Barnouinet al, 2002) Following the lack of CDK4lependent pRb
phosphorylation, cyclin EDK2 complexes would fail to phosphorylate pRb as their pRb
kinase activities are dependent on the presence of partial phosphorylation of pRb by cyclin D
CDK4 complexegLundberg and Weinberg, 1998Yloreover, loss of cyclin D1 is linked to

the redistribution of CKls to @fin E-CDK2 complexeqPoonet al, 1996; Heet al, 2005;

Alao et al, 2006a)and the induction of p21 would complete the inactivation ofc¢din
kinase actiities. Taken together, the,B,-associated responses observed at the molecular
level point towards the wetlocumented induction of the G1/S cell cycle arrest through the

p53p21-pRb pathwayDulic et al, 1994; Kaufmann and Paules, 1996)

The 4NQQinduced changes in pRb phosphorylation status appeared much more intricate.
The assessment of CDKAnd CDK2associated kinase activiti@s vitro did not unveil an
explanation to this observation. The kinase activity associated with CDK2 following 4NQO
exposure was generally reduced although the expression of activating subunits, cyclin E and
cyclin A, or the phosphorylation of T160 by cyclin@®DK7 complex appeared unaffected.

The dramatic reduction of CDK&ssociated kinase activity in response to a low dose of
ANQO was likely to be at least partially due to the substantial accumulation of p21. Reduced
CDK2 kinase activity in NIH 3T3 cells treatedth medium doses of 4NQO was probably

due to redistribution of p27 following rapid degradation of cyclin D1. A similar phenomenon
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was observed in response to-ihduced DNA damage where low doses of UV (up to 5§J/m

but not high doses caused p21 accutima In the case of a UwMduced response, CDK2
inhibition was achieved by loss of activating cyclins in response to high doses (€fddWet

al., 1996) In the case of the response induced by high doses of 4ANQO, however, alternative
regulatory mechdsms for CDK2 must exist as p21 accumulation, and degradation of cyclin
D1, E or A was absent in these samples. A number of groups have demonstrated that cyclin
D1 can sequester CDK2 in inactive complexes that cannot be activated by cyCIiKH

which may provide a way of finrduning the level of Gkinase activitiegDulic et al, 1993;
Higashiet al, 1996) Although a érmation of such complex is possible, CDK2 in the 4NQO
treated NIH 3T3 cells were phosphorylated at the threonine residue. Thus, further
investigation is required to determine the mechanism by which CDK2 is inhibited after the

treatment with a high dose 4NQO.

Electrophoretic mobility shift assays using a phosphospecific antibody for Spéetfic
phosphorylation sites on pRb demonstrated that phosphorylation of S807/S811 sites seemed
to follow the 4NQQGinduced changes in cyclin D1 expression (FiguB).3-urthermore, the

pRb species phosphorylated at S807/811 sites migrated together with the
hyperphosphorylated form of pRb (Figure 3.8). This observation endorses previous reports
which demonstrated that the phosphorylation of pRb at the €piédific taget sites, S807

and S811, were responsible for the mobility shift of pRb to the hyperphosphorylated form
(Katoet al, 1993; Knudsen and Wang, 1996)se of another phosphospecific antibody which
detects the phosphorylation of CDispecific site, T821, revealed that the phosphorylation of
pRb at this site remained mostly unaffected by the 4Ni@iDced DNA damage response
(Figure  3.8). Interestingly, T82dhosphorylated pRb also -oigrated with
hyperphosphorylated form of pRb (Figure83 Collectively, these results indicated that the
pRb population that migrates between the hyp&d hypephosphorylated forms of pRb

observed following 4NQO exposure was not phosphorylated at S807/811 or T821.
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The pRb population with an intermediatearophoretic mobility was previously observed
when the cyclin E/CDKzssociated kinase activity was inhibited by esxpression of a
kinase inactive mutant CDK@.eoneet al, 1997; Lundberg and Weinberg, 1998)deed, the
appearance of pRb with a perturbed electrophoretic mobility seemed to corresporidewith
loss of CDK2associated kinase activities as shown in Fig@té and 3.7They found that

this partially phosphorylated form of pRb displayed reduced nuclear loaalisatilst
preserving the ability to bind and inhibit E2F suggesting that the pRb was not
phosphorylated at S780, a CDigecific site which was shown to interfere with ERF
binding ability of pRb (Kitagawa et al, 1996; Lundberg and Weinberg, 1998)he
observations of the molecular responses in 4N@ted EH1 and Dwt 3T3 cells suggested

that the presence of a partially phosphorylated form of pRb was serum dependent although the
CDK4-associated kinase activity may be dispensable. Perhaps, there are yet unidentified
kinases that are able to phosphorylated pRb @ sihich confer the unique electrophoretic
mobility to the pRb. Previously, a CD@glated serine/threonine kinase, CDK9, has been
shown to form a complex with-dyclins and directly interact with pRb vivo (Simoneet al,

2002) CDK9 is able to phosphorylate pRb at some of the serine residues that are
phosphorylated by CDK4n vitro (Granaet al, 1994; De Lucat al, 1997; Simoneet al,

2002) Another report demonstrated that checkpoint kinases 1 and 2 (Chkl and Chk2) were
able to phosphorylate pRb at S612, which is normally a Giakget site, in response to DNA
damage(Inoueet al, 2007) Alternatively, an exposure to a high dose of 4ANQO may have
altered the activities of protein phosphatag®P1), a phosphatase responsible for promoting
dephosphorylation of pRb. A number of reports have indicated the involvement of PP1 in the

DNA damage respongi#vanget al, 2001; Tanget al, 2008)

For a long time, pRb was the onknown substrate of the cyclin BADK4 complexes.
However, a number of other proteins have been identified as potential substrates more

recently. For exampleMatsuura and colleagues demonstrated that the-@GFs i gn al
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transducers, Smad2 and Smad3, are hegjatregulated by phosphorylation dependent on the

kinase activities of cyclin BELDK4 and cyclin E/ACDK2 complexegMatsuuraet al, 2004)
Furthermore, cyclin Eassociated kinase activities have also been implicateshirdion of
transcription factors, DMP1 (cyclin -iteracting Myblike protein) and RunxZHirai and
Sherr, 1996; Bodnest al, 1999; Sheret al, 2006) as well as a CKl, p2lufpublished data,
Child and Mann)Therefore, changes in cyclin D1 and p21 levels following exposure to DNA

damaging agents could have more profound effect in terms of cellular responses.
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Figure 3.1 Characterisaation of 4ANQO-induced changes in cyclin D1 expression in

NIH 3T3 cells

Asynchronously growing NIH 3T3 cells were treated with varying doses of 4ANQO and lysed

3h postexposure. (a) The levels of cyclin D1 expression were examined by immunoblotting.

T h etubUlin expression waslso assessed as a loading confitgl Cyclin D1 levels from

i mmunobl otting assays were gquantified-using AI
tubulin levels, as described (Materials and Methods). The relative proterassion was

calculated from five independent experiments. The error bars represent the standard error.
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Figure 3.2 Characterisation of HO,-induced changes in cyclin D1 expression in

NIH 3T3 cells

Asynchronously growing NIH 3T3 cells were ated with varying doses of,B, and lysed

3h postexposure. (a) The level of cyclin D1 expression was examined by immunoblotting

The level ofthe Utubulin, was used to monitgrotein loading (b) Cyclin D1 fromthe

immunoblotting assay asquantified ugig AIDA softwvareand nor mal Hubdinl agai nst
levels,as described@Materials and Methods). The relative protein expression was calculated

from three independent experiments. The error bars represent the standard errors
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Figure 3.3 Assessmenbf the cell cycle protein expression NIH 3T3 following

exposure to DNA damage agents

Changes in the expression level of cell cycle proteins in response to different doses of DNA

damaging agents were examined by immunoblotting. (a) Asynchronously gribWHay 3

cells were treatedith 0- 200uM 4NQO and harvested 3h pesiposure. Expression levels of

six cell cycl e

assessed as a loading control.

proteins wer e i ntubslimtvasaglsot e d
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Figure 3.3 cont. Assessment of the cell cycle gbein expressin in NIH 3T3

following exposure to DNA damage agents
(b) Asynchronously growing NIH3T3 cells were treated withCOOuM HO, and harvested
3h postexposure. Expression levels of six cell cycle proteins were investigated by

immunoblotting.T h etubUlin expression was also assessed to monitor protein loading.
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Figure 3.4 Testing the generality of 4ANQ&@riggered response by cyclin D1 and p21

Asynchronously growing U20S and WI38 cell lines were treated with 4NQO and harvested

3h postexposure. Protein expression of cyclin D1 and p21 in (a) U20S and (b) WI38 cell

l i nes wer e

assess protein loading.
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Page |7

U



a. uv
(J/m?)

Cyclin D1

p21

a-tubulin

b. IR
(Gy)

Cyclin D1

p21

a-tubulin

N. Suwaki

Q \)
QO v 0 ‘JQQ \QQQ ,Lr)Q 5QQQ f\‘)Q

S -
- e "’—‘
a.._ .-

. e e

- -

Figure 3.5 Characterisation of cyclin D1 and p2lesponses following exposure of

NIH 3T3 cells toUV or IR

Asynchronously growing NH 3T3 cells were treated with (a) UV or (b) IR and harvested 3h

after exposure. Changes in the expression levels of cyclin D1 and p21 were assessed by

i mmu n o b |-tabulin levelgvas alSo examined to monitor protein loading.
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Figure 3.6 Characterisation of the effect of the DNA damage response on pRb

phosphorylation status by electrophoretic mobility shift assay

Asynchronously growing NIH 3T3 cells were tred with (a) 4NQO or (b) KD, and

harvested 3h postxposure as described before. Protein samples were separated on a 7%

SDSPAGE gel to isolate the differentially phosphorylated forms of pRb. The bands were

visualised by immunoblotting with a pgoiRb antbody. Protein sample from quiescent NIH

3T3 cells served as a control for hypophosphorylated pRb. Hgpdrhypephosphorylated

forms of pRb are indicated with black and white triangles, respectively.
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Figure 3.7 Changes in the CDKzassociatd kinase activities following exposure to

4ANQO

(a) Asynchronously growing NIH 3T3 cells were treated with 4 doses of 4NQO and
expression levels of cyclin E and CDK2 were assessed by immunoblotting as control for the
total protein levels. Cyclin EIALDK2 camplexes was isolated from 4N@&ated NIH 3T3

cells by IP using an antibody against CDK2 at 3h jeapbsure. The negative control
contained no antibody. The kinase activity was measureditro using histone H1 as
substrate. (b) The CDKassociated kirse activities were quantified by phosphorimaging.

The bar chart represents the mean values and error bars indicate the range of activities

obtained from two independent experiments.
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Figure 3.8 Phosphorylation of pRb at CDK4pecific target sites

The lsates of 4NQ@reated NIH3T3 cells were separated by 7% $B&E for
electrophoretic mobility shift assay. The phosphorylation status of the Gp&eific
(S807/811) and the CDK&pecific (T821) sites on pRb was examined using phosphospecific

antibodiesLysate of quiescent NIH 3T3 (fswas used as a negative control.
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Figure 3.9 pRb phosphorylation status and 4NQO induced cyclin D1 and p21

responses in the presence and absence of ¥

Asynchronously growing EH1 cells were treated witdo$es of 4NQO in the presence and

absence of IPTG. (a) Expression levels of cyclin D1, p21Mff6a n d-tubllin were

examined by immunoblotting assay. (b) Changes in the phosphorylation status of pRb were

assessed by electrophoretic mobility shift assay using @Rbrantibody. Black and white

triangles indicate hypeand hypephosphorylated formsf @Rb, respectively.
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Figure 3.10 4NQO - induced cyclin D1 and p21 responses in quiescent D1wt 3T3

cells

For description see below.
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Figure 3.10cont. 4NQO- induced cyclin D1 and p21 responses in quiescent D1wt

3T3 cells

To study he cyclin D1 and p21 response to 4NQO in quiescent cells, a stable celi &dne

wt3T3 T that constitutively expresses human cyclin D1 under the CMV promoter was

generated from NIH 3T3 cells. (a) Asynchronously growing D1wt 3T3 cells were treated

ANQO ad the responses of endogenous cyclin D1 (white triangle), exogenous cyclin D1

(bl ack triangle) and p21 w+ubuénesgptessidnlevalwasy i mmun
assessed as a loading control. (b) D1wt 3T3 cells were quiesced by serum stanzaivenea

treated with 4NQO as before. Changes in the protein expression were tested by
immunoblotting assays. (c) The DNA profiles of asynchronous and serum starved D1 wt 3T3
population were obtained by PI staining and flow cytometry as described (Matarihls

Methods).
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Chapter 4. Investigation of cellular responses to 4NQO

induced DNA damage in NIH 3T3 cells

4.1 Introduction

The outcomes of the DNA damage response are thought to be dependent on the types and

levels of damage imposddhou and Hedge, 2000; Carr, 2002; Kastan and Bartek, 2004)

When repairable, the DNA damage signalling leads to activation of the repair processes whilst
temporarily inducing arrests of cell cycle as described before (Introduction 1.3). Alternatively,

when DNA repir is not favourable, cells carrying damaged DNA are removed by cell death.

There are mainly two types of <cell deat h; apop
programmed cell deat ho, is comprisedg, of a se
chromatin condensatiofGorczyca, 1999; Huppertet al, 1999) loss of mitochondrial

membrane potential, nuclear fragmentation and preservation of plasma membrane integrity

through these processgn and EiDeiry, 2005; Roos and Kaina, 2006; Elmore, 2007; Taylor

et al, 2008) On the other hand, necrotic cell deat h,
deat ho, i s character i s e dfplasypa mwembrdne istegrty dnd n g, an
subsequent inflammatory respor(&agosklonny, 2000; McHugh and Turina, 200Bpr a

long time, necrosis was considered as uncontrolled process. However, redegs fimave

shown that a number of protein molecules, such aslRiRd cyclophilin D, are involved in

the regulation of necrotic cell death but not of apoptotic cell déBdineset al, 2005;

Nakagawaet al, 2005; Festjengt al, 2006; Festjengt al, 2007) These findings led to

suggestions that necrosis may also be a programmed cell death wwhdifferentially

regulated from apoptosi&Zong and Thompson, 2006; Golstein and Kroemer, 200n)

addition, with recent acgnce in the understanding of cell necrobiology, more types of cell

death such as autophagy, oncosis and cytoplasmatic cell death have been d@fmmibed

Cruchten and Van Den Broeck, 2008pme cellular events are associated with more than one
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mode of cell death and interplay of signalling pathways between different typds aéath

have also been reportédim et al, 2006; Tsujimotcet al, 2006) As a result, definition of

each type of cell death has become rather unclear in literatures. To avoid ambigsityeoell
classified apoptotic when they exhibited the characteristic features such as nuclear
fragmentation, chromatin condensation, caspase activation and maintenance of membrane

integrity whilst dying cells that lacked these features were classified itdorthis project.

4.2 Results

4.2.1 4ANQO induces longerm changes in cyclin D1 and p21 levels in NIH 3T3 cells

To determine whether the 4N@@duced responses of cyclin D1 and p21 would have any

impact on the outcomes of the DNA damage response, theédongesponses of cyclin D1

and p21 were assessed in NIH 3T3 cells. Cells were exposed to low (2.5uM), medium (50uM)

and high (200pM) doses of 4NQO and harvested at longer time points for immunoblot as
described before (Materials and Methods). It was revealddhb unique responses of these

proteins induced by 4NQO persisted up to 48h-papbsure (Figure 4.1). Cyclin D1 in the

cells treated with a high dose of 4NQO became undetectable at later time points most likely

due to a loss of cellular material asind at ed by the declining | evel
tubulin. The response of p21 was also maintained up to 48h after exposure. The p21
accumulation triggered by a low dose of 4NQO intensified with time and reached its peak

level at 16h posexposureThe p21 level began to decline ati248h time points although it

remained elevated compared to the -treated control sample. A medium dose of 4NQO

induced a degradation of p21 and the level remained low throughout the course of this assay.
Finally, thep21 level was sustained at a similar level as the control sample in response to an
exposure to a high des o f 4NQO and it only dedubdimed with
Together, these results demonstrate that the 4@@ced changes in cyclin D1 and p21

levels represent lontgrm responses to DNA damage and thus they are likely to affect the
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outcome of ellular responses following 4NQO treatment.

4.2.2 Viability of the cells after DNA damage by 4NQO exposure

To understand the roles of cyclin D1 and p21 in DNA damage response, cellular responses
associated with different doses of 4NQO were assessed. Fiisthlities of the 4ANQO

treated cells were assessed byeRtlusion assay using flow cytometry. The PI dye is
positively charged and is actively excluded from live cells that have intact plasma membranes.
Non-viable cells often have a reduced or defectivemirane transport activity and
sometimes their membranes can be physically disrupted. Thusiaiba cells can be

positively stained with RlDarzynkiewicz, 1997; Vitalet al, 1998; Elmore, 2007)

At 3h posttreatment, less than 10% of the cells were positively stained with Pl in response to
all the doses tested (Figude?), suggesting that although changes in the levels of cyclin D1
and p21 were apparent within 3h of exposure to 4NQO, the subsequent cellular responses
may take longer to be established, at least for the cell death response. At 24 and 48h after
exposurethe proportion of cells positively stained with Pl increased in a-dependent
manner (Figure 4.2). Following treatment with a low dose (2.5uM) of 4NQO, less than 20%
of cells were stained positively with Pl up to 48h pagbosure. Thus, the majority tifese

cells seemed to have retained an intact plasma membrane throughout the course of this
experiment. Medium and high doses of 4NQO rendered their plasma membranes permeable
to Pl in 20% and 40% of cell population, respectively, within 2h. By 48h,rbmoption of PI

positive cells increased by-2 fold, inducing cell death in up to 60% and 80% of the
population (Figure 4.2). Similar results were obtained using a trypan blue assay (data not
shown). Taken together, these observations demonstrate th& dbkgs greater than 50uM
exerted cytotoxic effects, inducing a substantial level of cell death in NIH 3T3 cells in both

time and doselependent manners. At lower doses, on the other hand, the majority of the
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population survived the 4NQ{duced damage. Aimilar dosedependent loss of cellular
viability was detected at an earlier time point by monitoring the metabolic activities of
mitochondria as a marker. CellTitef@&QueousAssay (Promega), also known as the MTS
assay, is a colourimetric assay which asw@res the activity of mitochondrial enzymes.
Metabolically active mitochondria are able to convert a tetrozolium compouwid,53
dimethylthiazol2-yl)-5-(3-carboxymethoxypheny2-(4-sulfophenyl)2H-tetrazolium] (MTS)

to a purple coloured formazan protd€ory et al, 1991) Six independent MTS assays
highlighted a doseependent cytotoxic effect of 4NQO in NIH 3T3 cells within 5h of
exposure (Figure 4.3Viabilities of ANQOtreated NIH 3T3 cé&d gradually decreased with an
increasing dose of 4NQO as indicated by a decreasing detection of formazan products (Figure

4.3).

Collectively, the Pl exclusion and MTS assays both indicated that 4NQO treatment induced a
dosedependent loss of viabilityni NIH 3T3 cells. Mitochondrial dysfunction and loss of
cellular membrane integrity are characteristics associated with both apoptotic and necrotic
cell death(Taylor and Lehmann, 1998; Tsuoto et al, 2006) Considering that different
doses of 4NQO induced distinct molecular responses, it is possible that the changes in cyclin
D1 and p21 may play a role in determining the mode of cell death activated following 4NQO
exposure. To probe thihypothesis, a number of characteristic features specific to a type of

cell death have been examined.

4.2.3 Characteristic features accompanying cell death induced by 4NQO ;

Apoptosis vs. Necrosis

In an attempt to distinguish the type of cell death induced4NQO, YoPro1® dye
(Molecular Probe) was used in conjunction with Pl in an immunofluorescent analysis of

ANQOH+reated cells by flow cytometry. ¥Bro-1® is a noncytotoxic dye that can stain early
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apoptotic cells as well as necrotic cells but not \@ad®lls (Idziorek et al, 1995) A dual
staining with Pl and Yéro1® enables a differentiation betere apoptotic (YePro-1®
positive; Pl negative) and late apoptotic/necrotic-Pfo-1° positive; Pl positive) cells. With

an increasing doses of 4ANQO, mixed populations of single (i.e. apoptotic) and double positive
cells (i.e. late apoptotic/necrotic) watetected (data not shown). Although this suggested that
ANQOG-induced DNA damage may activate both apoptotic and necrotic cell death, an accurate
quantification of YePro-1® signal was hindered by a strong autofluorescent property of

ANQO+treated NIH 3T3 ells.

An alternative dye4',6-diamidinc2-phenylindole(DAPI), was employed to stain nuclei of
ANQOtreated NIH 3T3 cells and the changes in nuclear morphology were observed under the
fluorescent microscope as described (Materials and Methods). Thaadwthat whereas the
nuclei of cells treated with 0 or 2.5uM 4NQO remained spherical, the nuclei of cells treated
with 50 and 200uM 4NQO were smaller and somewhat flattened in shape (Figure 4.4).
Furthermore, a medium dose of 4NQO (50uM) in particuldu@ed a nuclear condensation

as can be observed from an enhanced fluorescent signals of the nuclei at 43{ppmiste.
Nuclear condensation, as mentioned before, is one of the characteristics associated with
apoptotic cell death. In order to assess wiredtNQOtreatment, particularly at a medium
dose, can induce apoptotic cell death in NIH 3T3 cells, the presence of another apoptotic

cellular event was probed in 4AN@€eated NIH 3T3 cells.

One of the key events during apoptosis is the activation deiogglependent aspartate
directed proteases, caspases. To date, 14 mammalian caspases and over 400 of their
substrates have been identifigghi, 2002; Chowdhuret al, 2006; Tayloret al, 2008)
Caspases are produced as catalytically inactive zymogens and upon activation of apoptosis,
they undergo proteolytic activatig8hi, 2004a; Shi, 2004b; Jin andBiry, 2005) Caspase

3 is one of the frequently activated executioner caspases in apoptotic cells. Amongst a number
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of known functions, it has been implicated in activation of caspeteated DNA
endonuclease (CAD) by cleaving its inhibitor, ICAPorter and Janicke, 1999; Sarkasiaal,

1999) The activation of CAD subsequently leads to DNA fragmentation which édirmdrk

of apoptosis. Thyscaspas® activation could be used as an indication for the onset of
apoptotic cell death pathwalyigure 4.5 presents the changes in the levels of proca3ase
inactive full length caspas®) and active caspasedetectedn the 4NQOtreated NIH 3T3

cells at indicated time points. Up to 8h pegposure, only the inactive form of caspasg.e.
procaspas8) was detectable in all samples. The active form of caspases absent in cells
treated with 2.5uM (low dose) 4NQ®@ithin the time scale of this experiment. Active
caspase was first detected at 16h after an exposure to 50uM (medium dose) 4NQO. The
level of active caspasgin this sample increased with time and seemed to reach its maximum
at 48h of exposure. In cellseated with 200uM (high dose) 4NQO, the activation of caspase

3 appeared to have taken place at a later time point compared to that in the 50uM sample. A
relatively low level of active caspaSewas observed at 24h following an exposure to a high
dose o4ANQO. It increased up to a similar level as 50uM sample within 48h. In both samples,
the level of procaspas®decreased concomitantly with an increasing detection of the active

caspasss in all samples (Figure 4.5).

As can be seen, exposure to a medamse of 4NQO induced caspedectivation at an

earlier time point than a high dose of 4NQO. Previous investigations wikdRIsion and

MTS assays, however, suggested that the incidence of cell death increased proportionally to
the doses of 4NQO, in leér words, it is proportional to the level of DNA damage. Taken
together, these observations seemed to indicate that medium doses of 4NQO induced cell
death with apoptotic characteristics whereas high doses of 4ANQO predominantly induced a
nonapoptotic mod of cell death, possibly necrosis. Thus, it is possible that the difference in
the molecular responses triggered by these doses of 4NQO could be responsible for

distinguishing the types of cell death pathways activated following DNA damage.

Page PO



N. Suwaki

4.2.4 Flow cytomaty analysis of 4NQinduced cellular responses in NIH 3T3 cells

Cellular responses to 4NQ@duced DNA damages in NIH 3T3 cells were studied further
using flow cytometry analysis. NIH 3T3 cells were treated with 8 different doses of 4NQO; 0,
2.5, 10, 25, 6, 75, 100 and 200uM; as previously used in the immunoblotting assays. At 24
and 48h after 4ANQO exposure, cells were harvested and fixed in 70% ethanol. They were
stained with Pl and analysed by flow cytometry. To enable the detection of potential DNA
fragmentation associated with apoptosis, -&lb buffer was used during processing as

described in Materials and Methods.

Initially, 4ANQO-treated NIH 3T3 cells are collected and analysed at [@bstexposure At

this time point no prominent changes in DNAgdiles were observed in response to any of

the 4NQO doses testdédata not shown)At 24 and 48h after exposure, however, the DNA
profiles of 4ANQGtreated NIH 3T3 cells were substantially different from the control sample,
suggesting that progression thgbuthe cell cycle has been perturbed by the activation of
DNA damage response (Figure 4.6a). Changes in the distribution of cells between different
phases took place in both desmd timedependent manners. In response to a low dose
(2.5uM) of 4NQO, cellsaccumulated in S and G2/M phases of cell cycle at 24h after
exposure. An asynchronous distribution of cells was restored within 48h of treatment,
implying that the cellular responses induced by 2.5uM 4NQO were transient. Furthermore, no
notable accumulain of cells with a suts1 content of DNA was observed, suggesting that an
exposure to a low dose of 4NQO did not trigger cell death (Figure 4.6). This was consistent
with the maintenance of membrane integrity (Figure 4.2) and the lack of c&spaseaton

(Figure 4.5) as observed before. Collectively, these observations seemed to indicate that the
DNA damage imposed by a low dose of 4NQO induced transient arrests at S and G2/M phase

in NIH 3T3 cells, most probably to allow time for DNA repair prior teergering cell cycle.

Page p1



N. Suwaki

In response to medium doses (A075uM) of 4NQO, a prominent increase in the G1
population was observed whilst the G2/M population was almost undetectable at 24h after the
treatment. The G1 arrest persisted up to 48h-gx@bsure, wh a steady increase of cells

with subG1 DNA content (Figure 4.6). At 24h, where active cas{3as@s readily detectable
(Figure 4.5), up to 15% of cells were found in the-&ibregion of the DNA profiles (Figure

4.6). The suli51 population increased [&fold within 48h of 4ANQO exposure, coincident

with the increased proportion of dead cells observed bgx&Uusion assays (Figure 4.2).
Taken together, these observations suggested that the DNA damage incurred by medium doses
of 4NQO triggered a strong Gdrrest as well as apoptotic cell death. Cellular responses
associated with NIH 3T3 cells treated with high doses -@@uM) of 4NQO resembled

those observed in response to medium doses of 4NQQO, in terms of the distribution amongst
cell cycle phases; a Garrest persisted up to 48h after damage andCdulpopulation
increased with time (Figure 4.6). Notably, the proportion of theGLlpopulation associated

with cells treated with high doses of 4NQO remained lower than that of cells treated with
medium daes at all time points examined here (Figure 4.6b). This seemed to agree with a late
activation of caspas@ in response to treatment with a high dose of 4NQO compared to a
medium dose of 4NQO (Figure 4.5), further supporting the hypothesis that theokigsh af

4ANQO mainly induced neapoptotic cell death.

The effect of the 4ANQ@nduced DNA damage response on the progression of cells through
G1/S transition was examined further by Brifidorporation. To assess the cellular responses
triggered by noneolw, medium and high doses of 4ANQO, NIH 3T3 cells were treated with
OuM, 2.5uM, 50uM and 200uM 4NQ, respectively. A low dose of 4NQO caused little
reduction in the level of BrdU incorporation compared to thetnested sample at 3h pest
exposure (Figure 4). BrdU incorporation was abolished almost completely in response to
medium and high doses of 4NQO. Although a G1 arrest only became apparent at later time

points in the DNA profiles, these observations indicated that medium and high doses of
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4ANQO triggeed a rapid inhibition of DNA synthesis within 3h of exposure.

4.2.5 Phasespecific response

The lack of changes in the DNA profiles at early stages of DNA damage responses (data not
shown) despite a palpable inhibition of DNA synthesis as observed from tHg Brd
incorporation analysis (Figure 4.7) suggested that cell cycle arrests induced by 4NQO
exposure are not confined to a particular stage of cell cycle. To assess-iddi{g€d
responses at different stages of the cell cycle, NIH 3T3 cells were enriched & &

G2/M phases of cell cycle prior to 4NQO treatment. To achieve synchronisation, NIH 3T3
cells were first arrested in GO by serum starvation for 72h. Cells were then stimulated to re
enter cell cycle by rentroduction of serum. The G1S and G2/Menriched population of

cells were obtained after 10, 18, and 22h after addition of serum, respectively. Each cell
population was exposed to none, low (2.5uM), medium (50uM) and high (200uM) doses of
ANQO and the progress of each population through celé ayas monitored up to 24h pest

exposure.

In the absence of 4NQibduced damage, the &hriched population progressed into the S
phase and began to regain asynchrony 24h after stimulation (Figure 4.8a). In response to low
and high doses of 4NQO, cetlsmained arrested in G1 phase up to 24h-pxigosure (Figure

4.8b, d). The DNA profile of cells treated with 50uM 4NQO at 3h jagtosure appeared
similar to that of an asynchronous population (Figure 4.8c). However, DNA profiles collected
from the latetime points revealed that the cells were arrested in G1 up to 24h after exposure,
indicating that the sample collected at 3h after damage was probably not fully quiescent prior
to serum rantroduction. Anaccumulation of su1 population was detecteddrlls treated

with a medium dose of 4ANQO but was absent from the rest of the sampléstane4oint,

consistent with the previous observations (Section 4.2.4). cligldy, these results
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demonstratethat the cells in G1 respond by cell cycle arresdlt the doses of 4ANQO tested
here A G1 arrest of cells in response to a low dose of 4ANQO was not detected in the assays
using asynchronous NIH 3T3 cells (Figures 4.6, 4.7), highlighting the limitation of data

obtained from studies using an asynchrormysulation of cells.

The S phaseenriched population of NIH 3T3 cells entered G2/M phases within 3h and
regained an asynchronous distribution of cells 12h later in the absence of 4ANQO (Figure 4.9a).
In response to medium and high doses of 4NQO, cellaireed arrested in the S phase up to

24h postexposure and a similar proportion of g8 population was observed in both
samples (Figure 4.9c¢, d). In response to a low dose of 4NQO, on the other hand, the S phase
enriched population continued to progrésdateS and G2/M phases of cell cycle albeit at a
slower rate than the ndreated cell population (Figure 4.9b). This observation seems to be in
an agreement with the transient response observed earlier in the asynchronous cells (Figure
4.6). It is likdy that a low dose of 4NQO induced a repairable level of DNA damage and thus
cells underwent DNA replication slowly to accommodate for the repair process to take place.
In this model, incorporation of BrdU would be maintained to the similar level obserted
nontreated cells even if the cells were arrested in G1, as both DNA replication and repair

processes involve DNA synthesis (Figure 4.7).

For the G2/M phasenriched population, cells were treated with 4ANQO at 22h-qmrsim
stimulation. In respae to all doses of 4NQO, cells remained arrested up to 12h post
exposure (Figure 4.10b, c, d). At 24h after exposure, however, a small shift from the late S to
G2/M was observed. The population treated with a low dose of 4NQO exhibited the most
notable sHi (Figure 4.10b). Whereas this progress of cells through G2/M phase coincided
with an appearance of sub G1 population in cells treated with medium and high doses of
4NQO, no sub G1 population was observed in the cells treated with a low dose of 4NQO.

This may be an indication that cells are less capable of mounting cell cycle arrests at later
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stages of the cell cycle in response to DNA damage.

4.2.6 Cell cycle analysis of #D.-treated NIH 3T3 cells by flow cytometry

The cellular responses following exposurd#®, were analysed and compared with that of
ANQO. The HO.-treated NIH 3T3 cells responded by a temporal accumulation of cells in
G2/M phase which resembled the response of cells to 2.5uM 4NQO (Figure 4.11). The G2/M
population increased in a dedepenént manner; a moderate increase was observed in
response ta0QuM H,O, whilst over 60% of the cell population was found in the G2/M peak

of the DNA profile in response to 1000uM,® (Figure 4.11). Concomitantly with the
increase in the G2/M population sgrved with an increasing doses ofOslemployed, G1

and S populations decreased gradually, suggesting tatihluced DNA damage may not
result in a strong G1/S arrest unlike the response observed following 4NQO exposure.
Assessing the BrdU incorporatioin the HO,-treated samples by flow cytometry
substantiated this observation. Exposure of NIH 3T3 cells@ Hsulted only in a moderate
reduction (approximately 30%) of BrdU incorporating cells within 3h of treatment even at the
highest dose testecete (Figure 4.12). This result seemed to indicate thal ldxposure
primarily induced G2/M accumulation rather than G1 or S, unlike 4N@@ced cellular

response.

The G2/M arrest induced by,8, remained apparent up to 24h after treatment. By 48h of
exposure, the DNA profiles of }D,-treated cells exhibited asynchronous cell distributions, in

a similar manner to cells treated with a low dose of 4NQO. Thus, the cellular responses to a
low dose of 4NQO and up to 1ImM,B, shared a common feature in thatytieere transient.
Furthermore, no accumulation of a sdfh population was observed up to 48h following
H,O,-treatment (Figure 4.11), indicating that the majority of the cells were able to effectively

remove damaged DNA and remain clonogenic. Collectitkgse observations emphasised a
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previous notion that 4ANQO and,®, exhibit different potencies as DNA damaging agents

with former potentially being a source of higher levels or more severe forms of DNA damage.

4.2.7 Roles of cyclin D1and p21 in the 4NQO indiicellular response

In an attempt to identify the roles cyclin D1 and p21 play in the 4fii@Oced DNA
damage response, immortalised mouse embryonic fibroblasts lacking p21 (GBFBRT3)

or cyclin D1 (C57BLcyclin DI" 3T3) were employed. In thebsence of p21, cyclin D1
exhibited the biphasic response to 4NQO treatment as observed in NIH 3T3 cells (Figure
4.13a), indicating that the molecular response of cyclin D1 was not dependent on p21. This
relationship was also true in the reverse situatitiere an absence of cyclin D1 did not
interfere with the 4NQ@énduced response of p2l (Figure 4.14a). Thus, the molecular
responses of p21 and cyclin D1 may represent two distinct signalling pathways associated

with the 4ANQGinduced DNA damage.

Investigatons of 4NQGinduced cellular responses by flow cytometry uncovered increased
propensities of the C57Bp21" 3T3 and C57BLcyclin DI 3T3 cells to undergo DNA
fragmentation, even in the absence of 4NiQ@uced DNA damage (Figures 4.13b, 4.14b).
The C5BL p21" 3T3 cells appeared particularly sensitive to apoptotic cell death. The
accumulation of a su®1 population observed for this cell line was approximately twice the
level observed in NIH 3T3 cells at all doses tested here (Figures 4.6b, 4.13u3uiexo a

low dose (2.5uM) of 4NQO led to an increase of population in S and G2/M within 24h of
exposure in C57BIp21” 3T3 cells, implying either that p21 expression is not required for
this response or that an alternative pathway was able to comp#arstite absence of p21.
Furthermore, C57BIp21" 3T3 cells were incapable of restoring a normal distribution of cells
amongst G1, S and G2/M phases at later time points. Instead, the majority of the cells

underwent DNA fragmentation at -Bb5h after expasre (Figure 4.13b, c). Taken together,

Page p6



N. Suwaki

these results indicate a protective role for p21 as well as its potential involvement in cell cycle
recovery during 4NQ6@nduced response. In the cells treated with medium (50uM) and high
(200uM) doses of 4NQO, ligl change in the distribution of cells was observed after 24h
other than a slightly increased population of cells in S and G2/M. Whether this was due to cell
cycle arrests at multiple stages of cell cycle or a lack of response was not determined.
Strikingly, C57BLp21" 3T3 cells failed to establish any notable G1 accumulation in response

to medium and high doses of 4NQO unlike NIH 3T3 cells (Figure 4.13b).

A lack of cyclin D1 expression seemed to have a less profound effect in terms of cellular
responsefduced by 4NQO exposure, compared to a loss of p21. Although slightly perturbed,
an accumulation of cells inG2/M phases following an exposure to a low dose of 4ANQO and
G1 arrests induced by medium and high doses of 4ANQO were still detectable (Figime 4

The absence of cyclin D1 appeared to sensitise the cells to apoptotic cell death as the majority
of C57BL cyclin D1" 3T3 cell population treated with medium and high doses of 4NQO
underwent DNA fragmentation within 48h of damage as indicated dramatic increase in

the subG1 population (Figure 4.14b). Assessing the changes in the levels of other members
of D-type cyclins, which are capable of complementing cyclin D1 in normal cell cycle,
following 4NQO exposure revealed that both cyclin D2 aBd&ponded in the same way as
cyclin D1 did (Figures 4.14a, 3.1a). These responses may have contributed to the relatively
intact cell cycle arrests induced by 4NQO in C578Iclin DI" 3T3 cells. However, the
responses associated with cyclin D2 and D8wet able to restore the similar resistance to
ANQOG-induced cell death exhibited by NIH 3T3 cells. Therefore, these observations seemed
to indicate that cyclin D1 may have a unique role in DNA damage responses associated with

4NQO.
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4.3 Discussion

4.3.1 Cell deahs triggered by the 4ANQ@duced DNA damage response

Whereas DNA damagaduced p21 responses are often shown to persist up36tvpost
damage, cyclin D1 responses are reported to be-kbedlt or its longterm response is
frequently not addressd®i Leonardoet al, 1994; Hiyana and Reeves, 1999; Agami and
Bernards, 2000; Barnouit al, 2002) A longterm analysis of the 4ANQ@duced molecular
responses of cyclin D1 and p2l suggested that their-dkpsendent responses were
maintained up to 48h peskposure (Figure 4.1). Tiobservation substantiated the
possibility that cyclin D1 as well as p21 may play an important role in regulating cellular

responses to 4ANQ@duced DNA damage.

To determire the cellular responses mounted by NIH 3T3 cells in response to varying doses of
ANQO, the cellular viabilities of cells were assessed using two assags¢l@sion andhe

MTS assays. The PI exclusion assay measured the integrity of cellular membranes whereas
the MTS assay measured metabolic activities of mitochondria, both of wdrieh
compromised in dying cells. NIH 3T3 cells were able to maintain membrane integrities in
majority of the population throughout the course of the assay following exposure to a low
dose of ANQQFigure 4.2) On the other hand, doses greater than 50)dvced a substantial

loss of membrane integrity, suggesting that the DNA damage response induced at these doses
may result in cell death (Figure 4.2). The level of cell death induced by 4NQO appeared
proportional to the doses and hence the levels of garmaposed to the cells. The analysis of
mitochondrial activities in 4ANQ@reated NIH 3T3 cells seemed to support these observations
The mitochondrial activities declined in a datependent manner. and at 200uM, the activity

was reduced t@approximately10% of the maximum activity observed in the riczated cells

(Figure 4.3).
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Recent advances in our understanding of the molecular mechanisms governing the cell death
processes have implicated a number of cell cycle proteins such as CDKs and p21 in the
induction of apoptosis and an alternative mode of cell death, autophapg et al, 2008)

Thus, the 4ANQ@nduced alterations of cyclin D1 and p21 exprassavels could potentially

play a role in activating a specific type of cell death. The viability assays employed in this
investigation could not distinguish late apoptotic and necrotic chklsa physiological
environment, cell membranes of apoptoticlcdiegin to displayspecific ligands on cell
surfacethat can be recognised by phagocytic cells to promote their clearance prior to loss of
membrane integrity whereas necrotic cells instantly loses membrane integrity upon cell death
(Gregory and Devitt, 2004; Kinchen and Ravichandran, 2007)he experimental system

used for the Pexclusion assayhowever, such phagocytic cells were not preggmemove
apoptotic bodiesAt late stages of apoptosiglls sutsequently became permeable to Pl dye
and became indistinguishable from necrotic cfllarzynkiewicz, 1997; Vitalet al, 1998)

On the other hand, mitochondrial deregulation was considered as one of the hallmarks of
apoptotic cell dedt, in particular as a downstream signalling to intrinsic sources of apoptotic
stimuli, including DNA damage and cellular strédim and EiDeiry, 2005; Chowdhuret al,

2006; Meier and Vousden, 2007puring apoptosis, prapoptotic Bcl2 family proteins
polymerise and form pores on outer mitochondrial membranes, allowing thesrefeseveral
pro-apoptotic proteins such as cytochrome ¢ and apoptosis pretetasding factorl (Apaf

1) (Jozaet al, 2001; Arnoultet al, 2002) This pocess, known as the mitochondrial
permeability transition (MPT), also neutralises mitochondrial membrane potential leading to
abrogation of the electron transport system th
energy source, ATRlames and Murphy, 2002; Murphy and Steenbergen, 20@&)estingly,

recent studies have identified a mitochondrial protein, cyclophilin D, which induces MPT in a
Bak/Baxindependent manner, suggesting that there are two distinct mechafisviaT
(Baineset al, 2005; Nakagawat al, 2005) A mutant cyclophilin D or the presence of its

inhibitor, cyclosporine A, was shown to abolish an oxidative darrefjeced MPT and
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consequently inhibited necrotic cell deathilst MPT induced by common apoptotic inducers

such as staurosporine was unaffected. Furthermore, necrotic cell death can also be triggered
by receptoidigand interaction and proteases like calpains and cathepsins have been implicated
in necrotic processsimilarly to apoptosigGolstein and Kroemer, 2007pverall, these data
indicate that necrosis may also be a programmed précessmsterset al, 2002; Festjenst

al., 2006; Zong and Thompson, 2006; Golstein and Kroemer, 2007)

Amongst manycellular events shared between apoptosis and necrosis, activation of caspases
is predominantly associated with apoptotic cell death. Caspastvation has been observed

in apoptotic cell death induced by various DNA damaging adKimtsura et al, 1998; Yu and

Little, 1998; Huanget al, 1999b; Dunkerret al, 2001) In an attempt to differentiate the
types of cell death, caspaleactivation in the 4ANQ@reated NIH 3T3 cells was monitored by
immunoblotting assays. Consistent with the lack of cell death fsanleerved from Pl
exclusion and MTS assays, no activation of casfas@s observed up to 48h after an
exposure to a low dose of 4NQO (Figure 4.5), supporting the notion that a low dose of 4ANQO
induced cellular responses other than cell death. In cefited with medium and high doses

of 4NQO, activation of caspasetook place with different kinetics (Figure 4.5). The active
form of caspas@ was detected first at 16h after exposure and increased steadily up to 48h
time point in a sample treated withnzedium dose of 4NQO. On the other hand, a similar
level of active caspas&was detected only at 48h after an exposure to a high dose of 4NQO.
Prior to this time point, active caspe®ecould be detected but the level of detection was
much lower than thaibserved in the cells treated with a medium dose of 4NQO. Ca3fsise
involved in the activation of DNA endonucleases responsible for DNA fragmentation
associated with apoptotic cell dedtbakahiraet al, 1998; Mcllroy et al, 1999) Indeed,
analysis of DNA profiles showed an accumulation of aGadbpopulation in samples where
active caspas@ was deteetd (Figure 4.6). DNA profiles of 4ANQ®@eated NIH 3T3 cells

obtained at 2418h after treatment showed less than 5% of the cell population with the DNA
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content less than that of G1 cells (i.e. < 2N), indicating a very low level of DNA
fragmentation. The aaonulation of a su§s1 population in cells treated with medium and
high doses of 4NQO also followed the caspasctivation pattern; the suBl population

began to accumulate earlier in the 50uM sample than in the 200puM sample, corresponding to
the earlielincrease in the level of activated caspase the 50uM sample (Figures 4.5, 4.6b).
Therefore, these data seem to imply that DNA damage induced by a medium dose of 4ANQO
was more potent in inducing events associated with apoptotic cell death compatgdho a
dose of 4ANQO. Conversely, DNA damage imposed by a high dose of 4ANQO seemed to incur a
greater cytotoxic effect as indicated by the greater loss of membrane integrity and
mitochondrial activities. Although apoptotic cell death in the absence of Daghientation

has been reported befof8chulzeOsthoff et al, 1994) the observations above seem to

indicate that a high dose of 4ANQO induced necroticassith.

4.3.2 Multiple phase cell cycle arrest

Analysis of cell cycle progression following 4NQO exposure in asynchronous population of
NIH 3T3 cells indicated that at low doses, cells induced transient arrests to repair and remove
damaged DNA and upon comphlati a normal cell cycle was resumed. On the other hand,
treatment with doses greater than 10uM 4NQO induced permanent cell cycle arrests or cell
death cell death. Perhaps at these doses, overwhelming levels of damage are incurred and the
damage responseviaurs the removal of these cells. Studying the cell cycle progression of
synchronous populations of NIH 3T3 cells indicated that cell cycle arrests triggered by 4ANQO
were not confined to one stage of cell cycle. Rather, all 4ANQO doses tested inducedttransi
or longterm arrests at multiple phases of cell cycle (Figuregt4.8). In response to medium

and high doses of 4NQO, cells were arrested not only in G1 but also in S and G2/M. These
arrests were maintained for at least 24h after treatment. A loev dfodNQO induced an

attenuated progress of cells in S and G2/M, consistently with what was observed in the
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asynchronous population of NIH 3T3 cells. However, G1 arrest induced by a low dose of
ANQO persisted up to 24h after exposure and showed no sigrogression into S phase
(Figure 4.8b).These observations demonstrated that the DNA damage response mounted by
cells were, in part, phase specific. The cells in G1 appeared to be most sensitive to DNA
damagenduced arrest bugalso most resistant to celtdeath (Figure #8). This seemed
reasonable as thepoint resides within the late stage of (Blagosklomy and Pardee, 2002)
Sucha DNA damage response would ensure that eatisld not be committed toycle in the
presence oéxcessive level of DNA damag@/here cellsverecommitted to cell cycle prior

to attaining DNA damage, cellular responsesmed taepend largelyn 4NQO doses and

hence the levels of DNA damage incurred.

In response to various doses ofd4d NIH 3T3 cells responded kyansientcell cycle arrest
primarily in G2/M phase (Figure 4.11). A number of previous studies have demamh#itrate
H,O, treatment induced an irreversible G1 arrest with phenotypes resembling that of
replicative senescence, in a p&pendent manner in human fibrobla@fenet al, 1998;
Chenet al, 2000) In this study, such a strong G1 arrest was not observed, most likely due to
differences in a number of key variables in the experimental conditions including the cell
types, celldensity, and lengths of B, treatment employedere, increasing doses B£O,
caused a moderate reduction in Britldorporating cell{Figure 4.12). Furthermore,,8,-
induced G1 and G2/M arrests in NIH 3T3 cells were both transient and the normgttell ¢
seemed to be regained within 48h of exposure (Figure 4.11). The comparison of cellular
responses established in NIH 3T3 cells following exposure to 4NQO #hdsHpported the
previous notion that 4NQO is more potent as a DNA damaging agent ianTHe cellular
responses triggered by 2.5uM 4NQO resembled those induced by028QM HO.,.
Whereas NIH 3T3 cells treated with 50uM or greater doses of 4NQO resulted int&iong
arrests followed by cell death, 1000uM®4 triggered a transient arrestttvino sign of cell

death. Taken together, these observations appeared to indicate that the DNA damage imposed

Page [L02



N. Suwaki
by 4NQO is likely to be more debilitating to the cells. Studies by Olive and Johnston (1997)

indeed demonstrated the superiority of 4ANQO as a [DEfaging agent in a number of
aspects; 4NQO induced double strand DNA breakdold more efficiently than bD,,
repairing 4ANQGmposed singlestrand DNA breaks took 10 times longer than that for
repairing the same number of®}-induced breaks, and thahal dose 50 (LE) of 4NQO in

Chinese Hamster cells was 2.6uM compared to 100uM £@% KDlive and Johnston, 1997)

4.3.3 Relationships between molecular and dalluesponses

Due to the multifaceted and somewhat conflicting properties associated with some of the key
components of cell cycle proteins, the precise mechanisms by which cell cycle proteins
participate in regulation of DNA damage responses are std#rudiscussion. Investigation of

the molecular responses associated with the NIH 3T3 cells treated with 4ANQ@Dor H
revealed that whilst expression of the majority of cyclins and CDKs remained unchanged,
cyclin D1 and p21 responded in a characteristiedependent manner (Figures 3.1, 3.3).

The use of cell lines defective in expression of cyclin D1 or p21 suggested that their responses
triggered by 4NQO were not dependent on each other (Figures 4.13a, 4.14a). Therefore, it is
possible that the moleculaesponses of these proteins represent the outcomes of two
independent DNA damage signalling pathways which synergise to bring about appropriate

cellular responses.

In response to a low dose of 4NQO, NIH 3T3 cells induced +phlse cell cycle arreststbu
remained resistant to apoptotic cell death up to 48h after treatment. The molecular responses
observed in this investigation, together with previous reports in literature, indicated a central
role of p21 in establishing these cellular responses. Folipainexposure to a low dose of
ANQO, p21 expression was found elevated as early as 3fexjpsture (Figure 3.3) and it

remained high up to 48h after damage (Figure 4.1). In parallel, a 70% reduction of CDK2
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associated kinase activities (Figure 3.7) andopphosphorylated form of pRb (Figure 3.6a)
were also detected. Collectively, these observations suggested that tikeppRilent
inhibition of CDK2 resulted in activation of pRb, inhibiting EBEpendent transactivation of

gene expression required for DNgynthesis and thus resulting in a G1 arrest. A similar
induction of p21 expression and subsequent G1 arrest has been observed in response to
various DNA damaging agents including UV, IR angDk{el-Deiry et al, 1993; Canmaiet

al., 1994; Di Leonard@t al, 1994; elDeiry et al, 1994; Cheret al, 1998; Barnouiret al,

2002) Evidence substantiating the crucialer played by p21 in the DNA damageluced G1

arrest was provided from the studies of mice lacking functional p21 which were compromised
of radiationrinduced G1 arres{@®rugarolaset al, 1995; Denget al, 1995) In addition 6 G1

arrest, NIH 3T3 cells treated with a low dose of 4ANQO progressed through S and G2/M stages
of cell cycle at an attenuated rate compared to thetneated control population (Figures
4.9b, 4.10b). The expression of most cyclins and CDKs responsiblegidating these stages

of cell cycle remained unchanged (Figure 3.3), suggesting that their activities were controlled
either by inhibitors or by covalent modifications. Since p21 is a potent inhibitor of many
cyclin-CDKs (Gu et al, 1993; Xionget al, 1993) the elevated level of p21 most probably
contributed to inhibiting the activities of cyclinRBDK2 as well as cyclin BEEDK1 complexes

that are required for DNA replication and mitotic entry.

Alternatively, p21 can attenuate the cell cycle at S phase by interactinganvigtuxiliary
factor of DNRCNA dbdrmpaityeRCHAIreradts with remative proteins such

as DNA polymerase U and replication factor
PCNA disrupts the formation of this preplicative complex and results in an inhibition DNA
replication(Zhanget al, 1993; Okuet al, 1998; Rousseaet al, 1999; Maga and Hubscher,
2003) In addition to DNA replication, PCNA is also required for DNA refjelman, 1997,

Maga andHubscher, 2003; Corretiennettet al, 2004) The actual effect of interaction

between p21 and PCNA on DNA repair reported in the literature varies greatly. A number of
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reports suggest that the binding of p21 to PCNA inhibits DNA repair as well asatapii

(Panet al, 1995; Coopeket al, 1999; Soriaet al, 2006) Bendjennat and colleagues have
demonstrated that the p2degradation following UNhduced DNA damage response is
required to promote DNA repafBendjennatt al, 2003) Other studies indicated that DNA
repair was not affected by p21 and that DNA replication and repair exhibited different
sengivity to p21-dependent inhibitiofFloresRozaset al, 1994; Liet al, 1994; Shivjiet al,

1994) Human fibroblasts and cancer cells lacking the expression of p21 were deficient in
repairing UVinduced damage, indicating a positive role of p21 in DNA refdaiDonaldet

al., 1996; Stivalaet al, 2001) Molecular and kinetic analyses of the DNépair process
suggested that the presence of p21 did not affect the recruitment of PCNA to the site of
damage but rather, a direct interaction of PCNA and p21 promoted the localisation of the
latter to the site of DNALI et al, 1996; Peruccat al, 2006; Cazzalinet al, 2008) The

effect of DNA damage induced p21 accumulation on DNA repair was notssddt in this
investigation. However, at ANQ@r H,O,-doses that resulted in an increased level of p21,
cells responded by transient arrests and recovery of normal cell cycle, indicating that damaged
DNA must have been removed and repaired successfuilyré= 3.3a, b). Furthermore,
C57BL p21” 3T3 cells were unable to recover from 4N@@uced arrests (Figure 4.13b).
Collectively, these results suggested that the repair process was likely to be intact in the

presence of elevated p21 in response to 4NQO.

An aspect oflte cellularresponses triggered by a low dose of 4ANQO appeared unique in that
cells remained resistant to cell death (Figure 4.6). Similar@.tteated NIH 3T3 cells
survived the exposure and seemed to induce little cell death (Fiddde kh. both cases, p21

level was induced whilst responses by cyclin D1 varied. Furthermore, QEZBL3T3 cells

were much more susceptible to apoptotic cell death even in the absence of DNA damage,
suggesting that p21 plays a protective role and premadurvival of the cells (Figure 4.13b).

In fact, the protective role of p21 is reported in the literaf@rospeet al, 1996; Asadaet
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al., 1999; Gartel and Tyner, 2002; Solet al, 2006) Cytotoxicities of various DNA

damaging agents including adriamycin, cisplatin and etoposide which are commsed!in

cancer treatment, can be manipulated by modifying the levels of p21; overexpression of p21
protected cells from apoptosis whilst reduced p21 expression due to mutations or introduction
of antisense p21 enhanced lethality of these d(Bgsbhuet al, 1999; Vranaet al, 1999;

Chanet al, 2000; Gartel and Tyner, 2002; ‘i al, 2005) Molecular mechanisms for the
antiapoptotic function of p21 have been suggested to involve inhibitory interactions of p21
with pro-apoptotic proteins such as apoptosis sigegulating kinase 1 (ASK1) and pro
caspase 8Suzukiet al, 1998; Asadat al, 1999; Suzuket al, 1999a; Suzuket al, 2000;

Nath, 2005) Interestingly, contrasting evidence indicates that p21 also plays a @asitvin
inducing apoptotic cell death; overexpression of p21 rendered cells hypersensitive to
radiation and druginduced cell deatifKondo et al, 1996; Fotedaet al, 1999; Reber and
Strasberg Rieber, 2000; Dorgf al, 2005) Furthermore, p21 has been implicated in
determining the types of cell death where the presence of p21 favours apoptosis rather than
autophagy(Fujiwaraet al, 2008) An involvement of p21 in antor proapoptotic pathways
duringthe DNA damage response seems to depend greatly on cell types and sources of DNA
damage. It appeared that the agbptotic functions of p21 dominated in the DNA damage

response triggered by a low dose of 4NQO and up to 1000404 H

So far, potentiafunction of p21 in the DNA damagesponse triggered by a low dose of
ANQO has been discuss#that does cyclin D1 play in such responses? Unlike p21, the level
of cyclin D1 did not change dramatically following an exposure to a low dose of 4NQO
(Figure 3.). Being a positive regulator of cell cycle, maintaining cyclin D1 expression in
cells which exhibited a great propensity to arrest at multiple stage of cell cycle seemed rather
puzzling. Analysing the phosphorylation status of CBdfpécific target sites ro pRb
suggested that despite the largely unchanged level of cyclin D1 expression;aSBidtiated

kinase activity appeared reduced (Figure 3.8). Interestingly, there is evidence demonstrating

Page [LO6



N. Suwaki

that cyclin D1 could exert antiroliferative effects. For instae, cyclin D1 has been shown to
hold CDK2 in an inactive complex in cells approaching senescence as well as in proliferating
mammalian cells and cancer cdBulic et al, 1993; Higashet al, 1996; FukamKobayashi

and Mitsui, 1999) Stacey and colleagues suggested that a repression of cyclin D1 is required
for progression through the S phase of cell cy8tacey, 2003; Yangt al, 2006a) An
inhibitory activity of cyclin D1 in the S phase was also suggested upon detection of a direct
interaction of cyclin D1 and PCNA, both vivo andin vitro (Matsuoka et al., 1994; Pagano

et al., 1994) Zhang and colleagues revealed that various cyclins and CDKs, PCNA, and p21
can assemble to form a larger compilexivo although the functionality of such complexes
have yet to be determinetZhang et al., 1993; Gadboiset al, 1995) Whether such
interactions were present in NIH 3T3 cells treated with a low dose of 4NQO was not
addressed in my investigation. However, it is possible that the maintenance of cyclin D1 may

have contributed to cell cychrrests by augmenting the inhibitory effects of p21.

In response to a medium dose of 4NQO, a dramatic degradation of cyclin D1 resembling that
reported previously for IR or Uihduced DNAdamage was observédgami and Bernards,

2000; Miyakawa and Matsushime, 200I) agreement with these reports, flow cytometry
analyses demonstrated that a degradation of cyclin D1 was associated with G1 arrest (Figures
4.6, 4.7). Molecular events associated with a G1 arrest such as an accumulation of
hypophosphorylated pRb (Figure 3.6a) and reduced activities of kinases involved in the
regulation of G1/S transition (Figures 3.7, 3.8) were observed concomitantly. Unlike cells
treated with a low dose of 4NQO, no accumulation of p21 was observed. Instead, p21
expression was reduced to an almost undetectable level similarly to those perceived following
an exposure to certain doses of (Béndjennagt al, 2003; Leeet al, 2006) Thus, the G1

arrest triggeredy a medium dose of 4NQO are likely to be the result of a loss of active
cyclin D1-CDK4/6 complexes due to reduced cyclin D1 expression, as well as-a p21

independent inhibition of cyclin-EDK2 complexes, leading to activation of pRb. In addition,
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S and @/M arrests induced by a medium dose of 4ANQO could not be explained by the p21
dependent mechanisms proposed above. Taken together, these observations advocate the
presence of p2ihdependent mechanisms that regulate the-teng arrests induced by a

medum dose of 4NQO.

DNA damage response involving the family of protein phosphatase, CDC25, represents one
of the major alternative pathways that can bring about multiphase cell cycle arrests. The first
indication that CDC25 is involved in DNA damage resmwonwas identified in
Schizosaccharomyces pombe (S.pombBepari and colleagues demonstrated that Chkl
phosphorylates and inhibits CDC25 in response to DNA damage leading to reduced a
dephosphorylation of Tyr 15 from CDC2, ultimately establishing a Gs&s#dFurnariet al,

1997 Rhindet al, 1997) In human cells, inactivation of CDC25A, B, and C, is dependent on
phosphorylation by DNA damagesponsive kinases including Chkl, Chk2 and
SAPK2/p38“PX (Sanchezet al, 1997; Matsoka et al, 1998; Bulavinet al, 2001) The
damageinduced phosphorylation of CDC25s leads to rapid degradations of these proteins and
subsequently to reduced activations of cy€lDK complexes and thus to cell cycle arrests
(Mailandet al, 2000; Bartek and Lukas, 2001; Faktkal, 2001; Cheret al, 2002; Mailand

et al, 2002; Donzelli and Draetta, 2003; Sorenséml, 2003) It has been suggested that

p21 and CDC25s govern distinct damaigguced signalling patkays working in parallel to
ensure the establishment of appropriate cellular respfiRseset al, 1996; GarneHamrick

and Fisher, 1998; Chaat al, 2000; Bartek and Lukas, 2001; Taylor and Stark, 20013
conceivable that the CDC2ependent pathway was responsible for the establishment of the
cellular responsessaociated with medium doses of 4NQO where the p21 expression was

reduced dramatically.

In addition to cell cycle arrests, exposure to medium doses of 4NQO induced cell death,

Cytotoxicity assays suggested that within 48h qgagiosure, up to 60% of poition were
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nonviable (Figure 4.2) and the multiphase cell cycle arrests were maintained without

recovery (Figure 4.6). The reduced p21 expression probably promoted apoptotic cell death.

DNA damagenduced apoptosis often requires an induction of p53 hedattivities of its

target proteins including Bax and GADD4Schuler and Green, 2001; Maeeiaal, 2002;

Schuleret al, 2003; Mak and Kultz, 2004)An investigation of molecular mechanisms

underlying the 4NQ¢&nduced apoptosis in an epidermoid KB carcinoma cells suggested that

disruption of mitochondrial functiadities, p53dependent induction of p21 and Bax, and

subsequent activation of caspas&ere involved in onset of apoptogldan et al, 2007)

Some of these events were indeed observed in NIH 3T3 cells treated with a medium dose of

ANQO (Figures 4.3, 4.5). In addition, other molecular events inducedpion®sto a medium

dose of 4NQO such as cyclin D1 degradation and reduced activities of CDK4 and CDK2

were also associated with activation of apoptotic pathways. For example, Thoms and
colleagues demonstrated that aspiniduced cyclin D1 degradation sufgsently caused

nucl eol ar translocation of Rel A, l eading to ar
Retention of RelA in the nucleoplasm abrogated a DNA darmalyeed apoptosiStark and

Dunlop, 2005; Thomt al, 2007b) Furthermore, an inhibition of CDK4 was able to mimic

the events following cyclin D1 degradation, suggesting that an inhibition of cyclin D1/CDK4
complexes plays a critical role in an activation of apoptddimmset al, 2007a) Similarly

to CDK4, depletion of cyclin Adinding CDKs (i.e. CDK2 and CDK1) together with the
transcriptional cyclifCDK complexes or an inhibition of CDK2 with a chemical inhibitor

have been suggested to promote apop{bkbntowet al, 2004; Cakt al, 2006) Moreover,

pRb was dephosphorylated in cells treated with a medium deHe@O as can be expected

from reduced CDK activities. Wang and colleagues have demonstrated that dephosphorylation

of pRb may regulate the initiation of apoptosiséh t h a't protein phosphat a
responsible for the dephosphorylation of pffanget al, 2001) Other evidence suggested

t hat PP1U activity is normally inhibited by C

cells treated with DNA damaging agents in an Ad@kpendent manndDohadwalaet al,
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1994; Tanget al, 2008) Altogether, these observations are supportive of a potential positive

implication for CDK inhibition in an inductioof apoptosis.

Following an exposure to a high dose of 4NQO (200uM), cells were arrested at multiple
phases during the cell cycle and the majority of the population appeared to undergo cell death,
similarly to the cells treated with a medium dose of 4ANBOuUM). However, at 200uM,

dying cells lacked most of apoptotic features. Although caspasgivation was observed at a

late time point, only 20% of population underwent DNA fragmentation (Figures 4.2, 4.6b).
When comparing the molecular responses aasatiwith cells treated with a medium and a

high dose of 4NQO, it is evident that the latter failed to trigger some of theppgotic

events mentioned previously. For instance, cyclin D1 and p21, both of which are protective of
cells, were not degraddé&igures 3.1, 3.3a). Moreover, pRb was not fully dephosphorylated
(Figures 3.6, 3.8). From these observations, it can be envisaged that a high dose of 4NQO
caused an overwhelming level of DNA damage and thus abrogated at least a part of DNA
damage response NIH 3T3 cells and hence was unable to induce apoptosis. As described
before, the metabolic activation 4NQO can generate reactive oxygen species which can cause
damages to proteins and lipid as well as D{®&echter, 1988; Cabiscet al, 2000) At a

high dose of 4NQO, such damages may have diredthred the functionalities of DNA
damage proteins or caused membrane disruption. With an increasing interest in the
application of DNA damaging agents as axancer drugs, it is imperative to characterise and
understand the dogkependent induction of é¢rdamage signalling and their outcomes in order

to develop effective treatment.
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Figure 4.1 Long-term responses of cyclin D1 and p21 in 4ANQf@ated NIH 3T3

cells

Asynchronously growing NIH 3T3 cells were treated wittiying doses of 4NQO and lysed
at indicated time points. The levels of cyclin D1 and p21 expression were assessed by

i mmunobl ot t i n-ghulin Wds elsolexamieet to mdnitotdprotein loading.

Page 111



N. Suwaki

100 -
80 -
—_ ®HQOuM
S M
< 60 - M2.5uM
o
o M 50uM
T 40 -
O
20 -
- I
0 .
3hrs 24hrs 48hrs
Time points

Figure 42 Assessient of viabilities of 4ANQGreated NIH 3T3 cells by PI

exclusion assay

Asynchronously growing NIH 3T3 cells were treated with none, low (2.5uM), medium
(50uM) and high (200uM) doses of 4NQO and harvested 3, 24, and 48trgaistent. Cells

were stained #h Pl and analysed by flow cytometry immediately. 10,000 events for each
sample were collected. The levels of cell death are indicated in the bar chart as the proportion
of PI positive cells. The error bars represent standard errors calculated froindepmsndent

experiments.
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Figure 4.3 Investigation of viability of 4ANQO treated NIH 3T3 cells by MTS assay

NIH 3T3 cells were seeded at 2000 cells per well on avélb tissue culture plate.
Asynchronously growing NIH B3 cells were exposed to a range of doses of 4NQO, 24h
postplating. 3h after exposure, the MTS solution was added and incubated for further 2h.
Viability of the <cells was assessed by the
instructions (Promega). Thgraph andstandarderror bars are representative of six

independent experiments.
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Figure 4.4 Observation of nuclear condensation induced by 4NQO in NIH 3T3

cells

NIH 3T3 cells were plated for 4ANQO treatment as descrilbdakdrials and Methods) in
dishes containing a coverslip. Cells were treated with indicated doses of 4NQO and their
nuclei were stained with DAPI at indicated time points. The stained cells were visualised and
the images were captured using the Axiocamvsoft on a Zeiss Axiovert 200M inverted

microscope. The scale bar represents 20um.
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Figure 45 Activation of caspas@& following 4NQO exposure in NIH 3T3 cells

Asynchronously growing NIH 3T3 cells were treated with 4edoof 4ANQO and harvested for
immunoblot at 3, 8, 16, 24, and 48h ptsiatment. Protein samples were separated on 15%
SDSPAGE gel and the presence of fldhgth caspas& (procaspas8) and truncated
caspase (active caspa®ewas detected using paaespase3 antibody. These protein samples

are the same as t hose fubuinmblotiwas nétregeatede 4. 1 and
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Figure 46 Cell cycle analysis of 4ANreated NIH 3T3 cells by flow cytometry

For desdption see below.
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Figure 4.6 cont. Cell cycle analysis of 4NQO treated NIH 3T3 cells by flow
cytometry
(a) Asynchronously growing NIH 3T3 cells were treated with indicated doses of 4NQO. Cells
were fixed and stained with Pl for flow cytometry amsddyas described (Materials and
Method). 10,000 events were collected, using appropriate gates to omit debris and doublets
from the analysis. DNA profiles were analysed using the FlowJo programme (TreeStar). For
the ease of detecting changes in distributi cells along the xis (i.e. DNA content), the
Y-axis is presented as a percentage of maximum cell number in each population rather than
the actual cell numbers. The profiles are representative of typical results obtained from 3
independent experiment(b) Proportion of the cells containing below G1 DNA content (i.e.
subG1 population) was quantified using the FlowJo programme. The bar chart and the

standard error bars represent results from 3 independent experiments.
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Figure 4.7 BrdU incorporation assay of 4NQ@reated NIH 3T3 cells by flow

cytometry.

Asynchronously growing NIH 3T3 cells were treated with 0, 2.5, 50 and 200uM 4NQO. Cells
were incubated for 3h with last 30minutes in the presence pM1BrdU. Cells were
processed and stained with FFEGnjugated BrdU antibody (Invitrogen) as described
(Materials and Methods), prior to being analysed by flow cytometry. The BrdU positive
population was quantified with FlowJo programme. The mean values of 9 independent

experiments are presented in the bar charts with standard error bars.
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Figure 4.8 Cell cycle analysis of G1 phasmriched population of NIH 3T3

following exposure to 4ANQO

NIH 3T3 cells were synchronised by serum starvafbory 2hours. Cells were transferred into

a complete media for 10h, allowing the accumulation of cells in the G1 phase of cell cycle.

The G1 phagenriched population of cells were exposed to (a) none, (b) 2.5uM, (c) 50uM

and (d) 200uM as previously dedmed (Materials and Methods). Cells were harvested at

indicated time points and processed for Pl staining. DNA content was analysed by flow

cytometry. 10,000 events were collected using appropriate gating to remove doublets and

debris.
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Figure 49 Cell cycle analysis of S phassnriched population of NIH 3T3 cells

following 4NQO exposure

NIH 3T3 cells were synchronised by serum starvation for 72hours. Cells were transferred into
a full media for 18h, allowing the accumulatiohcells in the S phase of cell cycle. The S
phasé@éenriched population of cells were exposed to (a) none, (b) 2.5uM, (c¢) 50uM and (d)
200pM as previously described (Materials and Methods). Cells were harvested at indicated
time points and processed for §thining. DNA content was analysed by flow cytometry.

10,000 events were collected using appropriate gating to remove doublets and debris.
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Figure 4.10 Cell cycle analysis of G2/M phase&nriched population of NIH 3T3

cells following 4ANQO exposure

NIH 3T3 cells were synchronised by serum starvation for 72hours. Cells were transferred into

a full media for 22h, allowing the accumulation of cells in the G2/M phases of cell cycle. The

G2/M phaseenriched population of cells weeexposed to (a) none, (b) 2.5uM, (c) 50uM and

(d) 200uM as previously described (Materials and Methods). Cells were harvested at

indicated time points and processed for Pl staining. DNA content was analysed by flow

cytometry. 10,000 events were collectesing appropriate gating to remove doublets and

debris.
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Figure 4.11 Cell cycle analysis of kD,-treated NIH 3T3 cells by flow cytometry

Asynchronously growing NIH 3T3 cells were treated with indicated doses,®f. i€ells

were fixed and stained with PI for flow cytometry analysis as described (Materials and
Method). 10,000 events were collected, using appropriate gates to omit debris and doublets.
DNA profiles were analysed using the FlowJo programme (TreeStar) to detethen
proportion of cells in G1, S and G2/M phases of cell cycle. For the ease of detecting changes
in distribution of cells along the -¥xis (i.e. DNA content), the -#xis is presented as a

percentage of maximum cell number in each population rathethbattual cell numbers.
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Figure 412 BrdU incorporation assay of HO.-treated NIH 3T3 cells by flow

cytometry

Asynchronously growing NIFEBT3 cells were treated with 0, 2800, 250 and 1000uM $D..

Cells were incubatkfor 3h with last 30minutes in the presence giMIOBrdU. Cells were
processed and stained with FFEGnjugated BrdU antibody (Invitrogen) as described
(Materials and Methods), prior to being analysed by flow cytometry. 20,000 events were

collected usin@ppropriate gating to remove debris and doublets.
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Figure 4.13 4NQO induced molecular and cellular responses in C57p21" 3T3

cells

Asynchronously growing C57Bp21" 3T3 cells were treated with various dosesNQO.

(a) Cells were harvested 3h pesposure and the levels of cyclin D1 and p21 were assessed
by i mmunobl otubulinegel vas ssedyto mobitor protein loading. Lysate of
asynchronously growing NIH 3T3 cells were used as a positive cooinplfi blot.

(b) Cells were harvested at 24 and 48h after 4ANQO treatment and fixed for PI staining. Cells
treated with a low dose (i.e. 2.5uM) of 4NQO were incubated up to 72, and 96h post
exposure. DNA profile of each sample was obtained by flow cytym&d,000 events per
sample were collected using appropriate gatingaxi$ indicates DNA content and-axis
represents number of cells carrying a specific DNA content as a percentage of the maximum
cell number.

(c) The subG1 population was quantifiedsing the FlowJo programme. The bar chart and the

range is representative of two independent experiments.
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Figure 4.13 cont. 4NQO induced molecular and cellular responsesO67BL p21"

3T3cells
Forlegend, see previous page.
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Figure 4.14 4ANQG-induced molecular and cellular responses in C57BL cyclin'bl

3T3 cells

Asynchronously growing C57Btyclin D1” 3T3 cells were treated with none, 2.5uM , 50uM,

and 200uM 4NQO.
(a) Cells were harvested 3h pegposure and the levels of cyclin @hd p21 were assessed

by i mmunobl eubulinlevels wers sianijored t&) monitor protein loading.
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Figure 4.14 cont. 4ANQ@nduced molecular and cellular responses in C57BL cyclin

D17 3T3 cells

(b) Cells were harvested at 24 and 48eradNQO exposure and fixed for Pl staining. DNA
profile of each sample was obtained by flow cytometry. 10,000 events per sample were

collected using appropriate gating. Proportion of&lbpopulation is indicated.
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Chapter 5. Molecular mechanisms retating DNA damage

induced degradation of cyclin D1

5.1 Introduction

Within the past decade, a number of studies have demonstrated that cyclin D1 is rapidly
degraded in response to genotoxic stress such as IR, UV.,@agHilyama and Reeves, 1999;
Agami and Bernards, B0O; Miyakawa and Matsushime, 2001; Barnowh al, 2002;
Fasanaraet al, 2006) A number of mechanisms have been suggested for each case but the
upstream and downstream signalling molecules governing such DNA damdaged cyclin

D1 degradation have hbeen established. In the previous chapters, | have demonstrated that
exposure of mammalian cells to the UV mimetic, 4NQO, also triggered cyclin D1 degradation
in a dosedependent manner (Figure 3.1). A comparison of molecular and cellular responses
asso@ted with 4ANQGinduced DNA lesions suggested that cyclin D1 may play a protective
role against apoptosis alongside with p21 (Chapter 4). Given its central role in cell cycle
regulation and its potential role in protection against apoptosis, it is imgetatunderstand,

at a molecular level, the regulation of cyclin D1 during DNA damage response.

5.2 Results

5.2.1 4NQGinduced cyclin D1degradation is dependent on the proteasome

In an effort to discover the molecular mechanisms responsible for cyclin D1 degnadati
induced by DNA damage, a derivativé MIH 3T3 cells expressing FLA@agged human

cyclin D1 under IPTAnducible promoter (D1 inducible 3T3); Child and Mann (2001); was
employed. First, the D1 inducible 3T3 cells were exposed to a range of 4NQO ddses an
changes in endogenous and exogenous cyclin D1 expression were assayed by immunoblotting
in the absence of IPTG, to demonstrate that a stable transfection of an expression vector in the
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cells had no effect on the 4ANG@@duced cyclin D1 degradation (Figusela). Although a low

level of exogenous cyclin D1 expression was detected in the absence of IPTG, endogenous
cyclin D1 exhibited the characteristic biphasic response following exposure to 4NQO as
observed in NIH 3T3 cells (Figures 5.1a, 3.1). Upon indacith IPTG, the expression of
exogenous cyclin D1 increased by approximatelyfal®, validating the integrity of the
IPTG-inducible promoter (Figure 5.1b). The datependent change of cyclin D1 triggered by
ANQO treatment was exhibited by both endayenand exogenous cyclin D1 in the presence

of IPTG (Figure 5.1b). These observations demonstrate that the levels of cyclin D1 expression

were regulated postanscriptionally during a 4ANQ@iggered response.

During cell cycle, cyclin D1 expression isgulated by the balance between -Bapendent
cyclin D1 accumulation and rapid proteolysis via proteasdapendent pathway®dvardy,

1996; Diehlet al, 1997; Diehlet al, 1998; Linet al, 2006) However, it was also suggested
that cyclin D1 proteolysis depends on anotpestease, calpaiChoi et al, 1997) To
determine the enzyme responsible for the 4N@diced degradation of cyclin D1, NIH 3T3
cells were prencubated with a 26S proteasome specific inhibitor, MG132, or a broad
specificity inhibitor, N-Acetyl-L-leucylL-leucyl-L-norleucinal(ALLN), which inhibits both
proteasomes and calpa{iMellgren, 1997) prior to exposure to 4NQO. Both inhibitors
protected cyclin D1 from 4NQ@hduced degradation (Figure 5.2a). Intéregy, MG132

was able to inhibit cyclin D1 degradation as well as ALLN (Figure 5.2b), indicating that
cyclin D1 degradation is likely to be mediated by a proteasdependent pathway. The
impact of MG132 or ALLN-mediated inhibition of cyclin D1 degradati on the 4NQO©
induced inhibition of DNA synthesis was assessed by BrdU incorporation. In the absence of
proteasome inhibitors, BrdU incorporation was maintained in response to 2.5uM 4NQO but
eliminated following exposure to 50 and 200pM 4NQO (Figure Si¥erestingly, the
presence of neither MG132 nor ALLN was able to restore a normal level of DNA synthesis in

cells treated with 50 and 200puM 4NQO (Figure 5.3), implying that a degradation of cyclin D1
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was dispensable for the 4AN@@duced inhibition of DNAsynthesis.

5.2.2 Investigation of amino acid residues involved in the regulation of 4NQO

induced cyclin D1 degradation.

A number of different amino acids and motifs were shown to regulate cyclin D1 stability
during normal cell cycle and in streisgluced regonses. T286 is located at thegZminus of
cyclin D1 within the PEST region (Figure 5.4) that has been implicated in a-isinessd
degradation of a cyclin homolog, Ume3p3ncerevisiagCooperet al, 1997) In mammalian

cells, phosphorylation of T286 is associated with destaldisatf cyclin D1 during normal
proliferation(Stacey, 2003; Guetal., 2005b; Yanget al, 2006a; Alao, 2007)osmotic stress
(Casanovaet al, 2000) replicative stresgMukheriji et al, 2008)and upon treatment with
various chemotherapeutic agents including tedhsretinoic acids(Ma et al, 2005) and
inhibitors of histone deacetylases (HDA@Ilao et al, 2006b) In addition, Coopeet al.
(1997) suggested that the RxxL motif was also requiréthie3p degradation. Following this
report, Agami and Bernard (2000) identified a putative RxxL motif at tHeridinus of
cyclin D1 (Figure 5.4) and demonstrated that a point mutation in this motif can abrogate IR
induced cyclin D1 degradation. To determiwhether these motifs were involved in the
ANQOG-induced cyclin D1 degradation, recombinant plasmids encoding a double mutant
R29A/L32A (mutations of the RxxL motif) and a single mutant T286A were constructed
(Materials and Methods). In addition, T156A stitution mutant, which act as a dominant
negative mutant of cyclin D1/CDK4 by sequestering the complex in the cytofitashi and

Sherr, 1997) was also generated in order to determine whether an altered subcellular
localisation would affet the response of cyclin D1 (Materials and Methods). Initially, these
cyclin D1 mutants were transiently expressed in NIH 3T3 cells to investigate the impact of
these mutations on 4NQi@duced cyclin D1 response. However, for all three mutants tested,

a hgh level of ectopic expression achieved by this method appeared to desensitise both
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exogenous and endogenous cyclin D1 to 4N@idiced degradation (data not shown). As an
alternative approach, cyclin D1 mutants were stablyrasfected with a plasmid eoding a

gene conferring puromycin resistance. Individual colonies of NIH 3T3 cells successfully
carrying the recombinant plasmids were selected for puromycin resistance and the stable cell
lines expressing the exogenous cyclin D1 at a similar or lowet tban the endogenous

cyclin D1 were employed for the investigati@kppendiX).

5.2.2.1 RxxL double mutant cyclin D1

Agami and Bernard (2000) demonstrated that single mutations R29Q or L32A of the RxxL
motif, when expressed transiently, abolished cyclin D1 atisgion induced by 20Gy IR.
Unlike this report, however, when the NIH 3@8rived cell lines stably expressing a FLAG
tagged wild type cyclin D1 (D1 wt 3T3) or a FLAGgged human cyclin D1 R29A/L32A
double mutant (D1 RxxL 3T3) were irradiated with > 20IRy both ectopically expressed

wild type and the double mutant cyclin D1 were degraded similarly to endogenous cyclin D1
(Figure 5.5a). Although R29 was mutated to alanine rather than gulutamine, the double
mutant generated in this investigation maintaitiexlL32A point mutation which was shown

to inhibit IR-induced degradation of cyclin D@Agami and Bernards, 20Q05ince the
previous investigation employed M&cells which has a moderately increased expression of
cyclin D1 withoutgene amplificatior{Buckleyet al, 1993) it is plausible that the regulation
governingcyclin D1 expression in this cancer cell line differed from that of NIH 3T3 cells.
Nevertheless, the results presented here demonstrated that degradation of endogenous cyclin
D1 and an accumulation of p21 occurred in exposure to IR in the D1 wt 3T3 aRaxD1

3T3 cell lines, indicating that the experimental system was sound. Furthermore, the behaviour
of the double mutant cyclin D1 indicated that theinBuced cyclin D1 degradation was
independent of proteolysis mediated by the RxxL motif, at least in BlIB cells. To

determine whether the 4NQ@duced cyclin D1 degradation was dependent on RxxL
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mediated proteolysis, D1 RxxL 3T3 cells were treated with a range of 4NQO doses and
harvested 3h later for immunoblotting assays. Following exposure to 4ANQéndbgenous

cyclin D1 and p21 expression responded in a-degendent manner as observed in NIH 3T3
cells previously (Figure 5.5b). Similarly to the endogenous cyclin D1, the R29A/L32A double
mutant of cyclin D1 also responded in a ddependent manner whe its expression was
maintained following exposure to low and high doses of 4ANQO whereas it was degraded
dramatically in response to medium doses of 4NQO (Figure 5.5b). When D1 wt 3T3 and D1
RxxL 3T3 cells were irradiated with increasing doses of UVijlammesults were obtained
(Figure 5.5 ¢ & d). Collectively, the data presented here suggest that cyclin D1 responses to
ANQO-, UV- and IRinduced DNA damage were independent of the RxxL motif on cyclin D1

in NIH 3T3 cells.

5.2.2.2 T156A mutant

T156 is a residucated next to the well conserved cyclin box in the central domain of cyclin
D1 (Figure 5.4). Unlike the other two motifs chosen for the mutagenesis studies in this
investigation, T156 has not been implicated in the regulation of cyclin D1 stabilityeéow

Diehl and Sherr (1997) demonstrated that the integrity of this residue is essential for the
activation of cyclin DICDK4 complexes byYCAK and T156A cyclin D1 competes with the

wild type protein to form an abortive complex with CDK4 when expressedaimmalian

cells. To investigate whether the integrity of this residue is also important in the DNA
damagenduced cyclin D1 response, NIH 3T3 cells stably expressing Ftag@ed cyclin

D1 with a point mutation of T156A, named D1 T156A 3T3, was construazsedescribed
above. To verify that the cyclin D1 T156A mutant in the D1 T156A 3T3 cell line generated
here behaved in the same manner as observed previously, the subcellular localisation of
endogenous cyclin D1 and ectopically expressed T156A mutant &tlwere determined

by immunostaining (Figure 5.6). Endogenous cyclin D1 was detected using-apmcsic
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cyclin D1 antibody 72-13G; Santa Cruz) whilst mutant cyclin D1 was visualised by probing

for its FLAGtag to distinguish the two. Endogenous cydlif colocalised with DAPA

stained nuclei in up to 80% of the D1 T156A 3T3 cell population, which was similar to that
observed in the parental NIH 3T3 cells (Figure 5.6a, c). This suggested that the presence of
mutant cyclin D1 did not affect the localigat of endogenous cyclin D1. In line with a
previous repor{Diehl and Sherr, 1997the majority of the mutant cyclin D1 was found in
cytoplasm and less than 10% of D1 T156A 3T3 cells showed a marked -Elaftiihg in

their nuclei (Figure b, c).

When D1 T156A 3T3 cells were exposed to increasing doses of 4ANQO, endogenous cyclin
D1 and p21 responded as in parental NIH 3T3 cells (Figure 5.7a). Expression of cyclin D1
T156A mutant seemed low even in the absence of 4iN@Gced damage and stoD1
T156A 3T3 clones isolated by puromycin selection showed relatively weak ectopic
expression(Appendix). Following exposure to medium doses of 4NQO, cyclin D1 T156A
was degraded similarly to endogenous cyclin D1 (Figure 5.7a). The maintenance obgyclin
T156A mutant following exposure to low and high doses of 4NQO seemed impeded
compared to that of endogenous cyclin D1. This may be reflective of an enhanced
accessibility of proteolytic components of cells to the mutant cyclin D1 due to its cytoplasmic
localisation. As in the case with the RxxL mutant, mutating the T156 residue did not affect the
response of cyclin D1 to IR or UV either (Figure 5.7b, c). Altogether, these results indicated
that the integrity of T156 does not affect the cyclin D1 sitgldibllowing exposure to 4NQO,

UV or IR.

5.2.2.3 T286A mutant

As mentioned above, phosphorylation of T286 residue plays an important role in cyclin D1

degradation in response to strgsduced responses as well as in cell cycle. Mutating this
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residue has beerhewn to inhibit nuclear export of cyclin D1 and stabilises the protein
greatly without affecting its ability to activate CDKBiehl and Sherr, 1997; Dieldt al,

1997) Indeed, mutation at this site has been found in human cancer cells, indicating that T286
may hold a key to the oncogenic prdyesf cyclin D1(Alt et al, 2000; Benzenet al, 2006)

To assess whether T286 was also involved in cyclin D1 degradatioced by 4NQO and

UV, NIH 3T3 cells ectopically expressing FLAGgged human cyclin D1 T286A, named D1
T286A 3T3, were generated as described before. In D1 T286A 3T3 cells, endogenous cyclin
D1 was predominantly localised in nucleus (Figure 5.6a, tt)cdls staining positive for

FLAG had nuclear cyclin D1 although around 50% of the population displayed no FLAG
staining (Figure 5.6b, c). This observation demonstrated that cyclin D1 T286A mutant
localises in nuclei of cells, consistent with the presiobservationfDiehl et al, 1997; Altet

al., 2000) Furthermoe, it appears that although the stable line was derived from a single
colony of cells following transfection and thus should contain a homogeneous population of
cells, approximately 480% of cells appeared to have lost the expression of mutant cyclin D1

during the course of investigation.

Following exposure to a range of doses of 4NQO and UV, cyclin D1 T286A mutant
expression was maintained at all doses tested unlike endogenous cyclin D1 expression which
was destabilised in response to medium dose4N§O and UV (Figure 5.8a, b). These
observations implied that an intact T286 is required for 4N@@ U\tinduced cyclin D1
degradation. When D1 T286A 3T3 cells were irradiated with > 20 Gy of IR, cyclin D1 T286A
mutant appeared to be protected from délsabion (Figure 5.8c). This observation was
unexpected as Agami and Bernard (2000) demonstrated that T286A mutation cannot
overcome the IRnduced degradation of cyclin D1. To check whether this is due to a
difference in the sensitivities of DNA damagesponses associated different cell lines, D1
T286A 3T3 cells were irradiated with up to 65.79Gy IR. Whereas endogenous cyclin D1 was

gradually degraded with increasing doses of IR, cyclin D1 T286A expression remained as
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high as in the notreated controlample (Figure 5.8d). Thus, it appeared that intact T286 is
indeed required for the degradation induced by IR as well as 4NQO and UV, at least in NIH

3T3 cells.

5.2.3 Upstream regulators of cyclin D1 degradation

52311 nvol vement of G%Y¥KigdyclirDd kguldtidrPdirihg p 3 8

DNA damage response

Amongst the three conserved motifs/residues on cyclin D1, a point mutation T286A was able
to abrogate cyclin D1 degradation induced by 4NQO, UV and IR in my experimental system.
T286 of cyclin D1 is best charactertsas a phosphorylation target site of glycogen synthase
kinase 3 b (GSK3b). GSK3b iPKB/AKt signalimg, svhosee a m
activity regulates the subcellular localisation as well as stability of cyclin D1 during normal
cell cycle(Diehl et al, 1997; Diehlet al, 1998) Si n c edep&n8ditPplvosphorylation of
T286 on cyclin D1 has also been implicatedtiress or druginduced cyclin D1 degradation,

a potenti al r o | -ieduaed cychH Beyradiation whdNadg@ssed by using a
GSK3b i nh {Stambblicet al, 1996) To minimise the possibility that a proposed
ability of LiCl to deplete cellulamyainositol from affecting the cyclin D1 respon@&ack et

al., 1995) cells were préreated with 100uMmyainositol before addition of iICI. The
presence of Lidid not affect the dosdependent response of cyclin D1 induced by 4NQO

(Figure5.9a). In addition, the dosdependent response of p21 was also intact, indicating that

GSK3b activity is neither responsi bl e for

exposure to 4NQO. This observation was further confirmed using a Swiss 3T3 derivétive cel
line, designated SwidBI3K, which was engineered to express a constitutively active PI3K. It
was shown that in the Swigd43K cell line, protein kinase B/AKt negative regulator of

G S K 3 \was constantly active and cyclin D1 expression was stabilissdie the absence of
mitogenic stimuli(Prasad, 2003)Following exposure to 4NQO, cyclin D1 in both SWISS
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3T3 and SWISSI3K cells were destabilised to similar exteligire 5.9b). In other words,

this result indicated that the 4NQ@duced degradation of cyclin D1 was independent of

GSK3b.

An alternative kinase implicated in the phosphorylation of cyclin D1 T286 is SAPKY/338

In response to osmotic stress whiategominantly causes strand bredksmitrieva et al,

2005) rapid degradation of cyclin D1 was observed. A detailed analysis demonshated t
SAPK2/p38"F¥ was able to phosphorylate T286 of cyclin D1 and an equivalent site in cyclin
D3 (T283), directing them to a proteasomal degradd@@sanovast al, 2000; Casanovas

al., 2004) Furthermore, SAPK2/p38™ was also shown to play a role in regulating
transcription of cyclin DXLavoie et al, 1996) Therefore, the potential inw@ment of this
kinase in the 4NQ@nduced cyclin D1 response was analysed by using SAPK?/p38
inhibitor, SB203580. In the presence of SB203580, cyclin D1 degradation induced by NaCl
was abolished (Figure 5.10a), verifying the efficacy of this inhibitQO-induced
degradation of cyclin D1 and p21, on the other hand, were intact even in the presence of
SB203580, indicating that SAPK2/g%8" was unlikely to be responsible for the regulation

of cyclin D1 or p21 expression following 4ANQ@duced DNA damagresponse.

5.2.3.2 Potential roles of p53and pRbdependent signalling in DNA damage

induced cyclin D1 responses

pRb and p53 proteins are two fundamental tumour suppressors whose activities govern the
two main arms of cell cycle regulatory signalling pathwéyshafer, 1998; Stewasdt al,

2001) By interacting with members of E2F transcription facpiRb plays a critical role in
controlling cell cycle progression through the restriction pdhson, 1998; Blagosklonny

and Pardee, 2002DRb has also been implicated in DNA damaghiced cell cycle arst as

well as the regulation of apoptogislarringtonet al, 1998; Kasten and Giordano, 1998;
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Harbour and Dean, 200Dip53, on the other hand, is itself a transcription factor which is
activated in response to genotoxic stigssrn and Vousden, 2007Activation of p53 results

in upregulation of target proteins such as p21, BAX, and GADD45, whose activities are
known to subsequently induce cell cycle arrest, particularly at G1 phase, and apoptosis
(Hickmanet al, 2002; Oren, 2003; Lirat al, 2007) Defects in p53 and pRb often culminate

in genomic instability and indeed, many human cancer cells exhibit loss of p53 and/or pRb
functions. To determine whether cyclin D1 plays a part of-pilnl p53mediated damage
response, a cell line expressing a heat labile simian virus 40 (SV40) largegdn (TAQ),

named SVis8, was employéTsuyameet al, 1991; Taharat al, 1995) SV40 FAg is a viral
oncoprotein which binds and inactivates pRb and p53 simultaneously, dismantling two of the
mai n faquesar dif t he (lgeena,me92;AlnandcDeCabr®, 2001yWhen

Svts8 cells are cultivated at the Aoermissive temperature (383, T-Ag is inactive and

hence p53 and pRbdependent pathways remain intact. At this temperature, cyclin D1
expression exhibitethe characteristic biphasic response to increasing doses of 4ANQO (Figure
5.11). The sensitivity of the cyclin D1 response observed in Svts8 cells cultured ‘@ 38.5
somewhat differed from NIH 3T3 cells as cyclin D1 was maintained up to 25uM rather than
2.5uM 4NQO. Cyclin D1 level declined dramatically in response td@uM 4NQO and at

a high dose, 200uM 4NQO, cyclin D1 was maintained (Figure 5.11). On the other hand, the
p21 response lacked the rapid induction that was observed in response to 2.5uMMNQO
NIH 3T3 cells. Instead, p21 expression appeared elevated in titeeated cells which may

have hindered any additional induction of p21 following a 4N&}@osure. When SVts8 cells
were grown at the permissive temperatur€@34where TAg was activeand thus p53 and

pRb were inactive, both cyclin D1 and p21 expression levels declined with increasing doses
of 4ANQO and both proteins were almost undetectable at the highest dose tested here (Figure
5.11). The maintenance of cyclin D1 expression followemgosure to high doses of 4NQO

was abrogated. Taken together, these results indicated that cyclin D1 and p21 degradation

induced by 4NQO did not require functional p53 or pRb but the maintenance of cyclin D1 and
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p21 following exposure to a high dose of @N, as well as p21 induction observed in

response to a low dose of 4NQO require functional p53 and or pRb.

Since the ability of 4ANQO to impose damage to DNA relies on its cellular metabolism which
converts 4NQO to an active damagducing form, Ae4HAQO, changes in the temperature

at which cells were cultured during the investigation may have altered the actual level of
DNA damage induced by a particular dose of 4NQO. If this is the case, at a permissive
temperature, 200uM 4NQO may have only caused @ lgvDNA damage equivalent to that
induced by lower doses of 4ANQO when incubated & 3To avoid the variability arising

from a differing level of damage induced by a particular concentration of 4NQO due to a
variable temperature, the experiment waseatpd using an SV4itnmortalised normal

human fibroblast, MRC5 CV1.

In response to increasing doses of 4NQO, cyclin D1 levels declined dramatically up to
100uM 4NQO in MRC5 CV1 cells (Figure 5.12a), suggesting that the destabilisation of
cyclin D1 was nobmediated by pRb or p53. At 200uM 4NQO, cyclin D1 expression appeared
higher compared to that in the cedixposedto 250 0 0 OM 4 NQO de s fubuine a r edu
level (Figure 5.12a). In fact, cyclin D1 expression was relatively unchanged in the 200uM
sample. Induction of p21 after treatment with a low dose of 4NQO was still absent in MRC5
CV1, indicating thatfunctional p53 and/or pRb were required for this molecular response
(Figure 5.12a). Furthermore, the biphasic response of cyclin D1 was also intact in MRC5
CV1 cells treated with UV (Figure 5.12b). These observations seemed to suggest that the
differencein the temperature at which SVts8 cells were cultured during the investigation had
an impact on the 4NQ@duced cyclin D1 response. Taken together, it appeared that pRb
and/or p53 were dispensable for 4NQé&nd U\tinduced cyclin D1 response and the
degradtion of p21. However, functional p53 and/or pRb are required for the upregulation of

p21 observed following an exposure to a low dose of 4NQO. Figure 5.12c represents the IR
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induced responses of cyclin D1 and p21 in MRC5 CV1 cells. Unlike 4Np@V-induced

responses, exposure to IR did not trigger detectable responses from either cyclin D1 or p21,
providing further evidence that the expression of cyclin D1 and p21 following IR exposure

are regulated differently from that observed following 4N@@d U\ftreatment.

The molecular responses of cyclin D1 and p21 following exposure to 4NQO, UV or IR were
probed further in two other SV4fthmortalised cell lines, XP12RO and AT5BI VA, derived
from individuals with xeroderma pigmentosum (XP) and ataxia telamgiect(AT),
respectively. XP12RO cells lack the expression of XP group A proteinAjX&nd are
defective of NER, the major repair pathway for DNA damage imposed by UV and 4NQO
(Wolff et al, 1977;Joneset al, 1992; Afzalet al, 1995; de Laatt al, 1999) XP-A was long
considered to act as a sensor for damaged DNA in IRBBRever, this model was challenged

by evidence which implicated replication protein A (RR&d XRC as the damage sensing
elements(Satokataet al., 1992; de Laaet al, 1999; Lehmann, 2003; Rademaketsal,

2003) Nevertheless, with its ability to interact with various repair factors and its preferential
affinity to damaged DNA, XfA remains likely to be a key regulator of NER. When XP12RO
cells were treated with a range of doses of 4NQO or UV, expression levels of cyclin D1 and
p21 exhibited similar changes to those observed in MRC5 CV1 cells (Figure 5.13a, b). In
addition, IR irradiation did not induce any response of cyclin D1 or p21 pnokably due to

the presence of-Ag (Figure 5.13c). Collectively, these observations suggested that cyclin D1
and p21 responses to 4NQ&nd U\Vinduced DNA damage were unlikely to be involved in
the repair pathway or be downstream targets ofAXdRependenpathways. The other SV40
immortalised cell line, AT5BI VA, has mutations in the gene encodifid (Gilad et al, 1996;
Gatelyet al, 1998) ATM belongs to damily of PI3K-related kinases (PIKKgAbraham,
2001; Shiloh, 2001&nd has been shown to regulate the initiation ehbRiced DNA damage
responses as well as repair of double strand DNA brgékz and LeesMiller, 2004). As

canbe expected, mutations in this protein confer cells hypersensitive to radiation in particular
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to IR (Lavin, 1999; Kuhneet al, 2004; Kurz and LeeNliller, 2004). In AT5BI VA, no

changes in cyclin D1 or p21 expression were observed following exposure to various doses of
IR (Figure 5.14c), in line with the previously reported association of ATM {mdiaced DNA
damage(Suzukiet al, 1999b; Shiloh, 2001)Furthermore, cyclin D1 and p21 responses t
treatment with 4NQO or UV appeared intact (Figure 5.14b, c), suggesting that ATM was

dispensable for ANQGand UV induced responses.

5.2.3.3 Moving up the signalling pathways: ATM/ATR and Chk1/Chk2

So far, a number of cell lines defective in some of the niah damage proteins were used

to investigate the involvement of these proteins as upstream regulators of responses by cyclin
D1- and p2iresponses induced by DNA damaging agents. Apart from the lack of p21
induction following exposure to low doses of 4AN@®d UV probably due to abrogation of

p53 by FAg, other aspects of the molecular responses were unaffected in these cell lines. To
identify upstream damage signalling molecules that regulate cyclin D1 and p21, a number of
chemical inhibitors were employed specifically inhibit the activities of the known upstream

signalling molecules.

As described before the DNA damage response is an intricate network of multiple signalling
cascades comprised of signalling molecules organised in a hierarchical oodérddhage
signalling cascades are principally regulated by the apical kinases, ATM and ATR-(ataxia
telangiectasia mutated and Rawbated), which subsequently promote activation of the
transducer proteins, Chkl and Chiébraham, B01; Shiloh, 2001; Chen and Poon, 2008)

To determine whether these upstream kinases were also involved in regulating the responses
of cyclin D1 and p21 observed following an exposure to 4NQO in NIH 3T3 cells, the
immunoblotting assays were repeated afieatment of cells with different chemical

inhibitors. Caffeine is a radiosensitising agent widely employed as an inhibitor of ATM and
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ATR (Sakahiraet al, 1998; Blasinaet al, 1999; HallJacksonet al, 1999; Foukast al,

2002) and its presence was shown to abrogate DNA daimalgeed cell cycle arrest
particularly at S and G2 phases of cell cydaufmannet al, 2003; Raviet al, 2008) To
investigate the effecdf caffeine, NIH 3T3 cells were ptteeated with 20mM caffeine for
30min prior to treatment with 4ANQO. The expression levels of cyclin D1 and p21 were
assessed by immunoblotting as before. The presence of caffeine dramatically abolished the
cyclin D1 degrdation observed previously in response to medium doses of 4NQO (Figure
5.15). It also inhibited the induction of p21 following exposure to 2.5uM 4NQO, as was
observed in SV4@mmortalised cells. However, reduced expression of p21 in response to
medium dosge of 4ANQO was unaffected by caffeine (Figure 5.15), suggesting that the
degradation of cyclin D1 and p21 were likely to be regulated by separate signalling pathways.
Next, the effect of Chk1 and Chk2 inhibitors, HB078 an®-(4-(4-Chlorophenoxy)pheny)
1H-benzimidazolés-carboxamide dalled Chk2 inhibitor Il hereafter), respectively, were
examined in 4NQ@reated NIH 3T3 cells. In the presence of one of the inhibitors, 4NQO
treatment induced a normal dedependent response of cyclin D1 as observed béfagare
5.16a,b, c). To eliminate the possibility of Chkl and Chk2 complementing each other, the
experiment was repeated in the presence of both inhibitors. However, even with both
inhibitors present, cyclin D1 degradation induced by a medium dose of 49QI® not be
abolished (Figure 5.16d), indicating that Chk1 and Chk2 were not required for-idQ¢ced
damagedependent degradation of cyclin D1. Whilst the responses of p21 to medium and high
doses of 4ANQO were unaffected by the presence of the inlibitdl accumulation triggered

by a low dose of 4NQO showed fdifential sensitivities to these inhibitors. In the presence of
SB218078, the difference between the p2l1 expression in the control and 2.5uM samples
remai ned s i miudulirinditating that thet p21lowas nbt markedly induced in the
latter (Figue 5.16b). The Chk2 inhibitor, on the other hand, seemed not to affect the p21
induction greatly (Figure 5.16c). In the presence of both inhibitors, an attenuation of p21

induction was observed at the similar level achieved by the presence of SB219(0¢8 alon
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(Figure 5.16d). Taken together, these observations indicated that a low dose of 4NQO is likely

to activate p21 accumulation via pathway sensitive to caffeine and Chk1 inhibitor.

5.3 Discussion

5.3.1 Cyclin D1 expression is regulated at a ptrsinscriptional evel in NIH 3T3

cells following an exposure to 4ANQO

In an endeavour to delineate the molecular mechanism regulating 4nQE&ed degradation

of cyclin D1, a number of cell lines expressing either wild type or mutant exogenous cyclin
D1 proteins were gendetl in this investigation. Use of the D1 inducible 3T3 cells
demonstrated that a 4NQ@duced degradation of cyclin D1 was ptsinscriptionally
regulated (Figure 5.1b). Miyakawa and Matsushime (2001) previously suggested that a cyclin
D1 degradation trigered by UV, which imposes similar types of DNA damage as 4NQO, is
regul ated by changes of protein and mRNA stabi
untranslated region of cyclin D1 mRNA was required for the altered mRNA stability in
responsdo UV exposure, contributing to a reduction of cyclin D1 expression. The expression
plasmids used to generate the stable cell lines for this investigation only contained the coding
region of cyclin D1. However, both endogenous and exogenous cyclin Dldegraded in
response to 4NQO, UV and IR. Thus, although the mechanisms proposed by Miyakawa and
Matsushime (2001) may have contributed to the response, the results obtained in this
i nvestigati on deunmasiated region af dyclin Ol anRNAasHdisperzdble

for the genotoxic stresaduced cyclin D1 degradation observed in NIH 3T3. Rather, damage
induced destabilisation of cyclin D1 was sensitive to the presence of proteasome inhibitors
(Figure 5.2), indicating the involvement of posinsldional regulation. Agami and Bernard
(2000) demonstrated that inhibition of cyclin D1 degradation led to a failure to inhibit DNA

synthesis and hence a lack of G1 arrest in response to an exposure to IR. In contrast to this
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report, experiments herein denstrated an inhibition of cyclin D1 degradation by a
proteasome inhibitor was unable to restore DNA synthesis following exposure to medium and
high doses of 4NQO (Figure 5.3). It is either that cyclin D1 degradation is dispensable for
ANQOG-induced G1 arrestr alternative pathways such as the CD@2pendent pathway as

described previously may be able to compensate for the loss of cyclin D1 response.

5.3.2 T286 of cyclin D1 is required for degradation induced by genotoxic stress in

NIH 3T3 cells

To understand t molecular mechanisms of proteasesependent cyclin D1 degradation
induced by 4NQO, three conserved motifs/residues RxxL (R29/L32), T156 and T286 of
cyclin D1 were chosen for the sitirected mutagenesis studies. They were chosen as all three
motifs hawe previously been implicated in regulation of cyclin D1 functionalities as explained
above. Whilst the double mutant, R29A/L32A and the dominant negative mutant, T156A,
responded similarly to the endogenous cyclin D1 (Figures 5.5a,b, 5.7), the T286A mutant
resisted degradation induced by 4NQO, UV and IR (Figure 5.8a, b, c). This observation partly
contradicted the findings of Agami and Bernards (2000), which suggested that T286 was
dispensable for the Hhduced destabilisation of cyclin D1 but the RxxL ih@tas not and

thus dependent on the activity of anaphase promoting complex (APC). Such a discrepancy is
likely to be due to a difference in experimental approach used in the previous publication and
this investigation; Agami and Bernards investigated dffect of cyclin D1 mutations by
transient transfection in a breast cancer cell line, MCRs opposed to using a stable
transfection in an immortalised mouse fibroblast, NIH 3T3 cells. MQ¥€lls are known to

have elevated levels of-Byclins. An invespation by Russell and colleagues has suggested
that this was mainly due to a defect in proteolysis afyblins (Russellet al, 1999) They
demonstrated that protein stabilities otype cyclins in MCF7 cells were approximately- 3

fold higher than that in other cancer cell lines, as well as havinghdlglraised mRNA level.
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Furthermore, it was shownthat MGF cel | s | ac k tchydallie & gefactos si on o f
of the Fbox protein, Fbx4, which comprises the E3 ligasSEF complex, responsible for

cyclin D1 degradatiofiChelouchelev et al, 2004; Barbasket al, 2007. El i mination of
crystallin was shown to disrupt the interaction between cyclin D1 phosphorylated at T286 and

the SCF complein vivo (Lin et al, 2006) It is plausible that MCH cells haveadapted to

such defect by utilising an alternative E3 ligases suchPa3, which normally regulates the

expression of cyclins involved in late phases of cell c{8lancoet al, 2000) Nevertheless,

the esults obtained in my investigation implied that 4ANQO, UV and IR induced cyclin D1

degradation via a mechanism which required an intact T286 in NIH 3T3 cells.

I n the past, a number of k' hteeedeen ispicatedims GSK3F
stress/dmageinduced destabilisation of cyclin Dasanovagt al, 2000; Maet al,, 2005;

Alao, 2007; Mukherjetal, 2008) GSK3b has | ong been thought to
that negatively regulates the expression level of cyclin D1 at anaostiational level during

cell cycle (Diehl et al, 1997; Diehlet al, 1998; Takahasffanaga and Sasaguri, 2008)

also inhibits cyclin D1 at @ranscriptional level by interfering with growth facioduced

MAPK cascades(Boyle et al, 1991; Doble and Woodgett, 2003; Liet al, 2004)

I ncidentally, the activity of @pEBieerers been |
For i nstance, mouse Ofr human embryonic fibrob
activate stressesponsive MAPK kinase kinase 1 (MEKK1) eden Nterminal knase (JNK)

in response to UV irradiatio(Kim et al, 2003; Liuet al, 2004) Further evidence fohe

i nvol vement of-inda&&BNA damage rebpenseUnds provided by Lee and

coll eagues who de depansentrphospbatylatiom af p21 & SIKB directs

degradation of p21 downstream of ATRee et al, 2007) Despite its activation by DNA

damage and its involvement in cyclin D1 degr e
inhibitions (Li+) or biochemical pathway (activated PI3K) failed to alter the cyclin D1

response in 4NQ4reated cells (Figure 5.9). Anotheandidate for a cyclin D1 kinase is
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SAPK2/p38“PX It belongs to the MAPK superfamily which is known to be activated in

response to cellular stresses caused by oxidative and osmotic shock as well as various
cytokines(Doble and Woodgett, 2003; Roux and Blenis, 200hilst its activity is often
associated with immune responses, it fulfils la o signal transduction during DNA damage
responses induced by both UV andd&sociateqYanget al, 2003; Reinhardet al,, 2007)

One of the best established DNA damage components targeted by SAPR2f[8853. A
number of studies demonstrateithat SAPK2/p38*F¢ positively regulates p53 by
phosphorylating it at S389 (S392 in human p53) in response to UV but riaf®or and
Lozano, 1998; Luet al, 1998; Huanget al, 1999a; Kelleret al, 1999) Moreover,
SAPK2/p38"F¥ was shown to mediate the phosphorylation of T286dmsdabilise cyclin D1

as a part of the stregsduced response (Casanowsal2000; Alao, 2007). However, once
again, my investigation failed to detect any associations between changes in cyclin D1

expression induced by 4NQO and the activity of this evez{figure 5.10).

These observations gave rise to two possible explanations; multiple kinases are able to target
this residue for phosphorylation during DNA damage response and thus inhibition of one
enzyme is complemented by another or there is a ydentified kinase responsible for the
phosphorylation of cyclin D1 T286. As discussed previously, eaa@iksbetween protein
kinases of the DNA damage response is common and has been observed between apical
kinases, ATM and ATR or checkpoint kinases, Chhtl Chk2Gateiet al, 2003; Wanget al,

2006; Zaugget al, 2007) Furthermore, Reinhardt and colleagues have demonstrated that
Chkl and SAPK2/p38°¢ were activated iependently in response to various DNA
damaging agents and converged downstream to downregulate Cdc25 family of proteins,
exemplifying the presence of parallel signalling pathways elicited during the DNA damage
responseg(Reinhardtet al, 2007) Shoul d GSK38 henadparSoh v 2 / p
independent signalling cascades induced by 4NQO responsible for cyclin D1 destabilisation,

inhibiting one is unlikely to cause a dramatic change in cyclin D1 response. Recently, Kwak
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and colleagues demonskirmasas t(hlakKsa) meimblkel,
in regulating cellular level of cyclin Dwak et al, 2005) They showed that in cells lacking

an expression of | KKU, cyclin D1 was stabi
the behaviour of cyclin D1 T286A mutant observed in this investigation as well as others
(Figure 5.6b) (Diehkt al, 1998). Furte r anal yses i ndicated that
interact with cyclin Dland that it directly phosphorylated cyclin D1 at Ta86vivo andin

vitro. Al t hough the activity of | KKU has not
| KKU i s afatb)\ergeuslpaotnosri ve t r an ¢Ravieata,t2008)andthus ct or
it may display dual functionalities in cells. Incidentally, T286 is located within a minimal
motif, S/TP, for CDKs and MAPK due to the presence of proline residue. To my knowledge,
no CDKs have been linked to T286 phosphorylation. Furiineestigation is essential to
identify the kinase responsible for phosphorylating cyclin D1 following 4NQO exposure to

trigger its degradation.

5.3.3 Upstream regulators of cyclin D1 during DNA damage response

The tumour suppressors, pRb and p53, compwseaf the main effectors of DNA damage
responses that are frequently found mutated in human caf\élimms et al, 1994;
Hickmanet al, 2002) Whilst pRb is predominantly implicated in DNA damdgduced G1
arrest(Sleboset al, 1994; Harringtoret al, 1998; Bosco and Knudsen, 200p»3 has been
widely shown to function in G1 and G2/M arrests as well as apofdgswal et al, 1995;
Aloni-Grinsteinet al, 1995; Hermekinget al, 1997; Bunzet al, 1998; Geyeet al, 2000;
Seiditaet al, 2000) The roles of pRb and p53 in the DNA damage response appear to largely
depend on the type of DNA damaging agents employed as well as on the genotypes of the
affected cells. Evidence suggests that pRb is in fact involved in many aspects of the DNA
damage respse including an inhibitory regulation of apoptasiackset al, 1992; Leeet al,

1992; Haadoganet al, 1995; Kasten and Giordano, 1998NA repair(Boscoet al, 2004;
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Latonen and Laiho, 20059nd G2/M arres{Niculescuet al, 1998; Naderiet al, 2002;

Jacksonet al, 2005; Eguchiet al, 2007) Furthermore, it was shown that lack of pRb or
inhibition of pRb by various oncoproteins dowagulates cyclin D1 expressidiuller et al,,

1994; Takebayashet al, 2003) Investigations carried out using a number of SV40
immortalised mammalian cells suggested that 4ANQOUV-induced changes in cin D1
expression were independent of the activities of p53 and/or pRb. On the other hand,
degradation of cyclin D1 induced by IR was abolished in these cell lines indicating that

functional p53 and/or pRb are required.

The responses of cyclin D1 follomg 4NQO and UV also remained intact in XP12RO and
AT5BI VA, implying that the repair protein, XR, and the apical kinase, ATM, were also
dispensable (Figures 5.13a,b, 5.14a,b)-A<B a repair protein which becomes incorporated
into NER complexes at sikeof DNA damagd\Volker et al, 2001) A kinetic study of XPA
recruitment to NER complex showed that -KPwas immobilised within 5 min of UV
exposure and thus is likely to compose an upstream regulator of the sensor pathways
(Rademaker®t al, 2003) The data presented here demonstrate the cyclin D1 response is
independent of XFA. AT5BI VA cells express a defective apical kinase, ATM and are
defective in repairing DNA double strand bredkyselaet al, 1995; Gatelyet al, 1998;
Kuhneet al, 2004) As expected, IRnduced responses of cyclin D1 and p21 were abrogated
in this cell line (Figure 58c). Amongst the two apical kinases, ATM and ATR, the response
to IR has been associated primarily with ATM activation whilst the response to UV with ATR
(Abraham, 2001; Shiloh, 2001)Considering the extent of the similarities between the
molecular respases caused by UV and 4NQO observed in this investigation, it appeared
likely that 4ANQO induced an ATHependent response. To support this speculation, 4ANQO
induced cyclin D1 response was unaffected in AT5BI VA cells but sensitive to the presence of
caffeire which abrogates both ATM and ATR (Figures 5.14a, 5.15). It is worth noting that the

understanding of molecular mechanisms by which caffeine affects damage responses are yet
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to be fully understood. Although widely employed as an inhibitor of ATM and AR,
inhibitory effect is not specific to these kinases and myriad other targets have been identified
including, DNAPK (Foukaset al, 2002; Yanget al, 2003) alkaline phosphataséé/harton

and Goz, 1979and phosphodiesteras@eavo et al, 1970) Much of direct evidence for
caf f ei ne @nkibit ATtMi ahdi ATR/hag been based on studiesitro. Various groups

have demonstrated that immunopurified ATM and ATR were inhibited by caffeine in the low
milli molar range of concentratiofbakahiraet al, 1998; Blasinat al, 1999; HallJacksoret

al., 1999; Foukagt al, 2002) The main link between caffeine and these kinase$/o was
provided by observations that caffeine was able to override various damdaged S and

G2/M arrests that were dependent on expression of functional ATR or(WEREernanet al,

2002; Kaufmanret al, 2003; Shechteet al, 2004) A number of groups have demonstrated
that expression of kinaskead forms of ATR or Chk1l mimicked the effect of caffeine on UV
induced S phase checkpoiiMghiemet al, 2001; Heffernaret al, 2002) Similarly, a study

in S. pombealemonstrated that caffeine abrogat@dsl (homologous to human Chk2) and
Chk1 phosphorylation due to a lack of Rad3 (homologous to human ATM/ATR) activation
(Moseret al, 2000) However, Cortez (2003) demonstrated that the presence of caffeine did
not abolish autophosphorylation and a subsequent activation of ATM in response to IR
irradiation, disagraag with previous reports. Furthermore, treatment with hydroxyurea in the
presence of caffeine enhanced phosphorylation of Chkl, Chk2 and p53 at residues known to
activate these proteins in a ATM/ATdependent manndCortez, 2003) This observation

was supported by another group and raised the hypothesis that caffeine inhibits checkpoint
response without affecting ATM/ATR directl{Cortez, 2003; Kaufmanret al, 2003)
Assessing the true effect of caffeine is further complicated by the fact that caffeine could
directly contribute toan accumulation of DNA damage and chromosomal aberrations by
intercalating in DNA as well as interfering with DNA repdifohda and Oikawa, 1988;

Tornalettiet al,, 1989; Selby and Sancar, 1990)
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ATR is a Ser/Thkinase which targets a cluster of $jTmotifs (Traven and Heierhorst,
2005) The amino acid sequence of cyclin D1 does not contain such a motif (Figure 5.4),
suggesting that ATR is unlikely to phospilate cyclin D1 directly but likely to promote the
activation of a cyclin DXinase. Primary targets of ATR include Chk1, Chk2 and (h38in

and Jackson, 1999; Tibbets$ al, 199; Zhao and Piwnici#/orms, 2001; Heffernaet al,

2002; Wanget al, 2006) Since the cyclin D1 response appeared to be independent of p53, the
requirements for the activities of Chkl and Chk2 were tested using their inhibitors. However,
neither the preence of a single inhibitor nor the presence of both Chkl and Chk2 inhibitors
were able to reverse 4NQ@duced cyclin D1 degradation (Figure 5.16). These observations
seemed to point towards the presence of a yet unidentified damage signalling moléciule wh
is activated by ATR. Taken together, the following facts have been revealed in this

investigation (Table 5).

Table 5 Summary of the results of investigation on the molecular mechanisms

underlying the 4NQGinduced cyclin D1

25uM 50 uM 200 uM
OpM _ _
(low) (medium) (high)
Minimal Dramatically Minimal
Normal response | Expressed ) _
reduction degraded reduction
Proteasome
o Stabilised Stabilised Stabilised Stabilised
inhibitor
R29A/L32A Minimal Dramatically Minimal
Expressed ) .
double mutant reduction degraded reduction
Minimal Dramatically Minimal
T156A mutant Expressed ] ,
reduction degraded reduction
T286A mutant Expressed Stabilised Stabilised Stabilised
GSK3 b i n| Unaffected Unaffected Unaffected Unaffected
SAPK2/p38"FK
R Unaffected Unaffected Unaffected Unaffected
inhibition
Inhibition of
Unaffected Unaffected Unaffected Unaffected
p53/pRb by TAg
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XP-A Not required Not required Not required Not required
ATM Not required Not required Not required Not required
Caffeine Unaffected Stabilised Stabilised Stabilised
Chk1/2 inhibitors | Unaffected Unaffected Unaffected Unaffected

5.3.4 Regulation of DNA damagaduced p21 response in NIH 3T3 cells

As established i€hapter3, p21 expression changes in response to 4NQO exposudoge a
dependent manner (Figure 3.3a). In particular, its expression level changed dramatically
following exposure to low and medium doses of 4NQO where a low dose of 4ANQO (2.5uM)
induced a strong accumulation of p21 whilst a medium dose (50uM) triggeiradhatic loss

of p21 to an undetectable level. A number of cell lines and inhibitors employed to investigate
the molecular mechanisms underlying 4N@Quced cyclin D1 degradation also provided
useful information for identifying potential regulatory proiirequired for eliciting such a
response by p21. Induction of p21 is a vesdtablished response to IR and has also been
observed following exposure to Ui Leonardoet al, 1994; elDeiry et al, 1994; Pooret

al., 1996; Jabbuet al, 2000) This response ihought to be primarily mediated by a p53
dependent pathway although in somstancs it has also been observed in p53 defective
cells (Michieli etal., 1994; Loignoret al, 1997; Haapajarvet al, 1999; Geyeet al, 2000;
Murphy et al, 2002; Wanget al, 2008) Damageinduced expression of p21 was found
associated with phosphorylation of p53 at S15 and S20 which subsequently activated p53 as a
transcription facto(Silicianoet al, 1997; Jabbuet al, 2000; Garner and R#008) S15 and

S20 of p53 are known targets of upstream regulators, ATM/ATR and Chk1/Chk2, respectively
(Canmanet al, 199; Chehabet al, 1999; Lakin and Jackson, 1999; Tibbedtsal, 1999;

Shieh et al, 2000; Saitoet al, 2002; Chen and Poon, 2008jaken together, these
components of the damage response come together to constitute a signalling cascade;
ATM/ATR-Chk2/Ctk1-p53p21. The results presented above seem to support the
involvement of this proposed pathway for the 4AN@i@gered response in p21. Firstly, the

p21 induction was abrogated in S\Vi@mortalised cells, implying that the response required
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functional p53and/or pRb (Figures 5.113). Secondly, it was also sensitive to the presence of
caffeine (Figure 5.15), which is capable of inhibiting ATM and ATR, as discussed above.
Finally, an inhibitor of Chkl (but not Chk2) was able to attenuate 4iNdQced p21

induction (Figure 5.16).

Downregulation of p21 has been observed following exposure to UVC in addpsadent
manner, in various cell line@llan and Fried, 1999; Wanet al, 1999; Bendjennagt al,

2003; Sorieet al, 2006) However, the exact doses at which UVC triggered p21 degradation
appeared to vary greatly with cell type and the molecular mechanisms underlying these
differences are not well understof@endjennatt al, 2003; Itoh and Linn, 2005; Lest al,

2006) In the results presented above, it was shown that 4MQ@@@ed p21 degradation was
not eliminated by (i) inhibit ofSAPKZERBI*ESK3b
(Figure 5.10), (iii) the presence of SV4@A§ (Figures 5.11,5 12), (iv) defective X® or

ATM (Figures 5.13,5 14), (v) caffeine (Figure 5.15), and finally (vi) inhibitors of Chk1 or
Chk2 (Figure 5.16). These observations indicated thatynma the key DNA damage
regulating proteins were dispensable for the p21 degradation. Furthermore, proteasome
inhibitors attenuated p21 degradation but did not completely abrogate the response (data not
shown). Many reports have highlighted the importanok damageanduced p21l
downregulation in efficiently activating DNA repair and apoptosis in order to maintain
genomic stability in multicellular organismi#cKay et al, 1998; Allan and Fried, 1999;
Fotedaret al, 1999; lzumarwet al, 2004; Soriaet al, 2006) Thus, it appears that much

remains to be learnt about the regulation of p2lesgion in the DNA damage response.
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Figure 5.1 Response of endogenous and ectopically expressed cyclin D1 following

exposure to various doses of 4NQO in cyclin D1 inducible 3T3 cell line

An asynchronous populatiof D1 inducible 3T3 cells was seeded at a cell density of £ x 10

cells / G490mm dish and an expression of exogen
24h postinduction, cells were treated with varying doses of 4NQO and lysed 3h later.
Expression levels of endogenous and exogenous cyclin D1 were separated on 10% SDS

PAGE and detected using antibodies against mouse cyclin D13@2 Santa Cruz) and

FLAG (M-2; Sigma) or human cyclin D1 (A2; Santa Cruz), respectively. Protein loading

was monit or edubutinyexpessorelevels. ng U
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Figure 52 Changes of cyclin D1 expression in NIH 3T3 cells treated with 4ANQO

in the presence and absence of proteolysis inhibitors

Asynchronously growing NIH 3T3 cells were greubated with 50uM of (a) DMSO
(control), (b) MG132 or ALLNfor 30min prior to treatment with 4NQO. Cells were harvested
3h post4NQO exposure and expression levels of cyclin D1 were observed. The level of p27
was elevated in cells treated with proteasome inhibitors, verifying the efficacy of the

inhibitors. Theé v e | -tubmlin wd$ monitored as a control for protein loading.
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Figure 5.3 Effect of chemical inhibitors, MG132 or ALLN, on BrdU incorporation

following exposure to 4ANQO

Asynchronous populations of NIH 3T3 cells wgreetreated with 50uM of proteasome
inhibitors, MG132 or ALLN. Cells were exposed to 4 doses of 4NQO and incubated for 3h.
10puM BrdU was added 30min prior to harvest. Fixed samples were processed for BrdU
incorporation assays and analysed by flow cytoye20,000 events per sample were

collected and BrdU positive population was scored as described (Materials and Methods).
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Figure 54 Amino acid sequence alignment of human and mouse cyclin D1

Amino acid sequences of humgAAHO00076 and mouse (NP_031657) cyclin D1 were

aligned using Basic Local Alignment Search Tool (BLAST). The conserved motifs and

residues targeted for mutagenesis studies in this investigation are highlighted; RxxL motif

(yellow), T156 (blue) and T28&dd). The Germinal region rich in an acidic amino acid,

glutamate (E), is highlighted in green.
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Figure 55 Analysis of ectopically expressed cyclin D1 wt and RxxL mutant in

response to DNA damaging agents itably transfected NIH 3T3 cell lines

NIH 3T3 cells stably transfected with FLA&gged cyclin D1 wild type (D1 wt 3T3) or

cyclin D1 R29A/L32A mutant (D1 RxxL 3T3) were treated with (a) IR, (b) 4NQO or (c) UV

as described (Materials and Methods). 3h diteatment, cells were lysed and expression

levels of endogenous and FLA&pitope tagged exogenous cyclin D1 as well as p21 were

assessed by

loading.

i mmu n dubdlirowete imorgtored hseavceritral foropfoteird
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Figure 55 cont. Analysis of ectopically expressed cyclin D1 wt and cyclin D1 RxxL
mutant in response to DNA damaging agents in stably transfected NIH 3T3 cell
lines

Where both exogenous and endogenous cyclin D1 were detected simultaneously, black and
white triangles aresed to indicate them, respectively (c & d). To aid the observation ef UV
induced doselependent response by exogenous and endogenous cyclin D1 in D1 RxxL 3T3

cells, two blots with different exposure times are presented (d).
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Figure 5.6 Determiningthe subcellular localisation of endogenous and exogenous

cyclin D1 in stalbe cell lines by immunostaining

For legend, see following page.
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Figure 5.6 cont. Determining subcellular localisation of endogenous and

exogenous yclin D1 in stable cell lines by immunostaining

NIH 3T3, D1 T156A 3T3 and D1 T286A 3T3 cell lines were plated onto coverslips and
stained for (a) cyclin D1 and (b) FLAG expressiord®h postplating. The stained cells were
visualised and the images weraptured using the Axiocam software on a Zeiss Axiovert
200M inverted microscopdhe scale bar represents 20(n). The staining was quantified by
counting the number of cyclin D1 and FLAG stained nuclei and expressing this as a
percentage of the total nio@r of cells counted per well. 200 cells were counted for each cell
type and different type of staining. The mean values of positively stained population from
three independent experiments are presented in the bar chart. The error bars indicate standard

emors.
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Figure 5.7 Analyses of molecular responses following exposure of D1 T156A 3T3

cell lines to various DNA damaging agents

NIH 3T3 cells stably expressing cyclin D1 T156A mutant (D1 T156A 3T3) were exposed to
(a) 4NQQ (b) IR, or (c) UV. Expression levels of endogenous cyclin D1, ectopically
expressed cyclin D1 mutant and p21 were assessed by immunoblotting.oLiveltuilin
expression was monitored as a control for protein loading. Where both exogenous and
endogenous cyclin D1 expression can be observed simultaneously, black and white triangles

are used to indicate them, respectively.
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Figure 58 Analyses of molecular responses in D1 T286A 3T3 cells following

exposure to variou®NA damaging agents

NIH 3T3 cells stably expressing cyclin D1 T1286A mutant (D1 T286A 3T3) were exposed to
indicated doses of (a) 4NQO, (b) UV, or-(d) IR. Expression levels of endogenous cyclin

D1, ectopically expressed cyclin D1 mutant and p21 were assessed by immunoblotting. Level
o f -tulilin expression was monitored as a control for protein loading. Where both exogenous
and endogenous cyclin D1 mession can be observed simultaneously, black and white

triangles are used to indicate them, respectively.
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Figure 59 Ef f ect of GS K 3bh4NQ@indiicedi cyclinrD1 and p21

responses

(a) NIH 3T3 cels were prereated with 100uMnyaginositol for 15min and exposed #8@mM

LiCl or 20mM KCI (as a control). 30min after the addition of salts, cells were treated with

indicated doses of 4NQO as previously described (Materials and Methods). (b) Swiss 3T3 and

Swiss PI3K cells were exposed to indicated doses of 4NQO. 4i&a@ed cells were lysed

3h |l ater. Expression |l evels of cycltubnlinD1l and p

level was assessed as a loading control.
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Figure 510 Effect of SAPK2/p3¥*"¥ inhibitor, SB203580, on 4NQénduced
responses by cyclin D1 and p21.

NIH 3T3 cells were préreated with 10uM SB203580 or DMSO (control) for 30min prior to
incubation with (a) 180mM NacCl for 1.5h or (b) indied doses of 4NQO for 3h as described

(Materials and MethodsResponses of cyclin D1 and p21 were examined by irobiatiing

a s s ay stubulifi @xpres&ion was also monitored as a loading control.
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Figure 5.11 Effect of SV40 TAg expression on the responses of cyclin D1 and p21

to 4NQO

SVts8 cellsplated for 4NQO treatment ancliltured atthe permissive (32C) and non

permissive temperature (383 for 15h prior to exposureCells were harvestedh3post

exposure and lysates were resolved on a 12% SDS PAGE and immunoblottirgyvessay

performed. Blots were probed using antibodieg a i n st

human ctybulini n
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Figure 512 Molecular responses of cyclin D1 and p21 in S\Wtmortalised

MRCS5 cell line (MRC5 CV1 ) to DNA damaging agents

MRC5 CV1 cells were exposed to indicated dode&@p4NQO, (b) UV, and (c) IR. Cells
were collected in 2X SDS loading buffer 3h following exposure. Protein samples were
resolved on 12% SDS PAGE and expression levels of cyclin D1 and p21 were assessed by

i mmunobl ot ttubuliglevel svasalstestl as doading control.
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Figure 5.13 Molecular responses of cyclin D1 and p21 in S\VV#mortalised XP

cell line, XP12R, to DNA damaging agents

XP12RO cells were exposed to indicated doses of (a) 4NQO, (b) UV, and ECglIRwere
lysed in 2X SDS loading buffer 3h pestposure. Cell lysates were separated on 12% SDS
PAGE and expression levels of cyclin D1 and p21 were assessed by immunoblotting assays.

Utubulin level was detected as a loading control.
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Figure 514 Molecular responses of cyclin D1 and p21 in SV#@mortalised AT

cell line, AT5BI VA, to DNA damaging agents

AT5BI VA cells were treated with indicated doses of (a) 4NQO, (b) UV, and (c) IR. Cells were
lysed in 2X SDS loadup buffer 3h posexposure. Cell lysates were separated on 12% SDS
PAGE and immunoblotting assays were performed using antibodies against human cyclin D1,

p21 daubuin. U
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Figure 5.15 Effect of caffeine on the respaes of cyclin D1 and p21 in 4NQO

treated NIH 3T3 cells

NIH 3T3 cells were préreated with 20mM of caffeine 30min prior to treatment with
indicated doses of 4NQO. 3h after treatment, cells were collected in 2X SDS loading buffer.
Cell lysates were resoldeon 12% SDS PAGE and cellular level of cyclin D1 and p21 were
anal ysed by i mmu-tubulmllevet was manitoradsas a gostrol fod protein

loading. In the absence of caffeine, a hormal cyclin D1 and p21 responses were observed (as

shown in Fyures 3.1, 3.3).
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Figure 5.16 Effect of Chk1l and Chk2 inhibitors on the responses of cyclin D1 and
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NIH 3T3 cells were préreated with (a) DMSO (control), (b) 1uM Chk1 inhibitor, (c) 1uM
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Chk2 inhibitor and (d) 1uM Chk1 and Chk2 inhibitors for 30min. Cells were then exposed to

indicated doses of 4NQO as described (Materials and Methods). Cells were lysed-3h post

exposure and resolved on 12% SP#& GE .

were assessed by immunoblotting assays.
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Chapter 6: Dtype cyclins

6.1 Introduction

Recent studies using-&yclin deficient mice and single-Byclin expressing mice suggested
that the three members d-type cyclins are largely redundant at an early stage of
developmen(Ciemerychet al, 2002; Kozaret al, 2004; Ciemeryclet al, 2008) However,

at late stages of development and in adult cells, cell specific distributions of distiyctib
were observed and the lack of a singleyBlin expression resulted in unique phenotypic
abnormalities(Sun et al, 1996; Sherr and Roberts, 2004; Kapktnal, 2005; Kozar and
Sicinski, 2005; Yanget al, 2006b) For instance, loss of cyclin D1 caused defective
developments of retinand mammary glandg-antlet al, 1995; Sicinsket al, 1995; Fantket

al., 1999) Whilst the absence of cyclin D2 or ciycD3 was predominantly associated with
impaired maturation of Band Flymphocytes, respectivelsicinskiet al, 1996; Lamet al,
2000; Sonoket al, 2001; Sicinskat al, 2003; Chiles, 2004; Kowalczydt al, 2004) The
executionof different functions by each-Byclin can be envisioned from the association of
distinct types of cancer with defects in particulacy2lins. Aberrant expression of cyclin D1

is observed in a wide range of cancers including those of breast, necladifidehdonget al,
1998; de Jongt al, 1999; Hardisson, 2003yhereas the deregulation of cyclins D2 or D3
has been strongly implicated in lymphocytic malignancies and a number of pancreatic and
ovarian cancerfDelmeret al, 1995; Sonoket al, 2001; Weng ad Aster, 2003; Chiles, 2004;
Clappieret al, 2006; Sakumat al, 2007) Thus, understanding the mechanisms underlying
the activity of individual Bcyclin is of great importance in providing a molecular description

of many cancers.

Studies on Bryclins and the DNA damage response have so far been mostly focused on the
roles of cyclin D1. To address this issue, the molecular responses of all three members of the

D-cyclin family associated with distinct DNA damaging agents were investigated in various
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mammalian cell lines.

6.2 Results

6.2.1 Differential response of 3yclins to distinct DNA damaging agents in

mammalian cells

First, changes of cyclin D2 and D3 expression in response to DNA damaging agents were
probed by immunoblotting assays. Four DNA damagingnisgeNQO, UV, HO, and IR, all

of which induced substantial degradation of cyclin D1 in NIH 3T3 cells as shown previously
(Chapter 4), were employed. Figure 6.1 shows thayd@ins exhibited differential responses

to these agents. Treatment of NIH 3T3levith up to 50uM 4NQO caused a dramatic
clearance of all three -Byclins (Figure 6.1a) as did UV exposure up to 1000{Figure

6.1b). Cyclin D2 and D3 expression did not change following treatment with up to 250uM
H,0, or exposure to up to 21.2Gy IRhereas the cyclin D1 level diminished in both cases
(Figure 6.1c, d). In line with some of the results presented in Chapter 4, p21 expression
exhibited distinct changes following exposure to 4NQO or UV compared,@ 6 IR

(Figure 6.1).

Although NIH 3T3 cells appear to express all threecyzlins often mammalian cell lines
show expression of distinct combinations ofcyxlins. To determine whether-&clin
responses observed in NIH 3T3 cells were-gp#cific, their expression levels following
exposureof five different mammalian cell lines to UV,,8, and IR were investigated by
immunoblotting assays. All three-&clins were detected in mouse embryonic fibroblast
(C57BL MEF) and human osteosarcoma cells (U20S). The other cell lines; immortalised
cyclin D1 knockout mouse fibroblast (C57Blyclin DI" 3T3), normal human fibroblast
(WI38) and human cervical carcinoma cells (HelLa); expressed only two of-tyeliDs.

Treatment of cells with up to 10005/dV caused degradation of-€yclins in all mammaéin
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cell lines examined here (Figure 6.2). In comparison tenddced changes in expression,
H.O, and IR doses that caused cyclin D1 degradation failed to induce any marked changes in

the levels of cyclin D2 and D3 in all five cell types employed (Figaras6.4).

Amongst the mammalian cell lines tested, the expression level of p21 was generally increased
following exposure to either 4, or IR whilst p21 accumulated after exposure to 15Uk

but was present at reduced levels after 3h treatmentwgthdoses (Figures 6i26.4). The

two cancer cell lines, HeLa and U20S, exhibited attenuated accumulation of p2l in
comparison to the other cell lines, indicating that the cancerous cells may have acquired

mutations that deregulate the DNA damagducedp21 response.

6.2.2 Characterisation of UMnduced degradation of @yclins in NIH 3T3 cells

The degradation of each-&clin induced by UV treatment was further investigated in NIH
3T3 cells. To compare the kinetics at which eaebyBlin expression was altd following

UV exposure, NIH 3T3 cells were treated with various doses of UV (Materials and Methods)
and were lysed 10, 30, 60, 120 and 180min after the exposure. The expression levels of each
D-cyclin were examined by immunoblotting assays. Cyclin D22 expression diminished

at 60min posexposure whereas cyclin D3 expression showed minimal change at this time
point (Figure 6.5). A reduction in cyclin D3 expression became apparent at 120min following
exposure. Princubation of NIH 3T3 cells with arpteasome inhibitor, MG132, prior to UV
exposure protected all threedyclins from downregulation (Figure 6.6a). This observation
suggested that the effect of UV onclclins was at least partly dependent on a proteasome
mediated degradation pathway. Thee of NIH 3T3 cells carrying a plasmid encoding for
FLAG-tagged cyclin D3 under an IPH@&ducible promoter (D3 inducible 3T3) showed that
both endogenous and exogenous cyclin D3 expression was similarly affected after UV

exposure (Figure 6.6b), providiranother indication that pestanscriptional regulation was
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involved.

6.2.3 Effect of loss of cyclin D1 expression in the DNA damage response following

exposure to UV or $O,

The immunoblotting assays presented above collectively demonstrated that the UV and
ANQO-associated DNA damage responses triggered reductions in all ttowsins whereas

H.,O, and IRtreatment only affected a single-dyclin, namely cyclin D1. Moreover, the
expression levels of Byclins seemed to change with different kinetics after ttéatment,
suggesting that each-&clin may be a downstream target of regulatory pathways triggered
by different DNA damaging agents. To investigate potential differential rolescgtins in

the DNA damage response, the impact of an absence of &tliexpression on cellular
responses induced by UV and®] were assessed in an immortalised mouse fibroblast (NIH
3T3), or a wild type primary mouse fibroblast (C57BL MEF) and its cyclin D1 knockout
variant, C57BLcyclin D1I" MEFs. Each type of cell linevas treated with UV or D, and

harvested and fixed at 24h or 48h pesgposure for flow cytometry.

The DNA profiles of C57BL MEFs showed minimal changes in distribution of cell
populations amongst the different phases of cell cycle after UV exposose probably due

to multiple arrests established at the points of damage (Figure 6.7a). A moderate accumulation
in the subG1 population was observed in a daependent manner at 48h pegposure. A
quantitative analysis revealed that 1006J/tdV triggered apoptotic cell death in
approximately 25% of the total population (Figure 6.7a, c). A lack of cyclin D1 appeared to
sensitise C57BLcyclin DI” MEFs to apoptosis induced by UV treatment despite intact
responses from cyclin D2 and D3 (Figure 6.7b). Mben 50% cells underwent apoptosis at
48hpost exposure to UV doses greater than 50 igure 6.7c). This is reminiscent of the

enhanced sensitivity exhibited by C57Riyclin DI 3T3 following exposure to 4NQO
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(Figure 4.14). On the other hand, mytliase cell cycle arrests seemed to be intact in C57BL
cyclin D1 MEFs (Figure 6.7b). Interestingly, at a lower dose, 150/ C57BLcyclin D1”

MEFs remained as resistant to apoptosis as the wild type C57BL MEFs (Figure 6.7c). This
may be a consequenoép2l induction (Figure 6.2) which is known to have a protective role
against DNA damagimduced cell deatf{Gorospeet al, 1996; Gartel and Tyner, 2002;

Janickeet al, 2007).

When NIH 3T3 cells were treated withy®}, no accumulation in the s«Bl population was
visible by flow cytometry at either 24 or 48h pestposure (Figure 6.8a, dj.appeared that

the antiapoptotic activity of p21 induced following,8, or altenatively the presence of
cyclin D2 and D3 were sufficient to protect C578)clin D1 MEFs from HO,-induced cell

death with only a marginal increase in the-&fb population (Figure 6.8b, c). NIH 3T3 cells
seemed to induce a stronger G2/M arrest tth@ncyclin D1 deficient C57Blcyclin D17

MEFs after 250uM HO, treatment (Figure 6.8 a, b). However, it could not be determined
whether this was solely due to the lack of cyclin D1 response or due to the difference in the
origin of the cells. This experiemt could not be repeated using C57BL MEFs due to the non

availability of the cells.

6.2.4 The cellular response of a singbecyclin expressing cell line to the DNA

damage response induced by 4NQO ap@H

Molt-4 cells are human-lymphocyte leukaemia celthat express cyclin D3 but not cyclin

D1 or D2. Considering the Utfiggered cyclin D3 degradation was somewhat delayed
compared to those of cyclin D1 and D2 in NIH 3T3 cells (Figure 6.5), it seems likely that
cyclin D3 is regulated by a different pathwegmpared to cyclin D1 and D2. Thus, with no
detectable level of expression of cyclins D1 and D2, their roles in the DNA damage response

should become apparent in the cellular responses associated with d&dil. First, changes
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in the expression of cydiD3 following exposure to 4NQO or,8, were examined by
immunoblotting. At 3h pos#tNQO exposure, cyclin D3 expression was reduced (Figure 6.9a)
albeit in much less dramatic manner than that observed in other mammalian cell lines
including NIH 3T3 and WI8 (Figure 6.2). On the other hand, the level of cyclin D3 remained
unchanged following treatment with,®, (Figure 6.9b). In terms of cellular responses, Molt

4 cells responded similarly to both 4NQO angDkitreatment (Figure 6.9c, d). There was a
linear correlation between the doses of damaging agents employed and the increase in G1, S
and the suli51 populations (Figure 6.9c, d). In particular, Méltells exhibited the highest
sensitivity to HO, exposure amongst all cell lines tested. This seemed pgposuthe
possibility that cyclin D1 may participate in the DNA damage response as apaptotic

signalling molecule.

6.3 Discussion

Amongst Dtype cyclins, the roles of cyclin D1 following DNA damage have been of a
particular interest whereas those gtlin D2 and D3nhave not been studied greatly. Even the
limited information on cyclin D2 and D3 responses currently available is conflicting. A
number of groups have reported a concomitant reduction of cyclin D1 and cyclin D3
following DNA damagglm et al, 2001; Barnouiret al, 2002; Ichikawaet al,, 2008)whilst
another study demonstrated an accumulation of cyclin D3 trigger by adriamycin treatment
(Nishizukaet al, 2008) To my knowledge, the differential regulation ofciclins has been
best charactergsl in the studies using retincicid. Retinoic acids are vitamin A derivatives
that have been used successfully for chemoprevention and treatment of(Eapesrantlest

al., 2003) Although not a DNA damaging agent, retinoic acids induce a diverse array of
intracellular signalling upon binding to their receptors and ultimately regulate cell cycle
progression and cell death, similarly to th&l®damage respong®ragnevet al, 2003)

Retinoic acid treatment triggered a reduction in the protein levels of cyclins D1 and D3 whilst
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cyclin D2 expression was only affected at the mRNA I¢izehgnevet al, 2004; Maet al,
2005) They also showed that both cyclin D1 and D3 were degraded in a phosphorylation

directed proteasorrdependent manner.

With the aim to iéntify DNA damagenduced responses for eachtype cyclin, NIH 3T3

cells were treated with four different DNA damaging agents and the expression levels each D
cyclin was probed by immunoblotting 3h postatment. Interestingly, 4ANQO and UV, both of
which predominantly incur DNA damage by forming bulky DNA adducts triggered
degradation of all three-Byclins (Figure 6.1 a, b). On the other hand, the major stvesmk
inducers, HO, and IR, only destabilised cyclin D1 expression in a dlesgendent manner
whilst cyclin D2 and D3 expression remained unaffected (Figure 6.1 c, d). These observations
were consistent in five other mammalian cells (Figure 6.2, 6.3, 6-g)pdcyclin responses

were not interdependent since a number of cell lines lacked expregsime of the BEiype

cyclins but it did not seem to affect the response of the others. Their responses were sensitive
to the presence of a proteasome inhibitor, indicating thattoscriptional regulation was
involved (Figure 6.6). A report suggestibat a phosphorylation of cyclin D3 at T283 residue
destabilises the protein by directing it towards proteasome degrad@@sanovaset al,

2004) This residue is conserved in all threeylins. T286 of cyclin D1 has been implicated

in the regulation of cyclin D1 expression during normal proliferation as described before
(Diehl et al, 1997; Casanovaat al, 2000) In addition, 4NQ® and U\tinduced cyclin D1
degradation was abrogated by mutating the T286 residue (Figure 5.8). It is posdiblatith

cyclin D2 and D3 may be phosphorylated at this conserved residue by kinases regulated by
distinct signalling pathways. Further investigation is required to decipher the molecular
mechanisms governing the DNA damageéuced alteration of Byclin expression. However,

to the best of my knowledge, this is the first study which systematically examines the DNA
damageinduced responses of individual members otype cyclins family in various

mammalian cells.
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The analysis of cellular responses preseh@ provided an indication that cyclin D1 may

play a protective role against damdgduced apoptotic cell death that could not be
complemented by the activities of cyclins D2 or cyclin D3. For instance, C5y&in D1"

MEFs were more sensitive to UWduced apoptotic cell death than C57BL MEFs where p21
accumulation was not observed (Figure 6.2). At doses greater than 28®#re cyclin D1
expression was normally undetectable, the loss of cyclin D1 appeared to have an impact on
cellular responsest iIs possible that cells sense the change in the cellular level of cyclin D1
over time to determine the subsequent response rather than the presence or absence of the
protein at one particular moment. The cellular responses were also probed in anoliner, cell
Molt-4. The preliminary data on Me#t presented here showed that this cell line, which only
expresses a single-&clin, cyclin D3, has a greater susceptibility to cell death induced by
both 4NQO and kD, (Figure 6.9). However, interpretation okthdata is difficult at this stage

as Molt4 is considerably different from the other cell lines employed in this project where
molecular and cellular responses have been studied extensively. There are a number of
possibilities that could be the cause ofiMb6s i ncreased sensOtivity t
For instance, no detectable p21 expression was observed at -8lapagje at any dose tested

here (data not shown). Although there has been a report suggesting an induction of p21
following IR-treatment atater stages, it appeared to be involved in cell cycle arrest rather
than apoptosigMorita et al, 2006) Thus, the lack of p21 expression would likely contribute

to the increased propensity of cells to die. Furthermore, another study revesdlddott4

cells exhibited a high radiosensitivity partly due to their inability to activate a damage protein,
Nijmegen breakage syndrome 1 (Nbsl), in response-txjiRsurg(Rezacoveet al, 2008)

Nbslis an upstream regulator of DNA damage response which acts as a sensor by forming
MRN complexeqUziel et al, 2003; Kobayashet al, 2004; Lee and Paull, 2005; Paull and

Lee, 2@5) or as a signal transducer by being a substrate of fGMeiet d., 2000; Limet

al., 2000; Wuet al, 2000; Zhacet al, 2000) Its function is primarily associated with DSB
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ATM-dependent pathways, but a requirement of Nbsl inindWced ATRdependent
pathway has also been suggegfdbisonet al, 2004, Stiffet al, 2005) Collectively, these
properties of Mol cells carhinder the identification of the true impact of having a single D

cyclin.

Looking forward, it would be of a great interest to utilise cell lines with unique genotypes to
reveal the insight into the roles of-tiype cyclins in DNA damage response. For anse,
C57BL cyclin DI MEFs can be transfected with a functional cyclin D1 to assess whether it
can restore a normal sensitivity exhibited by a wild type C57BL MEFs after exposure to DNA
damaging agents. Furthermore, transfecting a degradagisistantmutant of cyclin D1 and
examining its effect on the cellular responses could provide critical information to explore the
signalling pathways regulating-€yclin expression during damage responses. Those MEFs
derived from mice expressing no(t€ozar et al, 2004) a single or distinct combinations of
D-cyclins (Ciemerychet al, 2002; Ciemeryclet al, 2008)could be powerful tools to probe
differential functionalities of Eryclins. | am hopeful that the advancement of such

investigation can lead to thddntification of novel targets for cancer therapy in the future.

Page [L78



N. Suwaki

4NQO NS
a. n oS b S b. uv
(uUM) e N = N “ (J/mz) S (\’,) "? ’(\7 "? N
Cyclin D1 | w— — Cyclin D] |- = ==
CyclinD2 | TR == CyclinD2 | ™ o
A1: o) . ~ e -
Cyclin D3 | w—— - Cyclin D3 -
a-tubulin — ey — T e a- tubulin L E EE
c. H,0, o 5 & 8 d. IR S NN
(1M) VN (Gy) S~ e 9
Cyclin DI _, ' et CyclinDl | S omp e =
Cyclin D2 | ———— Cyclin D2 | e w-p =
CyclinD3 | g D SEED S Cyclin D3 | s s S —
p21 - - e -~ P21 - .-
a-tubulin - -. . O-tubulin | e — — —

Figure 6.1 Expression levels of Ryclins and p21 in NIH 3T3 cells treated with
DNA damaging agents

NIH 3T3 cells were seeded at the density of £xddls per i 90mm dishand treated with
indicated doses dh) 4ANQOfor 30minutes, (b) 254nidV (c) H,O, for 30minutes or (d)R,
24hours posplating as described (Materials and Method3glls were further incubated for
3hours and harvestexhd were subjected ®DSPAGE. Blots were probed using antibodies
against cyclin D1, D2, D3 and p21, to determine the changes in their expressionUevels.

tubulin blotserved to monitoproteinloading.
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Figure 6.2 Responses of f2yclins andp21 in various mammalian cells exposed to
uv

Five different mammalian cell lines, C57BL 3T3, C578)clin D1" 3T3, WI38, HeLa and
U20S, were treated with indicated doses of UV as described (Materials and Methods). Cells
were lysed 3h postradiation awl proteins were separated on SPSGE. Expression levels

of cyclin D1, D2, D3 and p 2 ltubwie lewel wassaks® s s e d

monitored as loading control.
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Figure 6.3 Expression of Dcyclins and p21 iitnammalian cells treated with D,

Five different mammalian cell lines, C57BL 3T3, C578)clin D1" 3T3, WI38, HeLa and
U20S, were treated with indicated doses gOHfor 30min as described (Materials and
Methods). Cells were lysed 3h p@&stposure andrpteins were separated on SPAGE.

Expression | evels of c¢cyclin D1, D2 ,tub@liB and p21

level was assessed to monitor protein loading.
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Figure 6.4 Responses of 8yclins and p21 in mammalian cells exposed to IR

Five different mammalian cell lines, C57BL 3T3, C578yclin DI 3T3, WI38, Hela and

U20S, were treated with indicated doses of IR as described (Materials and Methods). Cells

were collected 3h po#tradiation and proteins wergeparated on SDBAGE. Expression

levels of cyclin D1, D2, D3 and p21 were assessed by ironh o t -tubulindevel s

also detected to monitor protein loading.
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Figure 6.5 Shortterm response of Eyclins following exposure to UV in NIH 3T3

cells

Asynchronously growing NIH 3T3 cells were irradiated with oaded doses of UV as

described (Materials and Methods). Cells were collected at 10, 30, 50, 120, and 180min

following irradiation. Samples were subjected to SBFS5E and expression levels of cyclin

D1, D2 and D3 wer e as stemlpdedel way alsd examinedtb | ot t i n g

monitor protein loading.
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Figure 66 Posttranscriptional degradation of Bcyclins in NIH 3T3 cells

following treatment with UV

(a) NIH3T3 cells were prepared for UV irradiation as before. 24hpostplating, cells were
pre-incubated with 50puM MG132 for 30minutes. Cells were irradiated wwditateddoses of

UV and harvested 3hours later. Protein profiles ofyfle cyclins were obtained by
immunoblotting. Equaltubulin level indicate equal loadingb) Cyclin D3 inducible 3T3
cells wereplated for UV irradiation. Ectopic expression of cyclin D3 was induced with 1uM
IPTG for 24hours. Cells were exposed to-OVand harvested 3hours pasadiation.
Expression ofexogenous l{lack trianglé and endogenous cyclin D3vljite trianglé was
detected by immunoblotting.
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Figure 6.7 Sub-G1 analysis of UMreated C57BL MEFs and C57BL cyclin D1

MEFs

Asynchronously growing (a) C57BL MEFsdi(b) C57BLcyclin DI MEFs were plated for

UV irradiation as described before (Materials and Methods). Cells were exposed to indicated
doses of UV and fixed in 70% ethanol at 24h and 48hipastiations. Cells were processed

for PI staining and the DA profiles were analysed by flow cytometry. (c) Accumulations of
subG1 populations were quantitatively analysed using the FlowJo programme and presented
as bar charts.
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Figure 6.7 cont. Sub-G1 analysis of UMreated C57BL MEFs and C57BL cyclin

D1 MEFs

For legend, see previous page.
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Figure 6.8 Sub-G1 analyses of kD, treated NIH 3T3 and C57BL ain D1"MEFs

Asynchronously growing (a) NIH 3T3 and (b) C57Byclin DI MEF were plated for O,
treatment as described before (Materials and Methods). Cells were exposg@,téoH
30minutes and fixed in 70% ethanol at 24h and 48h-ipastiations.Cells were processed
for PI staining and the DNA profiles were analysed by flow cytometry.

(c) Accumulations of sule1l populations were quantitatively analysed using FlowJo

programme and presented as bar charts.
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Figure 6.8 cont. Sub-G1 analyses othe H,O,treated NIH 3T3 and C57BL cyclin

D1"MEFs

For legend, see previous page.
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