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ii. Abstract

The stress inducible transcription factor, NB- induces genes involved in
proliferation and apoptosis. Aberrant MB- activity is common in cancer and
contributes to therapeutic-resistance. Moreovemstitutive NF«B activation has been
shown to contribute to malignant progression thlotig regulation of gene expression.
Poly(ADP-ribose) polymerase-1 (PARP-1) is activadeding DNA strand break repair
and is a known transcriptional co-regulator. THe af PARP-1 function during NkB
activation using siRNA knockdown of either p65 okHP-1, or the potent PARP-1
inhibitor, AG-014699, was investigated. Survivatapoptosis assays showed that NF-
kB p65" mouse embryonic fibroblasts (MEFs) were more sisesio ionising radiation
(IR) than p6%™* MEFs. Co-incubation with p65 siRNA, PARP siRNA AG-014699
radio-sensitised p65, but not p6% MEFs, demonstrating that PARP-1 mediates its
effects on survivalia NF-xB. Furthermore, a combination of p65 siRNA and AG-
014699 radio-sensitised pPB5SMEFs to the same extent as either agent alone)gyro
indicating that PARP-1 and NEB are mechanistically linked. PARP-1 is known to be
vital for the repair of single strand breaks (SSE&JB repair kinetics, and the effect
SSB repair inhibition by AG-014699 were similar p65"* and p63 cells. Since
inhibition of SSB repair did not radio-sensitisespécells, these data show that radio-
sensitisation by AG-014699 is due to downstreanibitibn of NFkB activation, and
independent of SSB repair inhibition. PARP-1 cdtalnctivity was essential for IR-
induced p65 DNA binding and Ni&B-dependent gene transcription, whereas for TNF-
a treated cells, PARP-1 protein alone was sufficiéintan therefore be hypothesised
that this stimulus-dependent differential is mestlatia stimulation of the Poly(ADP-
ribose) (PAR) polymer, which was induced followiiity not TNFea. Poly(ADP-ribose)
glycohydrolase (PARG) is the major enzyme respoagdr the catabolism of the PAR
polymer. In order to inhibit degradation of the PARIlymer a potent and specific
PARG inhibitor was used. Increased polymer stgbiiollowing IR, by virtue of
inhibition of polymer degradation, led to the petshce of NReB DNA binding, an
increase in anti-apoptotic gene expression andogegqion against IR-induced cell
death. These data confirm a role for the PAR polyimethe activation of NFkeB
following DNA damage.

Microarray analysis showed that the TMFdriven transcription of NFkB-

dependent inflammatory and immune response genssunaffected by AG-014699,
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suggesting that targeting DNA-damage activated kBFusing AG-014699 may
overcome toxicity observed with classical NB- inhibitors without compromising
other vital inflammatory functions. An investigationto the role of PARP-1 in DNA
damage activated NkB activation in glioblastoma cells was also undetato assess
the potential utility of AG-014699 in tumour typ&mown to express constitutively
active NFxkB. PARP-1 activity was vital for both radio- andecho-sensitisation of
U251 glioblastoma cells, and in IR- or temozolomitteated cells, PARP-1 mediated
its effects on survivalia NF-«B. Importantly, these data confirm the findingsthre
MEFs by demonstrating that radio- or chemo-semgita by AG-014699 is due to
downstream inhibition of NikB activation, and independent of SSB repair infohit
Hence, these data highlight the potential of PARIRHibitors to overcome NkB-
mediated therapeutic resistance and widens thetrape®f cancers in which these

agents may be utilised.

The therapeutic potential of a potent inhibitoN#-«B subunit DNA binding, PBS-
1086, was also assessed in the ¥8Fp65’* and p65” MEFs and the MDA-MB-231,
T47D and MCF7 breast cancer cell lines. DNA bindamgl luciferase reporter assays
showed that PBS-1086 inhibited IR-induced p65 ahd PNA binding and NFeB-
dependent gene transcription in ﬁ65cells. Co-incubation with PBS-1086 or p65
siRNA radio-sensitised p#%, but not p6% cells, demonstrating that PBS-1086
mediates radio-sensitisatioia the p65 NRe<B subunit. Gene expression analysis
showed that PBS-1086 inhibited IR-induced transicnipof known NF«B-regulated
anti-apoptotic genes. MDA-MB-231 cells were fourndhiave the highest constitutive
levels of DNA binding of all NReB subunits. PBS-1086 radio-sensitised all threadire
cancer cell lines. In survival assays, all breasicer cell lines tested were also sensitive
to PBS-1086, however, MDA-MB-231 cells were the trsensitive to PBS-1086 alone.
Thus, high NR<B DNA binding activity appears to correlate witmsgivity to PBS-
1086. Collectively these data highlight the pot@ntf modulating NFReB activity,
either by PARP-1, or directlyia inhibition of subunit DNA binding, to restore raeio
and chemo-sensitivity in cancers with aberrantiyvad\F«B, and to overcome NkB

mediated therapeutic resistance.
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1.1 Cancer

Cancer is often defined as being the overall naimengo a large, heterogeneous class
of diseases, in which cells have acquired propenubich allow them to undergo
uncontrolled growth and proliferation, evade cahth, invade the surrounding tissues,
and in some cases metastasise to other locatitms the lymphatic system or
bloodstream. Cell growth and genomic integrityightly regulated in normal cells, by
several classes of genes, however in tumour dalsrégulation is often lost, due to
hereditary or acquired abnormalities in regulatgenes, such as tumour suppressors
and oncogenes. A small percentage of cancers, xpmtely 5-10 % are hereditary,
whereas spontaneous ones are associated with edauoirtations of key genes, through

a number of risk factors including the exposurgenotoxic and mutagenic agents.

Cancers are often classified by both the locatiotheir origin and the type of cell that
most resemble. These include the most common tiyparxer, which are carcinomas,
and tend to be tumours which have arisen from elmthcells, for example those
developing in the lung, breast or colon. Canceigiraating in mesenchymal cells give
rise to cancers in the connective tissues, callecbsnas. There are two major classes of
cancers which arise in the haematopoietic cells mature in the lymph nodes and
blood are referred to as lymphomas and leukaemespectively. Finally, tumours
derived from immature cells or embryonic tissues @ften called blastomas and those

which present in the testes or ovaries are somstoakked germ-cell tumours.

In 2007, cancer was attributable for 7.9 milliorathes worldwide, which was 13 % of
all human deaths (Jemal et al., 2011). Althougbsraif cancer are rising, it should be
noted that this is primarily a disease of old aye] it is highly likely that the increasing
incidence is due to an increased ageing populaéspecially in developed countries.
Encouragingly however, statistics from Cancer ReseblK show that cancer survival
rates have doubled in the last 40 years, that i@me 7 out of 10 children with cancer
are now successfully treated, breast cancer dattls have fallen by almost a fifth in

the past 10 years and more than 95% of men witlctéar cancer are now successfully

treated \www.cancerresearchuk.grgrhis is due to new advances in treatment aral als
surgical techniques, often in used in combinatioithwthe existing therapeutic

modalities, which are chemotherapy, radiotheragysamgical resection. The prognosis
of cancer is heavily dependent on the type of caraiso the extent and location of the

disease.
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In 2000, a landmark review by Hanahan and Weinbexg published, in which the six
‘Hallmarks of cancer’ were defined. These showeal th tumour cell had six key
acquired or hereditary characteristics, which léadhe development, or spread, of
cancer. These were; sustaining a proliferative adjgevading growth suppressors,
activating invasion and metastasis, enabling raplie immortality, inducing
angiogenesis and resisting cell death (HanahanWagidberg, 2000). These hallmarks
still provide a solid foundation for understandimgmour growth and metastatic
dissemination, whilst also illustrating that thesn be a large diversity in each type of
cancer, and in an individual tumour. However, @dapody of data has been generated
since this review, and these hallmarks have beeatad to include a number of new
capabilities shared by tumour cells. Figure 1.faken from this review and shows the
now ten hallmarks of cancer, which along with thégioal six, include; avoiding
immune destruction, tumour-promoting inflammatigenome instability and mutation

and deregulating cellular energetics (Hanahan aathbérg, 2011).

Research in oncology over the last few years h&s @ntred on targeted therapies, or
personalised medicine, meaning that drugs speoifecmutation or type of cancer have
been developed, such as the use of Poly (ADP-rljmdgmerase (PARP) inhibitors for
BRCA-defective breast and ovarian cancers (revieimesection 1.3.4.1). Figure 1.1
also illustrates novel therapies, currently in depment or clinical trials, which target
each of the ten hallmarks, as a means of overcomanger by directly targeting these
key characteristics. It is also the hope that hgetng these hallmarks, which are
unique to cancer cells, there will be fewer sideas$ for patients, as the normal tissues
do not share these cancerous characteristics hanefdre should remain unaffected by

these new treatments.
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Figure 1.1: The Hallmarks of Cancer This figure shows the 10 ‘hallmarks’ of
cancer as assigned by Hanahan and Weinberg (2011). It also show®fstme
novel drugs which are designed to specifically target these dr&émSome of
these drugs have been licenced for use and others are in diiiatsal however
these are just a representation and there are many others opdexet that are
associated with these.

Taken from: (Hanahan and Weinberg, 2011)

1.1.1 Cancer therapeutics

As previously mentioned, the three principle apphes to the treatment of cancer are
surgery, radiotherapy and chemotherapy. In the chsnany solid tumours, such as
breast or lung carcinomas, surgery is usually its¢ fhodality used. This is dependent
on the tumour being accessible and aims to ex@seach of the tumour mass as
possible. However, it often means that some notisslie, and in some cases the lymph
nodes are also removed, in order to limit the nékelapse. In many cases, it is not
possible to surgically remove all of the cancertigsue and as a result of this,
radiotherapy is used as an adjunct therapy in ntasgs, with the aim of suppressing
the rate of cell division in any tumour cells thammain following surgical resection. In
some very advanced tumours, surgery may be usadrasans of palliative care, as it
can significantly reduce the tumour burden for tepa.
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Radiotherapy, like many chemotherapeutic agentectly damages the DNA of the
tumour cells. In this case the DNA damage is bysiog radiation (IR) and can be used
either as the principle means of local controlpider to reduce tumour burden prior to
surgery, or as an adjunct to surgery (describedeggbolt may be applied externally
(beam therapy) or internally (brachy therapy) amelttivo approaches can be combined.
Radio-therapy is a main-stay of treatment for gdarange of solid tumours, such as
breast, lung, prostate and brain tumours, includifigblastoma, and is one of the
cornerstones of cancer treatment today. Interdgtingtatistics from the Cancer
Research UK, showed that 40% of people whose cascered receive radiotherapy as
part of their treatmentwww.cancerresearchuk.grgwhich really highlights the

importance of this type of treatment.

Surgery and/or radiotherapy are only effective agally-confined tumours and are
therefore, not suitable in all cases, such as lEmka and lymphomas. In these, and
many other cases, chemotherapy is administerstiolild be noted that the majority of
patients will receive systemic chemotherapy at spoiat during their illness, and that
this type of treatment can be given an an adjumatither radio-therapy or surgery.
There are many classes of chemotherapeutic drungs,hance it is not possible to
review them all in detail here. Briefly, these DNamaging therapies include
alkylating agents such as temozolomide (TMZ), tepoierase | and Il posions, such as
camptothecin and doxorubicin (DOX) and nucleosidal@gues, such as fludarabine.
These agents are very effective; however they dao be toxic to normal cells,
particularly in cells which by their nature proliée rapidly, such as those in the
gastrointestinal tract, bone marrow, testes oriesaiThis can therefore lead to quite
severe side effects, such as loss of fertility amgelosuppression. As a result, anti-
cancer drugs tend to have a steep dose responge fourboth toxic and therapeutic

effects,

New therapeutics which could be used in combinatiith existing agents are

constantly being developed, these include targdtads, such as those which inhibit
key DNA repair proteins, such as PARP inhibitorsc{®on 1.3.4). These agents may
increase the therapeutic-index of the conventioadio- and chemotherapies being
administered, thus reducing the side effects agtstwith these agents. Other forms of

treatment include hormone therapy, gene therapynunotherapy, bone marrow
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transplant and peripheral blood stem cell trangplam conjunction with high dose
chemotherapy. More recent developments in caneatrntrent include the introduction
on monoclonal antibody therapies, which includesp&mab that targets CD20 found
on the surface of B cells, and is used to treabrabrlymphocytic leukaemia (CLL), as

well as other forms of leukaemia and lymphoma.

1.1.2 Oncogenes and tumour suppressors

Carcinogenesis is dependent on both oncogenes wandut suppressor genes. In
general, an oncogene is a gene which has the @dtémtcause cancer, and in many
tumour cells these oncogenes are mutated or hgipyessed. A proto-oncogene is a
‘normal’ gene, which has become an oncogene dae'gain-of-function’ mutations or
increased expression. Many proto-oncogenes encodeins involved in signal
transduction, cell proliferation or differentiatiomhese includdRAS WNT, MYC, and
ERK. A further example of an oncogene is the Bcr-abhgy formed during a
chromosomal translocation between chromosomes 22nand often referred to as the
Philadelphia Chromosome. Bcr-Abl codes for a remepyrosine kinase which is
constitutively active, leading to uncontrolled ceibliferation, and the development of
chronic myeloid leukaemia (Chen et al., 2010).

In contrast, tumour suppressor genes (TSGs) aresgehich protect the cell and aid in
the maintenance of genomic integrity. MutationsI BGs tend to be ‘loss-of-function’
and may reduce or completely abolish activity afrsgenes which negatively regulate
critical cellular functions. This can then leadetthanced cellular proliferation, blocked
differentiation, or the suppression of cell deatithgvays, and hence the progression of
cancer. Unlike oncogenes, TSGs generally follow Kmidson two-hit hypothesis,
which was first proposed for the retinoblastoma)(Rtotein, a known TSG (Knudson,
1971). This hypothesis suggests that a mutatidassrof both alleles of a gene must be
affected before an effect manifests itself. Knudaoalysed a subset of retinoblastoma
cases, which can be either familial or occur spoedg, and found that hereditary
retinoblastoma occurred at a younger age thanpgbedic disease. This lead Knudson
to hypothesise that multiple ‘hits’ to DNA were essary to cause cancer. In this case,
a ‘hit’ is classified as a mutation in a key gelmefamilial retinoblastoma tumours, the

initial hit was inherited in the DNA, and any sedansult would rapidly lead to cancer.

37



However, in sporadic retinoblastoma, two ‘hits’ musccur before the onset of

tumourigenesis, hence explaining the age difference

Another important TSG is the p53 protein, encodgdhe TP53 gene. This TSG is

often referred to as the ‘guardian of the genome' ia known to regulate the apoptotic
pathway, particularly in response to DNA damagen@,al992). p53 is an important
transcription factor (section 1.1.3) and is a comntarget for genetic alterations in
cancer, with around 50 % of tumours possessingtioa&in the p53 gene (Ozaki and
Nakagawara, 2011). This includes colorectal, braast lung carcinomas, as well as
many haematological malignancies and neurologieaicers. Interestingly, p53 is a
notable exception to the Knudson hypothesis, asrbmygous loss is enough to result in

a loss of functional protein in this case.

1.1.3 Transcription factors and cancer

Transcription factors are vital proteins that btodspecific DNA consensus sequences
and therefore control gene transcription and comtroumber of cellular processes. A
number of transcription factors are de-regulatedcamcer, and many are known
oncogenes and TSGs (section 1.1.2), and some visfydxamples will be discussed
here. TheMYC gene, which codes for the myc family of transaoiptfactors, is over
expressed in Burkitt's Lymphoma following a chrommosl translocation. This results
in uncontrolled growth and is thought to drive tdevelopment of this type of
lymphoma. HenceMYC is often deemed to be an oncogene (Taub et &@2)19he
TSG, p53, is an important transcription factor, Wnao regulate genes associated with
apoptosis and cell cycle progression. As previoussgussed, p53 is frequently de-
regulated in many different types of cancer (Ozakd Nakagawara, 2011). Other
transcription factors which have been implicatethi progression and onset of various
cancers include c-JUMNB-catenin, NOTCH, the STAT family of transcriptioactors,
and also Nuclear Factor-kappaB (NB) (Darnell, 2002). The role of NkB in cancer
will be discussed in detail in section 1.2.4.3.

1.2 Nuclear factor kappaB (NFxB)

Transcription factors, such as Nuclear Factor kapgblF-xB) regulate and respond to
changes in the environment, and mediate such respaimrough alterations in gene
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expression (Hayden and Ghosh, 2004). The stresilold transcription factor NkB,
has the ability to both induce and repress geneesgmn (Perkins, 2007) and plays a
crucial role in many biological processes. NBE-was first identified by its binding to
the enhancer region of the immunoglobulin kappalight chain gene in B cells in
order to regulate the human immune response (Suh Rabson, 2004), and
consequently it's activity was initially associateth infection and immunity; however
knockout mouse models (Table 1.1) have revealedeafor NFkB family members in
normal development, and their expression has beeandented in various cell types.
There are a number of genes regulated byRFncluding those controlling apoptosis,
cell adhesion, inflammation, proliferation, immuresponses, cellular stress and tissue
remodelling (Bonizzi and Karin, 2004, Gerondakisakt 1999, Hayden and Ghosh,
2004, Pahl, 1999, Pasparakis et al., 2006).

NF-xB activity has been found to be regulated by batmaur suppressors and
oncogenes, hence having profoundly different effeatediating either enhanced or
inhibited cellular proliferation or apoptosis (Pieik and Gilmore, 2006). Consequently
inappropriate NReB activity has been implicated in the pathologyimflammatory

diseases and cancers (discussed in sections 12n4.11.2.4.3) and has made the
transcription factor a target of much clinical istigation (Kim et al., 2006). Therefore
NF-kB is a topic of investigation by many groups, iderto understand more about the
role played by the transcription factor in termsitsf activity, selectivity and role in

signalling. However, the abundance of processewhith NF«B is known to be

associated means that there is a huge expanstemitdre available surrounding the
subject. Here, the aim is to review only those &spects of its activity relevant to the

study in question.

1.2.1 The NF-xB superfamily and associated proteins

The term NF«B can be used to refer to either the entire familyranscription factors
or simply a single subunit, but often it is usedlémote specific transcriptionally active
homo- or hetero-dimers. Members of the dB--superfamily are conserved throughout
evolution, and present in most species, which tteegtion of yeast an@. elegans.
Therefore, the majority of studies on model orgamnvgithin this field are undertaken in

mammalian cells (Gilmore, 2006).
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1.2.1.1 NF-xB subunits

All NF-xB proteins are characterised by a conserved N-t@mdomain of
approximately 300 amino acids named the Rel-honyldgmain (RHD) which is
composed ofp-sheets and bears a structural resemblance to thkékmown
immunoglobulin domain (Figure 1.2). This domainrésponsible for DNA binding,
dimerisation and interaction with Inhibitor of NdB (IkB) proteins. It is known that the
Rel subfamily members (RelA, RelB and c-Rel) arenfb predominantly in the
cytoplasm bound to inhibitorkB proteins. This binding sequesters the ®B=«B
complex to the cytoplasm thereby keeping dB-in an inactive state (Perkins, 2007).
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Figure 1.Z: The seven NI-kB/Rel family members RHD: Rel homology domain.
NLS: Nuclear localisation sequence. TAD: Transactivation domaih. Ueucine
zipper. GRR: Glycine rich region.

Adapted from: (Chen and Greene, 2004)

There are five NkeB genesNFKB1, NFKB2, RELA, c-REL andRELB, which encode

the seven members of the human fB-family p105 (p50), p100 (p52), RelA/p65, c-
Rel, and RelB (Hayden and Ghosh, 2004). These yamkembers are further
subdivided according to their transcriptional pnties, for example, c-Rel, RelB and

p65 proteins all contain C-terminal, non-homologaduansactivation domains (TAD).
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These TAD are responsible for the transcriptioraivdy of these proteins at target
gene promotersvia interaction with the basal transcriptional machmnend co-
regulators (Chen et al., 2005b). The p105 and mt6teins contain C-terminal ankyrin
repeats with inhibitory properties which are renmebwkiring processing to reveal the
active factors p50 and p52 respectively. The rastlp50 and p52 proteins do not
contain TADs and therefore mediate their transiomatl activity via hetero-
dimerisation or interaction with transcriptionabutators, such as BCL3 (Hayden and
Ghosh, 2004).

The diversity afforded to the N&B family through the ability to homo- and hetero-
dimerise suggests a multifunctional role for theaascription factors and there is new
data emerging constantly about novel functionsamheof the subunits and associated
proteins. Animal knock-out models have, howeveoyjated a host of data purporting to
the exact functionality of each subunit and alse #ssociated proteins. This is
summarised in Table 1.1. This table not only dettike knockout of each of the five
subunits, but also the inhibitory protein, BCL3s@lissed is section 1.2.1.2) and the
inhibitor of kappa-B kinase (IKK) family members,high are discussed in section
1.2.1.3. It should be noted here that these taatditigene knockouts may not provide
the best route to determine the exact role of iddial subunits as loss of one XB-
subunit can result in a rebalancing of the othdrusits, thus meaning there is a
compensatory effect. Furthermore, p65 can regultegeexpression of other subunits, it

is important to take this into account.

Knockout Phenotype Biological role Reference

p65/RelA Embryonic lethal at E15- Crucial for normal (Beg et al.,
16 due to massive liver  development and for th: 1995)
degeneration protection against TNF-

a apoptotic signalling

p50 No developmental Indicates the importance(Sha et al.,
abnormalities. Multi-focal of dimers containing 1995)
defects in immune p50 in inflammatory
response including signalling. Also

decreased immunoglobulinsuggests that p50 is
production and defective redundant in TNFe
humoral responses. B cellanduced apoptotic
do not respond to signalling
lipopolysaccharide (LPS)
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stimulation

p52 Mice are unable to Mice lack both the p10( (Franzoso et
generate antibodies to T- precursor and the p52 al., 1998)
dependent antigens. B ce subunit. Suggests that
follicles and dendrite cell p52 is important in
networks are absent neurological cell
development

c-Rel Mice develop normally Suggests that c-Rel has (Kontgen et
however they exhibit a role in haematopoiesisal., 1995)
significantly reduced B- and B cell development
cell proliferation and have
irregular germinal centres
and reduced numbers of
marginal zone B cells

RelB Mixed inflammatory cell  Indictaes that RelB has (Weih et al.,
infiltration in multiple a role in maintaining 1995)
organs. Myeloid cellular immunity

hyperplasia. Loss of
dendritic cell function

BCL-3 Similar phenotype to that Role in antigen-specific (Bours et al.,
of p52 knockout. Mice fail priming of T and B cells 1993)
to generate appropriate T-
dependent antibody
response to some viruses
and have impaired
germinal centre reactions

IKK a Not embryonic lethal, Crucial role for IKKa in  (Li et al.,
however at E18.5 mice  skeletal and dermal 1999a)
have rudimentary limbs  development. Some
and tail, craniofacial evidence for hyper-

deformaties and skeletal proliferation of cells in
abnormalities. Mice also basal layers of the
have an increased epidermis due to IKK
thickness to the epidermis knockout

IKK B Embryos die at E14.5 due Similar to p65 (Li etal.,
to liver degeneration and knockout. Essential role 1999b, Tanaka
apoptosis. Do exhibit someof IKK 3 the protection et al., 1999a)
basal NF«B DNA binding apoptotic signalling
activity in response to
TNF-o/IL-1

NEMO/IKK y Embryos die at E12.5-13 Required for the (Rudolph et
due to severe liver damag protection against
due to apoptosis. No NF- apoptosis and also the
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kB DNA binding activity  activation of NFkB al., 2000)
in response to TNke/IL-1

Table 1.1 The biological role of NF-kB associated protens This details the knockout
of each of the five subunits, but also the inhibitory protein, BCL3 andkikefamily
members, which are discussed later in this ch

1.2.1.2 NF-xB inhibitory proteins

The classical definition of an inhibitor @B (IkB) protein is two fold: to bind to, and
prevent activation of, an NkB dimer, and to undergo degradation upon stimufatio
allow rapid activation of the transcription factdrhere are seven well characterised
members, which includeB-a, IkB-B, IkB-¢, BCL-3 and kB-y, the structures of which
are shown in Figure 1.3. The NB precursor proteins, p100 and pl05 are also
classified as inhibitory proteins, and the struetof these are shown in Figure 1.2.
Importantly, all seven inhibitory proteins contdive to seven ankyrin repeats that have
the ability to form elongated cylinders to bind thimerisation domain of NkB dimers
(Hatada et al., 1992).

PEST

d

IxBa AH'_“_-_SS 317 aa
IxBB SS . .. ... - 361 aa
IxBy % 607 aa
IxBe Lm—m 500 aa

TAD

Figure 1.Z: The Inhibitor of NF -xB (IkB) proteins SS: Phosphorylation of two
serine residues. PEST: Domain rich in proline (P), glutamates@ine (S) and
threonine (T).

Adapted from: (Chen and Greene, 2004)

The mechanism of NkB activation is both cell type and stimulus spec{Bee section

1.2.2) and the indivduakB proteins have been linked to different activagp@thways.
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IkB-a is involved in the canonical or traditional pattywaf NF«B activation induced
by numerous agents including tumour necrosis fact@NF-o) and lipopolysaccharide
(LPS). Huxfordet al., (1998) solved the crystal structure @Bhb in complex with the
NF-xB p50/p65 heterodimer revealing a mechanism for thieibition of this
heterodimer (illustrated in Figure 5). This grogported that thexB proteins mask a
conserved nuclear localisation sequence (NLS) faanthe RHD of p65, whilst the
NLS of p50 remains accessible (Huxford et al., 399%is accessible NLS on p50
along with a nuclear export sequences (NES)«®u land p65 result in the constant
shuttling of kBa:NF-xB complexes between the nucleus and the cytoplakhgugh
the steady-state location is in the cytosol (Huangl., 2000). The equilibrium between
the localisations is altered on degradation ©Bol by removal of its NES and
unmasking of the p65 NLS, resulting in the nucléaralization of active NkeB
(Hayden and Ghosh, 2004).

Following stimulation, #Ba is phosphorylated by thexB-kinase (IKK) complex
(section 1.2.1.3) at residues Serine 32 and 36getiag the protein for
polyubiquitination. This ubiquitination of Lysinel2and 22 of thexBa protein then
targets it for degradation by the 26S proteasdfayden and Ghosh, 2004). Following
degradation of the inhibitory protein, N8 dimers translocate to the nucleus where
they initiate transcription using the promoterstafget genes. The promoter of the
NFKBIA gene, which encodes theBl protein, contains multiple NkB consensus
sequences, and as a result the levelk8ilis regulated by NkB (Hertlein et al.,
2005), illustrating a negative feedback mechanism.

The kBB and kBe proteins are associated with dampening oscillatiaof
transcriptional activity during long-term stimulati of NF«B subunits during
processes such as T-cell activation in the immespaonse (Chen et al., 2004, Saccani
et al.,, 2004).4Ba and kBB have some structural and sequence similarity biikes
IkBa, kBB does not contain a NES which means that inhibitmmplexes it forms
with NF«B dimers do not undergo a cytoplasmic-to-nucleauttBhg process in the
resting state (Chen et al., 2004B8 is not fully degraded following stimulation, and
although p65 null cells display a marked reduciiomkBa, the kBp levels are barely
detectable suggesting this protein is not regulbieNF«B (Hertlein et al., 2005).
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The non-canonical pathway of NB activation (section 1.2.2.2) results in the
processing and release of p52 NB-subunits from its precursor protein, p100. These
precursors contain ankyrin repeats which are ckbavighin a glycine rich region to
produce the active subunits. Therefore it is thoubplat p105 and pl00 display an
inherent kB activity of their own (Hayden and Ghosh, 2004}etestingly, the study of
lymphotoxing (LTB) mediated p100 processing has suggested thatip HdOinhibitor

of p65 as well as p52. Cell lines deficient in {0 protein displayed retarded p65
activity in response to L3, but not TNFe, suggesting a stimulus-specific role for this

protein in regulating NReB activity (Basak et al., 2007).

Other kB proteins, including BCL-3, are different from #®previously discussed as
they are constitutively nuclear, not degraded foillg signalling and appear to
facilitate transcriptional activation. As previdpsnentioned, BCL-3 binding to either
of the repressive subunits, p50 or p52 can famli@NA binding through complex

formation (Perkins, 2007).

1.2.1.3 IKK complex

The activation of NReB signalling can be modulated by a diverse rangstiofuli;
however two of the three major pathways associaitit these processes converge on
the IKK complex. The IKK complex is a 700-900 kDuusture comprising IKI€,
IKKB and IKKy (Figure 1.4), the latter of which is often refelreo as the NFRB
essential modulator (NEMO). The IKK complex is resgible for the phosphorylation
of 1kB proteins, which in turn targets them for degramatind allows translocation of
the active NF<B dimer to the nucleus. The IkKand IKKB subunits display just over
50 % sequence identity, both containing a N-terinkmaase domain, leucine zipper
(LZ) and helix-loop-helix motifs (HLH) within thei€-terminal regions. These proteins
also share a key lysine 44 residue within the ATrieling site of the kinase, which is
essential for their activity. Mutational studiesvharevealed an essential role for the
HLH and LZ domains within these IKK subunits in tpbosphorylation of serine
residues of target protein. Although IKKNEMO lacks kinase activity, it has been
shown to be essential for N&B transcriptional activation (Perkins, 2007). Irctfa
knockout mouse models of individual IKK compone(iisble 1.1) have shown that
both IKKB and IKKy/NEMO are essential for the protection against &msp and that
IKK o is essential for skeletal and dermal developmiengét(al., 1999b, Rudolph et al.,

2000, Tanaka et al., 1999a).
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IKKy
745aa
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L | HLH NBD

Kinase domain

Fiqure 1.4: Three core subunits of the IKK comple: LZ: Leucine zipper. GRR: CC:
Coiled-coil. ZF: Zinc finger. HLH: Helix-loop-helix. NBD: NEMO-binding doma
Adapted from: (Chen et al., 2004)

IKK a, IKKB and IKKy/NEMO remain the most well characterised membets@iKK
complex, however other associated family membemsjuding IKKe have been
identified. During signalling, members of both tN&-«B and kB superfamilies, as
well as chaperone proteins, have been shown tociassowith the IKK complex.
Interestingly, IKke has recently been shown to have oncogenic pregenti breast
cancer (Boehm et al., 2007), and the SUMOylatiothi IKK protein is also essential
for the activation of NReB following DNA damage by the topoisomerase |l posi
etoposide (Renner et al., 2010).

Importantly, the IKK complex has many known funasothat are independent of its
role in the activation of NikB (Chariot, 2009). Most recently it has been shtwat the
IKK complex is important in the induction of aut@gy (Criollo et al., 2010). In
particular, IKKB can phosphorylate a number of other substratekjdimg the tumour
suppressor, FOX03a, which in this case resultsgrotection against apoptosis (Huang
and Tindall, 2006). It can also activate 14f{8-®hen the protein is complexed to
tristetraprolin, resulting in the stabilization oftokine, chemokine and growth factor
MRNAs (Gringhuis et al., 2005), suggesting thae IKF«B, the IKK complex is an
important mediator of inflammatory signalling. I8Khas also been linked to the
proliferative Mitogen-activated kinase pathway (M@Ppathway since the p105 NF-
kB subunit is found complexed to the ERK kinase, ZPih some unstimulated cells.

Hence, IKKB-mediated proteolysis of the p105 subunit, canltesurPL2 release and
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MAPK pathway activation (Waterfield et al., 2004 et al., (2006) described that
IKK o regulated oestrogen-induced cell-cycle progres&ignindirectly inducing the
transcription factor, E2F1 in MCF7 cells (Tu et &006). This IKK protein is thought
to play a role in cell proliferation through thegudation cyclin D1 expression. KK
regulates cyclin D1 expression in a number of wayduding, through the activation of
the NF« p52 subunit (Rocha et al., 2003).

It is often difficult to disentangle the NiEB subunit specific effects and those which are
NF-xB independent IKK effects due to the types of expent performed. For example
many mouse models are IKK knockouts or mutantgetirculture experiments use the
kB super repressor. It is highly likely the tumoupmoting effects (section 1.2.4.2)
derive from a combination of both the MB- subunits and also independent IKK

functions but this is an area which requires mucthér work.

1.2.2 NF-xB activation pathways
There are several distinct \dB activation pathway (Figure 1.5), often referredats

the canonical, non-canonical and atypical pathwBgskins, 2007).

1.2.2.1 Canonical pathway activation

The canonical, or classical pathway of NB-activation is stimulated in response to
inflammatory stimuli in the cellular environmengrfexample the pro-inflammatory
cytokines TNFe and interleukin-1 (IL-1), growth factors, such gsidermal growth
factor (EGF) and transforming growth factor(TGF-o), engagement of the T-cell
receptor (TCR) or exposure to bacterial produatshsas lipopolysaccharides (LPS)
(Hayden and Ghosh, 2004). This pathway, shown gurei 1.5, is dependent on the
IKK complex in particular IKK3, which is responsible for the rapid phosphorylatid

of IxkBa at serine residues 32 and 36, which targeBoa lfor ubiquitination and
subsequent proteosomal degradation, which in tesolts in the active NkB hetero-
dimer (commonly the p65:p50) dimer, in transloogtiio the nucleus. This in turn
allows NF«B to bind to specific consensus sequences in thegter region of target
genes, orkB elements, and regulate gene transcription. Suiesely, this rapid
induction of the canonical pathway can be termuhaby the NF«B dependent
endogenous inhibitors, for example A20, which setgeturn off this transient
transcriptional activation (Hayden and Ghosh, 2(®drkins, 2006). It should also be

noted that otherkB proteins, includingdBp and kBe can also be phosphorylated in
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response to canonical pathway stimuli, howeverkihetics of this are much slower
(Perkins, 2007).

IKK B and IKKy/NEMO cooperate to mediate the classical df-activation pathway,
targeting kBa in preference to thg protein and it has been reported that WIKKEMO

Is key in the activation of the IKK complex sincetigation of the canonical pathway
leads to complex, lysine 63-linked ubiquitinatioh signalling molecules, which
ultimately results in the ubiquitination of IKKNEMO, which is also lysine 63-linked
(Perkins, 2006). This ubiquitination differs froysine 48-linked ubiquitination, which
mediates protein degradation, in that it is imgkdain the signalling of proteins
containing ubiquitin-binding domains (Burns and Wmayn, 2004, Chen, 2005,
Krappmann and Scheidereit, 2005). Kinases are tleamuited to ubiquitinated
IKKy/NEMO and subsequently the IKK complex, such as f-@€tived kinase 1
(TAK1), which has the ability to phosphorylate IRKat serine residues 177 and 181,
resulting in the activation of this IKK componefufns and Martinon, 2004, Chen,
2005, Krappmann and Scheidereit, 2005, PerkingGlmiore, 2006).

The canonical pathway can also be activated by tggiwostimuli, including IR and
other DNA-damaging chemotherapeutic drugs, in amaamwhich is dependent on
IKKy/NEMO-IKK B activation (Janssens and Tschopp, 2006). Thiscusised in detail
in section 1.4. Briefly, NEMO translocates to thecleus and is SUMOylated and
subsequently phosphorylated by the checkpoint kinataxia telangiectasia mutated
(ATM), known to signal and respond to double stethdNA breaks (DSBs). The
sumoylation of NEMO is then displaced by mono-uiiigation, which results in the
ATM:NEMO complex relocating back to the cytoplasm activate IKK3. Wu et
al,.(2006) reported this link between ATM and NEMO @08, and also suggest that
the process requires and IKK-associated proteimeccaELKS (a protein rich in
glutamine (E), leucine (L) lysine, (K) and serir®))((Wu et al., 2006). ATM, along
with other DNA repair proteins, poly(ADP)-ribose lypmerase-1 (PARP-1) and the
DNA-dependent protein kinase (DNA-PK) are also icgikd in the regulation of NF-
kB in response to DNA damage and will be discusedtiér in sections 1.4 and 1.5.

Most recently, hypoxia has been shown to activdecR in an IKK-dependent manner
through phosphorylation of the IKK complex by thestream kinase TAK1 along with

the calcium/calmodulin dependent kinase 2, the Eguitin ligase, Ubcl3 and the E3
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ligase XIAP (Culver et al., 2010, Melvin et al.,1A). Furthermore, NkB subunits
have also demonstrated the ability to both bindacttvate the hypoxia inducible factor
la (HIF-1a) gene (Rius et al., 2008, van Uden et al., 2008)

1.2.2.2 Non-canonical pathway activation

A second pathway for NkEB activation is the non-canonical pathway (Figur®),land
whereas IKK3 is the predominant activator of NB nuclear translocation in the
canonical pathway (Bonizzi and Karin, 2004, Padparet al., 2006), it is IKl that is
mainly involved in this pathway (Perkins, 2003).tlis instance, IKK is activated by
the NF«B-inducing kinase (NIK) in response to stimulatieinthe lymphotoxing and
CDA40 receptors, the latent membrane protein-1 (LIY1Bf the Epstein Barr virus or the
B-cell activating factor of the TNF family (BAFFJhis results in the formation of p52
from p100 after IKKe mediated phosphorylation of Lysine 855 (within th200
protein) results in the recruitment of a ubiquitioa complex and targeting of the
protein for cleavage (Scheidereit, 2006). Thisultesin the frequent activation of
RelB:p52 heterodimers which may result in the ation of a distinct subset of NEB-

dependent genes (Perkins, 2007).

1.2.2.3 Atypical pathway activation

A third mechanism for NkB activation (Figure 1.5) has been described iparse to
stimuli such as hydrogen-peroxide and nerve grofathor (NGF) and is called the
atypical, or IKK-independent pathway (Perkins, 200The outcome in this case is the
phosphorylation ofdBa at tyrosine 42 which leads to free MB-by either degradation
or dissociation of thekxB member (Perkins, 2006, Perkins and Gilmore, 2006)
Expression of the HER2 oncogene, which is overesg®ed in approximately 25% of
all breast cancers, and also treatment with ulbfati(UV) light can also activate NF-
kB in an IKK-independent manner by mediating the gpmrylation of ¥Ba in its C-
terminal PEST domain, by casein-kinase-Il (CK2)rkites, 2006).

1.2.3 NF-xB activation stimuli and the transcriptional response

The NF«B pathway is activated by a diverse range of agemging from endogenous
cytokines to DNA-damaging agents and pathogensivétcdn of NF«B signalling
pathways, by the well characterised stimuli, sushT&lFo or LPS, are relatively

universal and converge at the IKK complex. Howetleg, upstream signalling cascades
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Adapted from: (Perkins, 2007)
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tend to be stimulus specific, and the transcriiooutput is also governed by the

activation stimulus.

The most well characterised stimulators of RB-activation are those associated with
the immune and inflammatory responses. Inflammatytpkines, such as ILBland
TNF-a, bind to cell surface receptors inducing a doveastr signalling cascade which
leads to NFR<B activation. Following either of these stimulietiNF«B transcriptional
response is most often associated with the up-aéigalof key inflammatory mediators,
including cytokines and chemokines, such as CXC(8in et al., 1997) and IL-8
(Kunsch and Rosen, 1993). Interestingly, both Td\#nd IL-13 are NF«B target genes
themselves. TNk mediates the activation of N€B as well as that of the Activator
Protein-1 (AP-1) transcription factor. To this etlag two transcription factors work in
concert in promoting programmed cell death, andotdance of these factors is key in
determining the apoptotic function of a cell (Duétaal., 2006). For example, TNI--
mediated NFR<B activation is known to up-regulate the expressbimhe Fas receptor
(Chan et al., 1999) and its ligand (Matsui etE98), which induce apoptosis.

Similarly, bacterial pathogens such as LPS, a compbof the gram positive cell
bacterial wall, are able to stimulate XB-transcriptional activity and mediate the
production of immune and inflammatory responseegama the Toll-like receptor
signalling (Coll and O'Neill, 2010). Whilst TNé&-activates NReB in a canonical
pathway/IKKB-dependent manner, it has been shown that CD-40Laifd bind to
members of TNF receptor (TNFR) family and medidte nhon-canonical NFKB2
processing. In fact TNFR family ligands stimulétath the classical and non-classical
NF-xB activation pathways with additional domains comd within their receptors
thought to mediate this dual activation (Hayden @hash, 2004, Hayden et al., 2006).

Induction of NFxB by genotoxic stress and subsequent DNA damagegmémn
pathways is a well-documented phenomenon, anddenteyears many studies have
started to elucidate the mechanisms by which DN#alge activates NkB. (This is
discussed is more detail in sections 1.4 and THg.cellular response to DNA damage
is somewhat complex. Whereas low doses of tiNtave been shown to activate NF-
kB in many cellular systems, the activation of NB-by DNA-damaging agents is
appears to be much more cell type specific. Fomgne, Brachet al., (1993) illustrated

that doses of IR as low the clinically relevante&ad 2 Gy were sufficient to activate
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NF-kB in the human myeloid cell line, KG-1 using eleginoretic mobility shift assays
(EMSASs) (Brach et al., 1993), whereas the optimwsedfor the U1-Mel melanoma
cell line was found to be 3-4.5 Gy (Sahijdak et @&P94), whilst Ashburneet al.,
(1999) found that doses as high as 20 Gy faile@diivate NF«B in other human

tumour cell lines (Ashburner et al., 1999).

More recently, hyper-lethal doses of IR have bessduo activate NkB, and study the
downstream signalling associated with this (Stilmahal., 2009, Veuger et al., 2009).
Both of these groups have investigated the roleARP-1 in the activation of NkB
following DNA-damage, and have found that PARP-fivatg, which is known to be
induced following single stranded DNA breaks (SSBsyital for the activation of NF-
kB after high doses of IR. This discussed in detadection 1.3.2.1 Furthermore, other
DNA repair proteins, such as ATM and DNA-PK areoalsquired for the activation of
NF-kB following DNA damage (Basu et al., 1998, Hinzagét 2010, Ju et al., 2010, Liu
et al., 1998, Panta et al., 2004, Veuger and Datka@11, Wu et al., 2006), and the

mechanisms associated with this are discussediiosed .4.

The activation of NReB by DNA damaging agents is reported to conferlastevival
advantage through the induction of anti-apoptotnesg, such as the inhibitor of
apoptosis proteins (IAPs) (Stehlik et al., 1998 uYet al., 1999). It is not only anti-
apoptotic genes which are regulated by #8;- but genes associated with cell
proliferation, angiogenesis and metastasis arelaisler the control of NikB, and are
widely reported to contributes to malignant progies through this gene expression.
Activation of NF«xB by DNA damaging chemotherapeutic agents is tbegef
postulated to be one of the major mediators of bdibmo- and radio-resistance
(Biswas et al., 2001, Wu and Kral, 2005), and hetiee inhibition of NF«B is an
attractive therapeutic strategy (section 1.2.5).

However, it should be noted that a subset of dBFactivating agents are able to
mediate a pro-apoptotic function for this transioip factor. Exogenous agents such
and UV-C and daunorubicin, a commonly used chemagyedrug, activate NkB via
both IKK-dependent and -independent mechanismdtirggun a repression of anti-
apoptotic genes. This repressive function is medi&ty the p65 NkB subunit which
associates with the histone deacetylase -1 (HDA®dfein repressing transcription at

target promoters in response to these stimuli (Qethpt al., 2004).
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1.2.4 NF-xB and disease

NF-xB has been associated with numerous pathologiésding inflammatory diseases
such as arthritis, immune responses, atheroscierastd the progression of many
metastatic cancers (Hayden and Ghosh, 2004)thHeisegulation of gene expression by
NF-kB, which mediates this link with human disease, tratefore understanding the
molecular events which result in the de-regulatmin NF«B activation, and its
subsequent gene regulation, is key in the develaproktherapeutic targets for the
treatment of these numerous disease states. Muitie sesearch surrounding NdB
has been directed towards inflammatory diseasesnatignancies, however, alterations
in NF«B activation has also been reported in asthma, &l AIDS, and liver disease,
to name but a few (DeLuca et al., 1999, Kumar e2&l04). The function of NkB in a

selection of key diseases is discussed brieflybelo

1.2.4.1 NF-xB in inflammatory disease

The role of NF«B activation in inflammation (Tak and Firestein, 020 is well
documented and it is the kinase, IKKvhich has been reported as the primary
participant in the production of proinflammatoryinatli associated with NkB
activation (Aupperle et al.,, 1999). Aupperé al., (1999) showed that IKK is
expressed in fibroblast-like synoviocytes and haswial role in NF<B activation
following either TNFe or IL-1 stimulation. This study used synoviocyigslated from
the synovium of patients with rheumatoid arthriRA) and osteoarthritis, and
illustrates that, in both groups, immunoreactivenfe of IKKa and IKKB were
constitutively expressed at the mRNA level. Thisuldosuggest that NkB is also
constitutively active in these cell types, somaghivhich is supported by the induction
of cytokines found here which are known to be ratpd be NR¢<B. These include IL-6,
IL-8 and ICAM-1 (Aupperle et al., 1999).

Other proinflammatory cytokines induced by NB- in concert with another
transcription factor, AP-1, have also been impédain the pathology of RA after NF-
kB over-expression was noted in the synovium of qatients. This study showed that
when NF«B and AP-1 are simultaneously activated by eitHerl lor TNF in
synoviocytes, the expression of matrix metallopratees (MMPS) is increased. MMPs
are known to contribute to the destruction of band cartilage in an RA joint (Han et
al., 1998). The authors also found that ®B4nduced transcription of other known

inflammatory response molecules including cycloenase-2 (COX-2) and inducible
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nitric oxide (iNOS) in these cell types (Han et 4998). Therapies targeted at NB-
blockade are now being developed for use in RAep&i and these include NiB
decoy oligonucleotides which are administered eillyeinjection or viral gene transfer.
Results have shown that these can inhibit strept@docell wall-induced arthritis in
rats, in part by decreasing the production of cyte&, and mediating the induction of

apoptosis (Miagkov et al., 1998).

Increased NReB nuclear activity in airway epithelial cells ofthmsatic patients was
found to be common, along with the high expressemels of the proinflammatory
cytokines, chemokines, Cox-2 and iINOS (Hart et &4P98). Another condition,
Helicobacter pylori-associated gastritis is alsaked by increased NkB, and in this
case disease severity correlates with the numbiEFedB positive cells (van Den Brink
et al., 2000). NReB has been implicated in the prolonged inflammatma resultant
lack of bowel function in Chrohn's disease and rdtee -colitis. Moreover,
corticosteroids, which are known to inhibit MB-transcriptional activitation, have long
been used to treat inflammatory bowel disease (IB)mar et al., 2004). Notably,
patients that suffer from IBD have been shown teehan increased risk of developing
bowel cancer, and it has been postulated that EreB\transcriptional axis is involved
in this disease progression (Greten et al., 2004).

The gene encoding the NEMO subunit of the IKK caewgk located on the long arm
of the X chromosome and its mutation is causativa mumber of genetic pathologies,
including Incontinentia pigmenti. This results in severe skin inflammation and
cutaneous skin lesions (Berlin et al., 2002) asagsociated truncated form of NEMO is
able to interact with the andp-subunits of the IKK complex, but it displays a eldfin
subsequent NkB activation. Similarly, rare inherited mutations the IKBA gene
result in severe immunodeficiency associated witdck of immune memory. Critically
these patients display a point mutation at Ser-BRinvthe kB-o protein resulting in a

deficit in the classical activation pathway of NB-(Courtois et al., 2003).

1.2.4.2 NF-xB and Cancer

NF-xB is known to regulate genes involved with apoosiell proliferation and
differentiation (Hayden and Ghosh, 2004); therefdreis unsurprising that this
transcription factor is implicated in many cancekberrant NFxB activity has been

documented in numerous tumour types including peatar, lung, breast and prostate,
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as well as some haematological malignancies (Bassard Baldwin, 2006). NEB has
been shown to contribute to key events within tun@ogression including metastasis,
angiogenesis and the avoidance of apoptosis (Figue The role of NReB in
malignant progression is a topic of continuing aesk for a number of groups around
the world, as is the development of compounds whidhbit NF«B function.
Currently, the mounting body of data suggests Mt&kB plays an important role in the
progression of many cancers but it is importaniiadful that most of these studies
have been undertaken in cancer cell line modeld, may not reflect then vivo
situation. Moreover, some studies are vague andndb elucidate the precise
mechanisms by which NkB is associated with the progression of cancer.ri&fb
discussion of the literature relevant to this stisdyndertaken here.

There have been a number of links between chrofi@nnmation and the development
of cancer. NRe¢B was implicated in the production of growth fastarucial for the
growth of neoplastic cell and cancer progressionemwit was observed that loss of
IKK B, the primary participant in the production of pndlammatory stimuli associated
with NF«B activation (Aupperle et al., 1999), in myeloidisded to a decrease in
tumour size accompanied by reduced levels of tundeuwved inflammatory cytokines
(Kim et al., 2006). Another study observed a reucin tumour number but not size,
alongside reduced expression of NIB- dependent anti-apoptotic gene expression, in
an IKKpB defective model of colitis associated bowel car{garin, 2006). These data

indicate a cell-type specific role for N& in tumour progression.

The majority of studies to date have concentratedhe role of p65 transcriptional
activation in cancer, and there is a wide bodyitefdture which documents the de-
regulation, and most commonly, the aberrant actimatf this subunit in many forms of
cancer and leukaemia where is correlates with pgmognosis and an increased
metastatic potential (Prasad et al., 2010). It iem#& be seen whether constitutive
activation of p65 is more common than that of othésunits in cancer, or whether this
is simply due to more research being undertakenekample, traditional methods of
assessing NikB DNA binding such as EMSAs, lent themselves to desessment of
the p65 and p50 subunits rather than the otheenglsodies against these particular
subunits were readily available and easy to useyelier more recently robust

antibodies have been developed against the othengs.
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More recently however, it was found that the hurR&h gene, that encodes the c-Rel
protein, is the only NkB transcription factor for which there is a retmaicounterpart,
that is acutely oncogenic. Moreover, retroviral tees for the overexpression of
chicken, mouse or human c-Rel were also foundatestorm chicken lymphoid ceilh
vitro (Gilmore, 1999, Starczynowski et al., 2003). Arfipdition of chromosome 2p, on
which theREL gene is located have been detected at significaqtiencies in human
B- and T-lymphoma, including Hodgkin's lymphoma amtiffuse large B-cell
lymphoma (DLBCL), where it has been shown to cateelith poor prognosis (Davis
et al., 2001, Fukuhara et al., 2006, Houldswortlalgt2004, Rosenwald et al., 2002,
Rosenwald et al., 2003). These data suggest teahtiheased copy number REL, in
turns leads to over-expression of the c-Rel protweimnch can saturate theB proteins
and lead to aberrant activation of c-Rel and upHa@n of its target genes, however
many studies are purely correlative in this casg laave not explored the functional

aspects oREL overexpression.

Other NF«xB family members and associated proteins and geaes been implicated
in oncogenesis and tumour progression in lymphomad other haematological
malignancies. A transforming truncation of the pt@de at 10924 has been recognised
in the t(14:19) translocation involving the BCL3opwin have been demonstrated in
DLBCL and CLL (Neri et al., 1991). Recently, Compagt al., (2009) reported that
over 50 % of some subsets of DLBCL carried multipkatations in negative (A20) and
positive (CARD11, TRAF2, TRAF5, MAP3K7 (TAK1) and TNFRSF11A (RANK))
regulators of NReB. They also found that A20, which is a target N#t-kB-dependent
gene expression and encodes a ubiquitin-modifyimryrae involved in termination of
NF-xB activation, was most commonly affected, with apgmately 30% of patients
displaying biallelic inactivation resulting from ations or deletions. Interestingly, this
group went on to undertake some functional stubiese-introducing A20 into some
DLBCL cell lines carrying biallelic inactivation athe gene, and showed that A20
induced apoptosis and cell growth arrest,, Thesa daggest a putative tumour

suppressor role for A20 (Compagno et al., 2009).

It has been postulated that aberrant®activation in cancer is responsible for the up-
regulation of anti-apoptotic genes, meaning thattthmour cell can evade death. These
genes include; those coding for the TNF-recepteoa@ated factor-1 (TRAF-1) and

TRAF-2 (Pahl, 1999)IEX-1L (Wu et al., 1998) and importantly two members It t
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Bcl-2 family, BFI-1/A-1 andBcl-xl (Lee et al., 1999a, Zong et al., 1999). Somegsou
have also reported that NdB activity enhances that of Bcl-2 in primary hippotpal
neurons (Tamatani et al., 1999) and Epstein-Barusvitransformed lymphocytes
(Feuillard et al., 2000). However, others havesiitated that it is Bcl-2 over-expression
which enhances the activity of N& (Ricca et al.,, 2000), nevertheless, both
demonstrated that NEB activity induces anti-apoptotic genes. Using bbheast cancer
cell line, MCF-7 and the colon cancer cell line, H@6, Bourset al., (2000) showed
that NF«B inhibition results in decreased Bcl-2 expressang increased expression of

Bax, a pro-apoptotic gene (Bours et al., 2000).
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Figure 1.6: NF-kB and the development of canceNF-kB is involved in the initiation,
development and spread of various cancers, including breast cancer im tivhic
transcription factor is constitutively active. MB- is known to activate genes involved
with cell proliferation, and the inhibition of apoptosis and angiogenekishvare known
to contribute to the development of cancer.

Adapted from: (Wu and Kral, 2005)

NF-xB activation is known to induce genes associated proliferation, such as cyclin
D1 after the #Bo phosphorylation by IKKK. Cyclin D1 is known to aid in cell cycle
control via CDK4 and CDK6 (Rocha et al., 2003). Bdgeet al., (1999) noted that, in
mammary epithelium, a member of the TNF-family, RAKteceptor-activator of NF-
kB) induced the activation of NKB via IKKa, therefore inducing high levels of
proliferation in these cells (Guttridge et al., @899It is noteworthy that there is a

positive correlation between the over-expression cg€lins D and E and the
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pathogenesis of breast cancer (Wu and Kral, 200%.cyclin D1 gene is up regulated
in 20% of early stage human breast cancers, wthistcyclin D protein is over-
expressed in over 50% (Dickson et al., 1995). # baen suggested that cyclin E is
oncogenic as breast cancer develops in approxiydt®Po of transgenic mice
expressing this cell cycle protein (Bortner and éierg, 1997). Poor prognosis of the
disease was associated with high levels of bothircycand cyclin D1 (Berglund and
Landberg, 2006). Unlike cyclin D, it not known iyain E is an NF<B target gene,
however one group has reported an association batite two at G1-S phase (Chen

and Li, 1998), indicating a further role for NdB-in cell cycle progression.

NF-xB is also implicated in the regulation of some knowmour suppressor proteins,
including p53, BRCA1 and BRCAZ2, all of which arevaved in the cellular response
to DNA damage (see section 1.3.2.1). Negative eggul of p53 by NFReB is thought
to contribute to tumourgenesis, through a numbemethanisms (Perkins, 2007).
Tergaonkaret al., (2002) detailed how levels of the E3 ubiquitigase, MDM2 are
controlled by NF«B, hence negatively regulating the stability of g58rgaonkar et al.,
2002). The up-regulation of anti-apoptotic genedNByB is also thought to antagonize
the pro-apoptotic functions of the tumour suppres&avi et al., (1998) provided
evidence which documented how the p65®8-subunit and p53 regulated each other’s
activity by vying for finite pools of p300 and CBEREB binding protein), which are
necessary for the transactivation of both factBav( et al., 1998). The work of Huang,
et al., (2007) furthered knowledge in this field by finditigat CBP, although bound to
p53 in unstimulated cells, becomes phosphorylatsére residues 1382 and 1386, by
IKK a, following TNF-o stimulation. This results in CBP becoming detacfiech p53,
allowing it to bind to p65 and activate NdB (Huang et al., 2007). It has now been
hypothesised that aberrant activation of &Bs- leading to inhibition of p53 could
contribute to tumourgenesis (Tergaonkar and PerRiogd7), something which the work
of Huanget al., (2007) indicted by finding that constitutive igation of IKKa and the
subsequent phosphorylation of CBP were commonng tancers (Huang et al., 2007).
BCRAZ2 is a tumour suppressor gene associated waithlil predisposition to breast
and ovarian cancers (Wooster et al., 1995). It alag have a role in the regulation of
cell growth and proliferation (Gretarsdottir et,al998). The over-expression of
BRCA2 has been noted in many sporadic breast canegen though there are no
known somatic mutations in the gene in these c@sasg DH et al Nat Genet 1996).

Wu et al., (2000) found that NKB binds to the BRCA2 promoter and induces
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expression of the gene using MCF-7 cells. Cellsstiected with p50 and p65 constructs
had marked increases in the BRCA2 promoter andREA2 mRNA (Wu et al., 2000).
These findings illustrate that NéB regulates BRCA2 expression, and therefore that
alterations in NReB expression could contribute to the findings tBRCAZ2 is also
over-expressed in breast tumours (Bieche et a@91BRCAI is also associated with
familial breast cancers, and this tumour suppressdknown to function as a co-
activator of NFkB, increasing the activity of NkB target promoters (Benezra et al.,
2003). This may contribute to protection againstpapsis in BRCA1 mutated breast

cancers.

1.2.5 Development of NF-xB inhibitors

NF-kB has been implicated in a number of pathologieduding inflammatory disease
and cancer, therefore making the inhibition of ttrenscription factor an attractive
target for therapy. To date there are over 750 knowaibitors of the NReB pathway,
and these include both naturally-occurring and gbehtompounds. These inhibitors
can be divided into broad categories depending loer@vthey act, such as at receptor or
adaptor level, directly at the IKK complex okB phosphorylation, proteosomal
degradation ofdB, nuclear translocation of NiEB or at the NF<B DNA binding level
(Gilmore and Herscovitch, 2006).

Inhibitors that act at the receptor level aim todil signal before it can activate the IKK
complex, such as anti-TNé-antibodies which have been shown to have the paten
for the treatment of RA and inflammatory bowel dise (Filippova et al., 2002). The
adaptor proteins, TRAFs are the next step in cylgignalling for NFeB activation
via the canonical pathway (Bradley and Pober, 200RAHR-2 is recruited to TNF
receptors and required for TNFmediated NFReB activation, and a mutant TRAF2
lacking its N-terminal RING finger domain has beennd to inhibit this activation
(Hsu et al., 1996). TRAF6, however, interacts wifite IL-1 receptor and a dominant
negative mutant of this protein inhibits MB-activation by IL-1 (Cao et al., 1996).

There are a number of inhibitors that target th& [Bomplex. These include both
natural and synthetic ATP analogues, including 8€-&hich inhibits both IKK and

IKK B, with a 100-fold preference for the latter (Gilmacand Herscovitch, 2006) and
compounds such as BMS-345541 which has an allostéfiect on both kinases, again

with greater affinity for IKK3 (Burke et al., 2003). Naturally-occurring compounds
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such as Parthenolide, derived from the Feverfewtplaave been shown to inhibit the
IKK complex (Yip et al., 2004), and chemical inhdos, including LC-1, have been
developed as analogues of this. LC-1 has been yadetied, especially in the context
of haematological malignancies. It has anti-tumactivity in acute myeloid leukaemia
(Jenkins et al., 2008) and it also synergies whih niucleoside analogue, fludarabine,
which is a standard treatment for CLL. To this &d now in Phase | clinical trials in
the UK for CLL (Hewamana et al., 2008a, Hewamanal ¢t2008b, Hewamana et al.,
2009). Other IKK inhibitors also use IKKNEMO as a target, for example Mayal.,
(2000) described how the introduction of a cellnpeable peptide of 10 amino acids
that corresponds to the NEMO binding domain of Ke¢ould block both the binding of
NEMO to the other IKK complex components and thibs,induction of NReB via the
canonical pathway (May et al., 2000). Most recerdlWNEMO binding peptide (NBP),
has been shown to inhibit constitutive NB-activity and as a result, reduces tumour
burden in a canine model of relapsed, refractoryBOL (Gaurnier-Hausser et al.,
2011).

However, there have been some concerns over thef UK& inhibitors, mainly due to
toxicity issues. It is well documented that NB-activation is vital for the cellular
inflammatory and immune responses, and it has hmestulated that long-term
inhibition of the entire pathway could have somgate impact on the cell. The IKK
complex has many known functions within the celh&@ot, 2009), and therefore it is
thought that inhibition may be cytotoxic. Long-teNiF-«B inhibition may also increase
the likelihood of immunodeficiency, since it plagspivotal role in the innate and
adaptive immune response, and can possibly delag bwarrow recovery as indicated
by some reports of chemotherapeutic induced apisptishematopoietic progenitors
(Grossmann et al., 1999, Turco et al.,, 2004). & Heerefore been postulated that
specifically targeting DNA-damage-activated NB- may be a viable therapeutic
strategy (Hunter et al., 2011, Veuger and Durkd04,1, Veuger et al., 2009), although
this would require much further investigation, ttsere that the essential inflammatory

response functions of NkB were unaffected.

Other groups have suggested that targeting the A'lBMO interaction described by
Wu et al.,, (2006), using an ATM kinase inhibitor, could alsooyide a viable
therapeutic strategy for targeting DNA-damaginguitetl NF«B activation (Wu et al.,

2006). To this end, the recent work of Veuger angkBcz (2011), used the known
60



ATM inhibitor, KU55933 (Hickson et al., 2004), tb@w that the radio-sensitisation of
a panel of breast cancer cell lines by the inhibitas mediated through the effects on
NF-kB activation, not through the inhibition of DSB e#p challenging the traditional
dogma surrounding these small molecule inhibitdrONA repair enzymes (section
1.4) (Veuger and Durkacz, 2011).

The stabilisation of thexB proteins or prevention of their degradation ateep points

in the NF«B cascade that are targeted in order to inhibitd8FThe f-amyloid peptide
which is deposited in the amyloid plagues which eharacteristic of Alzheimer’s
Disease, is known to upregulatéBlexpression, thus lowering N&B activity (Bales et
al., 1998). Zhouet al., (2005) reported that a protein from the bactepathogen,
Yersinia called YopJ acts as a deubiquitinase fdd, thus stabilising it. YopJ also
prevents the nuclear translocation of NB;-another point which is often targeted in the
NF-kB activation pathway (Zhou et al., 2005).

Bortezomib, a proteosome inhibitor has demonstrai@asiderable efficacy against
multiple myeloma bothni vitro and in vivo (Adams, 2004)along with some other
tumours, as well as being an inhibitor of NB-of myeloma cellsn vitro (Cusack et al.,
2000). Although proteosome inhibitors are targetethe suppression of NkB, it is
not clear whether it is the anti-tumour effectsibitbd by bortezomib are mediated by
inhibition of the transcription factor (Gilmore anderscovitch, 2006). For example,
there have been reports recently which have suggetitat bortezomib can act
synergistically with other NkB pathway inhibitors, such as the IKK inhibitor, 41C
(Hideshima et al., 2009, Walsby et al., 2010). Mantlger proteins are targeted for
proteosomal degradation, including the tumour seggor p53 (Asher and Shaul, 2005),
so it is possible that the efficacy of bortezonmild @ther proteasome inhibitors is due to
the stabilisation of other key proteins with knosates in cancer, other than NiB-.

It has been postulated that targeting thedBRranscriptional axis at the DNA binding
and transcriptional level using a PARP-1 inhibitmyuld overcome some of the toxicity
problems associated with global NB-inhibition by IKK inhibitors, for example, as
described above. There is increasing evidenceRA&P-1 is required as a nuclear co-
activator of NFikB-dependent transcriptional activation (Chang ahchrez-Gonzalez,
2001, Hassa et al., 2003, Hassa et al., 2001, Hatsah, 2005, Hassa and Hottiger,

1999, Hunter et al., 2011, Stilmann et al., 200@uder et al., 2009), and this is
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discussed in more detail in section 1.5. The wdrkKeugeret al., (2009) showed that
inhibition of PARP-1, using the small molecule ipibdor, AG-14361, considerably
reduces NReB activation in response to IR, thus suggesting i@ potentiation of IR-
induced cytotoxicity by AG14361 is mediated by ihaibition of NF«B activation
(Veuger et al., 2009). However, although these degavery encouraging and suggest a
novel therapeutic angle for the use on these comgmuthe mechanism of action
remains unclear. Moreover, studies thus far hawsl @xperimental PARP inhibitors,
which may have off-target effects, hence an ingasibn using a potent and specific
PARP inhibitor, used in clinical trials should badertaken in order to elucidate the

mechanism.

Another mechanism of targeting NdB at the DNA binding and transcriptional level is
to specifically inhibit the Rel domain of the sulisnmeaning that these compounds
inhibit subunit DNA binding, which results in thehibition of NF«B. In this class of
inhibitors, PBS-1086 has been reported as a Rdébitoh which it is more potent at
inhibiting the DNA binding of both RelA and RelB wh compared with IKK inhibitors
such as, parthenolide (Oh et al., 2011). &fal., (2010), reported that PBS-1086
suppressed spontaneous lympho-proliferation andbited the production of pro-
inflammatory cytokines in PBMCs from HTLV-l-assa&d myelopathy/tropical
spastic paraparesis (HAM/TSP) patiewiis the inhibition of NFkB DNA binding. To
this end, PBS-1086 was shown to be a Rel inhitatw therefore inhibit the DNA
binding of p65, p50 and RelB as well as luciferasgression in a 293/NkB-
luciferase reporter cell line (Oh et al., 2011).

1.3 Poly(ADP-ribose) polymerase-1 (PARP-1)

The report by Roitt (1956) was the first to suggést there was a an enzyme capable
of comsuming nicotinamide adenine dinucleotide (NADY showing that intracellular
NAD" occurred in tumours that had been treated withlafing agents (Roitt, 1956).
This then led to the discovery of the enzyme resijtba for this depletion of NADby
Chambonet al., (1963). This group found that the incorporatiorradio-activity from
[*“C]-ATP into an acid insoluble material in a prepiarafrom the nucleus of hen livers
was decreased over 1000-fold in the absence ofimécnide mononucleotide (NMN)
(Chambon et al., 1963). They demonstrated that lgmmw of ADP-ribose was

generated from ATP and NMN, with NARs an intermediate precursor (Chambon et
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al., 1963). Another group then showed that NADntained an ADP-ribose moiety
which was incorporated into the ADP-ribose polynigr,a nuclear enzyme, and that
this simultaneously resulted in the release of tmamide (Nishizuka et al., 1967,
Reeder et al., 1967). The enzyme was initiallyethADP-ribose synthetase (ADPRS)
or ADP-ribose transferase (ADPRT) but was lateramed poly(ADP-ribose)
polymerase-1 (PARP-1), which is the currently-usanhe.

PARP-1 is an abundant 113kDa nuclear protein fonrelkaryotes (Jagtap and Szabo,
2005). It is ubiquitously expressed in all mammaliand many eukaryotic cells, and it
has been estimated that there are approximatel{t® molecules per cell (Chatterjee
and Berger, 2000). PARP-1 is considered to havelain many cellular processes
including DNA repair, gene expression and transicm@al regulation, chromatin
structure formation, cell differentiation and treorenation, and also cell dysfunction

and necrosis due to its ability to deplete cellelaergy pools (Zingarelli et al., 1998).

PARP-1 is known to act a sensor and signalling oude for both SSBs and DSBs
(Veuger et al., 2004), and there have a been a auoilreports which have shown that
the catalytic activity of PARP-1 is dependent anattivation by DNA strand breaks
(Benjamin and Gill, 1980). The transcription of tRARP-1 enzyme is unchanged in
response to DNA damage (Bhatia et al., 1990), angains at a constant high level.
However, it is widely accepted that in the preseat®NA strand breaks, often by
virtue of DNA damage, PARP-1 enzymatic activitygieatly increased (de Murcia et
al., 1997). PARP-1 is responsible for catalysing fibrmation of ADP-ribose polymers
from NAD", by cleaving NAD at the N-glycosidic bond between the nicotinanzdd

ribose rings thus releasing nicotinamide as a loghpet (Ueda and Hayaishi, 1985).

This is shown in Figure 1.7.

Alvarez-Gonzalez and Mendosa-Alvarez (1995) desdrithe synthesis of poly(ADP-
ribose) (PAR) polymers as a 3-step process; imtiakelongation (which is the addition
of successive ADP-ribose residues by ribose-rib@sglycosidic linkages) and
branching (which is the formation of ribose-ribobends between ADP-ribose
moieties). It should be noted that PAR can be upO residues long, and at this point
they can form complex structures which can resembtdeic acids (Alvarez-Gonzalez
and Mendoza-Alvarez, 1995). PAR also have verytshalf-lives, as they are rapidly

degraded by the poly(ADP-ribose) glycohydrolase REA enzyme . PARG is
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responsible for the rapid catabolism of PAR (shoiunFigure 1.7). PARG is

ubiquitously expressed at low levels in all celtsldissues (Bonicalzi et al., 2005).
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Figure 1.7: Metabolism of poly(ADP-ribose) during DNA damage andepair
Following DNA-damage, PARP-1 and PARP-2 hydrolyse NAD+, rehegsi
nicotinamide (Nam) and H and catalyse the successive transfer of the ADP-ribose
moiety to nuclear protein acceptors. The reaction is initibtethe formation of an
ester bond between the amino-acid acceptor (Glu, Asp or COOH-hgs)ha first
ADP-ribose; polymer elongation involves the catalysis of-d'2glycosidic bond;
polymer branching occurs on average after 20 ADP-ribose units andhomg points

are located at regular distances (every 40-50 ADP-ribose unifig).degradative
nuclear enzyme PARG has endo- and exoglycolytic activitiesctbave glycosidic
bonds between ADP-ribose units. The concurrent actions of DNA-depePd&MRs,
PARG and NAD+-recycling enzymes contribute to NAD+ consumption avihe
damaged cells. The stimuli that activate PARP-3-16 are not known. P, phosphate; Rib,
ribose

From: (Schreiber et al., 2006b)

Once PARP-1 is activated by DNA strand breaks gnthgsises PAR, it then transfers
the polymer to acceptor proteins by covalent modifon of glycine residues (Figure
1.7). PARP-1 itself is the main acceptor of theyp@r chainsn vivo, and this is often
referred to as the automodication. PAR has a lavgeall negative charge, as do DNA
binding regions of DNA, and therefore the automicdiion of PARP-1 results in the
enzyme being dissociated from the DNA due to ebstétic repulsion (Ueda and
Hayaishi, 1985). Other PAR acceptors include nucle@teins such as histones,
transcription factors, topoisomerases and DNA aN& Rolymerases (D'Amours et al.,
1999). This is often referred to as automodificathy PARP-1, or ADP-ribosylation,
which can alter the function of proteins (Althausi&Richter, 1987).
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It is important to note that although PARP-1 is thest well characterised component
of the PARP family, at least 18 other family mensbkave been documented. PARP
orthologues are broadly characterised by the poesehthep-a-loop$-a NAD™ fold.
The specifics of the catalytic domain differ betwdamily members, and result in a
broad functionality of this protein group (Schreile¢ al., 2006b). This includes PARP-
2, PARP-3, Tankyrase-1 and vault-PARP. Althoughs thtudy is not necessarily
concerned with the activities of the PARP superfamproteins other than PARP-1, a
very brief discussion of PARP-2, the most closalated family member is included

here.

The existence of residual DNA damage activated (B@P-ribosyl)ation in PARP-1
mouse embryonic fibroblasts (MEFs) allowed reseanshto identify PARP-2, a
structurally related protein with over 60 % homalogAme et al., 2004). PARP-2
protein is also activated by DNA strand breaks, @rths been reported that PARP-1
and PARP-2 can heterodimerise to facilitate DNAarepDespite a reduced ability of
PARP-2, in comparison to PARP-1, to catalyse ADf®se polymerisation, a combined
role for these proteins in genome maintenancedgated by the fact that PARP-1 or
PARP-2 knockout mice are viable, whereas doubleckraut animals are embryonic
lethal (Schreiber et al., 2002, Schreiber et &l06b).

1.3.1 Structure of PARP-1

The PARP-1 gene is located on chromosome 1g41-#2r(@y et al., 1987) and is

known to encode a protein which contain 23 exorss Hdl4 amino acids, and has a
molecular weight of 113 kDa (Kurosaki et al., 198PARP-1 consists of three

functional domains, and its functionality in terofSDNA repair (section 1.3.2.1) can be
related back to its structure (Figure 1.8).

The N-terminal portion of the protein contains twiac fingers, which are responsible
for DNA-binding during complex formation (Mazenat, 1989). It was not surprising
that PARP-1 contained the metal ions since a waatbther DNA-dependent reactions
require zinc. Mazeret al., (1989), found that PARP-1 binds DNA nicks in iacz
dependent manner (Mazen et al., 1989), and isleasaen reported that the three zinc
fingers (FI and FIl) are differentially requiredrféhe recognition of strand breaks

(Ikejima et al., 1990). The first zinc finger (Fecognises both single and DSBs
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(Gradwohl et al., 1990), whilst the second zing&n(FIl) detects predominantly SSBs,
meaning that both fingers are required for actoratty SSBs but only the first finger is
required for activation by DSBs. Recently, a thindc finger was identified, which was
shown to co-ordinate DNA-dependent enzyme actinafi@angelier et al., 2008). This
DNA binding domain also contains a caspase cleas#ge(Jagtap and Szabo, 2005),
that is often cleaved in the early stages of amptdAdjacent to the DNA binding
domain, there is a nuclear localisation signal (NWhich is vital for the transport of
PARP-1 to the nucleus (Schreiber et al., 1992).

DNA binding Automodification Catalytic
domain domain domain
| | [ 1 | \
Active
Zinc BRCT site
Fingers
NLS

Figure 1.8: Structure of human PARP-1 showing functional element The three
functional domains are visible in the modular organisation. The amimorirof PARP-
1 is responsible for DNA binding and damage sensiay,zinc fingers and the NLS
(nuclear localisation sequence) portion. The automodification domainir®raabreast
cancer susceptibility protein with carboxy-terminus (BRCT)althis common in many
DNA repair and cell-cycle proteins, and this portion aids in prgiedtein interactions.
The carboxy-terminus houses the catalytic centre of PARP-1 asdhits region which
has the highest amount of homology with other PARP family members.

Adapted from (Jagtap and Szabo, 2005)

ADP-ribosylation of PARP-1 occurs within the celiyralocated automodification
domain of the protein, along with the heteromodificn of histones H1 and H2B, and
initiates chromatin- structure relaxation in ortieallow DNA repair enzymes to access
the break. This domain contains 15 highly consearatho acid residues thought to be
the major autoribosylation sites (Uchida et al.939 It also contains a BRCA-1 C-
terminal domain (BRCT) motif, which mediates intdrans between several DNA
repair and cell cycle checkpoint proteins and isfibin a number of proteins involved
in the response to DNA damage. In this case, mmigortant for interactions with
XRCC1, histones, DNA polymerageand transcription factors (Bouchard et al., 2003).
In addition, this domain is involved in PARP-1 dimzation and other protein-protein

interactions (Burkle et al., 2002).
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The highly conserved catalytic domain is locatedhat C-terminal end of the enzyme
(Kameshita et al., 1984, Lindahl et al., 1995), angsponsible for binding NAD This

domain also contains what is often referred tohes ‘PARP signature’, which is a
region of 50 amino acids that are 100 % conservedngst invertebrates and 92 %

across all species (de Murcia and Menissier de Mui®94).

1.3.2 Thefunctions of PARP-1

It is very important to note that the function oARP-1 may be mediated by the
synthesis of the PARs that confer a negative changmodified proteins, although the
precise physiological role of polymerisation inpesse to DNA damage is unclear, and
is something which will be addressed as part of thesis. It has been postulated that
the large overall negative charge caused by tlahatient of the polymers results in
electrostatic repulsion of PARP-1 from the negdyiveharged DNA (Ueda and
Hayaishi, 1985). It is also fair to say that ADBeasylation of acceptor proteins, and
those in close proximity, may alter their biocheahiand physiological properties,

altering their affinity for other cellular macronealules or perhaps DNA.

PARP-1 is known to act a sensor and signalling oude for both SSBs and DSBs
(Veuger et al., 2004). This enzyme not only hasla in DNA repair, but in cell
dysfunction and necrosis due to its ability to ééplcellular energy pools (Zingarelli et
al., 1998), and it has also been found to stimulaetranscription of pro-inflammatory
genes (Jagtap and Szabo, 2005), a function thatPPRRhas in with NFReB.
Importantly, PARP-1 has also been implicated in tieeregulation of numerous
transcription factors (Kraus, 2008, Kraus and R30)3). These functions are described

in more detail below.

1.3.2.1 Therole of PARP-1in single strand break repair

PARP-1 is a highly abundant enzyme (Chatterjee Bexyjer, 2000), which rapidly
synthesises PAR in response to DNA damage (UedaHaydishi, 1985). The rapid
polymer synthesis consumes large amounts of celeniargy due to the depletion of
NAD" and ATP, and the fact that PARP-1 is highly consérguggest that PARP-1
plays a fundamental role in the early-DNA damagspoase network. The work of
Durkaczet al., (1980) was the first to show that PARP-1 wasuegl for cellular
recovery from DNA damage. They reported that thessital PARP-1 inhibitor, 3-

aminobenzamide (3-AB) could potentiate the cytatibyi of alkylating agents and
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prevent DNA strand break re-joining (Durkacz et 4P980). Moreover, intracellular
levels of the PARP substrate, NABave been shown to be acutely lowered by agents
that generate DNA damage (Roitt, 1956). PARP<ell lines exhibit a similar
phenotype to that of cells lacking in base excisiepair (BER) proteins, and many
studies using inhibitors of this ribsoylating ena/mave demonstrated its role in DNA
repair (Dantzer et al., 1999).

Studies using a variety of DNA damaging agents lmmpointed a role for PARP-1 in
BER pathway. The most potent activators of PARRelude monofunctional alkylating
agents, such as temozolomide, and IR, which indeg®ns repaired by the BER
pathway. UV irradiation, which predominantly caudesions that are repaired by
nucleotide excision repair (NER), is not a poteARP-1 activator (de Murcia and
Menissier de Murcia, 1994) and furthermore, (Satvhal., 1994) showed that any
stimulation of PARP-1 activity by UV irradiation wadue to the repair of minor
pyridine hydrate lesions, known to be processe®8BR. To this end, the repair of UV
damage is not inhibited by PARP-1 inhibitors (Clraet al., 1983). Figure 1.9
illustrates the differing types of DNA damage, ahé different lesions which result

from this damage along with the pathway used tairgphe damaged DNA.
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Y Y Y \/
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Oxygen radicals UV light X-rays
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Base-excision Nucleotide-excision Recombinational Mismatch repair
repair (BER) repair (NER) repair (HR, EJ)
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Figure 1.C: DNA damage and repair mechanismsCommon DNA damaging
agents (top); examples of DNA lesions induced by these ageiutdl¢); and most
relevant DNA repair mechanism responsible for the removal of the lesionan(ipott
From: (Hoeijmakers, 2001)




The BER pathway (Figure 1.10) has evolved to ptatells against mutations induced
by oxidative, alkylating and other DNA-damaging aige(Hoeijmakers, 2001). BER is

therefore one of the major pathways to repair Basens and apyrimidinic/apurinic

(AP) sites which cause, or are processed to prod88#8s but do not result in a

distortion of the DNA helix (Ataian and Krebs, 200®NA glycosylases, such as

alkyl-adenine DNA glycosylase (AAG), initiate BERy vecognising and removing

modified or improper bases. These glycosylases/elé@e N-glycosidic bond between

the target base and the deoxyribose-phosphate taekiroducing an AP site (Frosina
et al., 1996). This site is then processed by eithe short-patch or long-patch BER
pathway (Figure 1.10). It must be noted that DNAcgbkylases are essential in the
initiation of both pathways, and their action i#dwed by a number of sequential steps
(Prasad et al., 2001). The distinction betweenethte® pathways may not be as clear
cut as early reports suggested since they share sommon factors (Le Page et al.,
1998).

Lesions undergoing the short-patch mechanism (hghd side of Figure 1.10), which
is dominant in mammalian cells, are processed byacBhg apurinic (AP)
endonucleases, such as APE 1, which cleaves theeadjphosphodiester bond leaving
a 5-terminal deoxyribose-phosphate (dRP) moietd an3’-hydroxyl group. DNA
polymerasef (pol B) then fills the single nucleotide gap and remotres dRP group
through lyase activity. The strand break is thesdeskby a complex of DNA ligase llI
and XRCC1 (X-ray repair cross complementing 1)cafslding protein (Lindahl and
Wood, 1999).

Frosinaet al., (1996) were the first to conclude that a secoriiveay for BER, which is
proliferating cell nuclear antigen (PCNA)-dependest active in mammalian cells
(Frosina et al., 1996). This was later termed thegipatch BER (left hand side of
Figure 1.10), and is responsible for approximag&y of overall repair. This method
involves the replacement of a short oligonucleotsBmuence containing the AP
(apurinic) site and approximately 6-13 nucleotideshe 3’ orientation from this site
(Matsumoto et al., 1999). It has been found thaRPAL is involved in triggering long-
patch BER, by recognising a single stalled nuctesotPARP-1 has also been found to
be cross-linked with BER intermediates (Lavrik £f 2001). Once PARP-1 is bound
and the PCNA is at the AP site, an AP endonuclé@seson and Hickson, 1991) can

generate a strand break with DNA o6l being recruited to extend the 3’-hydroxyl
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Figure 1.1C: The short-patch and lon¢-patch BER pathways. The DNA glycosylase, AAG
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then proceed in 2 ways. The short-patch pathway uses DNAgml XRCC1, a scaffold
protein to fill the gap and remove the baseless sugar. The niealésldy DNA ligase Ill. The
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group. The backbone is displaced and removed by FEN-1, which also wankBNA ligase
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Adapted from (Hoeijmakers, 2001)
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group (by approximately 7 nucleotides) whilst adsgplacing the strand which contains
the terminal deoxyribose phosphate (Klungland amadahl, 1997). Frosinat al.
(1996) also suggested that the displaced strareimsved by formation of a DNA flap
structure (a bifurcated structure, composed of batranded DNA and the displaced
strand). This was later called flap endonucleageEIN1), and it thought to work in

conjunction with DNA ligase |, which reseals theln{Klungland and Lindahl, 1997).

PARP-1 is more widely associated with long-patchRBfrosina et al., 1996) and
evidence from Dantzest al., (1999) support this with findings that PARP-1-defnt
fibroblasts had significantly reduced (>50 %) Iquagch repair activity, suggesting that
the catalytic activity of this protein may augmémss excision repair pathway without
being essential (Dantzer et al., 1999). Howeveattar publication from this group
also suggests that PARP-1 is involved in the spatth repair mechanism, to a certain
degree, as the PARP-Tibroblasts in their study exhibited some reduaetivity in this
branch of the BER pathway (Dantzer et al., 2000).

It has also been suggested that PARP-1 may be éaenemh a multiprotein complex

suggesting that PARP-1 may be involved in recrgitomponents of the BER complex
to the damaged site. An association of PARP-1 WA pol 3 has been described by
(Dantzer et al., 2000). XRCC1, a protein that asta molecular scaffold, interacts with
all components of the complex individually. Accioigly, an association of PARP-1
with XRCC1, has been demonstrated (Caldecott £1996, Masson et al., 1998). Most
recently, a study used a laser to give cells agrste of DNA damage, similar to that
from IR, at microscopic sites, and using fluoreseemicroscopy, they showed how
XRCC1 was recruited to ADP-ribosylated PARP-1 (Gkan al., 2003, EI-Khamisy et

al., 2003). XRCC1 can be ADP-ribosylatedvitro, perhaps allowing XRCC1 to act in
its role as a structural component of the BER cemplD'Amours et al., 1999).

Alternatively, PARP-1 may itself undertake a sturat role in order to stabilise the two
broken ends thus enabling ligation to take placedahl et al., 1995).

Moreover, a role for PARP-1 in signalling direct EBSin DNA, as a results of
genotoxic agents such as IR and monofunctionallatkyg agents, but not lesion
modification associated BER has been postulated eArergence of evidence for
additional functions for PARP-1 following doublerasided DNA breaks indicates a

promiscuous nature for this enzyme within the cxindé DNA repair.
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1.3.2.2 Therole of PARP in double strand break repair

The majority of the literature focuses on the rofePARP-1 in the BER pathway,
however the enzyme has been implicated in other D&@air pathways (Figure 1.9).
As discussed previously, PARP-1 is rapidly actigateresponse to DNA damage, and
therefore has been deemed an essential modulatgenafmic stability. Interestingly,
disruption of thePARP1 gene results in gene amplification and sister ciatal
exchange in response to DSBs, suggesting a defe@SB repair. Similarly, the
interaction of the Werner syndrome protein (WRNRa&d51 associated helicase, and
PARP-1, described by Susaeal., (2004) suggests a role for this enzyme in thererro
free Homolgous Recombination Repair (HRR) pathv@&uysée et al., 2004).

PARP-1 has been implicated in the repair of DSBs loyimber of groups (Audebert et
al., 2004, Loser et al., 2010, Mitchell et al., 20&euger et al., 2004, Wang et al.,
2006). Veugeet al., (2004) showed that DSB repair was inhibited inl loe¢s deficient
in DNA-PK when treating with PARP-1 inhibitors iesponse to IR, suggesting a role
for PARP-1 enzyme in DSB repair (Veuger et al.,200Following this, Wangt al.,
(2006) reported that PARP-1 was responsible for D&tirvia a slow operating Non-
Homologous End Joining (NHEJ) pathway (Wang et24106). NHEJ is responsible for
repair of the majority of DSBs mediated by DNA-RiQich is made up of the subunits,
DNA-PKCcs, Ku70, Ku80, and also XRCC4, DNA Ligase avd Artemis (Khanna and
Jackson, 2001, Sancar et al., 2004). However, Véaalg, (2006) showed that although
NHEJ mutant cells exhibited an apparent inhibitbbmepair, there was some re-joining
by an alternative NHEJ pathway. This report went tonshow that PARP-1, in
combination with DNA Ligase lll, could repair DSBsthe absence of the Ku proteins
(Wang et al., 2006), hence providing a back-upwayhfor early DSBs encountered by
the cell.

Furthermore, Wanet al., (2006) demonstrated that PARP-1 could compete théhu
proteins for DNA ends, but that PARP-1 has a mumkel affinity for these, again
supporting the theory that PARP-1 mediated DSBirepan alternative to the classical
NHEJ pathway. Mitchelét al., (2009) extended these existing data by investigatie
activation of both PARP-1 and DNA-PK by differing\I& ends and their interaction in
the response to IR. This group found that inadtivabf both enzymes was not additive,
suggesting that PARP-1 and DNA-PK cooperate withsn same pathway to promote

DSB repair. Moreover, they reported that the aifftsi of the two enzymes for
72



oligonucleotides with blunt, 3-GGG or 5-GGG owamging termini were similar.
However, DNA-PK was significantly more efficient e activated by a 5-GGG
overhang, whereas PARP-1 had a preference for -bhuéd DNA and required a
separate factor for efficient stimulation by a %G overhang (Mitchell et al., 2009).
These data therefore suggested that both PARP-DA#dPK were required for fast
phase of resolution of IR-induced DSBs.

1.3.2.3 PARP-1 asaregulator of chromatin structure

Three early reports described how the formatio®AR at the sites of DNA damage
could serve to temporarily extract histones from BDNA, hence loosening chromatin
structure (Althaus et al., 1993, Althaus et al.94,9Realini and Althaus, 1992). This
phenomenon is often referred to as the histondlstgumodel, and occurs due to the
association between the positively charged hist@mesnegatively charged PAR. The
interaction between the two is either through attoa to automodified PARP-1 or by

direct covalent modification of histone H1 by PARPThis results in electrostatic

repulsion from the negatively charged DNA, andumtthe displacement of histones
and the relaxation of chromatin structure. Thigéfis only transient and reassembly of
the chromatin structure occurs following polymegidelation by PARG, which allows

histones to re-associate with the DNA.

It has been postulated that local disruption ofootatin structure may be critical for
repair as this gives rise to a more open chronsdtircture rendering the damaged site
more accessible to repair enzymes. This is espetiak in areas where chromatin is
highly condensed, but also important as it carr #fte steric hindrance imposed by the
tightly wound chromatin structures. Many essengglair factors and enzymes are part
of large complexes, DNA-PK for instance, and thecfion of such complexes may be
impeded in the presence of chromatin. It is impudrt® note that the shuttling of
histones may not only be important in facilitatihg DNA repair functions of PARP-1,
but may also allow other proteins to access the DIN#s could include transcription
factors, particularly since PARP-1 is known to ftioic as a transcriptional co-regulator.
To this end, Schreibeet al., (2006) demonstrated that PARP-mediated poly(ADP-
ribosyl)ation of histone proteins, in response tera@ds that activate development of
Drosophila melanogaster, facilitated their removal from the DNA strandsuding in
transcriptional activation (Schreiber et al., 2006&mportantly, a role for PARP-1 in

the regulation of numerous transcription factors leanerged recently, and will be
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discussed in more detail in section 1.3.2.4. A fotehe catalytic activity of PARP-1 in
the embryonic development of the model organi3rasophila melanogaster, had also
been proposed (Tulin and Spradling, 2003, Tuliralet 2002). TheD.melanogaster
genome contains a singRARP gene homologous to PARP-1. Mutation of this gene,
alongside the use of inhibitors of the PARP enzyithestrated an essential role for this
protein in the organisation of chromatin structdrging the developmental process.
These studies have not only demonstrated a roleABtP-1 enzymatic activity in non-
DNA repair processes, but also challenged the akedimgma that PARP-1 is only
activated in response to DNA strand breaks, amastieg theory that warrants further

investigation.

1.3.2.4 PARP-1 - atranscriptional co-regulator

There is an increasing body of evidence suggestiagpPARP-1 is a promoter-specific
nuclear co-regulator (either a co-activator or epressor) of numerous transcription
factors. This includes the sequence-specific DNAndibg transcriptional regulators,
NF-xB, B-Myb, Oct-1, AP-1, Spl, NFAT, Elk1, HIFeland HTLV-Tax-1 (Kraus,
2008), however the role of PARP-1 in regulatiorthafse factors can be diverse. PARP-
1 may actvia through local modification of chromatin structyidthaus et al., 1994)
and/or modulation of transcription factor activiya direct binding to gene regulating
sequences, or physical interactions with protenctuding transcription factors (Kraus,
2008, Kraus and Lis, 2003, Martin-Oliva et al., 800n some cases, the transcription
factor is thought to recruit PARP-1 to the promstef relevant targets but this is likely
to dependent on both the cell type concerned anethgh or not PARP-1 enzymatic
activity is required for co-activation/-repressidndetailed review of the role of PARP-

1 in the activation of NkB is undertaken in section 1.5.

1.3.2.4.1 Regulation of transcription factors by PARP-1

One of the earliest reports regarding the role ARP-1 as a transcriptional regulator
was by (Nie et al., 1998). This group demonstrdted the transcription factor Oct-1
could interact with the automodification domain RARP-1 and that the interaction
increased Oct-1 DNA binding to the octomer motifthe DRy promoter. Oct-1 is
known to regulate genes involved in both cell cyptegression and differentiation
(Pierani et al., 1990).
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A report by Cervellera and Sala (2000) investigdhedrole of PARP-1 in the activator
of the B-Myb transcription factor (Cervellera anal&g 2000), which plays a role in the
control of cell growth and differentiation (Nomuetal., 1988). Aberrant expression of
B-Myb can contribute to tumourigenesis (Hibi et, 4998, Raschella et al., 1999).
Cervellera and Sala (2000) found that transienbstection of PARP-1 into the

haematopoietic cell line, HL-60, increased B-Myansactivation. Using two PARP-1

catalytic mutants this group also demonstrated B#RP-1 enzymatic activity is not

required for PARP-1-dependent co-activation of BeMEervellera and Sala, 2000).

There have also been reports on the regulationRfLAy PARP-1 (Andreone et al.,
2003, Chiarugi, 2002). For example, the known iitbis of PARP, 6(5H)-
phenanthridinone and benzamide have been showadiece both AP-1 and NEB
DNA binding activity and hence inhibit the trangtion of key target genes including
TNF-0, IL-2 and IFN (Chiarugi, 2002). Furthermore, AP-1 DNA binding swva
completely abolished in PARP-1 deficient MEFs wheompared with PARP-1
proficient MEFs (Andreone et al., 2003).

Martin-Oliva et al.,, (2006) used the PARP inhibitor 3,4-dihydro-5¢]4-
piperidinyl)butoxyl]-1(2H)-isoquinolinone (DPQ) tmvestigate the role of PARP-1 in
the activation of the transcription factor, Hypckmaucible Factor-1 (HIF-d) (Martin-
Oliva et al., 2006). Hypoxia is a hallmark of cange solid tumours, and has been
associated with poor response to chemotherapy aligmant progression. HIFelis
the major regulator of tumour cell adaptation tpdwic stress (Vaupel, 2004). Martin-
Oliva et al., used cDNA microarrays and found that key genesewdifferentially
expressed in mice treated with the carcinogerD-i&@radecanoylphorbol-13-acetate
(TPA) aloneversus TPA in combination with DPQ. These included gemssociated
with inflammation and angiogenesidi{-1la, Nfkbiz and S1009a), and were all
confirmed by real-time PCR. Further investigatiarssng a luciferase reporter assay
showed that HIF-1 activation was completely absenPARP-1-deficient fibroblasts
following treatment with the Iron chelator DFO (adwn activator of HIF-1) and this
also was attenuated by DPQ in PARP-1 proficient BIErurthermore, PARP inhibition
resulted in a down-regulation of HIFtlprotein expression following treatment with
DFO. Expression of HIFdl.target genedgfbp3, Bnip3 andVegf-A was upregulated by
DFO in PARP-1-proficient MEFs, however the effecisvabbroagted by use of the

PARP inhibitor, DPQ (Martin-Oliva et al., 2006).
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A recent study also details the interplay betweARP-1 and the Extracellular signal-
related kinases (ERKs). ERKs are key componentaedMAPK signalling pathways,
thus regulating a myriad of cellular process inolgd growth, proliferation and
differentiation. After phosphorylation by the MARéhase, MEK1/2, ERK1 and ERK2
can transolcate to the nucleus where they activhEr substrates, including
transcription factors, such as Elk1l (Lenormand let 2998). Cohen-Armoret al.,
(2007) showed that PARP-1 could be bound by aead/&RK2, and that this binding
stimulated PARP-1 enzymatic activity and resultedincreased automodification.
PARP-1 that had been activated in this way was 8t@wn to significantly increase
ERK2 phosphorylation of its downstream effectorklEIThis in turn resulted in an
increase in histone acetylation and expressiorargfet genes, includingfos (Cohen-
Armon et al., 2007).

It has been reported that some transcription fact@n be poly ADP-ribosylated
through an interaction with PARP-1 (Zaniolo et &0Q07). This includes, Spl a
transcriptional activator from a zinc-finger famity transcription factors (comprising
Spl to Sp9) (Lania et al., 1997). Zaniabal., reported that PARP-1-deficient cells
expressed lower levels of Spl protein compared WRRP-1-proficient cells. They
showed that PARP-1 and Sp1l physically interactgismrimmunoprecipitation assays,
and that this interaction allows Sp1l to be poly Afili®sylated, resulting in a reduction
of Sp1 binding its DNA consensus sequence. To nonfiese data, the group went on
to use the PARP inhibitor, PJ-34 and showed thditiad of this restored DNA binding
of Spl (Zaniolo et al., 2007).

PARP-1 has also been implicated in the regulatiothe transcription factor, Nuclear
factor of activated T-cells (NFAT), which is knowa be the major regulator of IL-2
(Jain et al., 1992). In 2008, Olabstial., showed that the C-terminal catalytic domain
of PARP-1 binds to and poly ADP-ribosylates a Ghige residue in the DNA binding
domain of NFAT. They also demonstrated that ADRyiation promoted NFAT DNA
binding using the PARP inhibitor PJ-34, and thathb®ARP-1 and NFAT were
recruited to the IL-2 trancription loci following-@ell activation (Olabisi et al., 2008).

1.3.3 PARP-1 and disease
As previously discussed, PARP-1 plays a key rolaumerous DNA repair pathways,

as well as cell death signalling and transcriptiorgulation. De-regulation of PARP-1
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has also been implicated in a range of human diseas particular malignant
conditions, and intriguingly both elevated and éased expression of tiRARP1 gene

has been demonstrated in human cancer cell linesytdni et al., 2005). Consistent
with reports that PARP-1 is an essential mediatorgenomic stability (PARP-1-

deficient cells have a much higher rate of sistaomatid exchange than PARP-1-
proficient cells (de Murcia et al., 1997), a redmctin PARP1 expression in breast,
colon and leukaemic cell lines has been shown teelade with heightened genomic

instability and tumourigenesis (Masutani et alQ20

Noshoet al., (2006) reported that elevated levels of the PARJ@sie in the early stages
of sporadic colorectal tumours were linked to efedacyclin D1,3-catenin and c-myc
expression, and correlated with increased tumaozg and advanced histopathology
(Nosho et al.,, 2006). Another group used the PARRibitor, PJ-34 in familial
adenomatous polyposis (FAP), and reported a remtudti the incidence of tumours,
suggesting that the use of PARP inhibitor in FABresented a novel target for the
prevention of this disease (Mabley et al., 2004).

Polymorphisms in thd?PARP1 gene have been identified and one in particulag, th
V726A is associated with an increased risk of stypes of cancer, including prostate
and lung (Lockett et al., 2004, Zhang et al., 2005®wever, other studies into this
polymorphism have shown that it is associated waittecreased risk of non-Hodgkins’
lymphoma (Jin et al., 2010). Single nucleotideypwrphisms (SNPs) in both the
APE1l and XRCC1 genes have been associated with grognosis and survival in
colorectal and bladder cancers (Moreno et al., 28@& et al., 2005). It should be noted
that another study has shown that PARP-1 activity expression were not dependent
on SNPs (Zaremba et al., 2011).

De-regulated PARP-1 activity has been shown toridmute to autoimmune diseases,
something it shares with the transcription facté-#®B. For example, Systemic lupus
erythematosus (SLE) is a chronic autoimmune disedseh affects multiple body
tissues including the heart, lung and kidneys, amttbodies directed against the PARP-
1 protein have been detected in the serum of Slfera. Polymorphisms in the
PARP1 gene have also been associated with two commarinauaune conditions,
rheumatoid arthritis and type 1 diabetes (Criswedl., 2000, Tsao et al., 1999).
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1.3.4 PARP inhibition

The concept of DNA repair inhibition representsadid/clinical target for the treatment
of cancer, along with many other diseases. For pl@mnargeting the kinase activity of
ATM, DNA-PK and the cell cycle checkpoint protei®HK1 and 2 using small
molecules has been widely studied for the treatroémalignant disease, and found to
induce cell death in tumour cells (Lord et al., @) 'here is a huge amount of literature
regarding the inhibition of DNA repair proteins agizymes, and for this reason a brief
discussion focussed on the most important asp&é&8RP-1 inhibition and the clinical

relevance will be undertaken here.

As previously discussed, the ability of PARP-tell lines to repair genetic lesions
induced by alkylating agenisa the BER pathway is severely reduced (Dantzer.et al
1999). However, whilst deficient cell lines repnetsa useful tool for the examination of
protein functions, small molecule inhibitors havweyen critical for the translational
aspect of research surrounding PARP-1 functionidrexd in sections 1.3.2). PARP
inhibitors are almost always competitive inhibita NAD" (Bryant and Helleday,
2004), and the design of early inhibitors, inclgdihe nicotinamides (Fujimura et al.,
1967) and the benzamides (BZ) (Purnell and Whi€801 Shall, 1975), designed in
order to compete with NADfor the nicotinamide binding domain of PARP-1. fighe
were a number of caveats associated with thesmamdary inhibitors, not least the lack
of specificity. For example, the BZ derivative, Biaobenzamide (3-AB), which is still
used in contemporary studies to assess PARP-lidandtas been shown to affeds
novo purine synthesis at the concentrations requirethibit PARP (Moses et al.,
1990). Further problems with these classical PAR®bitors also include low potency

and poor aqueous solubility (Griffin et al., 1995).

Influential research undertaken over 30 years agbdemonstrated a defect in the BER
pathway in the presence of the PARP inhibitor 3-@Rirkacz et al., 1980), and this
group were the first to suggest that this couldabaable therapeutic strategy for the
treatment of leukaemia and cancers. Following taisyhole host of small molecule
inhibitors of PARP function have been developed aoywumber of pharmaceutical
companies (Drew and Plummer, 2009) and have bedelymised in a range of studies,
and have now entered early phase clinical trialsorigf history of PARP inhibitor

development is given below.
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A series of dihydroquinolinones were reported byoSti al., (1991) as showing a 50-
fold improved potency over the previous bench-mesknpound, 3-AB (Suto et al.,

1991). Following this, the Drug Development groaiNawcastle University developed
a series of novel inhibitors for the use as botknot+ and radio-sensitisers, which
included the quinazolinone, 8-hydroxy-2-methyl-qaaaolin-4-[3H]one (NU1025)

(White et al., 2000) and the benzamidazoles, 2y@rdéxyphenyl)benzamidazole-4-
carboxamide (NU1085) and 2-methylbenzamidazolerbeoaamide (NU1064) (White

et al., 2000) (Figure 1.11). These compounds wigmirously tested in a range of cell
culture systems, including human tumour cells,Xpl@t the potentiation of a range of
anticancer agents (Curtin et al., 2004, Smith .e8l05) however, like earlier inhibitors
of PARP-1, these compounds were found to exhibdr pqueous solubility. More

recently, the tricyclic indoles which have enhansetlbility and potency have been
developed through a collaboration with Agouron Riereuticals. These include
AG14361 (1-(4-dimethylaminoethylphenyl)-8,9-dihydr-2,7,9a-benzo[cd]azulen-6-
one) (Calabrese et al., 2004), and the inhibit@dus the studies reported here, AG-
014699  (8-fluoro-2-(4-((methylamino)methyl)phengls-dihydro-1H-azepino[5,4,3-

cd]indol-6(3H)-one), which is currently in Phaseclinical trials (Thomas et al., 2007).

Small molecule inhibitors of PARP-1 are shown igufe 1.11.
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Figure 1.11: Structural basis of PARP-1 inhibitiors

Inhibitors of the PARP-1 enzyme were based upon the structure of dbgnamide
moiety (A). The structure of benzamide based inhibitors, suchAds (B) was optimised
to produce cyclic benzamidazoles such as NU1025 (C) and then AG14B&hdAG-
014699 (E) with improved potency and pharmacokinetics.

Taken from (Calabrese et al., 2004, Thomas et al., 2007, White et al., 2000)



1.3.4.1 Therapeutic potential of PARP inhibitors

There have numerous studies into the clinical use$?ARP inhibitors, both in
combination with conventional chemotherapeutic égeand as stand-alone agents
(Drew and Plummer, 2009). These reports have shoamy promising and exciting
results, and a brief discussion will be undertakere. The rationale for using PARP
inhibitors in combination with radio- or chemo-thpeutic agents, is centred around the
hypothesis that inhibition of DNA repair proteirssjch as PARP-1, would prevent the
repair of the genotoxic lesions caused by these Didkaging chemotherapies or IR.
Therefore, it is possible that the use of DNA repahibitors in combination with
existing agents may improve the therapeutic indéxhe chemo-therapeutic agent.
Importantly, tumour cells are more likely to undergpoptosis in response to lower
doses of cytotoxic agents, therefore potentialyiting the toxicities associated with

many cancer treatments.

A large body of literature has proved that PARHbitlon is efficacious in combination
with radiotherapy and chemo-therapeutic agent$udg the topoisomerase | poisons
and the alkylating agent, temozolomide, all of vihere known to induce SSBs, in
tumour cell lines and xenograft models (Calabresal.e 2004, Curtin et al., 2004,
Delaney et al., 2000). Topoisomerase | poisonduditg camptothecin, prevent the
activity of this enzyme which is essential for DN\dmodelling by stabilising the
enzyme-DNA complex. This then results in the foioratof SSBs, however many
cancers and leukaemias acquire resistance to thieksdy used agents. Importantly,
Smith et al., (2005) showed that the potent and specific PARRbitor, AG14361
sensitised leukaemia cell lines to the effectdhefcamptothecin (Smith et al., 2005). A
large number of studies have shown the cells amsitssed to IR when used in
combination with PARP inhibitors (Zaremba and Gur8007). For example, AG14361
increased IR-induced cell death, an effect furdm@nanced by combined inhibition of
DNA-PK activity (Veuger et al., 2003). Tentagti al., (2001) reported that exposure of
leukemic cells to temozolomide in combination w&hPARP inhibitor, resulted in a
marked sensitisation to the alkylating agent (Tergbal., 2001). These findings were
supported using Calebreseak, (2004) and others. A further discussion of theditiere
surrounding the use of PARP inhibitors in combimatwith temozolomide can be
found in section 6.1. Taken together, these dgtpat a clinical relevance for PARP-1

inhibition in conjunction with conventional candesatments.
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The potent and specific PARP inhibitor, AG-0146%% fbeen shown to be efficacious
both in vitro andin vivo (Daniel et al., 2010, Daniel et al., 2009, Drewakt 2011,
Plummer et al., 2008, Zaremba et al., 2009), ansl tha first PARP inhibitor to enter
clinical trials for cancer therapy. Phase | trialsowed that profound and sustained
PARP inhibition could be achieved after a singleawenous infusion (Plummer et al.,
2005). Phase |l trials combining AG-014699 with tamlomide in metastatic
melanoma patients showed an improvement in theonsgprate in comparison with
temozolomide alone (Plummer et al., 2008). A nundiggharmaceutical companies are
now undertaking clinical trials of PARP inhibitofgr the treatment of cancer (Drew
and Plummer, 2009).

One hugely interesting aspect of DNA repair inhdit and PARP inhibition in
particular, is the possibility of the use of sugjemts as mono-therapies. It is important
to remember that each cell has the ability to repasingle genotoxic lesiovia more
than one pathway, and that this accounts for tkeively low level of oncogenesis
within a lifetime. Two seminal papers (Bryant et @005, Farmer et al., 2005) were
suggested that PARP-1 inhibitors could be usedtasdsalone agents in BRCA2
defective tumours, and were also among the firstttoduce the concept of ‘synthetic
lethality’. This phenomenon is exemplified by tlepair of DSBs via HRR, which result
from single strand break collapse in the preserideAdRP-1 inhibitors. Patients with
mutations in the BRCAL1 or BRCA2 gene are at aneiased risk of developing breast
and gynaecological cancers due to their defectfficient DSB repair. Critically, a
selective killing of cell lines defective in the BR1 or BRCA2 and Rad51 members of
the HRR cascade by PARP-1 inhibitors was demomstraly a number of groups
(Bryant et al., 2005, Drew et al., 2011, Farmeraket 2005, McCabe et al., 2006).
Strikingly, only the BRCA-defective cells are susiiele to PARP inhibition in this
case, and therefore selective killing of the tumoalls is achieved with minimum
toxicity to normal cells. PARP inhibitors, inclugirAG-014699, are now in clinical
trials for BRCA defective breast and ovarian canesr single agent therapies

(www.clinicaltrials.goy. Phase | trials with the AstraZeneca PARP inbibiblaparib,

have shown that this drug has significant anti-tumactivity in BRCA1 and BRCA2
mutation carriers (Fong et al., 2009, Fong et24110).

Not all clinical development of PARP-1 inhibitorsath been focused within the

oncology field. For example, reports have showrt ARP-1 activity is increased
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during conditions that restrict blood flow to theim, such as stroke and is in this case
is associated with significant NADIepletion and results in neurological injury. tist
case, PARP-1 inhibition has an important protectteée by preventing cerebral
ischemia and limiting the release of associateldnminatory mediators (Haddad et al.,
2006). Other uses of PARP inhibitors are describeskction 1.5, detailing the role of
PARP-1 as a transcriptional regulator. To this enhds important to note that
understanding the mechanisms by which PARP-1 reggilaother genes and
transcription factors is vital to elucidate theeets of PARP-1 inhibitors, and this thesis
will undertake the first investigation of the claily relevant PARP inhibitors in the

context of their potential utility as inhibitors tvinscriptional activation.

1.4 DNA repair and NFxB

There is a mounting body of literature which hasvam that many DNA damaging
agents activate not only damage repair pathwaysalso the NFR<B transcriptional
cascade in tandem (Janssens and Tschopp, 2006&e Dhservations have led to an
increasing number of investigations studying thessttalk between these two
pathways. In particular, the DNA repair proteinsfM, DNA-PK and PARP-1 have
now been implicated in transcriptional regulatiantibin response to, and in the absence
of, DNA damaging agents. The role of both ATM antlAPK will be discussed
below, whilst an in-depth discussion of PARP-1 as-@egulator of NReB activation is
added later (section 1.5).

NF-xB induction following DNA damage is hypothesisedmediate a cell survival
effect. Early studies using antioxidant compoungggested that DNA damage-induced
cytoplasmic events were responsible for the induactif NFxB transcriptional activity
independently of any DNA strand breaks. More rdgemtowever, studies have
demonstrated that DNA repair proteins may medigteptasmic signalling of nuclear
DNA damage events which are related to the formagiod detection of strand breaks
within the genome (Janssens and Tschopp, 2008). Hbwever, it is highly likely that
the signalling to and effects of N&B activation following DNA damage are dependent
upon the specific damaging agent used (Strozyk,e2@G06).
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1.4.1 Theroleof ATM in NF-«B regulation

The mammalian cell cycle has a number of key DNAage response regulators with
checkpoint activity and these include the protamages, ATM and DNA-PK. ATM
and DNA-PK both contain domains which are commdioilynd in the lipid kinase
phosphatidyl-inositol 3-kinase (PI3K) and are oftermed ‘PI3K-like protein kinases’
(PIKKs) (Shiloh, 2003). Both ATM and DNA-PK resportd DNA double strand
breaks (DSBs) by phosphorylating a number of kdysgates in downstream pathways
whilst other PIKK proteins such as ATR respond % dlamage and stalled replication
forks (Abraham, 2001).

Wu et al., published a seminal paper in 2006, which provialegleat deal of insight into
the activation of NReB by ATM (Wu et al., 2006). This study showed tlfatowing
genotoxic stimuli, in particular ionising radiatiothe canonical pathway of Né&B
activation, which is dependent on NEMO-IRKactivation is initiated (Figure 1.12). In
particular, Wu et al., (2006) showed that upon DNA damage, NEMO/IKKs
translocated to the nucleus and is SUMOylated. hapdy however, Huangt al.,
stated that the addition of the SUMO moiety to NEMEurs in an ATM-independent
manner (Huang et al., 2003). SUMOylation prevehgsriuclear export of NEMO and
makes it a target for phosphorylation by ATM, aswh in Figure 1.12 (Wu et al.,
2003). Following this, the SUMO moiety is displadegd mono-ubiquitination allowing
the ubiquitinated NEMO:ATM complex to translocatethe cytoplasm where it can
activate the IKK complex (Bartek and Lukas, 2008aditionally, DNA repair proteins
have been thought to be exclusively nuclear, anteattributed to their DNA associated
function. However, immunoprecipitation experimeftg Wu et al., demonstrate a
multifaceted IKKB/ATM/NEMO complex essential for NkB activation within the
cytoplasm of damaged cells (Wu et al., 2006).
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Figure 1.12: The association of NEMO and ATM results in canonicapathway
activation

Genotoxic stress which causes DSBs produce a stress signgiréwants NEMO
shuttling to the cytoplasm thus making it a target for SUMQymatiSUMOylated
NEMO is a target for phosphorylation by ATM. Once phosphorylation hesried,
SUMO is displaced by a ubiquitin moiety and this allows the ANEMO complex to
translocate to the cytoplasm. The active IKK complex, which NENI@ part of,
requires ELKS (a protein rich in glutamine (E), leucine (Isjrg, (K) and serine (S)) in
order to promote NkB translocation to the nucleus and the subsequent activation of
target genes.

From: (Bartek and Lukas, 2006)

Data from Wuet al., (2006) suggested that the ATM-dependent activatioMF-«B
only occurred in response to DNA damaging agenth s IR or genotoxic stress;
however this has been contested by Wuerzbergerseaal., (2003). This group have
suggested that ATM-dependent NB-activation can occur in the absence of DNA
damage as the SUMOylation of NEMO can occur withb&B-inducing conditions.
The combination of electroporation stress (whichiivates the post-translational
SUMOylation of NEMO) and hypotonic shock (whichiaates ATM) induced, albeit
weakly, NF«xB activation. This publication used the PI3K inkdpj Wortmannin to
show that this NReB activation could not occur without ATM (WuerzbergDavis et
al., 2007). It should be noted that Wortmannin m®wWn to inhibit ATM, along with
DNA-PK and other members of the PI3K family (Roseey et al., 1997). More
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recently, Veuger and Durkacz (2011) reported thatsimall molecule inhibitor of ATM
kinase activity, KU55933 (Hickson et al., 2004) s&ésed breast cancer cells to Vi
the inhibition of NF«xB activation, rather than the widely reported intndm of DSB
repair (Veuger and Durkacz, 2011).

Hinz et al., (2010) further elucidated the mechanism of ATMha activation of NR<B
once the kinase is translocated to cytoplasm,rasrgported by another group (Wu et
al., 2006). Using HepG2 hepatocellular carcinomlscédinz @ al., showed that
following DNA damage, by either IR or the topoisagase Il poison etoposide, there
was a rapid accumulation of ATM in the cytosol andmbrane cellular fractions, and
that this translocation was calcium-dependent. Tiey used an RNAI screen, and
found that IR-induced NkB mediated by ATM required the canonical pathway
components TRAF6 and Ubcl3, and that in fact ATMtamed a TRAF-binding motif.
This resulted in the activation of TRAF-6, subsedqueUbcl3-mediated
polyubiquitination, and recruitment of the clAPlomin. This ATM:TRAF6:clAP1
module then stimulates the canonical pathway prot€AB2, which in turn
phosphorylates TAK1, allowing this activated compleo phosphorylate IKK.
Simultaneously, the ATM:TRAF6:clAP1 module promotasnoubiquitination of
NEMO/ IKKy at lysine 285, which Hingt al., state is essential for the activation of NF-
kB following genotoxic stress. Once ubquitinated, NNEIKK y can complex with the
now activated IKK, and also IKK, and initiate the series of downstream eventhen t

canonical pathway of NkB activation (Hinz et al., 2010).

1.4.2 Therole of DNA-PK in NF-«B regulation

Pantaet al., (2004) proposed a common mechanism by which AT BNA-PKcs
activate NFkB through a MEK/extracellular signal-regulated kiea(ERK)/p96*
signalling pathway in response to some forms of Diidnage (Panta et al., 2004).
Mitogen-activated protein kinase (MAPK) pathwayslinling the ERK pathway, were
reported to be defected irirradiated A-T cells (Kharbanda et al., 2000) dahdse
pathways have also been implicated in thedBFresponse to DNA damage (Ryan et
al., 2000). Pantat al., (2004) found that ATM-proficient cells activated=B when
treated with M doxorubicin (DOX), a DSB-inducing agent, where&BM-deficient
cells showed no NkB activation. After treating the ATM-proficient delwith the
MEK inhibitor, PD98059 the NkB activation no longer occurred, therefore suggesti

that ATM activates NRkeB via a MEK-dependent mechanism. MEK is phosphorylated
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at serines 218 and 222 in an ATM-dependent manvigch results in the sequential
phosphorylation of ERK and its downstream targé]’sb,QNhich can associate with the
IKK complex leading to activation of NkB (Panta et al., 2004). They also detail how
DNA-PK activates NFR¢B induction in the same MEK-to-IKK signalling pathw in
response to treatment withuld AD288, N-benzyladriamycin (a catalytic inhibitor of
topoisomerase 1) but not in response to DOX as tivasase with ATM. Interestingly,
catalytic inhibitors of topoisomerase Il do not sauDNA damage, unlike classical
topoisomerase poisons, such as DOX, suggestindiiNAtPK mediated activation of

NF-xB can occur in the absence of DNA damage.

Liu et al., (1998) detailed that there are key phosphogmagvents by DNA-PK at
residues in both the N- and C-termini @Bb and kB which regulate NFeB DNA
binding (Liu et al., 1998). The N-terminus and amkyepeats of thexB proteins are
involved in the cytoplasmic regulation of NdB whilst the C-terminus is concerned
with nuclear regulation (Luque and Gelinas, 1998) therefore, the activity of these
proteins is regulated by their phosphorylation estatui et al., (1998) reported that
DNA-PK phosphorylates one of the key sites, seB@én the N-terminus that earmarks
the kB proteins for degradation and ultimately resuttsitranslocation of the NkB
subunits from the cytoplasm to the nucleus. Howetteey also demonstrated that
DNA-PK does not phosphorylate the other key resideeine 32. Finally, this group
illustrated they DNA-PKcs phosphorylatadBhb at threonine 273 and postulate that this
event contributes to increased nuclear accumulatiodF+«B, and subsequently NEB
DNA binding (Liu et al., 1998).

Basuet al., (1998) showed that the activation of NB-by DNA-PK was DNA damage
dependent. This group used the PI3K inhibitor, \Warnin at a dose known to inhibit
DNA-PK (Rosenzweig et al., 1997) to prove the hjests that DNA-PK stimulated
NF-xB activation following DNA damage. In response totltbthe DNA damaging
agents, IR and etoposide, the DNA-PK inhibitor greeed the activation of NkB,
whereas in response to TNPWortmannin had no effect. This suggests that DNA-P
like ATM is primarily involved in NF«B activation is response to DNA damage (Basu
et al., 1998). Conversely, #ial.,(2010) demonstrated that the phosphorylatiorhef t
p50 subunit of NReB by DNA-PKcs, in response to the cytokine, ThFwas required
for the expression of the NéB-dependent gene, VCAM-1, suggesting that DNA-PK is

important for the activation of NkB in the absence of DNA damage (Ju et al., 2010).
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Finally, the DNA repair associated kinase CK2 igoiwed in an IKK-independent
activation of the NReB signalling cascade (Loizou et al., 2004). Takayether, these
data highlight a critical link between the DNA rapsignalling and the activity of the

NF-kB transcription factor.

1.5 PARP-1 as a co-activator of NkeB activation

There have been a number of reports on the roleFRPARS a co-activator of NEB in
various cell types and tissues. Many of these studietail a role for PARP-1 in
mediating the inflammatory response via regulatbthe transcription factor (Hassa et
al., 2001, Hassa et al., 2005, Hassa and Hottl@89, Kauppinen and Swanson, 2005),
although some do start to determine whether PARIBA regulates NkB following
DNA damage (Chang and Alvarez-Gonzalez, 2001, Huwital., 2011, Stilmann et al.,
2009, Veuger et al., 2009).

1.5.1 PARP-1 as a co-activator of NF-xB following inflammatory stimuli

Le Pageet al., (1998) were the first to suggest that PARP-1 n@yaa a co-regulator of
NF-kB using the classical PARP inhibitor, 3-AB in thaerophage cell line, 264.7 they
showed that NkeB activation by LPS was reduced in combination vatAB. They
also showed that transcription of the NB-target geneiNOS, was reduced in cells
treated with LPS and 3-AB compared with LPS aldreeFage et al., 1998).

Another group then utilised the PARP knockout mamselel to investigate the role of
PARP-1 in the activation of NkB following LPS or TNFe in vivo. They showed that
PARP-1-proficient mice treated with LPS exhibitedpid NF«xB activation in
macrophages whereas PARP-1-deficient mice showed Ni®&xB response.
Furthermore, this report detailed that PARP-1-defit cells were more sensitive to
TNF-o induced cell death, and that this could be relatedn impairment of NikB
activation in these cells (Oliver et al., 1999badda and Hottiger (1999) extended this
by demonstrating that NkB activation could be restored vivo by the expression of
PARP-1 in PARP-1-deficient cells. They also repdrieat PARP-1 and NkB could
form a stable complex independent of DNA bindinggsla and Hottiger, 1999).

In 2001, Hassat al., showed that PARP-1 enzymatic and DNA binding agtiwere
not essential for TNk- mediated PARP-1 co-activation of NdB. They demonstrated
that although TNFe-induced NF«B activation was attenuated in PARP-deficient gells
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this was unaffected by either expression of a PAREatalytic mutant or PARP
inhibition (Hassa et al.,, 2001). Hasstal., (2005) then went on to show that the
acetylation of PARP-1, by HDAC1 and p300, regulaéeB activity (Hassa et al.,
2005). These data supported the earlier work s/ dhoup, when they illustrated how
the physical presence of the PARP-1 C-terminallgi#tadomain, but importantly not
enzymatic activity, was required for PARP-1 and ®30 synergistically activate NF-
kB-dependent transcription following either TNFer LPS (Hassa et al., 2003). More
recently, Hassat al., (2008) showed that PARP-1 synergistically co-ateg NF«B
gene expression at the macrophage inflammatory eiprot2 and human
immunodeficiency virus 1 long terminal repeat proens in concert with the CBP-p300
complex, the coactivator-associated arginine mutnyferase 1 (CARM1) and the
protein arginine methyltransferase 1 (PRMT1). PARBAd PRMT formed a complex
with NF«B in vivo , and it was reported that the methyltransferaseigcof PRMT1
was essential for this interaction (Hassa et 8082

Protein acetylation by CBP/p300 is essential ferdékpression of the NkB-dependent
genes, ICAM-1 and VCAM-1, in TNle-treated smooth muscle cells (Zerfaoui et al.,
2008). ICAM-1 and VCAM-1 are both adhesion molesulenvolved in the
inflammatory response. However, the interactioween CBP/p300 and PARP-1 was

only essential for the activation of ICAM-1, not ¥®I1-1.

Many reports suggest that PARP inhibitors may beaathgeous in inflammatory
disorders due to their ability to inhibit transc¢igmal activation of key genes regulated
by NF«B and other factors, such as AP-1. Numerous repeanie assessed the role of
PARP-1 in glial models and those of brain injuraddal., (2002) reported that PARP-
1 deficient glia exhibited reduced transcriptiootéa binding (NFxB, AP-1, Spl and
Oct-1) and associated gene expression (Ha etG2)2Another report using rat glial
and neuronal cultures showed that the use of PARiItors significantly reduced
activation of NF«B target genes, includingNOS, IL-15 and TNF-a, resulting in a
reduced neuro-inflammation and the neurotoxic paikaf activated glia (Chiarugi and
Moskowitz, 2003). Zingarilliet al., (2003) used the PARP inhibitors, 3-AB and 1,5-
dihydroxyisoquinoline in combination with the inftenatory stimulant 2,4,6-
trinitrobenzene sulfonic acid (TNBS) and showedt tttas combination markedly
reduced DNA binding of both NkB and AP-1 in a rat model of colitis. This resulted

a reduction in neutrophil infiltration, resolvedlaoic damage and induced apoptosis
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(Zingarelli et al., 2003b). Nakajinet al., (2004) also used cultured murine glial cells to
show that the auto-ribosylation of PARP-1 leadnibanced LPS-induced NEB DNA
binding and in particular NkB p50-dependent gene transcription in this model
(Nakajima et al., 2004). Furthermore, PARP-1 inioioi was able to alleviate TNé&—
stimulated NF<B-dependent MMP-9-mediated neurotoxicity in micragh a model of

brain injury (Kauppinen and Swanson, 2005).

Two groups used cDNA microarrays to determine tie of PARP-1 in the regulation
of gene transcription using the PARP-1 knockout seomodel (Carrillo et al., 2004,
Zingarelli et al.,, 2003a). Zingarillet al., (2003) found that PARP-1 deficient cells
expressed 29 apoptosis-related genes differenttallypared with PARP-1 wild-type
cells. These included many known to be RB-+egulated, such as the anti-apoptotic
geneBcl-2, which were significantly lower in PARP-1 defictecells. This correlated
with reduced activation of thaB kinase complex and NEB DNA binding in these
cells, and was thought to contribute to the reducin myocardial damage observed in
PARP-1-deficient mice (Zingarelli et al., 2003a)ar@lo et al., (2004) performed
microarray analysis on TNé&-treated heart endothelial cells from PARP-1 piefit
and deficient mice. They reported that the up-ratjuh of several inflammatory
response genes, known to be dWB+egulated was reduced in PARP-1-deficient cells
(Carrillo et al., 2004).

Oumouna-Benachouet al., used a apolipoprotein (ApoE)-deficient mouse mael
induced atherosclerosis using a high fat diet lmeferatment with the PARP inhibitor,
thieno[2,3-c]isoquinolin-5-one. They found that PRRhibition reduced the number
and size of atherosclerotic plaques, and that iRRIPA deficient macrophages LPS-
induced NF«B nuclear translocation was reduced (Oumouna-Benacét al., 2007).
A study of unstable angina (UA) aimed to elucidéte role of PARP-1 in the
production of TNFe and IL-6, both NReB regulated genes. In mononuclear cells
(MNCs) from UA patients the PARP activity and exgmien correlated with plasma
levels of TNFe and IL-6. Cultured MNCs from healthy volunteersreveised to show
that PARP-1 was component of the NB-DNA complex. Moreover, PARP inhibition
inhibited LPS-mediated NkEB DNA binding and consequently TNE-and IL-6
transcription (Huang et al., 2008). Taken togetikof these again confirm that PARP-

1 is an important regulator of the inflammatoryp@sse, and many groups suggest that
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PARP inhibitors may be utilised therapeutically time protection against chronic

inflammatory diseases.

1.5.2 PARP-1 as a co-regulator of DNA-damage activated NF-xB

Chang and Alvarez-Gonzalez (2000) were the firstescribe a role for PARP-1 in the
activation of NFkB following DNA damage. Using the human cervical
adenocarcinoma cell line, Hela, they showed thattime PARP-1 could bind NkB
p50 and block its sequence specific DNA bindingsuléng in inhibition of
transcriptional activation. Following treatment kithe DNA damaging agent, .64,
PARP-1 was activated and the binding of the p5Qusittwas reversed, allowing the
subunit to bind DNA and upregulate transcriptioro-iG@cubation with the PARP
inhibitor, 3-AB, also significantly reduced,6-induced NF<B DNA binding (Chang

and Alvarez-Gonzalez, 2001).

Two reports from Martin-Oliveet al., (2004 and 2006) using the irritant TPA, illustrate
the importance of PARP-1 in the regulation of RB-activation in murine papillomas.
Susceptibility to papilloma in PARP-1-deficient migvas significantly lower than in
PARP-1 proficient animals, and that the developnoéstch lesions had a much longer
latency in these mice after treatment with TPA.sTlwas consistent with lower NEB
activation and gene transcription during the itibia of tumour development in PARP-
1 deficient mice (Martin-Oliva et al., 2004). A déatstudy by this group, used TPA in
combination with the PARP inhibitor, DPQ, and shdwbat in this model system,
PARP-1 activity did not alter NkB activation following TPA treatment (Martin-Oliva
et al., 2006).

Veugeret al., (2009) used the breast cancer cell lines, MDA-MB-and T47D to
investigate the role of PARP-1 in IR-induced NB- They show that activation of the
kB proteins and nuclear translocation of either ®fFp65 or p50 are unaffected by
PARP inhibition, suggesting that the role of PARRslat the DNA binding and
transcriptional level. PARP inhibition radio-serstd p65 proficient but not deficient
MEFs and reduced IR-induced XIAP protein expresgidauger et al., 2009). This

work is discussed extensively in chapter 6.

The recent work of Stilmanmet al. (2009) describes the formation of a PARP-1

signaling scaffold via direct protein-protein irdetions with NEMO/IKK, PIASy and
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ATM in response to DNA damage, by IR (Figure 1.IB)is sighalosome formation
requires binding with PAR and leads to pro-surviN&HB activation, and this was the
first study to suggest that NéB activation following DNA damage was mediatad
the active form of PARP-1. PARP-1 was essentialitwA damage induced IKK, and
subsequent NkB activation, and NEMO/IKK could interact directly with
automodified PARP-1 very quickly following DNA dage They also showed that
PIASy was also recruited to PARP-1 with NEMO/IKK and used a series of
NEMO/IKKy mutants to find that the association between eifh®RP-1- or PIA$-
and NEMO/IKKy, was within the kinase domain of the protein.rsihnet al., (2009)
went on to show that PIAScontained a C-terminal PAR binding motif (PARBM),
which recruited the protein to the PARP-1 signalsafier DNA damage, and that this
binding was essential for SUMOylation of NEMO/IkKand NF«xB activation
(Stilmann et al., 2009). Moreover, they reporteat tATM (itself activated upon DNA
damage) was a member of this signalosome due tmden PARBM (Haince et al.,
2007). Stimannet al., (2009) postulated that ATM was responsible for the
phosphorylation of NEMO/IKK, and the subsequent downstream activation okBlF-
supporting other work in the field (Wu et al., 2006

, //////”————-\ﬁ.‘ATM<—:)
DNA - ATM PARP) O NF-xB
Damagey /\A PIAE):}® > activation

4

\

PARG
A 3 :

.
. '
~§
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Figure 1.13: The formation of a PARP-1 signaling scaffoldia direct protein-protein
interactions with NEMO/IKK vy, PIASy and ATM in response to DNA damage, which
results in NF«B activation

Taken from: (Stilmann et al., 2009)

Most recently, Ohannet al., (2011) reported that senescent melanoma celldajeae
a PARP-1 and NkB-associated secretome, which they termed PNASy $hew that
this secretome has pro-invasive and pro-tumourgyproperties due to the expression

of many known NFR¢B-dependent inflammatory response genes, in péaticine
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chemokine, CCL2. Furthermore, they report thatdberetion of CCL2 was increased
following treatment with either oxidative stress,(d) or the chemo-therapeutic agent,
TMZ, both of which are known to activate PARP-1daiso NFkB activation using a
luciferase reporter assay. Pharmacological inlibitf either PARP-1 using 3-AB, or
NF-xB using sulfasalazine, inhibited the secretion 6fL€ induced by HO, or TMZ,

to the same extent. Therefore, the authors condltitkt secretome was dependent on
the activation of PARP-1 and NéB (Ohanna et al., 2011).

1.6 Justification

Following activation by DNA damage the canonicathpaay of NF«B is known to
regulate genes involved in apoptosis, cell prddifien, angiogenesis and metastasis.
(Ghosh and Karin, 2002). Constitutively active NlB4s common in many cancers and
leukemias (Basseres and Baldwin, 2006) and coelatith increased metastatic
potential, more rapid disease progression, a highsgortion of tumour recurrence and
therapeutic resistance (Prasad et al., 2010). i@elNF«B activity is known to be
induced by varying doses of IR and other chemaoaibeutic agents and this differential
is likely to be both cell type- and tissue-specifsrach et al., 1991, Campbell et al.,
2006b, Criswell et al., 2003). DNA damage-activaiig«B induces anti-apoptotic
genes, thereby inhibiting apoptosis and contrilgutim therapeutic resistance in many
types of cancer (Barkett and Gilmore, 1999, Wangl.et1998). For example, aberrant
NF-xB contributes to radio- and chemo-resistance iragiréeumours (Biswas et al.,
2001, Wu and Kral, 2005) and loss or inhibitiol\##-xB has been shown to chemo- or
radio-sensitize in many different tumour types $@ell et al., 2003, Hewamana et al.,
2008a, Hewamana et al., 2008b, Jung and Dritsc2il0], Russo et al., 2001).

Thus, inhibition of NF<B represents a potential therapeutic strategy ncea and
there are a number of inhibitors targeting varipagway components in development.
These include inhibitors of the IKK complex, such Rarthenolide or proteosomal
inhibitors like Bortezomib which may prevent degaidn of kB (Gilmore and
Herscovitch, 2006). However, global inhibition oF&B can have adverse effects on
the cell due to the vital role NEB plays in both the immune and inflammatory
responses. Therefore, a novel strategy may behibiirDNA damage induced NkB

activity to overcome the toxic or off-target effeaften encountered with other I¢B-
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inhibitors, since a number of DNA repair proteimscluding ATM, DNA-PK and
PARP-1, have been implicated in the activation &-<&B following DNA damage.
Thus, the inhibition of DNA damage activated NB-using inhibitors of these DNA
repair proteins requires much further testing, apdcifically the effect on NkB-

dependent gene expression should be studied closely

PARP-1 is known to co-regulate a number of trapsicm factors, including Oct-1, NF-
kB, AP-1 and HIF-& (Gilmore and Herscovitch, 2006, Kraus, 2008, Krand Lis,
2003, Martin-Oliva et al., 2006). This may k& local modification of chromatin
structure (Althaus et al., 1994) and/or modulatairtranscription factor activityia
direct binding to gene regulating sequences, orsighl interactions with proteins
including transcription factors. Previous work usgxperimental PARP inhibitors, such
as 3-AB, have shown that PARP-1 plays a role in #uotivation of NF«kB.
Unfortunately, it is difficult to confidently conatle that the effects observed on K&-
in these cases are solely due to PARP-1 as edulyitors are known to have many off-
target effects (Moses et al., 1990). More recentbugeret al., (2009) showed that the
PARP inhibitor, AG-14361 radio-sensitised p65 prigint but not deficient MEFs and
also suggested that the role of PARP-1 in the atitim of NFxB following DNA
binding was at the DNA binding and transcriptiof@lel, by showing there was no
effect on kB degradation or subunit translocation to the rugl@/euger et al., 2009).

However, mechanistic studies were absent in tlis.ca

The potent and specific PARP-1 inhibitor, AG-01468% been used in Phase | and I
clinical trials for solid tumours in combination tistandard chemotherapeutics and
also as a standalone treatment (Plummer et alg)280udies have also shown that AG-
014699 enhances tumour regression in xenograft im@Daniel et al., 2010, Daniel et
al., 2009). However the effect of this agent updfdB transcriptional activity remains

undetermined.

Importantly, the role of PARP-1 catalytic activiip the activation of NReB is
somewhat contentious, and is likely to be mainlged&lent on stimulus, but also on cell
type (Hassa et al., 2001, Hassa and Hottiger, 19885sa and Hottiger, 2002).
Therefore, it is necessary to compare two canomic@ators of NR¢B, IR and TNFe
and determine whether PARP-1 is differentially ieeghin the induction of NkB, in a

given model system. Moreover, the recent work dfirfainnet al. (2009) describes the
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formation of a PARP-1 signalling scaffold via dirgarotein-protein interactions with
NEMO, PIASy and ATM in response to DNA damage. This signalasdormation
requires binding with PAR and leads to pro-surviM&«B activation (Stilmann et al.,
2009).

Although the work of Stilmanmet al., (2009) provided a great deal of insight into the
mechanism by which NKB is activated by PARP-1 in response to DNA damé#use
are some caveats associated with it. Firstly, shisly used hyper-lethal doses of IR, as
high as 80 Gy, in PARP?IMEFs, which are widely reported to be exhibit gefom
instability. They are not the only group to usehhdpses of the DNA damaging agent,
as the study by Veuget al., (2009) used up to 50 Gy in some cases. These doses
not clinically relevant, and studies should be utade&n at lower doses which are as
close to mimicking a clinical dose as is possiBlighough the study by Stilmanei al.,
(2009) is purely functional, is does have wider licgiions for the use of PARP
inhibitors, and the inhibition of NkB activation is diseases such as cancer. Therefore,
an in depth study using a clinically used PARP bitbr should be undertaken, rather
than the classical inhibitor, 3-AB used by Stilmaeinal., (2009), as these early
compounds have a range of off target effects. Finalthough the model proposed by
Stilmannet al., (2009) (Figure 1.13) eludes to the effect of theRFAenzyme on PAR
and consequently NkB activation, no mechanistic studies were presetdesupport

this, and thus warrant further investigation.

1.7 Aims and hypothesis

Therefore, the overall aims of this thesis are ol

1. To elucidate the underlying molecular mechanisimas transduce signals from
DNA damage-activated PARP-1 to the activation of-#- using the potent and
specific PARP inhibitor, AG-014699 and siRNA tatiggtof p65 and PARP-1

2. To test the hypothesis that PARP-1 mediates satVival following DNA
damage primarily through activation of B

3. To undertake preclinical testing of AG-014699cancer cell line models in
which DNA damage- activated NEB mediates therapeutic resistance

4. To undertake preclinical testing of a seriesN$#-kB subunit DNA binding

inhibitors, both in combination with radio-therapyd as stand-alone agents
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Chapter 2. Materials and Methods
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2.1 Materials

2.1.1 Chemical/reagents
Routinely used chemicals, unless otherwise statede either analytical or molecular
biology grade, and purchased from Sigma-Aldrich @any Ltd (Poole, UK), and

VWR International (Leicestershire, UK), unless othise stated.

2.1.2 General equipment
Irradiator; RS320 irradiation system (Gulmay Medi&urrey, UK)
FacScan (Beckton Dickinson, Oxford, UK)
Spectromax 96-well microtitre plate reader (MolecWevices, Berks, UK)
Incubator (Heraeus Equipment Ltd., Beds., UK)
Waterbath: Grant Model OLS200 (BDH, Dorset, UK)
Centrifuge; Eppendorf model MSE3000/30001 (Scientlfaboratory Supplies,
Nottingham, UK)
Criterion electrophoresis tank and Criterion Blugtmodule (Bio-Rad, Herts., UK)
Power pack 200 (BioRad, Hertfordshire, UK)
Roller Mixer model SRT1 (Stuart Scientific, Surré&lK)
Fuji LAS 3000 (Fuji Photo Film Ltd., Japan)
Milipore filtration system (Milipore Corporation,dglford, Mass., USA)

2.1.3 PARP inhibitor, AG-014699

AG-014699 (8-fluoro-2-(4-((methylamino)methyl)phéyag,5-dihydro-1H-
azepino[5,4,3-cd]indol-6(3H)-one) is a PARP-1 intadb developed in a collaborative
venture between Newcastle University and Pfizer GRR (Thomas et al., 2007). AG-
014699 was provided by Pfizer (Surrey, UK). Thahbitor was dissolved in anhydrous
DMSO and was stored at a concentration of 10 mMepted from light, at -20°C. The
drug was diluted to stock concentrations in the nakige in sterile dimethyl sulphoxide
(DMSO) and further diluted in full media (RPMI 16400 % FBS). .AG-014699 was
used at 0.4 uM in all assays, a dose known to inRARP activity > 90 %, unless
otherwise stated. The structure of AG-014699 iswshin Figure 2.1. It should be
noted that when diluted in tissue culture mediurfinal concentration of <0.1 % (v/v)
DMSO was achieved. For all inhibitors and chemapeutic agents used in this thesis,

drug free controls were exposed to <0.1 % (v/v) @MS
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Figure 2.1: Structure of the PARP inhibitor, AG-014699
From: (Thomas et al., 2007)

2.1.4 PARG inhibitor, ADP-HPD

ADP-HPD (Adenosine 5'-diphosphate (hydroxymethylyrrplidinediol) is a
commercially available PARG inhibitor, known to heghly specific for PARG over
PARP-1 (Slama et al., 1995). ADP-HPD was obtaineanf ENZO Life Sciences
(Exeter, UK). The inhibitor was dissolved in anhyas DMSO and was stored at a
concentration of 10 mM protected from light, at *20 The drug was diluted to stock
concentrations in the mM range in sterile DMSO dmdher diluted in full media
(RPMI 1640, 10 % FBS). ADP-HPD was used at 1 phllrassays, unless otherwise
stated. The structure of ADP-HPD is shown in Figiig

+NH, OHOH

Figure 2.2: Structure of the PARG inhibitor, ADP-HPD
From: (Slama et al., 1995)

2.1.5 NF-xB inhibitors, PBS--1079, PBS-1086, PBS-1088, PBS-1110, PBS-1135,
PBS-1169, PBS-1170

A range of NF«B inhibitors, PBS-1079, PBS-1086, PBS-1088, PBS31 PBS-1135,
PBS-1169, PBS-1170 were synthesised by ProfecnSdinces Inc. (Baltimore, MD,
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USA). These compounds are referred to as Rel ingiof NFxB, specifically

meaning that they target the Rel domain of thexdBFsubunits, therefore inhibiting
subunit DNA binding and resulting in the inhibitief NF«B (Oh et al., 2011). These
inhibitors were dissolved in anhydrous DMSO andenstiored at a concentration of 5
mg/ml protected from light, at -20°C. The inhibdorwere diluted to stock
concentrations in the mM range in sterile DMSO &mdher diluted in full media

(RPMI 1640, 10 % FBS) for cell treatment at concaidns in the uM range. It should
be noted that Profectus BioSciences Inc. have muladed the structure of these

inhibitors.

2.1.6 lonising radiation (IR)

lonising radiation (IR) produces many types of DM&ions through direct ionisation of

the DNA or by hydroxyl radicals. It must be notdédittthe most common lesions are
SSBs and DSBs but can also include base legionsagar modifications (Lomax et

al., 2002). A range of doses of IR were used withis thesis and they were achieved
using the RS320 irradiation system (Gulmay Medijcal) the dose rate of 2.86

Gy/minute.

2.1.7 Tumour necrosis factor-a (TNF-a)

Mammalian Tumour Necrosis Facter(TNF-o) was purchased from R & D systems
(Abingdon, UK) and resuspended to a final concéomaof 10pg/ml in PBS/BSA
solution (PBS, 0.1 % w/v BSA) and aliquots wereretioat -20°C. Prior to cell
treatment, TNFe was diluted to a final concentration of 10 ng/mfull media (RPMI
1640, 10 % FBS). Control cells were treated with BEA/PBS solution in the absence
of TNF-o.

2.1.8. Doxorubicin

The anthracycline, doxorubicin (DOX) is often reést to as a topoisomerase Il (Topo
[I) poison due to its ability to intercalate withet DNA, thus inhibiting the progression
of the Topo Il enzyme. This results in the inductmf double stranded DNA breaks,
and consequently cell death, hence DOX is widebBdus cancer therapeutics for the
treatment of breast cancer and haematological naatigjes (Hoogstraten et al., 1976).
Doxorubicin hydrochloride is commercially availatded was obtained from Sigma. It
was dissolved in DMSO and was stored at a conderiraf 10 mM protected from

light, at -20°C. The drug was diluted to stock camtcations in the mM range in sterile
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DMSO and further diluted in full media (RPMI 16410 % FBS) for cell treatment at
concentrations in the uM range. The structure addabicin hydrochloride is shown in

Figure 2.3.

Figure 2.3: Chemical structure of doxorubicin hydrochloride

From:http://www.sigmaaldrich.com/

2.1.9 Temozolomide

The alkylating agent, temozolomide (TMZ) is used tioe treatment of glioblastoma
and melanoma, as well as other forms of cancerylétiion by temozolomide occurs, in
the most part at the N-7 position of guanine, dredN-3 position of adenine residues,
resulting in single stranded DNA breaks and tuncmir death (Newlands et al., 1997).
TMZ is commercially available and was obtained fr@gma. It was dissolved in
DMSO and was stored at a concentration of 100 mdfepted from light, at -20°C, for
a maximum of 14 days. The drug was diluted to stmmhcentrations in the mM range
in sterile DMSO and further diluted in full mediRMI 1640, 10 % FBS) for cell
treatment at concentrations in the uM range. Thetre of TMZ is shown in Figure
2.4,

O
NP

N s =

N

N

NH,

Figure 2.4: Chemical structure of temozolomide
From: (Newlands et al., 1997)



2.2 Mammalian cell culture

Tissue culture plasticware including Petri disheasd multi-well plates were obtained
from Corning (Corning Ltd., UK) or Nunc (VWR Intaational Ltd, UK). Sterile plastic
pipettes and filter tips were purchased from aral&bs (Buckinghamshire, UK), whilst
tissue culture media, foetal calf serum and trypiiFA were all purchased from Sigma
(Poole, Dorset, UK). Sterile PBS was obtained fisinres at the Northern Institute for
Cancer Research (NICR).

2.2.1Cdl lines

Table 2.1 details the cell lines that were utiligethe studies described;

Cell Line Details Reference

p65"* Spontaneously immortalised mou Described in (Wietek
embryonic fibroblasts derived from prima et al., 2003)
cells kindly provided by Professor Ron H
(Dundee University)

p65” Mouse embryonic fibroblast. Knockout fofWietek et al., 2003)
p65 kindly provided by Professor Ron Hay
(Dundee University)

PARP-T" Spontaneously immortalised mou (Trucco et al., 1998)
embryonic fibroblasts derived from prima
cells kindly provided by Professor Gilbert
Murcia, Ecole Superieure de Biotechnolos
de Strasbourg, France.

PARP-1 Mouse embryonic fibroblast. Knockout fo(Trucco et al., 1998)
PARP-1 through disruption in exon 4 which
encodes the DNA binding domain of this
enzyme

p65 null Mouse embryonic fibroblast. Knockout fi (O'Shea and Perkins,
p65 kindly provided by Professor Ne 2010)
Perkins (Newcastle University).

p65 WT Mouse embryonic fibroblast. Knockout fqiO'Shea and Perkins,
p65, genetically complemented with WT p62010)
kindly provided by Professor Neil Perkins
(Newcastle University).

MDA-MB-231 Estrogen-receptor negative epithelial bre (Walker-Nasir et al.,
cancer cell line initially derived from th 1982)
mammary gland of a 51-year old fem:
known to have an aggressi'
adenocarcinoma.

T47D Estrogen-receptor positive adherent bre@ldorwitz et al., 1982)
cancer cell line initially derived from the
mammary duct of a 54-year old female with a
known ductal carcinoma

MCF7 Estrogen-receptor positive breast cancer (Westley and
line established from the pleural effusii Rochefort, 1979)
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from a 69-year-old female Caucasi
suffering from a breast adenocarcinoma

U251 Adherent glioblastoma cell line derived froffQuemener et al.,
a 44 year old female. 1990)
MO59J Adherent glioblastoma cell line derived fro (Lees-Miller et al.,

a 33 year old male. Fibroblastic morpholo( 1995)
Known to lack the DNA repair protein, DNA
PK

MO59J-Fusl MO59J cells genetically complementedh w{tHoppe et al., 2000)
chromosome 8, on which DNA-PK is located

A549 Adherent lung cancer cell line with epitheli (Smith, 1977)
morphology. Initially derived from a 58 ye:
old Caucasian male with lung carcinoma

H522 Adherent lung cancer cell line initially
derived from a 58 year old Caucasian male
with non-small cell lung cancer

u20S Adherent osteosarcoma cell line initial (Kanzaki et al., 1994)
derived from a 15 year old Caucasian feme

Table 2.1: Cell lines used in these studies

2.2.2 Recovery of cyropreserved cell lines from liquid nitrogen storage

Cell lines, stored in cyrovials, were recoveredrfrimng-term storage in liquid nitrogen
by warming at 37°C in order to thaw the cell susp@m slowly, which was diluted in
freezing media (section 2.2.5). Residual DMSO vessaved from the cell suspensions
via centrifugation and pellets were re-suspendedhi appropriate growth media
(section 2.2.3) and transferred to sterile tissukure flasks. Medium was changed
daily, to eliminate any traces of residual DMSOitiluthe cells were ready for

subculturing.

2.2.3 Continuous culture of cell lines

All cell lines were cultured as monolayers in plasissue culture flask and grown in
RPMI-1640 supplemented with 10 % (v/v) FBS, witle tixception of the p65 null and
p65 WT MEFs which were grown in Dulbeccos modifieggles medium (DMEM)
supplemented with 10 % (v/v) foetal calf serum @naM L-glutamine. All lines were
sub-cultured twice weekly to maintain the celle€kponential phase of growth and kept
at 37C, 5 % CQ in a humidified incubator. During routine subicwing, and in
experiments, the medium was aspirated from the ftasl the cells washed with 1 x
sterile phosphate buffer saline (PBS, availablenfrblICR in house stocks). An
appropriate volume of Trypsin-EDTA solution was edand the cells incubated in this

solution for 5 min at 37°C, 5 % GO The Trypsin-EDTA solution was neutralised by
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addition of an equal volume of full media and tle# suspension centrifuged to remove

any further traces of enzyme. The cell pellet vieen tresuspended in full media.

It should also be noted that the p65 WT (p65 nell genetically complemented with
wild-type p65) and M059J-Fusl (M059J geneticallynptemented with chromosome
8) cell lines were maintained under antibiotic egta. In the case of the M059J-Fusl1
cells this was by an additional supplement of Geitan Sulphate (Gibco, Paisley,
Scotland) which was added at a final concentraiiomedium, of 20Qug/ml, and for
the p65 WT cells this was by supplementation ofl celture media to a final

concentration with 4 pg/ml Puromycin (Invivogen,tilgham, UK).

2.2.4 Counting cells using a Haemocytometer
In all studies described within this thesis celly@counted using a haemocytometer.

2.2.4.1 Principle

A haemocytometer is a slide containing two mirrocedmbers of known depth with a
grid etched onto its lower surface. When a coVipris placed over the chambers, the
depth is uniform (0.1 mm) across the chambers. ™Whsing a Neubauer
haemocytometer, the chamber is divided into 9 latgennt squares, which is
subsequently divided into 16 smaller squares (Eigub). The volume of each large
square is (1 mm x 1 mm) x 0.1 mm = 0.1 Pnit is given that 1 mrh= 1 pl, and that
the conversion factor for 1ml = x 40Jsing this information, the cell number per ml of

the original suspension can be calculated.

Figure 2.5: Chamber layout of haemocytometer
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2.2.4.2 Method

Each sample was diluted 1:1 with 0.4 % v/v Trypdmel(Sigma). This is used as it
gives an indication of the viability of the cellss non-viable cells are stained blue due
to them having compromised cell membranes. Thes:tgiban blue mix was then
loaded into a Neubauer haemocytometer chamber ¢iggncapillary action. At least
100 cells were counted usually from the 4 cornerases, or if necessary, all large 9
squares. Only viable cell were counted, and alht®were carried out in duplicate.

Mean cell count

x Diluti tor = cells/mlx 10*
Number of squares ilution factor = cells/mlx

2.2.5 Preparation of cell line stocks for long term liquid nitrogen storage

Cells were grown to 70 % confluence in the appaiprimedium, washed once with
sterile PBS and removed from the plate using TrygTA. The trypsin enzyme was
neutralised by addition of full media and cellslgield at 2000rpm for 5 min. The cell
pellet was then resuspended in freezing media (RE840, 20 v/v FBS, 10 % DMSO),
to a concentration of 1 x i@ells/ml and 1 ml aliquots of the solution tramefd to
cryovials. Cell suspensions were initially stored-80°C then transferred to liquid

nitrogen for long-term storage.

2.2.6 Mycoplasma

Mycoplasma is a common contamination of cell cealtaells and is not detectable by
morphological change in the cells or visual preseincthe cell culture medium itself.
However, mycoplasma infections can cause abnormétip and nucleic acid synthesis
and are also associated with chromosomal breakagk.cultures were periodically
certified to be free of mycoplasma by routine testiising the Mycoalert Mycoplasma

detection kit (Cambrex, Berkshire, UK) at the NIGIR,a six weekly basis.

2.2.7 Clonogenic survival assay

2.2.7.1 Principle

The clonogenic survival- or colony formation-asssyanin vitro cell survival assay
based on the ability of a single cell to grow imtaolony. The colony is defined to
consist of at least 50 cells, and it is generatigepted that only viable cells are capable

of carrying out the 5-6 rounds of cell division végd to form a visible colony.
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Therefore, this assay assesses every cell in a rkrmopulation for the ability to
undergo unlimited rounds of cell division, makirge tclonogenic assay the method of
choice when determining cell survival after treatineith known cytotoxic agents.
Only a fraction of seeded cells retain the capaoitgroduce colonies. Cells are exposed
to drug for one doubling time (usually 24 h) aftehich cells are re-plated out at
appropriate low cell densities and incubated fd8 tveeks to allow colony formation.
Clonogenic assays show the difference betweenaytoaind cytostatic effects which

are not differentiated in growth inhibition assays.

2.2.7.2 Method

Cells were plated onto 6-well plates at a densit gave a final cell number of 3-5 x
10° cells/ml on the day of experiment. Drug treatmscitedules, regarding siRNA
transfection and treatment with IR or drugs ar@escribed in the individual chapters
and figure legends. All drugs and inhibitors wedeed at final concentration of <0.1 %
DMSO (v/v) in medium for all experiments. Inhibisomwere added prior to either
irradiation or drug treatment, at the timepointsatded in the individual chapters and

figure legends.

For all experiments, cells were exposed to drugZérh incubated at 37C in a

humidified atmosphere containing 5% &£@ollowing this, the cells were trypsinised
(as described in section 2.2.3) and re-suspendgarihof drug free medium, an aliquot
of each cell suspension was then counted usingemd@ytometer (see section 2.2.4).
Once cell counts had been undertaken, cells wareediin medium to give suspensions
of either 1 x 16cells/ml or 1 x 1&cells/ml. A volume of the diluted cell suspension
corresponding to a number of cells calculated todpce a countable number of
colonies (50-200) were then seeded in triplicate®o @2 mm plates in 10 ml of fresh
medium. The plates were then incubated for 7-21s agpending on the cell line, to

allow for colony formation.

Following the formation of suitably large coloni¢se medium was aspirated from the
plates and the colonies fixed by the addition ahbCarnoys fixative solution (3:1
Methanol: Acetic acid). After 5 min the fixativeas removed and the colonies were
allowed to dry in air. Staining was achieved bg #ddition of 0.4 % (w/v) Crystal
violet (Sigma) in water for one minute. Excess rstaias gently washed off under

running water and the plates allowed to air dry.
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2.2.7.3 Analysis of results
Plating efficiency (absolute cell survival) was azdated as the percentage of cells
seeded which formed colonies using the followingagipn

Plating Ef fici _ Number of colonies < 100
ating Effictency = Number of cells seeded

Different cell lines have differing plating effigieies, therefore it is important to
determine this with untreated cells in the firsstance. For example, the PARP1
MEFs have a plating efficiency of approximately @whereas the PARPLIMEFs
have a plating efficiency of <10 %. The relativevéval of the treated cells was then
expressed as a percentage of untreated contratsLDky and LDy, are defined as the
dose ofy-irradiation or drug to give 50 % and 90 % reductio survival, and from this

the potentiation factor at 50% survival glFwas calculated as follows:

LD50 IR alone
LD50 IR +p65 SiRNA,+AG—014699,+PARP—1 SiRNA

PF50 =

2.2.7.4 Advantages and disadvantages

The clonogenic survival assay is generally acce@edthe gold standard for the
determination of cell survival, however there ioter method of undertaking this
assay, and this involves plating a much lower cddhsity initially and after an

appropriate drug exposure, medium is changed orcelie but no re-plating occurs,
therefore any dead cells which would have beerratspoi off in the method used here,
which are known to release apoptotic/death sigmabsthe medium, perhaps signalling
to other cells. However, this other method is lesst effective than the method utilised
in this thesis, as it requires a much larger nundfeplates in the first instance and

consequently uses more expensive reagents suohibgadrs and siRNA oligos.

2.2.8 XTT cell proliferation assay

2.2.8.1 Principle
The XTT assay is a measurement of the metabolieitgcof the cell and therefore
cellular viability in a culture. The assay is basedthe ability of viable cells to cleave

the yellow tetrazolium salt, XTT, and produce aarmye formazan dye (Figure 2.6).
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The dye is soluble and is quantifiable by spectobpimetry with a peak absorbance of
the formazan dye at ~480 nm. Thus an increase credse in cell number (due to
increase or decrease in viability) in turn resuftsan increase or decrease in the
mitochondrial dehydrogenase activity within the péanwhich directly correlates with
the absorbance of the sample as a result of thesfzan dye.
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Figure 2.6: Metabolisation of XTT to the water soluble formazan salt, in viableells

From: http://www.roche.com/index.htm

2.2.8.2 Advantages and disadvantages

Importantly, this assay is very high throughpuitas undertaken in a 96-well format,
allowing testing of series of new compounds atrgdaange of concentrations at any
one time. However, the XTT assay measures celluédility by an indirect method,
since the production of the formazan dye dependshenactivity of mitochondrial
dehydrogenase within the sample. This thereforesdwt indicate whether the cells
within the sample are destined for apoptosis ortiadrethey are simply arrested in the
cell cycle. Cells which have arrested during thé cgcle may continue to replicate
cellular contents without division. This can leadl an increase in mitochondrial
dehydrogenase activity within the sample that dagsorrelate to cell proliferation.

2.2.8.3 Method

Exponentially growing U251 cells were trypinised, @escribed in section 2.2.3, and
plated out into 96 well plates at 2 X1€ells/well. Cells were seeded in @0 of the
growth medium and were then incubated af@7n humidified atmosphere containing
5% CQ for 24 h, which allowed the cells to adhere, befd@ul of medium containing
the relevant drug concentration was added to tipeogpiate well. Where compounds

were dissolved in DMSO, each well contained <0.1%9D, including untreated
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controls. The ‘blank’ (control) lane contained 1@Dcell-free medium to allow for
background subtraction. Cells were incubated foddays at 37°C in humidified
atmosphere containing 5% G0Oefore addition of the XTT reagent. It should aktso
noted that all of the outer wells of the 96 welatel contained cell-free medium and
were not used as part of the assay itself. Thedls witen experience evaporation of
liquid, and therefore results obtained can be uatkd. This is often referred to as ‘edge
effect,” and it is for this reason that these welése excluded from the assay.

The XTT assay was obtained from Roche (Herts, @Ky is often referred to as the
Roche Cell Proliferation Kit. The addition of thel'X reagent was as follows: 3.5 ml
XTT labelling reagent (Img/ml XTT (sodium 3'-[1-(phylaminocarbonyl)- 3,4-
tetrazolium]-bis (4-methoxy-6-nitro) benzene sulpicoacid hydrate in RPMI without
Phenol red) was mixed with 70 pl electron coupleggent (1.25 mM PMS (N-methyl
dibenzopyrazine methyl sulphate in phosphate bedfesaline) for each 96 well plate to
be assayed. 50 of this mixture was added to each well (final X€®ncentration 0.3
mg/ml). Plates were incubated for 4 h in a humédifatmosphere at 37, 5% CQ_ The
XTT assay plates were read at 450 nm on a Spectr@pectrophotometer (Molecular

Devices, Berks, UKat room temperature.

Results were analysed using GraphPad Prism 4.0thendrowth inhibition of drug-

treated cultures was expressed as a percentagatobloculture growth.

2.3 Transient siRNA transfection

2.3.1 Principle of sIRNA technology

RNA interference (RNAI) is now a widely used toal the suppression of gene
expression. It is a method of post-transcriptiogahe silencing activated by double-
stranded RNA (dsRNA) which is homologous in seqeetw the gene targeted for
silencing (Fire, 1999). The key effectors in RNAedmated knockdown of gene
expression are small interfering RNAs (SIRNAs). 3dhesiRNAs are cleaved from a
dsRNA silencing trigger, producing the 21-25 nutil® molecules (Hannon G Nature
2002). The cleavage is by an ATP-dependent enzgalked DICER, which includes

dual RNase-lll catalytic domains, an RNA helicasemdin and a binding motif

(Bernstein et al., 2001). Following this, siRNAscbme phosphorylated at their 5'-
hydroxyl group and are incorporated into the msulbunit protein-RNA complex,
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called RISC (RNAi-induced silencing complex). Thewn activated RISC uses the
siRNA as a guide to complex homologous substrat®lARand cleaves it exactly 10
nucleotides upstream from the first complementangleotide of the 5 end of the
siRNA. The newly cleaved mRNA does not contain &80 tail, and is therefore

quickly degraded by exonucleases, resulting inltss of RNA transcripts and hence

the suppression of gene expression. This is showigure 2.7.

‘aberrant’ ssSRNA

exogenous viral transposon RN‘AsynlheSlS
dsRNA dsRNA dsRNA? by RARP
v v *
dsRNA
DICER
v

— SIRNA duplex

v

. active siRNA complex

}

===35  target recognition

-
<
=== RNA synthesis —lisx target cleavage
by RdRP by endonuclease
v v
PP i‘_—P secondary siRNAs by DICER degraded RNA by exonucleases

Figure 2.7: Mechanism of gene silencing using siRNA
From: (Plasterk, 2002)

Therefore this technique is widely used in molecalad cellular biology in order to

validate potential targets, in the drug discovergcpss, to classify new functions for
existing drugs, and to generate isogenic pairedlioels. This technique relies on the
siRNA being imported into the cell using eitheridigransfection methods, which can
make a minute hole in the cell membrane in ordéraiasport the nucleic acid across, or
by electroporation, which uses an electro-statisgto make the same type of hole in
the cell membrane through which the siRNA can pksthis thesis, lipid transfection

methods have been favoured.

2.3.2 Advantages and disadvantages
The major advantage of sSiRNA technology is theitghib manipulate gene expression
invitro andin vivo within a relatively short timescale, for examgome knockdown of

gene expression occurs only 24 h after transfectibrs therefore opens up enormous
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possibilities for the use siRNAs in a whole rangessays, and even as potential drug
candidates in the future. However, knockdown of RNAnscript and therefore
expression at the gene and protein levels, can diffeeent effects from small molecule
inhibition, and therefore this caveat should alwbggsaken into consideration and will

be discussed further in Chapter 3 and 4.

2.3.3 Rehydration of SRNA

Six siRNA molecules were used within this thesieurf were used in order to
knockdown expression of murine p65, human p65, meuAARP-1 and human PARP-1
and two were used as control/non-specific sSiRNAsr{ne NS and human NS). The
SiRNA sequences are shown in Table 2.2.

Target gene SsiRNA sequence

Murine p65 GGAGUACCCUGAAGCUAUA
Human p65 GCCCUAUCCCUUUACGUCA
Murine PARP-1 GGAGGAAGGUGUCAACAAA
Human PARP1 AAGCCUCCGCUCCUGAACAAU

Table 2.2: siRNA sequences used in these studies

All siRNA molecules were synthesised by Dharmadorafnlington, UK), and required
rehydration, which was undertaken according to rfeaturers’ instructions. Briefly, 1
ml of 1x siRNA buffer (Dharmacon, Cramlington, UMjas added to each individual
tube of sSiRNA and pipetted up and down 5 times 0. mhe solution was then placed
on an orbital shaker for 30 min at room temperatbefore the concentration
determined using the Nanodrop ND-1000 spectrophetem(Labtech, East Sussex,
UK), reading at OBy This piece of equipment estimates the concentratfi RNA,
using only 1 ul of the RNA sample and also gives 260:280 ratio. This ratio is an
indicator of RNA quality and integrity and must lbetween 1.9 and 2.1.

2.3.4 Transient transfection of SRNA

Cells were plated at 1 x 4d®lIs/ well in 6-well plates and then incubate®afC in a
humidified atmosphere containing 5% &@r 24 h, in order to adhere. Following this,
cells were transfected with either 50 nM p65, PARBF NS siRNA. siRNAs were
incubated in serum free RPMI for 5 min (this is d&se serum can be very sticky and

can therefore adhere to the siRNA molecules) beforeng with the transfection
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reagent, Lipofectamine 2000 (Invitrogen, Paislegotand), also diluted in serum free
RPMI. The resultant transfection cocktails wereulmated at room temperature for a
further 20 min (this allows the siRNA molecules torm complexes with the
Lipofectamine 2000, which can then be transponteal the cell) before applying to the
6-well plates containing cells. Cells were thenuipated at 37°C in humidified
atmosphere containing 5% G@r 5 h, before aspirating this media and replacuit
full media (RPMI 1640, 10 % FBS) for a further 4&tB87°C in humidified atmosphere
containing 5% C@ Protein knockdown was assessed by Western blgiection 2.5)

in all silencing experiments of p65 and PARP-1 perfed throughout this thesis.

2.4 Quantification of PARP activity from permeabilised cells

PARP activity was measured in whole cells by usthg published method by
(Plummer et al., 2005) which has been validatedstwd Clinical and Laboratory
Practise (GCLP) standards, and is currently useldhiase | and Il clinical trials. The
principle of this technique relies on the incoriona of the ADP-ribose moiety NAD
into acid-insoluble poly (ADP-ribose) (PAR) polymefhe presence of a DNA
oligonucleotide (see 2.4.2) activates PARP-1 whisks both itself and intracellular
proteins as PAR acceptors. This is quantified ajarnstandard curve of purified PAR
(see section 2.4.3) and is detected by immunobipt{see 2.4.6) with a purified
antibody against PAR and in this case chemilumierese is directly proportional to
PARP activity. It should be noted that neither M&D" or the oligonucleotide can
enter intact cells, and therefore the plasma memgbveas rendered ‘permeabilised’ by
either hypotonic shock or treatment with digitofgee 2.4.4). A reaction schematic is

shown in Figure 2.8.

2.4.1 Preparation of NAD*

A stock solution of 7 mM NAD(Sigma) was freshly prepared in glion the day of
each assay. The optical density (OD) at 260 nm DfLA0 dilution of this stock NAD
solution was measured using spectrophotometer (\BRAvave, S1200Diode array,
Scientific Laboratory Supplies, Nottingham, UK) aad cm silica cuvette. The Molar
extinction coefficient €) for NAD" at 260 nm is known to be 18000 and therefore 18
OD = 1 mM NAD" (Beer Lambert Law). The absolute molarity of tieck solution

was calculated and a working solution of 7080 NAD™ was prepared.
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PARP activity measured by quantifying the amount of PAR (Poly(ADP-
ribose) synthesized during a maximum PARP enzyme stimulation step

Exposeto ECLand measure ——)

Permeabilised cell suspension luminescence using Fuji v

] CCD camera
' |
Exposeto NAD+and blunt ended )
oligonucleotide Probe with 2° HRP-
l conjugated antibody P TY
Probe with 1°

l anti-PAR antibody

Stop reaction with

AG.014699 Blot known number of

cells on to nylon membrane

Figure 2.8: Schematic protocol for the quantification of PARPactivity from
permeabilised cells

2.4.2 Preparation of oligonucleotide

Pellets of a palindromic sequence oligonucleot@&GAATTCCG) were purchased
from Invitrogen (Paisley, Scotland), and were digst in 500 pl 10 mM Tris/EDTA,
pipetting vigorously to ensure the pellet is futlg-suspended. This solution is then
heated to 60 °C in a waterbath and cooled by 1 iCtm24 °C by the addition of ice
flakes, in order to ensure correct strand re-ammgaDnce this has occurred, a further
1.5 ml of 10 mM Tris/EDTA is added and a 1 in dibmt is made (again with 10 mM
TrislEDTA) and the OD is measured at 260 nm. Is ttdse 1 OD unit is equivalent to
50 pug/ml, and the final stock is diluted to 200mig/and stored at -20 °C until use.

2.4.3 Preparation of PAR standards

Purified PAR is purchased from Biomol (Exeter, UKs a branched and linear
polymer, with an average chain length of 25 ADRs monomers (range 3-300). 100
pl of a 10 pg/ml solution is provided, and it ikga that 1 pl is equivalent to 2000 pmol
ADP-ribose monomer. In order to dilute this solafito use in the assay, it is diluted 1
in 80 in dHO to give a stock of 25 pmol of ADP-ribose polyrper 100 ul of solution.
This solution is then serially diluted in g8 at final concentrations of 25, 5, 1, 0.2, 0.04

and 0 pmol, and this is loaded onto the immuno-3eé section 2.4.6).
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2.4.4 Preparation and use of quality control standards and samples

The murine leukaemic L1210 cells are used as atguaintrol (QC) for this assay and
aliquots provided were frozen down and stored @t°@& by Dr. Evan Mulligan. On the
day of assay, one aliquot was removed from -80td€age and thawed gently to room
temperature before transferring into a 20 ml urgaktube. At this point, samples (e.g.
cell lines) to be assayed were trypinised and &esferred to 20 ml universal tubes.
All samples, along with the QC were vortexed ankdeped at 500 xg for 5 min at 4 °C,
before washing with PBS and this pelleting repeatslls were then re-suspended in
50 pl of ice cold 0.15 mg/ml digitonin in @8, in order to permeabilise them, and left
on ice for 5 min before the addition of 450 ul o€ icold isotonic buffer (7 mmol/L
HEPES, 26 mmol/L KCI, 0.1 mmol/L, dextran, 0.4 mmdEGTA, 0.5 mmol/L MgC},

45 mmol/L sucrose (pH 7.8)). A small aliquot waxed in equal volumes with trypan
blue and counted using a haemocytometer (see s&04). In this case, however it is
expected that the digitonin/isotonic buffer willveapermeabilised the cell membrane
and hence the majority of cells should appear bWhen visualised by microscopy.
More than 90 % of cells must be permeabilised far &assay to continue. Once the
count is complete, the cell suspension is dilued.22 x 18ml in ice cold isotonic

buffer in preparation for the PARP reaction.

2.4.5 PARP reaction

Firstly, HybondN membrane and 2 pieces of 3 mm \Miaatfilter paper were soaked in
PBS for at least 15 min prior to commencement cf ARP reaction. The
oligonucleotide, prepared as described above, Wwawed gently on ice and STOP
solution, (AG-014699 diluted in PBS to a final centration of 12.5 uM) was also
prepared. Reaction tubes (15 ml falcon tubes) wetaip as shown in Table 2.3, note
that these tubes are set up in triplicate and geh uhe presence or absence of NAD
and oligonucleotide, in order to determine stimedaversus un-stimulated PARP

activity.

Reagent Stimulated Un-stimulated
Oligonucleotide 5 ul -

NAD" 5l -

dH,O - 10 pl
Reaction buffer 40 pl 40 pl
Cell suspension 50 pl 50 pl
Reaction Total 100 pl 100 pl
STOP solution 400 pl 400 pl
Final volume 500 pl 500 pl

Table 2.3: PARP reaction mix components



Reaction test tubes containing reaction buffer wither oligonucleotide and NATr

sterile water, and 1.5 ml tubes containing the sedipension (section 2.4.4) were then
warmed in a waterbath at 26 °C for 7 min. Followitgs the cell suspension was
vortexed briefly and 50 ul added to each reactidret Reaction tubes were replaced in
the 26 °C waterbath for a further 6 min, with genshaking and the reaction was
stopped with the addition of an excess of the pepared STOP solution. Reaction

tubes were placed on ice and immunoblotting wagtakien within 1 hr.

2.4.6 Loading of immunoblot manifold and subsequent immunoblotting

Once samples and QCs had undergone the PARP reabiy were blotted, along with
the purified PAR standards, onto HybondN membraBE Healthcare, Amersham,
UK). This membrane was chosen for its ability tocbup to 60Qug of nucleic acids per
cn’. The membrane, along with two pieces of 3 mm rfi@per (Whatman, GE
Healthcare, Amersham, UK) were pre-soaked in PBS o immuno-blot loading onto
the assay manifold (kindly provided by Prof. Nic&artin). PAR standards (400 pl),
L1210 QC samples (500 ul) and the unknown sampl@8 [il) were loaded onto the
blot by pipetting. Once all wells were loaded, suttwas applied using Vacusafe
comfort (IBS integra Biosciences, Nottingham, UKyhich was attached to the
manifold equipment. Wells were then washed andifixestly with a solution of 10 %
Tricholoacetic acid (TCA, Sigma), 2 % Sodium pyropphate decahydrate (NaPPi,
Sigma), and secondly with a 70 % ethanol solutidgain suction was applied to

remove any excess liquid.

The manifold was disassembled and the immuno-bld washed in PBS to remove
any traces of ethanol before blocking in non-faédimilk dissolved in 0.05 % Tween
in PBS (PBS-MT) to prevent nonspecific binding otibodies to unoccupied sites on
the membrane. Tween 20 (polyoxyethylene-sorbitarotaameate, Sigma) is a mild
ionic detergent used in all buffers throughout inmodetection as it reduces non-
specific binding to nitrocellulose and antigens.SPBT was also used for the dilution
of antibodies in the immunodetection procedure.tflis end, the immune-blot was
incubated overnight at 4 °C, in primary antibody (H, kindly provided by Prof.

Alexander Burkle, University of Constanz) at a tidn of 1 in 1000 in PBS-MT. The

immuno-blot was then washed with PBS-T before arichbation with goat-anti mouse
HRP-conjugated secondary antibody (diluted 1 in 0108 PBS-MT), at room

temperature. Following this, the blot was washeth \WBS-T for a further hour before
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detection using ECL (GE Healthcare, Amersham, WiCtisn 2.5.7). Briefly, reagents
were mixed in 1:1 ratio in a volume sufficient tover the membrane equally which
was then transferred onto the blot with a pipefiee blot was left for 1 min before
excess reagent was removed. The blot was then edajppa plastic document wallet
and placed protein side up in the Fuji LAS 3000 &nel image captured with an

exposure 5 min.

2.4.7 Analysis of results using Aida | mage Analyser

Immuno-blot images captured using the Fuji LAS 300ére analysed using Aida
Image Analyser version 3.28.001 using the 2D, denetric analysis function within
the software. Regions of interest (samples or jariPAR standards) were identified
and background measurements on unused portionieofinimuno-blot were also
assigned to allow for background subtraction. Toiénsire generates a standard curve
from the purified PAR standards, and PARP actijpynol PAR) of the unknown

samples was extrapolated from this.

2.5 Protein analysis

2.5.1 Preparation of whole cell extracts

Cell pellets were re-suspended in an appropriafienve of ice cold lysis buffer (50mM
NaF, 20mM HEPES, 450mM Nacl, 25% v/v Glycerol, 20DgDTA, 500uM DTT) at
approximately 1 x 10cells per 200ul of lysis buffer, in a 1.5 ml microfuge tube.
Samples were then lysed by freeze-thawing cycley¢Bs of 2 minutes on dry ice and
2 minutes in 30°C water bath). Cell lysates wenetifuged at 14,000 rpm for 7 min at
4 °C to remove cell debris and the supernatant vechdor analysis. An aliquot from
these whole cell lysates was then removed for pragstimation and the remaining
volume was then snap frozen and stored at -80°Cusa for Western blotting.

2.5.2 Extraction of nuclear and cytoplasmic protein fractions using the Pierce NE
PER kit

Adherent cells were trypsinised and pelleted atO3(@0n for 5 min and washed with
PBS. Nuclear and cytoplasmic extracts were thegregbusing the NE-PER Nuclear
and Cytoplasmic extraction kit, according to mastueers’ instructions (Pierce, Perbio
Science UK Ltd., Cramlington, UK). Briefly, cell bets were re-suspended in the CER
| reagent, which was supplemented with proteasébitoin cocktail (Roche, West
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Sussex, UK) and allowed to lyse on ice for 10 naifter which CER Il reagent was

added to facilitate full disruption of the cell merane and release of cytoplasmic
contents. Following centrifugation to isolate tha@oplasmic extract, the nuclear pellet
was resuspended in the NER | reagent, supplemevitedorotease inhibitor cocktail,

via repeated vortexing for 40 min. The supernatantigar extract) was removed, and a
small aliquot was taken for protein estimation, lgththe remaining volume was then
snap frozen and stored at -80°C until use in théSBEbased assays (section 2.9) or

Western blotting.

2.5.3 Quantification of protein using the Pierce protein assay

2.5.3.1 Principle

Protein estimation is possible through using thenlshonic acid (BCA) method which
combines the reduction of &uto CU* by protein in alkaline conditions with the
colorimetric detection of the cuprus cation {§uin this case the Cliion reacts with
bicinchonic acid to form a purple BCA-Ewomplex product, formed by the chelation
of two BCA molecules with one Cliion. This purple-coloured solution is detected
spectrophometrically at 562 nm. This method wassehaas the cell lysis method does

not interfere with this assay.

2.5.3.2 Method

The BCA protein assay (Pierce, Perbio Science UK, I@ramlington, UK), was used,
according to manufacturers’ instructions, to estenthe protein content of either whole
cell extracts or nuclear and cytoplasmic cellutacfions. Briefly, the Aloumin standard
provided containing bovine serum albumin (BSA) an@/ml was used to prepare six
standard solutions of 0.2, 0.4, 0.6, 0.8, 1.0 ardmg/ml. Unknown samples were
typically diluted 1:10 with dBED. Standards, unknown samples and@Hmtlanks were
loaded in quadruplicate in 10 pl volumes onto 9@ plates. BCA reagent A (20 mls)
and BCA reagent B (4 mls) were combined and 196f tHe mixture was added to each
well and then mixed on a plate shaker for 30 sesonidhe plate was covered and
incubated at 37 °C for 30 minutes. Absorbancesdtrim was read on the Spectromax
plate reader (Molecular Devices, Berks, UK) andnown protein concentrations were
calculated from the standard curve generated bpltte reader, taking into account the
10-fold dilution factor.

115



2.5.4 Separation of protein extracts by molecular weight by SDS-polyacrylamide gel
electrophoresis

2.5.4.1 Principle

Sodium dodecyl sulphate-polyacrylamide gel eledtompsis (SDS-PAGE) is a
technique which has allowed the separation andysisabf proteins in a given sample.
SDS is an amphiphillic 12 carbon alkyl sulphate esale which denatures proteins and
forms a charged micelle around polypeptide chairtss micelle ablates the native
charge of the polypeptide and the SDS-protein aggechas an equal resultant charge
per unit volume dependent upon the size of the lfigenich is determined by the size
of the polypeptide chain. Thus proteins move thiotige electrophoresis gel toward the

anode according to size.

The polyacrylamide gel is formed from the polymatisn of acrylamide monomers

into chains which are cross-linked by bisacrylamgeducing a gel with pores through
which polypeptide chains travel. The size of theepaletermines the rate at which the
proteins travel. A gel with a variable gradientoals proteins of large size to be
resolved on the same gel as small proteins whiehretarded by higher acrylamide

concentrations further down the gel.

The protein expression assessed in this thesigdadl that of the large protein, DNA-
PK, which a molecular weight of 450 kDa, as weltlas low molecular weight protein,
B-actin (43 kDa). Therefore, the separation of spigdteins by PAGE requires specific
gel composition. The Criterion XT Tris-acetate gate based on a Tris-acetate buffer
system (pH 7.0). This uses discontinuous acetatelanine ion fronts to form moving
boundaries to stack and then separate large dedgbuoteins by molecular weight. XT
Tris-acetate gels are made without SDS, allowirggstéimple buffer and running buffer
to dictate the separation mechanism. Protein samafe prepared in a reducing
denaturing sample buffer. The sample buffer cost&DS which, along with heat is

used to denature the proteins.

2.5.4.2 Method

Whole cell extracts, described in section 2.5.1rewaixed with 4X XT loading buffer
(Biorad, Hertfordshire, UK) and fresh extractionffeu (section 2.5.1) to the final
required protein concentration of 8@ in a final volume of 2%l . Samples were then

loaded into a heating block and incubated at 950t®& min to denature proteins in the
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sample. Once allowed to cool, samples were loadéa an 18 well (3Qul) pre-cast 3-
8% Tris-Acetate polyacrylamide gel (13.3 x 8.7 ctmym thick, for electrophoresis
(BioRad). HiMark pre-stained high molecular weighmarker (Invitrogen, Paisley,
Scotland) was also loaded onto the gel in ordesstonate protein size in the samples.
Gels were placed in a BioRad criterion gel tankoadimg to the manufacturer’s
guidelines and the electrophoresis tank filled wlitlk Tricine running buffer (Biorad,
Herfordshire, UK). Electrophoresis was performethgisa constant voltage of 90 V
using a PowerPack 200 power supply (Biorad, Hesdloire, UK) and continued until
the bromophenol blue in the loading dye had reatihedbottom of the gel.

2.5.5 Western blotting

The immobilisation of macromolecules separatedlbgtephoresis was first performed
for DNA (Southern, 1975), but has been extendedbmth RNA and proteins. In
Western blotting, proteins are transferred fromypotylamide gels onto a protein
binding membrane such as nitrocellulose or polyhaeye difluoride. This transfer is
achieved through electro-elution in a transfer &uffA transfer buffer with a low
alcohol content is favoured in order to ensurettaesfer of larger (>100 kD) proteins.
Immobilisation of proteins onto the membrane idofleked by immunodetection by
specific antibodies.

2.5.5.1 Method

The electroblotting apparatus was set up as destiibthe manufacturer’s instructions
(BioRad, Herfordshire, UK), with components, inchgl the fibre pads, 3 mm filter
paper (Whatman, GE Healthcare, Amersham, UK) arnydboHdC nitrocellulose
membrane (GE Healthcare, Amersham, UK) after bseoaked in 1.5 x Novex transfer
buffer (Invitrogen, Paisley, Scotland) for at leash min beforehand. HybondC
nitrocellulose membrane was chosen for its probemling capacity. This membrane
has a binding capacity of 80-100 mg/cm2 due to tedstatic and hydrophobic
interactions with the nitrocellulose web. The biajtcassette was constructed as shown
in Figure 2.9, and care was taken to ensure there no air bubbles between any of the
layers. The transfer of separated proteins froengil to the nitrocellulose membrane
was the achieved by the application of an elecicent which passed through the gel
in the direction of the membrane, carrying witlthié protein. In this case, the proteins
were transferred for 1 h using a constant voltdgEd0 V, on ice. Once transferred, the

cassette was disassembled and the membrane retdeenmmunoblotting.
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Cassette (top)

Fibre pads

Membrane

Filter paper

Cassette (base)

Figure 2.9: Set up of the transfer cassette for Western blotting (Bioradystem)

2.5.6 | mmunodetection

The nitrocellulose membrane was blocked in nordfé#d milk dissolved in 0.05 %
Tween in TBS to prevent nonspecific binding of batlies to unoccupied sites on the
nitrocellulose membrane. Tween 20 (Sigma) is a moitdc detergent used in all buffers
throughout immunodetection as it reduces non-sigebifiding to nitrocellulose and
antigens. 0.05 % Tween in TBS was also used fordihgion of antibodies in the
immunodetection procedure. After blocking, the meamle was incubated in a primary
antibody specific to the protein of interest, asalded along with the relevant
conditions in Table 2.4. This was followed by am®tary antibody from a different
species raised against the Ig of the first specsy described in Table x. This
secondary antibody is conjugated to HRP which gagal the reaction provided by the

ECL system.
Target Species Manufacturer Catalogue  Dilution Conditions
(raised in) number

NF-«xB p65 Mouse Santa Cruz sc-8008x 1in3000 1hRT
Biotechnology

NF-«B p50 Mouse Santa Cruzsc-8414 1in 1000 1hRT
Biotechnology

NF-xB p52 Rabbit Santa Cruz sc-298 1in1000 o/n4-°C
Biotechnology

NF-«xB Rabbit Santa Cruzsc-226 1in 1000 o/n4°C

RelB Biotechnology

NF-«xB Rabbit Santa Cruz sc-71 1in1000 o/n4°C

c-Rel Biotechnology

PARP-1 Rabbit Santa CruAH-250 1in 1000 1hRT
Biotechnology
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Lamin

B-actin
DNA-PK
(ser 2056)

DNA-PKcs Mouse

Anti-mouse Goat

lg-HRP
Anti-rabbit
lg-HRP

Mouse Santa Cruz sc-7293 1in 500 o/n4°C
Biotechnology
Mouse Calbiochem CPO1 1in10000 1hRT
Rabbit Abcam Ab18192 1in 100 o/n4°C
Thermo- MS-370-P 1in 500 1hRT
Shandon
DAKO P0447 1in 1000 1hRT
Goat DAKO P0448 1in 1000 1hRT

Table 2.4: Primary and secondary antibodies used in Western blotting

2.5.7 Enhanced chemiluminesence for protein detection
25.7.1 Principle
Enhanced chemiluminesen€ECL) is a light emitting, non-radioactive and High

sensitive system that is able to detect less thpg @f antigen on nitrocellulose. ECL

requires the oxidation of luminol in the presentarmenhancer (phenol) under alkaline

conditions by HRP, shown in Figure 2.10. This okimta places luminol in an excited

state which decays to ground state with the assatemission of light. Phenol increase

the light output by 1000-fold and prolongs the tiofeemission so that peak emission

occurs between 2 and 30 min following incubatiothweagents. The maximum light

emission occurs at 428 nm which can be detectedubyradiography film or charge

couple devices such as Fuji LAS 3000.

Membrane

Secondary antibody

Primary antibody

Oxidised
Peracid product
2H,0 + Luminol
+ Enhancer
Light

Figure 2.10: The HRP conjugate on the secondary antibody catalysdgetformation of

2H,O0 + O~

from peracid,

leading to the peroxidase catalysed degradation of

Luminol, which in turn produces the luminescence

2.5.7.2 Method
ECL was used as per manufacturer's protocol (GElthisse, Amersham, UK).

Briefly, luminol enhancer and peroxide reagentsewmixed in 1:1 ratio in a volume

sufficient to cover the membrane equally which ween transferred onto the blot with
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a pipette. The blot was left for 1 min before excesagent was removed. The blot was
then wrapped in a plastic document wallet and jplgoetein side up in the Fuji LAS
3000 and the image captured with an exposure dcdjbeopriate time.

2.5.8 Quantification using Aida Image Analyser
Immuno-blot images captured using the Fuji LAS 300&e analysed using Aida
Image Analyser version 3.28.001 using the 2D, aenetric analysis function within

the software, as described in section 2.4.7.

2.6 Analysis of apoptosis

2.6.1 Annexin V FACs assay

2.6.1.1 Principle

It is widely accepted that loss of plasma membriautegrity is one of the earliest
features of apoptosis. In cells undergoing apoptodie membrane phospholipid
phosphatidylserine (PS) is translocated from timeiirio the outer leaflet of the plasma
membrane, thereby exposing PS to the externallaekunvironment. Annexin V is a
35-36 kDa C& dependent phospholipid-binding protein that haiga affinity for PS,
and binds to cells with exposed PS, hence identgfygells going through the early
stages of apoptosis. Annexin V may be conjugatefiutrochromes including FITC,
and still retains its high affinity for PS, therefoserving as a sensitive probe for flow
cytometric analysis of cells that are undergoingpapsis. FITC Annexin V staining
precedes the loss of membrane integrity whichss@ated with the latest stages of cell
death, known to result from either apoptotic orrogc processes. For this reason,
staining with FITC Annexin V is typically used immjunction with a vital dye such as
propidium iodide (PI), which can identify nucledranges such as DNA fragmentation.
Viable cells with intact membranes exclude PI, wlsrthe membranes of dead and
damaged cells are permeable to Pl. For exampls ttelt are considered viable are
FITC Annexin V and PI negative; cells that are amly apoptosis are FITC Annexin V
positive and Pl negative; and cells that are ie &ioptosis or already dead are positive
for both FITC Annexin V and PI.

2.6.1.2 Advantages and disadvantages
The major advantage of this technique, over otiviish are used to investigate cellular
levels of apoptosis is that this assay can diffesesn between the stages of apoptosis. It
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also a flow cytometric (FACs) based assay, and iis all FACs assays a known
number of cells (referred to as ‘events’) are cedntcross all samples, which means
that any cell number is constant regardless oftrireat status of each sample. An

example of an annotated FACs plot is shown in Feguil.

Late
6990i.039 apolp tés's
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Early
apoptosis

Figure 2.11: An example FACs plot from an annexin V assay

FACs analysis is a technique for counting partickesh as cells and chromosomes, by
suspending them in a stream of fluid and passimgntiby an electronic detection
apparatus. It allows simultaneous multiparametmalygsis of the physical and/or
chemical characteristics of up to thousands ofigest per second. Briefly, the
principles of FACs analysis are centered aroundaarbof light (usually from a laser) of
a single wavelength which is directed onto a hygnadnically-focused stream of
liquid. A number of detectors are aimed at the paihere the stream passes through
the light beam: one in line with the light beam rflrard Scatter or FSC) and several
perpendicular to it (Side Scatter or SSC) and anmare fluorescent detectors. Each
suspended particle from 0.2 to 150 micrometersipgdbrough the beam scatters the
ray, and fluorescent chemicals found in the partan attached to the particle may be
excited into emitting light at a longer wavelengthan the light source. This
combination of scattered and fluorescent lighticked up by the detectors, allowing
analysis of the physical and chemical structureeath individual particle. FSC
correlates with the cell volume and SSC dependbeinner complexity of the particle
(i.e., shape of the nucleus, the amount and typeybdplasmic granules or the

membrane roughness).
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2.6.1.3 Method

Cells were plated onto 6-well plates at a densiat gave a final cell number of 3-5 x
10° cells/ml on the day of experiment. Treatment saoles] regarding SiRNA
transfection and treatment with IR or drugs ar@escribed in the individual chapters
and figure legends. The PARP inhibitor, AG-01469%svadded at final concentration
of <0.1 % DMSO (v/v) in medium for all experimen&G-014699 was added 1 h
beforey-irradiation as described in the individual chaptend figure legends.

For all experiments, cells were exposedytoradiation then incubated at 3T in a
humidified atmosphere containing 5% £@r 24 h. Following this the cells were
trypsinised (as described in section 2.2.3) andhimmbliusing a haemocytometer (section
2.2.4). The FITC Annexin V Apoptosis Detection Ki{BD Biosciences, Oxford, UK),
was then used to assess the levels of apoptosisa@i sample, according to
manufacturers’ instructions. Briefly, once countedmples were re-suspended in 1x
Binding buffer (provided) to a concentration of 11&cells/ml, and 100 pl of this
solution was transferred to a 5 ml FACs tube. BfUFITC Annexin V and 5 ul of PI
(both provided) were then added to each tube beforexing, and incubation for 15
min, at room temperature in the dark. Followingsthi further 400 pl of 1x Binding
buffer was added to each sample and then sampke tiven analysed using the Becton
Dickinson FACScan (Becton Dickinson, Oxford, UK)da@ell Quest Software (Becton
Dickinson, Oxford, UK). Results were expressed @&m@entage increase in apoptosis

of treated sample, compared with untreated controls

2.6.2 Caspase 3/7 assay

2.6.2.1 Principle

The Caspase-Glo 3/7 Assay is a homogeneous, luognesassay that measures
caspase-3 and -7 activities from Promega (SoutrmmpiK). The assay provides a
luminogenic caspase-3/7 substrate, which conthi@gdtrapeptide sequence DEVD, in
a reagent optimized for caspase activity, luciferastivity and cell lysis. This peptide

also contains a site which is cleaved by the ca&sp&sand 7. The addition of the

Caspase-Glo 3/7 Reagent in results in cell lysilpwed by caspase cleavage of the
substrate and generation of a luminescent signatiuced by luciferase (Figure 2.12).

The luminescence observed is proportional to theusanof caspase activity present.
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Fiqure 2.12: Caspase-3/7 cleavage of the luminogenic substrate @ning the
DEVD sequence. Following caspase cleavage, a substrate for luciferase
(aminoluciferin) isreleased, resulting in the luciferase reaction and the production of
light

From:http://www.promega.com/

2.6.2.2 Advantages and disadvantages

This assay is undertaken in 96-well plate formatl hence compared with some other
methods used to investigate the induction of amptat is much higher throughput.

The luminescent assay also avoids interference fhemnescence signals, which can be
an issue when screening new compoundhkis assay also requires fewer cells than
many other methods, however the drawback to iha ts relies on the fact that the
absolute cell number per well is constant, whichy mat always be the case in drug

treatedversus control samples.

2.6.2.3 Method

Cells were plated onto 96-well plates at a dertsiy gave a final cell number of 2 x
10%cells/ml on the day of experiment. Treatment schexuregarding SiRNA
transfection and treatment with IR or drugs arelescribed in the individual chapters
and figure legends. The PARP inhibitor, AG-01469%svadded at final concentration
of <0.1 % DMSO (v/v) in medium for all experimen&G-014699 was added 1 h
beforey-irradiation as described in the individual chaptand figure legends.

For all experiments, cells were exposedytoradiation then incubated at 3T in a
humidified atmosphere containing 5% &£€@@r 24 h. Caspase-Glo 3/7 Reagent was
prepared, according to manufacturers’ instructimnsnixing 10 ml of the Caspase-Glo

3/7 buffer with the Caspase-Glo 3/7 substrate (lpotvided). This was mixed gently
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by inverting before adding it to the culture mediama 1:1 ratio. Plates were then
shaken for 30 s and incubated at room temperabur2 fi. Cell lysates were transferred
to a white-walled 96-well plate. Luminescence wasasured using a microplate
luminometer (Perkin Elmer, Buckinghamshire, UK).sBRlks were expressed as a
percentage increase in apoptosis of treated sacpigpared with untreated controls.

2.7 Quantification of single stranded DNA breaks fllowing DNA damaging agents

2.7.1 Alkaline Comet assay

2.7.1.1 Principle

The alkaline Comet assay kit (Trevigen, GaithergpkiD, USA) is used to analyse the
DNA fragmentation associated with DNA damage, imtipalar damage caused by
SSBs. Cells are mixed with low melting point agarasd are pipetted onto specially
treated pre-coated slides in order to promote agaadherence. Alkaline conditions are
then used to unwind and relax DNA, which is thele @ab migrate out of the cell during

electrophoresis. DNA can then be visualised usivigF Green nucleic acid gel stain.

Cells that have accumulated DNA damage appearuaseBcent comets with tails of

fragmented DNA, whereas, normal undamaged DNA dua#smigrate far from the

origin. This is shown in Figure 2.13.

Cells maed with
low meling

0 ung
agarose it 3°C CometShde" b -
(UM Agarose) » nd mecroscopy followng alkakne edectro

oresis, which reveals DNA breaks

Figure 2.13: Comet assay workflow
From: http://www.trevigen.com/

2.7.1.2 Advantages and disadvantages

This assay allows analysis of SSBs at the sindldeseel and therefore allows insight

into the extent and diversity of DNA damage acrassentire population of cells. It

should be noted that although this alkaline Comsstip is used to identify SSBs, it can
detect some DSBs and alkali labile sites, therefiore important to choose doses of
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DNA damaging agents (known to activate both SSBk @8Bs), that are reported to
activate a greater proportion of SSBs, comparet @BBs. However, there is another
version of the Comet assay which uses neutral tondi which detects primarily

DSBs.

2.7.1.3 Method

Cells were plated onto 6-well plates at a dengit gave a final cell number of 3-5 x
10 cells/ml on the day of experiment and treated WifRNA and IR or drugs are as
described in the individual chapters and figuresteds. For all experiments, cells were
exposed to drug for a given length of time (sedéviddal figure legends) and incubated
at 37°C in humidified atmosphere containing 5% £ ®ollowing this the cells were
trypsinised (secion 2.2.3) and pelleted at 500ax¢gbfmin. Cells were washed once with
PBS and re-pelleted as before, then counted usingeanocytometer (section 2.2.4).
Following this, cells were re-suspended in ice cBBIS to a concentration of 1 X
10°cells/ml. Cells were then mixed with proprietarylanelting point agarose, which
had been pre-warmed to 37 °C. This cell/agarosewaisthen pipetted on Comet slides
and placed at 4 °C in order to gel. Once set, lidesswere incubated for 30 min in
Comet lysis solution at 4° C in the dark in orderrelax the DNA. Slides were
protected from light to prevent any further DNA dage, and kept at 4 °C in order to
prevent DNA repair. Following this, slides were ubated in Alkaline unwinding
solution (300 mM sodium hydroxide, 1 mM EDTA, pH31&hich unwinds the DNA,
before being subjected to electrophoresis undemliatk conditions (Alkaline
electrophoresis solution: 300 mM sodium hydroxitlenM EDTA, pH>13) at 20 V for
40 min, in the dark, and then fixed, with 70 % eibla After drying at room
temperature overnight, in the dark, slides werensthwith SYBR Green nucleic acid
gel stain in TE buffer (10 mM Tris-HCI pH 7.5, 1 mBDTA).

2.7.2 Fluorescence microscopy to visualise Comet slides and quantification using
Komet 5.5

An Olympus BH2-RFCA fluorescence microscope (10x¥ediive) (GX Optical,
Suffolk, UK) with Hamamatsu ORCAIl BT-1024 cooled CCD cam@famamatsu
Photonics, Massy, Franceyas used to capture images. Image Pro Plus (Media
Cybernetics Bethesda, MD, USAwas used for image capture. The software package,
Komet 5.5 (Kinetic Imaging, Nottingham, UK), wasedsto analyse results providing

extensive Comet measurements and data includingepgrge head DNA, percentage
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tail DNA, tail length, olive tail moment and Conwgttical intensity. Data is represented
in two forms, firstly using the Olive Tail Momer®TM), which is used as a measure of
both the smallest detectable size of migrating Dix&lected in the comet tail length)
and the number of relaxed / broken pieces (repteddry the intensity of DNA in the
tail), and secondly by the percentage DNA in theebtail, both are recommended by
the Comet Assay Interest Group.

2.8 Quantification of NFxB DNA binding activity

2.8.1 Measurement of NF-kB DNA binding using the Pierce EZ detect p65 DNA
binding ELISA

The ability of murine NFReB p65 or p50 to bind a specifid consensus sequence was
assessed using an EZ-Detect Chemiluminescent Tipige Factor Assay (Pierce,
Perbio Science UK Ltd., Cramlington, UK) accordirtg the manufacturer's
instructions. Cells were plated onto 6-well plagdsa density that gave a final cell
number of 3-5 x 10cells/ml on the day of experiment and treated \ifiNA and IR

or drugs are as described in the individual chaptend figure legends. For all
experiments, cells were exposed to drug for 24dubated at 37C in a humidified
atmosphere containing 5% Gdollowing this the cells were trypsinised (asaldxed

in section 2.2.3) and harvested at various timdpofsee figure legends) for nuclear
extraction. Nuclear lysates of equivalent proteivels, prepared using the NE PER kit
(section 2.5.2) were allowed to bind to the congsrsequence (Table 2.5), which was
pre-bound to a 96-well Enzyme-linked immunosorbasgay(ELISA) plate provided
with the assay in the presence of poly dl«dC andNBxB binding buffer for 1 h at
room temperature with gentle agitation. Importantlye poly dledC was added to
prevent any non-specific binding. Non-specific DN#inding was assessed via
incubation of nuclear lysates with mutant or wigp¢ competitor duplexes (Table 2.5),

thus providing a robust control for the assay.

kB consensus sequence GGGACTTTCC

Wild-type competitor duplex 5-CACAGTTGAGGGGACTTTCC CAGGC-3
3-GTGTCAACTCCCCTGAAAGG GTCCG-5’

Mutant competitor duplex 5-CACAGTTGAGCCACTTTCC CAGGC-3
3'-GTGTCAACTCCGGTGAAAGG GTCCG-5’

Table 2.5: Competitor duplexes for NFkB DNA binding assay (Pierce)
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The plate is then washed three times with the voas$ter provided and incubated with a
primary antibody against the p65, or p50, dBsubunit for 1 h. Following washes, the
plate is then incubated in the presence of an HigBead secondary antibody directed
against the anti-p65 or anti-p50 primary antiboalyd further hour. Antibody binding is
detected via incubation of the plate with a chemihescent substrate and read using a
Fuji LAS 3000. The reaction scheme is shown in FégR.14. Images were analysed
using Aida Image Analyser version 3.28.001 using 8D, densitometric analysis
function within the software, as described in sect?.4.7. Values were corrected for
background activity and expressed as mean foldegabd triplicates.
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Figure 2.14: Schematic protocol for EZ-Detect NRe¢B p50 and NFxB p65
Transcription Factor Assay Kits.
From: http://www.gcbio.com/pierce/89858.htm

2.8.2 Measurement of NF-kB DNA binding using the TransAM Family ELISA

The ability of human NRB p65, p50, p52, RelB or c-Rel to bind a speciiB
consensus sequence was assessed using a TransANy EAdSA Assay (Active
Motif, Rixensart, Belgium) according to the manuéaer’s instructions. Cell treatment
and nuclear extraction was as described in se@i8ril, for the EZ Detect ELISA
Assay. In this case, nuclear lysates of equivgbeotein levels, prepared using the NE
PER kit (section 2.5.2) were allowed to bind to th@sensus sequence, which was pre-
bound to a 96-well ELISA plate in the presencé@fring sperm DNA and an N&B
binding buffer for 1 h (both provided) at room teengture with gentle agitation. Once
again, non-specific DNA binding was assessed wabation of nuclear lysates with
mutant or wild type competitor duplexes. The plates then washed three times with

the wash buffer provided and incubated with a prinentibody against the p65, p50,
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p52, RelB or c-Rel for 1 h. Following washes, tHatg was then incubated in the
presence of an HRP-tagged secondary antibody éireagjainst the chosen primary
antibody for a further hour. Antibody binding wastectedvia a colourimetric reaction,
and in this case the plate was incubated with dgved) solution for 5 min at room
temperature until the wells developed a blue coldtis reaction was stopped by the
addition of the stop solution containing an acidhick turns the blue colour yellow.
Absorbance was then read at 450 nm on the Spectrqisde reader (Molecular
Devices, Berks, UK), and values were correctedomrkground activity and expressed

as mean fold values of triplicates.

2.8.4 Advantages and disadvantages

There are other methods used to assess the DNAngiraf transcription factors,
including the classical gel retardation, or EMSAthaugh this assay is highly sensitive,
it is not as high throughput as the ELISA-base@dgssised here. In an EMSA, nuclear
extracts are incubated with a radio-active doubigrsled oligonucleotide probe
containing the transcription factor consensus secpietherefore if the transcription
factor is active, it will bind to the probe. Samplee resolved using electrophoresis on
poly-acrylamide gels and probed using methods amid those described for Western
blotting in section 2.5. This method is much mamngetconsuming and also requires the
use of radio-chemicals, which therefore make thé&SBLassays, a better choice for the
assessment of transcription factor DNA binding. eémg@ntly, a large number of DNA
binding assays were undertaken as part of thissthasd therefore the ELISA was the
method of choice in these cases due to the fast at high-throughput assay, which

allowed the direct comparison of a number of exsragthin one plate.

2.9 Quantification of NFxB-dependent gene transcription

2.9.1 Competent cells
Competent cells used for transformation of plasBiMA were Topl0 (purchased from

Invitrogen, Paisley, Scotland.)

2.9.2 Bacterial transformations

1-2 pg of plasmid DNA was added to 100ul of compieteells and mixed by gentle
pipetting. A control aliquot of competent cells wino DNA added was also
transformed in tandem. Cells and DNA mixtures weleeced on ice for 20 min, heat
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shocked at 37°C for 5 min and then returned tadédor a further 5 min. 1ml of sterile
SOC medium (2 % tryptone, 0.5 % yeast extract, M NaCl, 2. 5 mM KCI, 10 mM
MgCI2, 10 mM MgSO4, 20 mM glucose) was added anll sespensions were
incubated at 37°C for 1 h with agitation. Cells &v¢hen spread onto sterile LB-agar
plates (Sigma, Poole, Dorset) containing an ariibiappropriate to the resistance of

the plasmid and incubated overnight at 37°C.

2.9.3 Extraction of plasmid DNA using Qiagen MAXI -prep

A single bacterial colony was picked and used tzutate 200ml LB (2 % Tryptone, 1
% Yeast, 1 % NaCl) containing the appropriate amiiib for plasmid selection.
Cultures were incubated at 37°C at 180 rpm in dntadrshaker overnight until an
appropriate cell density was reached. Plasmid DN&s wxtracted using the Qiagen
Maxi Prep Kit (Qiagen, West Sussex, UK) accordimghte manufacturer’s instructions.
Bacterial cell pellets were lysed under alkalinaditions, clarified and loaded onto a
QIAGEN-tip column. DNA was washed and eluted inagpropriate buffer. Plasmid
DNA was precipitated using isopropanol and peligéshed in 70 % ethanol before
being resuspended in endotoxin free TE Buffer (1@ fris-HCI pH 8. 0, 1 mM
EDTA). Plasmid DNA concentration was determinedngsa NanoDrop ND-1000
spectrophotometer (Labtech, East Sussex, UK), sxided previously (section 2.3.3).

2.9.4 Transient transfection of plasmid DNA and SsSRNA

Cells were seeded at 2 x>1€ells/well onto 24-well tissue culture treatedtegaand
incubated at 37C in humidified atmosphere containing 5% £© adhere overnight.
The following day cells were transfected with 20@fgan NF«xB-luciferase construct
containing 3 tandemly repeated NB- consensus sequence binding sites in the
promoter (kindly provided by Prof. Ron Hay, Dunddaiversity) and 200 ng of a
pCMB-B-galactosidase plasmid containing a minimal promelkement up-stream from the
B-galactosidase germs well 50 nM p65, PARP-1 or NS siRNA (describedsattion
2.3). Plasmid DNA and siRNA were incubated in seffuee RPMI for 5 min before
mixing with the transfection reagent, Lipofectamir®00 (Invitrogen, Paisley,
Scotland), also diluted in serum free RPMI. Theultesit transfection cocktails were
incubated at room temperature for a further 20 loefore applying to the 24-well plates
containing cells. Cells were then incubated at °87 in humidified atmosphere
containing 5% C@for 5 h, before aspirating this media and replaciriigp full media
(RPMI 1640, 10 % FBS) for a further 48 h at 3Z in humidified atmosphere
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containing 5% C@ This allows the knockdown of the target proteind &mensure the
plasmids are expressing in the cells before a efirpatment with AG-014699 prior to
treatment withy-irradiation or TNFe.

2.9.5 Harvesting cellsfor luciferase and f-galactosidase assays

Following treatment, cells were washed in PBS girgpriate timepoints (see figure
legends) and stored overnight at -20°C, until lySislls were lysed in 100ul Reporter
lysis buffer (Promega, Southampton, UK) by scrapmith a sterile pipette tip to

facilitate full cell lysis. Once cells were fullyded the cell/Reporter lysis buffer mix

was assayed for bofligalactosidase and luciferase activity.

2.9.6 p-galactosidase assay

A control plasmid containing @g-Galactosidase gene which is ubiquitously expregsed
transfected cells was co-transfected with repadastructs to account for discrepancies
in transfection efficiencies and cell death betwesperiments. To assess tBe
Galactosidase activity of transfected cells, ogdhte was incubated in a 96 well assay
plate with an equal volume di-Galactosidase buffer (1 mM MgCI2, 45 mp
mercaptoethanol, 40ug/ml o-nitrophenyl-beta-galaatanoside solution, 1 mM
NaxHyPO4 buffer (pH 7.5)) for approximately 20 nanh37°C until colour developed.
The reaction was terminated by the addition of 1840\D; and absorbance read at 450
nM using a Bio-Rad 680 Microplate reader (Bio-Radbdaratories, Hertfordshire, UK).

2.9.7 Luciferase reporter assay

In order to assess the relative luciferase actvitgach sample, cell lysates were loaded
in triplicate onto a white walled 96 well assaytpland incubated with luciferase assay
buffer (Promega, UK) and read immediately on Mi&eta Plus liquid scintillation
counter (Wallac, Millipore, Watford UK). Luciferasealues were corrected fdi-

galactosidase activity and expressed as mean &blebs of triplicates.

2.10 Quantification of specific gene transcription

2.10.1 Preparation of RNA for real time reverse transcriptase polymerase chain
reaction (QRT-PCR) and gene expression microarray

2.10.1.1 Harvesting cellsfor RNA extraction

Cells were plated onto 6-well plates at a densisit gave a final cell number of 3-5 x

10° cells/ml on the day of experiment and treated WifRNA and IR or drugs are as
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described in the individual chapters and figuresteds. For all experiments, cells were
exposed to drug for 24 h incubated at°@7in humidified atmosphere containing 5%
CO.. Following this, the cells washed with ice cold$Before being gently scraped
from the plate using a cell scraper (Corning, UKxhould be noted that scraping was
performed on ice in order to minimise RNA degraatatiCells were transferred to 1.5
ml tubes and pelleted at 500 xg for 5 min in a edatentrifuge. The PBS supernatant

was removed and the pellets stored at -80 °C RINA extraction took place.

2.10.1.2 Extraction of RNA using Qiagen RNeasy Mini Kit

The RNeasy Mini kit (Qiagen, West Sussex, UK) wasduto extract RNA from cell
pellets. The pellets, collected as above, wereodefd slowly on ice and, all steps were
performed on ice or in a cooled centrifuge to misBnRNA degradation. The pellet
was loosened before 350 ul RLT buffer was addedis Tdontains guanidine
isothiocyanate andg-mercaptoethanol to stabilise the RNA species @& shmple.
Samples were then homogenised by passing thro@fhgauge needle 5 times, then 1
volume of 70 % ethanol was added to promote bindihdRNA to the silica gel
membrane in the spin column. The sample was apfi¢ite column and centrifuged at
8000 xG for 15 sec before washing with RW1 buffed aepeated centrifugation. Two
subsequent washes with RPE buffer were perforn@idwied by centrifugation. The
flow-through was discarded after each step. Aftesé washes 30 ul of RNase-free

H.O was applied to the column to elute the RNA.

2.10.1.3 Assessing RNA concentration and quality
The RNA concentration in each sample was assessied the Nanodrop ND-1000

spectrophotometetabtech, East Sussex, UK), as described in se2t®B.

2.10.2 Reverse transcriptase Real time PCR

2.10.2.1 Polymerase chain reaction

The polymerase chain reaction (PCR) is a methodavhigh large copies of a target
DNA sequence can be synthesised. A PCR reactioargin contains; target DNA,
primers, the four deoxyribonucleoside triphosphdtd$TPs) and a DNA polymerase
that is thermally stable. A standard PCR reactias B steps; denaturation, primer
annealing and elongation. The denaturation stefs llea PCR mix to 95 °C to denature
the DNA into single strands for replication, thenpers are then annealed to the target

DNA as the PCR mix is rapidly cooled to approxinhaté0 °C. The primers are
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designed such that they are complementary to tbestrmnds flanking the target DNA.
The primers are in excess and consequently, theotiwginal DNA strands do not re-
anneal. The DNA polymerase finally elongates themer and produces a
complementary strand of DNA by copying the singtarsded templates. This process is

repeated again, in cycles and as a result thettBiga is amplified (Saiki et al., 1989).

2.10.2.2 Principles of gRT-PCR

gRT-PCR was developed to monitor PCR reactiond@g ¢ccur due to collection of

data as the reaction progresses. It is generatlgpded the higher the starting level of
target sequence, the sooner a significant leveeashed, and with this method the
specific PCR product is detected as it accumuld&tes.experiments described in this
thesis, the Tagman (Applied Biosystems, Carlsbal, \TSA) system was used. This

widely used method uses a fluorogenic labelled @ithiat binds to the target sequence,
which is made up of a high energy reporter dyehat 3’ end, and a lower energy

quencher dye at the 3’ end, both of which are os&lproximity to one another. The

reporter dye, fluorescein (FAM) is excited by tight source, and rather than emitting
fluorescence it transfers this energy to the quenctlye (TAMRA) through

fluorescence resonance energy transfer (FRET).

The probe is designed to anneal to the target segudownstream of the primer and as
the DNA polymerase (which has a 5’-exonucleaseviég)i extends the primer it
encounters this probe and digests it. This thezasals the quencher dye from the probe
so the two dyes are no longer in close proximityew the reporter dye is excited by
the light source, fluorescence emissions are ceraidly higher, and the cleaving of the
probe and extension time of the primer increasesotrerall fluorescence intensity of
the reaction. The increase in reporter signal istwwad by the sequence detection
instrument whilst the rest of the probe is remofredn the target sequence allowing
primer extension to continue. It should also beeddhat probe binding to the target
sequence, does not affect the overall PCR reaci@ncycles progress, additional
reporter dye molecules are cleaved from the protsasing the fluorescence intensity
proportional to the amount of PCR product (Higuehal., 1993). gRT-PCR uses these
principles in order to determine the mRNA transclgvels of a chosen gene, however
before this reaction can proceed, mMRNA must be rsevetranscribed into
complementary DNA (cDNA). The primers designed ¢ébedt cDNA were designed to

cross exon-exon boundaries in the mRNA to avoidtasamating DNA from being
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amplified in the PCR reaction (Foley et al., 1993)is reaction is described in section
2.10.2.4.1.

2.10.2.3 Advantages and disadvantages of gRT-PCR

gRT-PCR is a fully quantitative technique and i®réfore often favoured over
traditional PCR assays for the assessment of gepeession. Conventional PCR
experiments run for a set number of cycles, usu#llyand the products are separated
using agarose-gel electrophoresis. Gels are substystained with ethidum bromide
(EtBr), and the end point measures the amount oflymt, making it only semi-
quantitative. EtBR staining makes it more diffictdtdetermine small changes in gene
expression, whereas measurements from (RT-PCR sasmay taken during the

exponential phase of the reaction, allowing gresgasitivity.

2.10.2.4 Quantitative real-time PCR method

2.10.2.4.1 Reverse transcriptase step

In order to generate cDNA for gRT-PCR, a reversmdcriptase step was performed
using the High capacity cDNA reverse transcriptidinwith RNase inhibitor (Applied
Biosystems, Carlsbad, CA, USA). 1 pg of RNA wasisaibed for each sample, in a
final volume of 20 pl (including the master mix)ad reaction is summarised in Table
2.6:

Reagent Volume (pl)
10x RT buffer 2.0
25X dNTP mix 0.8
10x RT primers 2.0
Reverse transcriptase 1.0
RNase inhibitor 1.0
Nuclease-free bO 3.2
RNA (diluted in nuclease-free ) 10.0

Table 2.6: Reaction mix for reverse transcriptase PCR

The reaction mix was made up in 0.2 ml PCR tubearlgbs, Notts, UK) on ice and
then transferred to a thermal cycler for the follogvprogramme: 25 °C for 10 min, 37
°C for 120 min, 85 °C for 5 min. cDNAs were stoad20°C until qRT-PCR reactions.
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2.10.2.4.2 Quantitative PCR step

The primers and probes used were all from Appliexsstems (assay on demand) and
details are given in the chapters where they ageigally used. All of the results were
normalised to a control gene. Firstly, cDNA wasutitl 1 in 5 to 10 ngl with with
nuclease free ¥, so for a final concentration of 20ng cDNA, eaehction required 2
pl of diluted cDNA. Tagman gene expression, for egharthef actin assay reagents,
were thawed gently on ice and the reactions setnupiplicate as described in Table
2.7:

Component 1 x repeat () 3 x repeat (ul)
Tagman master mix 12.5 37.5

Gene expression assay 1.25 3.75

cDNA 2 (10 ng/ul) 6 (10 ng/ul)
Nuclease-free O 9.25 27.75

Table 2.7: Reaction mix for gRT-PCR

Samples were then pipetted into a 96-well gRT-PGRep(Applied Biosystems), on
ice, along with a control which contains no cDNAbubbles were removed using a
sterile needle before the plate was covered witplastic plate sealer (Applied
Biosystems). The plate was then loaded onto theO 7b@st System (Applied
Biosystems) and then assayed using the followingppol: 50°C — 2 min (1 cycle), 95
°C — 10 min (1 cycle), 98C — 15 sec then 68C — 1 min (for a total of 40 cycles).
Results were analysed using the 7500 Fast Systeftwee, which generates an
amplification plot, and thAACt method was used to determine the expressioadsf e
gene of interest relative to tiReactin control.

2.11 Statistical analysis

2.11.1 Statistical analysis using GraphPad Prism software
GraphPad Prism software v4.0 (La Jolla, CA, USA% waed to analyse data, undertake

statistical testing and represent data graphically.
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Chapter 3. Investigation into the role of PARP-1 as regulator of
DNA-damage activated NFxB
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3.1 Introduction

There is an increasing body of evidence suggestiagpPARP-1 is a promoter-specific
nuclear co-regulator (either a co-activator or epressor) of numerous transcription
factors, reviewed extensively in section 1.5. Thidudes the sequence-specific DNA —
binding transcriptional regulators, NdB, B-Myb, Oct-1, AP-1, Sp1, NFAT, EIk1, HIF-
la and HTLV-Tax-1 (Kraus, 2008, Krishnakumar and K;aR010), however the role
of PARP-1 in regulation of these factors can beedig. PARP-1 may aeta through
local modification of chromatin structure (Althaes al., 1993, Althaus et al., 1994)
and/or modulation of transcription factor activitia direct binding to gene regulatory
sequences, or physical interactions with protenmtsuding transcription factors(Kraus
and Lis, 2003, Martin-Oliva et al., 2006). In som&ses, the transcription factor is
thought to recruit PARP-1 to the promoters of raldvtargets but this is likely to
dependent on both the cell type concerned and wheaih not PARP-1 enzymatic
activity is required for co-activation/-repressiorhis latter point will be discussed in
depth in Chapter 4.

In terms of modifying chromatin structure, Althaaisl., (1994) proposed that the large
overall negative charge of PAR had the abilitydtax the chromatin structure, which is
usually extremely tightly wound, and displace h&® from DNA. This PAR-induced

relaxation would then allow large regions surromgdithe DNA strand breaks to

become accessible to other proteins, such as p@ta(s et al., 1994).

PARP-1 also functions as a co-regulator by medjathre transcriptional complexes
assembled at the promoters of target genes. Ire thases, PARP-1 functions as a
promoter exchange factor that promotes the relefgghibitory factors. For example,
Pavri et al., (2005) detailed that PARP-1 was responsible fa ¢éxchange of an
inactive cdk8-postive mediator for an active cdleative mediator during retinoic

acid-regulated activation (Pavri et al., 2005).

Chang and Alvarez-Gonzalez (2000) described therantion between PARP-1 and
NF-kB following DNA damage. They showed that inactiv&RP-1 could bind NReB
p50 and block its sequence specific DNA bindingsuleng in inhibition of
transcriptional activation in Hela cells. Followitigegatment with the DNA damaging
agent, HO,, PARP-1 was activated and the binding of the pifusit by PARP-1 was

released, allowing the subunit to DNA bind and gpiate transcription. Co-incubation
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with the PARP inhibitor, 3-amino-benzamide (3-ARB)so significantly reduced J,-
induced NF«B DNA binding (Chang and Alvarez-Gonzalez, 2001).

Most recently, Stilmanret al., (2009) have described the formation of a PARP-1
signaling scaffoldvia direct protein-protein interactions with NEMO, FAand ATM

in response to DNA damage, induced by ionisingataah (IR). This signalosome
formation requires binding with PAR and leads tm-purvival NF-«B signaling
(Stilmann et al.,, 2009). In particular, this grodptail that impaired sumoylation
following treatment with the PARP inhibitor, 3-ABgsults in reduced IKK activation
and therefore inhibition of p65 induction. Howev8tjlmannet al., (2009) use hyper-
lethal doses of IR (80 Gy) in combination with tinghly non-specific PARP inhibitor,
3-AB which has been shown by us and others to hauey off-target effects (Moses et
al., 1990).

3.2 Aims

The aim of this chapter was to test the hypoth#sis PARP-1 mediates cell survival
following DNA damage primarily through activatiofn MF-kB. The potent and specific
PARP inhibitor (AG-014699) together with mouse eyamic fibroblasts (MEFs)
proficient and deficient for NkB or PARP-1, and siRNA targeting either p65 or
PARP-1 were used. Previous studies investigatiegale of PARP-1 in the activation
of NF«B following DNA damage have tended to use hypédrdetioses of damaging
agents, such as IR and classical PARP inhibitonewk to have off-target effects.
Hyper-lethal damage refers to large doses of a RIdMaging agent, which are much
higher than the clinically relevant dose. For exlnfhe recent study by Stilmareh
al., (2009) used singular doses of IR as high as 8tRGwhich is forty times the single
clinical dose of 2 Gy. Therefore, it is vital tastehis hypothesis not only using a potent
and highly specific PARP inhibitor, which is in mital trials, but also at clinically

relevant doses of IR.

IR is known to produce both single and double steahDNA breaks. The majority of
these breaks are in the phosphodiester linkagesdrof the DNA strands (Lomax et al.,
2002), suggesting that SSBs are most prevaleravwolp IR. It has been reported that
the ratio of SSB to DSBs is 20 : 1 following IR (hax et al., 2002). PARP-1 is vital
for the repair of SSBeia the BER pathway and hence a further aim of thidystvas to
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determine the effects of PARP inhibition on SSBarepgn MEFs proficient and
deficient for p65. The widely accepted notion sunding PARP inhibition is that any
radio- or chemo-sensitisation observed is a refraren response (Bryant and
Helleday, 2004, Calabrese et al., 2004). Hence hypothesis that PARP inhibition
mediates radio-sensitisation through inhibition NF-xB activation, rather than

inhibition of SSB repair, was also tested withirs tthapter.

3.3 Results

3.3.1 Characterisation of cell lines

Prior to commencement of any assays used to diredt the hypotheses described in
section 3.2, the expression levels of PARP-1,dBFp65, NF«B p50, NF«xB p52, c-
Rel and RelB, were determined by Western blottingwihole cell extracts from
exponentially growing p6% , p65~ , PARP-1"* and PARP-1 mouse embryonic
fibroblasts (MEFs). Briefly, p6% , p65" , PARP-1"* and PARP-1 MEFs were seeded
and harvested 48 h later, whole cell extracts weepared (as described in section
2.5.1) and protein quantification was undertakeimgushe Pierce BSA protein assay,
according to manufacturers’ instructions. The Isvafl p65, p50, p52, RelB, c-Rel or
PARP-1 were determined by Western analyses antidhse-keeping proteifi-actin,

was used as a loading control.

Figure 3.1 shows that the p6BIEFS lacked p65 but expressed levels of PARP-@, p5
and p52 similar to the p&% MEFs. PARP-1 MEFs did not express PARP-1 protein
but had bands of similar intensity to that of theRP-1"* MEFs for p65, p50 and p52.
In all cases the house-keeping prot@ifyctin was used a loading control. RelB and c-
Rel were not detectable in any of the cells lineseased; however this is unsurprising
as these two subunits are most commonly found @miagéopoietic cells and tissues
(Rayet and Gelinas, 1999, Ryseck et al., 1996)vi6us studies from our laboratory
have shown all four of these cell lines show coraplr levels €Bo. and kB (Veuger

et al., 2009).
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Figure 3.1: Characterisation of cell lines

Western blots of whole cell extracts of untreated "Pp®65 , PARP-1"" and
PARP-I" MEFs; blots were probed using antibodies against PARP-1, p65, p50,
p52, c-Rel, RelB anfl-actin

This study would be mainly centred around the Usth® p65’* and p68” MEFs, and
the role of PARP-I in the activation of N&B following DNA damage in these cells,
hence it was important to ensure these cell lirs$ $imilar PARP-1 activity levels,
prior to further study. Once, protein expression h&en determined, PARP activity
was also assessed in the four cell lines usinglidatad assay (Plummer et al., 2005,
Zaremba et al., 2009), this would also confirm tihat lack of detectable protein in the

PARP-1I" cells correlated with an absence of enzymatic egtiv

Briefly, basal PARP activity present in cells wasasured in 1xT0permeabilized cells
that had been incubated with NABnd oligonucleotide (to maximally stimulate PARP
activity). The reaction was terminated with exc8$3-014699, and replicate samples
were blotted onto nitrocellulose membrane. A stash@arve of purified PAR (pmol of
PAR) was also blotted to aid with quantificatiomeTmembrane was probed with PAR-
specific antibody and chemiluminescence was detegt®r to densiometric analysis.
The results shown are the mean of 3 independemtriexgnts.

Figure 3.2 shows stimulated PARP activity, quamtifiagainst a standard curve of
purified PAR. PARP activity was similar in all céities apart from the PARP-IMEFs
139



which showed very low (<2%) detectable PARP agtivithis low residual PARP
activity could be attributable to other memberdhef PARP superfamily, for example,
PARP-2, which like PARP-1 has been implicated i BER process (Schreiber et al.,
2002). Importantly however, the PARP?1cells show significantly higher activity
when compared with the PARP=Zells (p< 0.0001, unpaired Student’s t-test), \wher
there is no significant difference in PARP activitgtween the p65 and p65 cells
(p=0.105, unpaired Student’s t-test).
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Figure 3.2: Cellular PARP activity

Oligonucleotide and NADstimulated maximal PARP activity in p85 p65’,
PARP-1" and PARP-1 MEFs. Results shown are the mean + SEM of 3 independent
experiments. *** Significance PARP*1 versus PARP-1 in a Student’s unpaired t-
test p<0.001

3.3.2 Knockdown of target proteins using SSRNA technology

Small inhibitory RNA (siRNA) techniques were us@ddetermine optimal conditions
for the abrogation both of p65 and PARP-1 expressicthe p6%™, p65", PARP-1"
and PARP-1 MEFs. Firstly, it was important to determine tygiimum timepoint for
tranfection, hence p6% MEFs were seeded and left for 24 h to adhere bdipic
transfection with 50 nM of siRNA oligos targetingher p65 or PARP-1, or a non-
specific (NS) control (Table 2.2). The levels obpéxpression were determined at 24,
48, 72 and 96h following lipid transfection. Whatell extracts were prepared (as
described in section 2.5.1) and the levels of p63PARP-1 were determined by

Western analyses and compared to the house-keptein,p-actin.

Figure 3.3A shows that 24 h hours following siRNAnsfection, p65 protein was >90
% reduced in the p68 MEFs, and that p65 knockdown was maximal (>95 %h48
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following transfection. This knockdown persistedr 86 h following transfection.
Importantly the control (NS siRNA) had no effectdb protein knockdown, compared
with mock (vehicle alone) controls. Similarly, Frgs 3.3B shows that 24 h hours
following siRNA transfection PARP-1 protein was >80 knockdown in the p65
MEFs, and that PARP-1 knockdown was maximal (>9%18oh following transfection.
This knockdown persisted for 96 h following trartsfen, and the control (NS siRNA)
had no effect on PARP-1 protein knockdown, compasgti mock (vehicle alone)

controls. These data suggest that for maximal kshowk of either p65 or PARP-1, the
48 h time-point should be used.
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Figure 3.3: Timecourse of SIRNA knockdown of NR¢B p65 or PARP-1

(A) Western blots of whole cell extracts of PB65SMEFs at 24, 48, 72 and 96 h after
transfection with vehicle alone (Mock), non-specific (NS) siRNA@5 siRNA. B) Western
blots of whole cell extracts of p85 MEFs at 24, 48, 72 and 96 h after transfection with
vehicle alone (Mock), non-specific (NS) siRNA or PARP-1 siRNA.

keep the conditions as constant as possible. Tdugever, was tested initially using
Western blotting analyses. Briefly, p6% p65", PARP-1"* and PARP-1 MEFs were
seeded and left for 24 h to adhere before lipidsiection with 50 nM of siRNA oligos
targeting p65 or a non-specific (NS) control (Takl2). The levels of p65 expression
were determined 48 following lipid transfection. @ cell extracts were prepared (as
described in section 2.5.1) and protein quantificatvas undertaken using the Pierce
BSA protein assay, according to manufacturers’ruicsions. The levels of p65 or
PARP-1 were determined by Western analyses andateasic analysis was used to

assess the levels of protein knockdown comparéuetbouse-keeping proteipractin.
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A reproducible reduction in p65 protein (> 95% kikwalown) could be seen 48 h post-
transfection using 50 nM siRNA in the g65 PARP-1"* and PARP-1 MEFs (Figure
3.4A and 3.4C). Figure 3.4B illustrates that p6&t@in levels are significantly reduced
by 50 nM p65 siRNA, compared with NS siRNA contrdts the p65* MEFs
(p<0.0001, unpaired Student’s t-test). Similarligufe 3.4D illustrates that p65 protein
levels are significantly reduced by 50 nM p65 siRNZmmpared with NS siRNA
controls in the PARP{" and PARP-1 MEFs (p<0.0001 and p<0.0001, respectively,
unpaired Student’s t-tests). As expected, p65 siRIMEA no effect in the p65 deficient
cells (Figure 3.4A). These data show that the ogiticonditions for transfection of p65
siRNA in either the p6%', p65~, PARP-1"* or PARP-1" MEFs, is the concentration of
50 nM and the 48 h time-point.
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Figure 3.4: siRNA knockdown of NFxB p65 using optimal conditions

(A) Western blots of whole cell extracts of p5and p63 MEFs at 48 h after
transfection with vehicle alone (Mock), non-specific (NS) siRNA65 siRNA. B) p65
protein expression in p8% cells expressed as a percentage of NS siRNA treated cells
Results shown are the mean + SEM of 3 independent experim@j\tgegtern blots of
whole cell extracts of PARPY and PARP-1 MEFs at 48 h after transfection with
vehicle alone (Mock), non-specific (NS) siRNA or p65 siRNA) (p65 protein
expression in PARP*T and PARP-I cells expressed as a percentage of NS siRNA
treated cells. Results shown are the mean + SEM of 3 indepengemineents. . ***
Significance relative to NS siRNA control was p<0.0001 using Student’s unpagstd.t-t
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It was important to assess the effects of p65 kdoak on the expression of the other
NF-kB subunits as p65 is known to dimerise with eact ohthe other four subunits
(Gilmore, 2006), and in particular p50 is the mosinmon hetero-dimeric partner of
p65 (Chen et al., 1998). Therefore, Western analygre used to determine whether
SiRNA targeting p65 had any effect on p50 or p52t &ad already been confirmed that
these cells did not express RelB or c-Rel (Figud.3Jsing the optimal conditions
(described above), p85 MEFs were seeded and left for 24 h to adhere beipic
transfection with 50 nM p65 siRNA or NS control bla 2.2). Whole cell extracts were
prepared 48 h following transfection (as describedection 2.5.1) and the levels of
p65, p50, p52 or PARP-1 were determined by Westealyses and compared to the

house-keeping proteifi;actin.

Figure 3.5 illustrates that knockdown of p65 hadeffect on the other NkB subunits

expressed by the pB5MEFs. The expression levels of both p50 and p52aneed

constant in cells treated with either vehicle aldgm®ck), NS siRNA or p65 siRNA.
Importantly, the knockdown of p65 did not affeat #xpression of PARP-1 either.

Mock

Figure 3.5: Knockdown of NFxB p65 does not affect expression of other NkB
subunits

Western blots of whole cell extracts of PB5SMEFs at 48 h after transfection with
vehicle alone (Mock), non-specific (NS) siRNA or p65 siRNA. Blotsevprobed with
antibodies against p65, p50, p52, PARP-1 [&adtin

The data in figure 3.3B suggested that PARP-1 kdoek in the p68* MEFs was
maximal 48 h following transfection. Taken with tHata in Figure 3.4 showing the

optimal conditions for all the cell lines regardipg§5 siRNA, it was decided to test
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these identical conditions for PARP-1 knockdowmlincell lines. This would therefore
keep the conditions and nucleic acid ratios asteohs@s possible across the panel of
cell lines. Hence, p685, p65", PARP-1"" and PARP-1 MEFs were seeded and left
for 24 h to adhere before lipid transfection withrivi of PARP-1 or NS siRNA (Table
2.2). The levels of PARP-1 expression were detezth4B following lipid transfection.
Whole cell extracts were prepared (as describedertion 2.5.1) and the levels of
PARP-1 or p65 were determined by Western analysdsdansiometric analysis was
used to assess the levels of protein knockdown ecedpto the house-keeping protein,

B-actin.
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Figure 3.6: siRNA knockdown of PARP-1 using optimal conditions

(A) Western blots of whole cell extracts of PARP-&and PARP-1 MEFs at 48 h
after transfection with vehicle alone (Mock), non-specific (NRN& or PARP-1
siRNA. (B) PARP-1 protein expression in PARP!Tells expressed as a percentage
of NS siRNA treated cells. Results shown are the mean + S8EB independent
experiments.€)Western blots of whole cell extracts of pé&nd p63 MEFs at 48 h
after transfection with vehicle alone (Mock), non-specific (SI®NA or p65 siRNA.
(D) PARP-1 protein expression in p65and p65" cells expressed as a percentage of
NS siRNA treated cells. Results shown are the mean + SEI4 ioidependent
experiments. *** Significance relative to NS siRNA control was0j®001 using
Student’s unpaired t-tests.

A reproducible reduction in PARP-1 protein (> 95%o&k-down) could be seen 48 h

post-transfection using 50 nM siRNA in the f65p65~ and PARP-1* MEFs (Figure
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3.6A and 3.6C). Figure 3.6B illustrates that PARIPrbtein levels are significantly
reduced by 50 nM PARP-1 siRNA, compared with NSNsdRcontrols in the PARP-
1" MEFs (p<0.0001, unpaired Student’s t-test). SiryilaFigure 3.6D illustrates that
PARP-1 protein levels are significantly reduced3f®ynM p65 siRNA, compared with
NS siRNA controls in the p65 and p65 MEFs (p<0.0001 and p<0.0001, respectively,
unpaired Student’s t-tests). As expected, PARFRNAI had no effect in the PARP-1
deficient cells (Figure 3.6A). These data show thia@ optimal conditions for
transfection of PARP-1 siRNA in either the pB5p65°~, PARP-1"" or PARP-1-
MEFs, is the concentration of 50 nM and the 48nietpoint. It should also be noted
that Figure 3.6A and 3.6C show that PARP-1 siRNAl ha effect on p65 protein

expression.

In order to confirm PARP knockdown and specificdly the PARP inhibitor, AG-
104699, PARP activity was assessed in"féfd p65 MEFs following transfection
with PARP-1 or p65 siRNA, or following treatmenttwiAG-014699 (Figure 3.7). A
combination of p65 siRNA and AG-014699 was alsoesssd, using the validated
PARP activity assay (Plummer et al., 2005, Zaregtka., 2009). Briefly, p6% or p65

" MEFs were seeded and allowed to adhere for 24dr fwitransfection with 50 nM
p65, PARP-1 or NS siRNA, or AG-014699. Cells wdrerntincubated for a further 48 h

before permeabilisation, and the assay undertakelescribed in section 2.4.

Figures 3.7A shows that pB5cells treated with AG-014699, or a combinatiorAG-
014699 and p65 siRNA exhibited very low (< 5%) PA&Rivity (p=0.03 and p=0.02
respectively, compared with NS siRNA controls, urgmh Student’s t-test). Cells
treated with PARP-1 siRNA exhibited 25% PARP atyivcompared with controls
(p=0.04, p6%* and p=0.04, p65, unpaired Student’s t-test), in both cell linegutes
3.7A and B), which confirms the results from Westanalysis. siRNA targeting p65
did not have any significant effect on PARP-1 attivin either cell line, when
compared with NS siRNA controls. It must be notkdttthere is some reduction in
PARP activity when comparing NS siRNA with Mockdted controls. Other groups
have documented the effects of transfection onuleell processes including cell
viability, proliferation, cell cycle distributionapoptosis, and migration (Jackson and
Linsley, 2004, Tschaharganeh et al., 2007). ltassfble that this could perhaps to due
to the increased nucleic acid ratio in NS siRNAateel cellsversus mock transfected

controls, causing the cells some stress.
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Figure 3.7: PARP activity following PARP-1 siRNA or treatment with AG-014699

(A) Bar chart showing PARP activity, measured using a validatetuimblot assay which
quantifies PAR formation, in p6%MEFs after transfection with vehicle alone (mock), p65
SsiRNA, AG-014699 (AG), PARP-1 siRNA, a combination of p65 siRNA + AGN&
siRNA. (B) PARP activity in p65 MEFs following transfection with vehicle alone (mock),
p65 siRNA, AG, PARP-1 siRNA, a combination of p65 siRNA + AG or SWSNA. Data
are represented as the mean + SEM of three independent exmstimSignificance
relative to NS siRNA control was p<0.05 using unpaired Student’s t-test.

3.3.3 Radio-sensitisation by p65 knockdown, PARP-1 knockdown or AG-014699

Once the knockdown of p65 and PARP-1 could be chmibley achieved, and the
specificity of AG-014699 verified, the ability o6p knockdown, PARP-1 knockdown
or AG-014699 to sensitise pBband p658” MEFs, and PARP-1" and PARP-1 MEFs
to IR was assessed using colony forming assayfidsez.2.7). In this particular assay
p65”* or p65"~ MEFs were plated and left to adhere for 24 h lefransfection with 50
nM p65 PARP-1 or NS siRNA, (or vehicle control).liGavere then left for 48 h, and
pre-treated with AG-014699, or DMSO control 1 hoprio treatment with increasing
doses of IR before being re-plated after a furf¥eh and allowed to form colonies for

7-21 days. (Figure 3.8).

Previous work from the group showed that the"pBHEFs were 1.3-fold more sensitive
to IR alone compared with pB5MEFs (Veuger et al., 2009) when comparing®F
values. Pk values (potentiation factor at 50% cell kill) weralculated from the ratio
of the individual LBy (lethal dose producing 50% cell kill) values:- ,i.eDs, divided
by LDsg in the presence of AG-014699. This is consistatit WF-«B conferring radio-
resistance (Biswas et al., 2001, Wu and Kral, 2@0&) is also illustrated here in Figure
3.8A versus 3.8B. Furthermore, Figure 3.8A illustrates thatimodbation with IR and
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either AG-014699, p65 siRNA or PARP-1 siRNA redusedvival of the p68* cells
compared with IR alone or in combination with N®RNA, resulting in a 1.3-fold
potentiation factor. Statistical analysis usinguapaired Student’s t-test confirm that, at
the LDso values AG-014699, p65 or PARP-1 siRNA significanthdio-sensitised the
p657* cells compared with IR in combination with NS siRNp=0.017, p=0.031 and
p=0.038, respectively, unpaired Student’s t-tdstportantly, a co-incubation with p65
and AG-014699 in combination with IR, did not fusthreduce p6%" cell survival
compared with either agent alone, consistent wiistieg reports that NkB and
PARP-1 are mechanistically linked in a common patyhwChang and Alvarez-
Gonzalez, 2001, Hassa et al., 2001, Hassa andgeigtii999, Martin-Oliva et al., 2004,
Stilmann et al., 2009, Veuger et al., 2009).
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Figure 3.8: Radio-sensitisation by p65 knockdown, PARP-1 knockdown or AG-014699

The effects of increasing doses of IR either alone, or adbated with p65 siRNA, AG-014699,
PARP-1 siRNA or a combination of p65 siRNA and AG-014699, on cell surviea¢ \essessed
using the clonogenic survival assay &) 65" MEFs, B8) p65"~ MEFs. Cells were treated with
relevant siRNA, (or vehicle control), left for 48 h, pre-treatethwG-014699, or DMSO control 1
h prior to IR then re-plated after a further 24 h and allowed to fmionies for 7-21 days. The
effects of increasing doses of IR either alone, or co-incubatbd\N& siRNA on cell survival were
assessed using the clonogenic survival assa@)ip§5’" MEFs or D) p65~ MEFs. Results shown
are the mean + SEM of three independent experiments



Furthermore, Figure 3.8B shows that, co-incubatvih either AG-014699, p65 siRNA
or PARP-1 siRNA had no effect in p6GMEFs (p=0.665, p=0.584 and p=0.233,
respectively, unpaired Student’s t-test onsg.Balues). Importantly, Figures 3.8C and
3.8D show that a combination of IR and NS siRNA Imadsignificant effects on the
survival of the p68" or p65~ MEFs when compared with IR alone (p=0.778 and
p=0.853, respectively, unpaired Student’s t-test).

The survival curves in Figure 3.8 indicate that PARand NFR<B are mechanistically
linked in a common pathway, and importantly thadioasensitisation by the PARP
inhibitor, AG-014699 or PARP-1 was only achievalnecells containing NReB p65.
Therefore, it was important to confirm these dasang the PARP-1 proficient and
deficient in order to further demonstrate the rofePARP-1 on cell survival in the
activation of NFkB following DNA damage. In order to do this clonogeassays were
performed using PARP*t or PARP-1" MEFs, as described above.

Similarly, the clonogenic assays shown in FigurésA3and 3.9B illustrated that the
PARP-1" MEFs were 2.7-fold more sensitive to IR comparethV@ARP-1"* MEFs.
This is consistent with reports that PARP-1 knodkanimals are hyper-sensitive to
irradiation due to their compromised DNA repairp@sse (Masutani et al., 2005).
Moreover, PARP-T" MEFs exhibited a 1.3-fold sensitisation to IR b§814699, p65
knockdown or PARP-1 knockdown, compared with IRnalor in combination with NS
SiRNA (Figure 3.9A). Statistical analysis using ampaired Student’s t-test confirm
that, at the Ly values, AG-014699, p65 or PARP-1 siRNA signifidantadio-
sensitised the PARP1 cells compared with IR in combination with NS siRN
(p=0.009, p=0.030 and p=0.048, respectively, umdaBtudent’s t-test). Importantly,
the combination of p65 and AG-014699 in combinatwth IR, did not further reduce
PARPI™ cell survival compared with either agent aloneceomgain suggesting that
PARP-1 and NReB are mechanistically linked. Furthermore, Figur@B3shows that,
co-incubation with either AG-014699, p65 siRNA okRP-1 siRNA had no effect in
PARP-1" MEFs (p=0.328, p=0.479 and p=0.415, respectiveipaired Student’s t-test
on LDsg values). Importantly, Figures 3.9C and 3.9D shioat & combination of IR and
NS siRNA had no significant effects on the survieflthe PARP-1* or PARP-1"
MEFs when compared with IR alone (p=0.869 and p24).9espectively, unpaired
Student's t-test). Therefore these data corrobdheeesults observed in the pé%nd

p65" MEFs.
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Figure 3.9: Radio-sensitisation by p65 knockdown, PARP-1 knockdown kG-
014699The effects of increasing doses of IR either alone, or co-inedibvaith p65
SIRNA, AG-014699, PARP-1 siRNA or a combination of p65 siRNA and AG-
014699, on cell survival were assessed using the clonogenic survivalimgsg
PARP-I™ MEFs, B) PARP-I" MEFs. Cells were treated with relevant siRNA, (or
vehicle control), left for 48 h, pre-treated with AG-014699, or DMSO obritrh
prior to IR then re-plated after a further 24 h and allowed to fmionies for 7-21
days. The effects of increasing doses of IR either alonep-oncubated with NS
siRNA on cell survival were assessed using the clonogenwvalmassay in C)
PARP-I" MEFs or D) PARP-I" MEFs. Results shown are the mean + SEM of three
independent experiments

Spontaneous immortalisation of primary MEFs fredlyeteads to mutations in p53
meaning that the p65 proficient and deficient MBkay not be a truly isogenic pair.
For example, it has been reported that the' f8&Fshave mutant p53 (Gilmore), and
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this is also known to be the case for the PARPMEFs (Trucco et al., 1998). Hence,
to truly confirm the results on cell survival obged in the p65 paired MEFs, colony
forming assays with IR alone, or in combinationhvkG-014699, in p65 cells that

had been genetically complemented with wild-typeT{Vg65, and in relevant control

cells were also undertaken.

The data in Figures 3.10A and 3.10B support thatvshin Figures 3.8 and 3.9, by
illustrating firstly that the cells containing W69 were more radio-resistant than their
p65 null counterparts, and, secondly that AG-01468flo-sensitised cells containing
WT p65 but not the p65 null cells. Moreover, theslip-sensitisation was statistically
significant, when unpaired Student’s t-tests wesgfqymed on L3y values (p=0.046,
LDso IR alone: 2.31 Gy, compared with E£IR in combination with AG-014699: 1.76
Gy).
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Fiqure 3.10: Radio-sensitisation of reconstituted p65SMEFs by AG-014699

The effects of increasing doses of IR either alone, or co-incubsiied\G-014699, on
cell survival were assessed using the clonogenic survival asslyywére treated with
AG-014699, or control 1 h prior to IR then re-plated after a further 24 lallowied to
form colonies for 7-21 days. (Survival cun/) shows p6$MEFs, B) p65WT MEFs,)
Results shown are mean+ SEM of three independent experiments

3.3.4 p65 knockdown, PARP-1 knockdown or AG-014699 is associated with the
induction of apoptosis following ionising radiation

In order to be confident that the effects obsemedell survival in the both the p&5
(Figure 3.8) and PARPf cells (Figure 3.9) were associated with the inductbf
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apoptosis, assays assessing the effects of IRmbioation with either AG-014699 or
p65 siRNA were undertaken. N&B is known to affect the transcription of a numbér
genes associated with apoptosis (Pahl, 1999). &untbre, following DNA damage it
has been reported that MB-induces the transcription of genes suctXis&” andBcl-
XL, known to be associated with the protection agapsptosis (Stehlik et al., 1998,
You et al., 1999). Thus in view of the survival @lan Figures 3.8 and 3.9, it could
therefore be hypothesised that knockdown of pG&habition of PARP-1 would further
activate IR-induced apoptosis, due to the inhihitodd NF«B-dependent transcriptional

activation.

In order to assess the effects on apoptosis inp8&’* and p65 MEFs, FITC-
conjugated Annexin, which has a high affinity forembrane phospholipid
phosphatidylserine was used. Briefly, cells weaasfected with p65 siRNA (or vehicle
control) 48 h prior to 1 h pre-treatment with AG4899 and subsequent irradiation.
Cells were harvested and the FITC Annexin V Apogtd3etection Kit | and used

according to manufacturers’ guidelines (section1).6

Firstly, it was found that p65MEFs have a 3-fold higher intrinsic levels of afusis
following IR, compared with p65 (33.73 + 3.1 for p65 versus 12.60 + 2.7 for p653").
These data were used to calculate percentage sgcinaapoptosis, shown in Figure
3.11. This is consistent with reports that NB-activation increases survival following
DNA damage (Criswell et al., 2003, Russo et alQ1)0The levels of apoptosis were
measured following IR (2 Gy or 5 Gy) in combinatiath either p65 knockdown or
AG-014699 in p68* and p63 MEFs (Figure 3.11Aversus 3.11B). A combination of
p65 siRNA and AG-014699 were also assessed. ConhparéR alone (mock), both
p65 knockdown and AG-014699 significantly increasgaptosis following 2 Gy IR
(approx 2.5-fold) in the p65 MEFs (p=0.03 and p=0.04, respectively, unpaired
Student’s t-test). Importantly, when AG-014699 wased in conjunction with p65
knockdown, there was no change in the level of ayzigin the p65%" MEFs, compared
to either agent alone. No increase in apoptosisobasrved in the p65SMEFs (Figure
3.11B) with any of the treatments, compared withaléhe.
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Figure 3.11: The induction of apoptosis measured using the Annexin V FAGssay
The effect of IR alone (mock, white bar) £ p65 siRNA (hatched b#&{-104699 (AG
alone, black bar, AG + p65 siRNA, striped bar) on the induction of apsptop65’*
(A) and p653 MEFs B). Cells were treated with relevant siRNA, or control feft48
h, pre-treated with AG-014699, or control 1 h prior to IR then allowedpairréor a
further 24 h before harvesting and assessment of the induction of apdpt@sinexin
V FACs analysis. Results shown are calculated as a percemncaggse of the untreated
controls. All data shown are represented as the mean +SEM ef italependent
experiments. *Significance relative to mock treated control pws05 using unpaired
Student’s t-test.

These data were confirmed using a caspase 3/ita@ssay. The proteases, caspase-3
and caspase-7, are frequently activated, by pigtealeavage, during mammalian cell
apoptosis (Nicholson and Thornberry, 1997). Casf3asa particular, plays a very
important role in the survival of many cell typelemonstrated by the development of
caspase-3 knockout mice. These animals are bolowinlitter numbers, and have a
striking phenotype in which there are skull defecdse to etopic masses of

supernumerary cells, representing a failure of mmogned cell death during brain
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development, and resulting in mice dying only a feeeks after birth (Kuida et al.,
1996). Caspase-3 has also been reported to betiabksein apoptotic chromatin

condensation and DNA fragmentation (Porter andckani1l999). Caspase-3 activity
was determined using the Caspase-Glo 3/7 kit (destin section 2.6.2). p&5or p65

" MEFs were transfected with 50 nM p65 siRNA (or ichcontrol) and incubated for
48 h. Cells were then pre-treated with AG-014690 Ifch before IR and allowed to
recover at 37°C, 5 %CQor 24 h before apoptosis was assessed usingabpaSe-Glo

3/7 assay.
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Figure 3.12 The induction of apoftosis measured using the caspase 3/7 asThe
effect of IR alone (mock, white bar) + p65 siRNA (hatched Ba®G-104699 (AG
alone, black bar, AG + p65 siRNA, striped bar) on the induction of apojgsés’*
(A) and p63 MEFs ). Cells were treated with relevant siRNA, or control left48
h, pre-treated with AG-014699, or control 1 h prior to IR then allowedp@irréor a
further 24 h before harvesting and assessment of the induction of apbgtoaspase
3/7 activation. Results shown are normalised to untreated controls.

All data shown are represented as the mean £SEM of three indapergeriments.
*Significance relative to mock treated control was p<0.05 using wp&tudent’s t-
test.
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The data generated using the caspase3/7 assayerkeglightly higher doses of IR (5
Gy and 10 Gy) to induce apoptosis, when compared the Annexin V assay (2 Gy
and 5 Gy), and this will be discussed further ictisa 3.4. Figure 3.12Awersus Figure
3.12B confirmed the findings from the Annexin V agsshowing that the p65MEFs
have higher intrinsic levels of apoptosis, measurgaaspase 3/7 cleavage, following
IR, compared with p65 MEFs Furthermore, when compared with IR alone (mock),
both p65 knockdown and AG-014699 significantly eased caspase 3/7 activation
following 5 Gy IR in the p68" MEFs (p=0.0086 and p=0.044 respectively, Student’s
unpaired t-test). Importantly, when AG-014699 wasedi in conjunction with p65
knockdown, there was no further increase in casfaéeactivity in the p6’5+ MEFs,
compared to either agent alone. It should be nbwe@ that following 5 Gy IR, it
appears that p65 siRNA has a greater effect ointhection of apoptosis in the pB5
MEFs, compared with AG-014699, even though thesedgents have a similar effect
on survival (Figures 3.8 and 3.9). However, whenuapaired Student’s t-test was
performed on p65 siRNAversus AG-014699 following 5 Gy IR, there was no
significant difference on apoptosis induction (2€®R). Importantly, no increase in
apoptosis was observed in the PABEFs (Figure 3.12B) with any of the treatments,
compared with IR alone, confirming the Annexin \ults (Figure 3.11).

3.3.5 AG-014699 inhibits Single strand break (SSB) repair to a similar extent
regardless of cellular NF-xB status

The results observed from the survival and apoptassays suggested that PARP-1 and
NF-xB are mechanistically in a common pathway, thuspetng existing work
(Chang and Alvarez-Gonzalez, 2001, Hassa et a0]l,2blassa and Hottiger, 1999,
Martin-Oliva et al., 2004, Stilmann et al., 200®0ger et al., 2009). The data presented
in this chapter also postulate that the radio-$sasion observed with the PARP
inhibitor, AG-014699, is mediataeda NF-xB. However, PARP-1 is most widely known
for its role in the repair of SSB&a the BER pathway. Hence, it was important to
determine the effects of PARP inhibition on SSBaiefn the p6%* and p63 MEFs.
The widely accepted notion surrounding PARP infohitis that any radio- or chemo-
sensitisation observed is a repair-driven respo(@gant and Helleday, 2004,
Calabrese et al., 2004), and not mediated throbghrthibition of NFxB activation.
Hence, the alkaline Comet assay was used to tedtypothesis that PARP inhibition
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mediates radio-sensitisation through inhibition NF-xB activation, rather than

inhibition of SSB repair.

The alkaline Comet assay was used to examine IReed SSB formation and repair at
the individual cell level in the p65 and p65 cells. The method is described in detail in
section 2.7, however, briefly, pB5or p65" cells were plated and allowed to adhere
overnight before pre-treated with AG-014699 (or DM&ontrol) 1 h prior to treatment
with 10 Gy IR. Cells harvested at various timepwifallowing IR (0, 15, 30, 60 min)
and the asssy undertaken as described in secffoata is represented in two forms,
firstly using the Olive Tail Moment (OTM), which igsed as a measure of both the
smallest detectable size of migrating DNA (reflecte the comet tail length) and the
number of relaxed / broken pieces (representedhéyntensity of DNA in the tail), and
secondly by the percentage DNA in the comet tailhlare recommended by the Comet
Assay Interest Group. It should be noted that ochestatter diagram, one dot represents
one individual cell. All data were shown to exhiaitGGaussian distribution and the lines

shown on the scatter plots in Figure 3.13A-D intidhe mean of the data plotted.

Figure 3.13A, 3.13B, 3.13C ard13D show that immediately following 10 Gy IR, bot
the p65’* and the p65 cell lines had the same initial level of SSBs emdnstrated by
both OTM and percentage Comet tail DNA. These scaitibts also illustrate how, in
both cell lines, the number of SSB are repairedr dvee. Markedly, there was no
significant difference in the SSB levels remaininghe two cell lines 60 min post-IR,
with > 85 % of breaks rejoined despite the differenceaitio-sensitivity (shown in
Figures 3.8A and 3.8B). Most importantly howevef;-814699 inhibited SSB repair
(as demonstrated by increased residual SSB leveddl éime-points post-IR) to the
same extent in both cell lines, regardless of & gtatus, and despite the observed
radio-potentiation by AG-014699 in pbicells, not the p65cells.

The kinetics of SSB repair in both cells line dhastrated in Figures 3.13E and 3.13F
by line graphs. These clearly show that the SSBemged by IR are repaired rapidly
over time (solid black line), and that in both sdihe the kinetics of repair were very
similar. The broken line shows how cells pre-trdatéth AG-014699 prior to treatment
with IR, have slower repair kinetics in both cetlds, regardless of p65 status.
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Figure 3.13: AG-014699 inhibits SSB repair to a similar extent igardless of
cellular NF-xB status Scatter diagrams showing the extent of single strand breaks
(SSBs) in p68* and p65” MEFs treated with 10 Gy IR + AG-014699 (AG, denoted by
+) and allowed to repair (0 min, 15 min, 30 min and 60 mik).gnd B) represent
OTM and C) and D) represent % Tail DNA. Line graph showing the kinetics of
single strand break repair in p65(E) and p68” MEFs (). Data was normalised to
relevant controls and in both cases solid black lines represent ogpaitime of cells
treated with 10 Gy IR, and dotted lines represent repair overdiroells treated with

10 Gy IR + AG-014699.
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To further confirm these findings, these experiraemere repeated in p6tcells that
had been genetically complemented with WT p65,aad in p65 null controls, for the
reasons discussed in section 3.3.3. Once aga@mkhine Comet assay was undertaken
for these experiments. Figure 3.14A, 3.14B, 3.148 314D show that immediately
following 10 Gy IR, both the p6®/T and the p65 null control cell lines had the same
initial level of SSBs as demonstrated by both OThl percentage Comet tail DNA,
which is exactly what had been observed in the"p@md p63  cells. These scatter
plots also illustrate how, in both the p65 WT ar® mull control cells, the number of
SSB are repaired over time. Importantly, there m@asignificant difference in the SSB
levels remaining in the two cell lines 60 min p&3t-with > 85 % of breaks rejoined, as
seen in the p65 and p63 cells. Once again the SSB repair kinetics ancetttent of
SSB inhibition by AG-014699 were very similar intbahe p65 WT and p65 null
control cells (Figure 3.10A and 3.10B). The kinetaf SSB repair in both cells line are
illustrated in Figures 3.14E and 3.14F by line ¢iaprhese clearly show that the SSBs
generated by IR are repaired rapidly over timeidsblack line), and that in both cells
line the kinetics of repair were very similar. Theoken line shows how cells pre-
treated with AG-014699 prior to treatment with Hve slower repair kinetics in both
cell lines, regardless of p65 status. These dateloorate the data generated in the
p65"* and p68~ MEFs, thus confirming the hypothesis that radios#isation by AG-
014699 is mediated solelya the inhibition of NFxB and is therefore independent of
the widely reported inhibition of SSB repair.
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Figure 3.14: AG-014699 inhibits SSB repair to a similar extent gardless of
cellular NF-kB status Scatter diagrams showing the extent of single strand breaks
(SSBs) in p65WTand p65 nulMEFs treated with 10 Gy IR £ AG-014699 (AG,
denoted by +) and allowed to repair (0 min, 15 min, 30 min and 60 rAinand 8)
represent OTM and(Q) and D) represent % Tail DNA. Line graph showing the
kinetics of single strand break repair in p65VE) &nd p65null MEFsK). Data was
normalised to relevant controls and in both cases solid black linesseeprrepair
over time of cells treated with 10 Gy IR, and dotted lines sgrterepair over time

of cells treated with 10 Gy IR + AG-014699.
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3.4 Discussion

This investigation has demonstrated that PARP-Ickaown and the PARP inhibitor,
AG-014699 significantly decreased survival and ceth apoptosis following IR in
p65”+ MEFs whilst having no effect in péBMEFs. Radio-sensitisation was 1.3-fold
and importantly occurred at clinically relevant desof IR. A combination of AG-
014699 and p65 knockdown did not further enhanterdsponse, which is consistent
with reports that PARP-1 and NdB are mechanistically linked in a common pathway
(Chang and Alvarez-Gonzalez, 2001, Hassa et a0]l,2Blassa and Hottiger, 1999,
Martin-Oliva et al., 2004, Stilmann et al., 2009eUger et al., 2009). This is also
consistent with reports that loss or inhibitionNF-xB has been shown to chemo- or
radio-sensitise in many different tumour types ¢@ell et al., 2003, Hewamana et al.,
2008a, Hewamana et al., 2008b, Jung and Dritscl2i@f)1, Russo et al., 2001).
However, is it important to note that the dose Rfréquired to active NkB may be
cell type or tissue-dependent. For example, Brechal., (1991) showed that the
clinically relevant dose of 2 Gy could induce NB-activation in the myeloid cell line,
KG-1 (Brach et al., 1991). Furthermore, in the EB&hsformed 244B human
lymphoblastoid cell line, 0.5 Gy IR was shown tadiaate NF«B activation (Sahijdak
et al., 1994). Whereas, other studies such as &titre al. (2009), used hyper-lethal
doses, of 80 Gy IR when studying the NB-response of other cell lines. Importantly,
the doses of IR used within this study are low asdlose to a clinically relevant dose
as possible. The clinical single dose of 2 Gy IRswaed in both the clonogenic and
annexin V flow cytometry assays. A slightly higldese of 5 Gy IR was required for
the caspase 3/7 assay, as this assay did not appesgnsitive as the FACs based
method. The FACs assay counts a maximum of 10,086te whilst the caspase assay
also requires that the absolute cell numbers amstant between the control and treated
wells. In reality this is much more difficult to wol, since the clonogenic assay data
shows that p65 siRNA or AG-014699 both reduce sigivival compared with controls,
and hence there could be a lower cell number isetheells.

Moreover, the work of Stilmanet al., (2009) used hyper-lethal doses of IR (80 Gy) in
the PARP-1" and PARP-1 MEFs however they did not study survival followisach
doses of IR, just the induction of apoptosis (Stihm et al., 2009). The survival data
shown within this investigation illustrate that tiRARP-I~ MEFs are very radio-
sensitive at low doses of IR (lspvalue: 0.9 Gyersus 2.3 Gy in PARP-1" cells). T