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Abstract

The DNA of all cells is continually under assault from a wide range of DNA-damaging agents. To
counter this threat to their genetic integrity, cells possess systems, collectively known as the DNA-
damage response (DDR), to detect DNA damage, signal its presence and mediate its repair. Here, |
provide an overview of the DDR and then describe how work in my laboratory and elsewhere has
identified some of the key protein players that mediate cellular responses to the most cytotoxic
form of DNA damage: the DNA double-strand break (DSB). Next, I discuss some of my
laboratory’s recent work, which has revealed that the way cells respond to DSBs is modulated in a
cell-cycle dependent manner to ensure that the cell uses the DSB repair system that is most suited
to its cell-cycle stage. Finally, | explain how our increasing knowledge of the DDR is suggesting
new avenues for treating cancer and provide an example of a DDR inhibitory drug that is showing
promise in clinical trials.

Keywords
DNA repair; DNA damage; cell cycle; cancer; cancer therapy

Introduction

Although DNA within our cells is a relatively inert chemical, it is constantly being damaged
by a large number of agents. Indeed, it has been estimated that each of the approximately
1013 cells in a human body experiences many thousands of DNA lesions every day [1].
Much of this damage is generated as a consequence of normal metabolism, with hydrolytic
reactions and damage caused by reactive oxygen species accounting for a large proportion of
DNA lesions [2]. In addition, environmental agents such as ionising radiation (IR), ultra-
violet light (UV) and chemicals in tobacco smoke make major contributions to DNA-
damage production. DNA lesions can prevent genome replication and transcription, and if
they are not repaired or are repaired incorrectly, they can produce mutations or large-scale
genome aberrations that may lead to cell malfunction or cell death [3-5]. To counter such
threats, cells have evolved a variety of DNA-damage detection and repair systems that,
fortunately, are able to accurately and efficiently repair the vast majority of the damage that
our cells experience. Nevertheless, some lesions escape accurate repair, thus leading to
corruption of the genetic information. It is generally agreed that the most cytotoxic of all
DNA lesions are DNA double-strand breaks (DSBs), which are the principal cytotoxic
lesions produced by IR and radio-mimetic chemicals, and which are also generated when the
DNA replication apparatus encounters other DNA lesions, such as DNA single-strand
breaks. It is paramount that cells accurately repair DSBs because failure to do so can lead to
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mutations or genome rearrangements; and indeed, a single unrepaired DSB can be sufficient
to kill a cell [6, 7].

The way that cells react to DSBs is to trigger a complex and coordinated set of events that is
often termed the DNA-damage response [8, 9]. As shown in Figure 1, DSBs are first
detected by “sensor” proteins that then interact with further proteins to mediate DNA-repair
processes. Furthermore, while repair is proceeding, the sensor/repair apparatus interacts with
additional proteins to generate signalling mechanisms that, as | will explain below, rely
heavily on the actions of DDR protein kinases. One of the key aspects of these DNA-
damage-signalling events is the induction of so-called “checkpoint” mechanisms that slow
down or stop cell-cycle progression while the damage persists, thereby helping to prevent
the replication of damaged DNA or segregation of damaged chromosomes during mitosis.
Additional aspects of the DDR-signalling mechanisms include alterations in chromatin
structure and, particularly when the damage persists, the triggering of programmed cell
death or long-term cell-cycle arrest known as senescence.

Clearly, the prime objective for cells experiencing DSBs is to mediate the repair of these
highly toxic lesions. Studies in various experimental systems has led to the conclusion that,
while there are many variations on the precise mechanisms of DSB repair, these events
essentially boil-down into two largely distinct and complementary pathways: homologous
recombination (HR) and non-homologous end-joining (NHEJ); [7, 10, 11]. In HR, after the
DNA ends are first resected in the 5" to 3" direction by nucleases, the resulting 3 single-
stranded tails then invade the DNA double helix of a homologous undamaged partner
molecule and are extended by the action of DNA polymerases that copy sequence
information from the partner. Following branch-migration, the resulting DNA crossovers
(Holliday junctions) can be resolved by various mechanisms to yield two intact, repaired
DNA molecules. As a consequence, HR generally leads to accurate repair with no sequence
loss or addition. By contrast, NHEJ does not need an undamaged partner DNA molecule and
does not rely on extensive homologies between the two recombining ends. Instead, during
NHEJ, sometimes after limited processing of the termini, the two DNA ends are ligated
together. Consequently, NHEJ is often not error-free and small deletions of sequence are
usually introduced. Initial work suggested that NHEJ is the predominant mechanism in
higher eukaryotes but it is now established that HR also plays a crucial role in DSB repair in
such organisms. Conversely, and as | will explain further below, although the NHEJ
pathway was not identified through classical genetic approaches in unicellular eukaryotes
such as the yeasts Schizosaccharomyces pombe and Saccharomyces cerevisiae, these
organisms are now known to have an NHEJ apparatus that is evolutionarily conserved with
that of higher eukaryotes.

The DNA-dependent protein kinase

Although I did not know it at the time, my entrance into the DDR field began in 1989, when
I was working as a post-doctoral fellow on the control of human gene transcription in the
laboratory of Robert Tjian in Berkeley, California. During this work, which I carried out
with the assistance of an undergraduate, Judy MacDonald, we observed that transcription
factor Sp1 present in human HeLa cell nuclear extracts was phosphorylated during /in vitro
transcription assays. Moreover, through defining the factor-requirements for
phosphorylation, we learned that Sp1 phosphorylation only took place in the presence of
DNA, and that phosphorylation ensued most efficiently when the DNA contained Sp1-
binding sites. Furthermore, by partially purifying the kinase and carrying out biochemical
experiments on it, | discovered that the kinase itself bound to DNA and was stimulated by
DNA. Although the concept of a DNA-activated protein kinase was new to me, a search
through the literature revealed that a kinase with such properties had been described

Biochem Soc Trans. Author manuscript; available in PMC 2010 July 21.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Jackson

Page 3

previously in clam egg extracts by Carl Anderson and colleagues [12]. Upon contacting Carl
and his collaborator Susan Lees-Miller at the Brookhaven National Laboratory, USA, |
learned that they and the group of Tim Carter (St John’s University, New York, USA) had
both independently partially purified this enzyme from human cells. Through exchanging
kinase preparations, we were led to the conclusion that we were all working on the same
enzyme; and later that year, three papers were published on this kinase [13-15], now known
as the DNA-dependent protein kinase (DNA-PK).

DNA-PK activity requires the DSBs-binding protein Ku

In 1991, I set up my laboratory to study the control of transcription... and to try to discover
the physiological functions of DNA-PK. In work | carried out together with my first
graduate student, Tanya Gottlieb, we discovered by DNase | footprinting experiments that
purified preparations of DNA-PK contained an activity that bound specifically to double-
stranded DNA termini. Moreover, building on the observation that DNA-PK was activated
strongly by linear but not by super-coiled plasmid DNA, we reached the conclusion that
DNA-PK binds to and is activated by DNA DSBs [16]. At that time, one of the very few
proteins reported to bind to DNA ends was Ku, a human auto-immune antigen whose
function was not known and which is made up of two tightly-associated polypeptides of
around 70 and 80 kDa (Ku70 and Ku80, respectively). Strikingly, we discovered that Ku
was present in our DNA-PK preparations and that optimal DNA-PK activity required Ku
together with a very large polypeptide, which we named DNA-PK catalytic subunit (DNA-
PKcs, [16]). Upon discussing our data with a colleague, | learned that William (Bill) Dynan
(now at the Medical College of Georgia, USA) had recently given a seminar where he had
described experiments showing that the DNA-PK holoenzyme comprised of Ku and a
separate catalytic subunit. After | had contacted Bill, we set out to publish our work co-
ordinately; our work appeared in press in January 1993, with Bill’s paper appearing one
month earlier [16, 17]. Collectively, these data gave rise to a model in which Ku first binds
DNA ends and then recruits DNA-PKcs, thus activating DNA-PK catalytic activity towards
substrate proteins, with most effective phosphorylation taking place when the protein target
is also bound to the same DNA molecule as DNA-PK itself.

DNA-PKcs and Ku function in DNA DSB repair

The above work suggested that DNA-PK might bind to DSBs /n vivo, and raised the
possibility that it might function in DNA repair and/or recombination. In early 1994, | was
fortunate to enter into discussions with Penny Jeggo from the University of Sussex, UK,
who for several years had been identifying and characterizing mutant mammalian cell lines
that were hypersensitive to IR and were defective in DSB repair by NHEJ (for example,
[18]). Furthermore, such cells had been shown to be deficient in V(D)J recombination, the
site-specific recombination process that helps to generate the mature genes for
immunoglobulin and T-cell receptor proteins in B- and T-lymphocytes, respectively (for
example, [19]). Specifically, V(D)J recombination had been shown to occur via a cut-and-
ligation process that involves DNA DSBs as intermediates, with the specific radiosensitive
cell lines being defective in the ligation step. In light of these findings and our data on DNA-
PKcs and Ku, Nick Finnie and Tanya Gottlieb in my laboratory collaborated with Penny and
colleagues together with the group of Fred Alt (Harvard University, USA) to explore
whether the IR-sensitivity and V(D)J recombination defects of such cells might be caused by
mutations in DNA-PK components. To cut a long story short, our work and related work
carried out by a series of other laboratories revealed that some of the mutant cells lacked
functional Ku, while others had DNA-PKcs defects ([20-26]; for reviews, see [27-29]). In
parallel, the labs of Susan Lees-Miller and Jane Allalunis Turner collaboratively discovered
that a DNA-PKcs mutation caused the radiosensitivity of a cell line derived from a human
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cancer [30]. In addition to identifying the first mammalian NHEJ components, these studies
led to the resolution of a long-standing question in the immunology field by our
demonstration that a DNA-PKcs mutation causes the phenotype of the radiosensitive and
immune-deficient severe-combined immune-deficient (Scid) mouse [31]. Over the ensuing
years, my group and others have identified and characterized other components of the NHEJ
apparatus, which include DNA ligase 1V, XRCC4 [32-34] and XLF/Cernunnos [35, 36],
thereby leading to a model for how this apparatus assembles at DSB sites to promote their
repair (Figure 2).

Notably, while NHEJ factors were initially identified and characterized in higher eukaryotic
systems, yeast genetic studies failed to identify NHEJ components. Although this was
initially believed to reflect simpler eukaryotes relying solely on HR-based mechanisms for
DSB repair, Simon Boulton and Soo-Hwang Teo in my laboratory noted that there were
genes in the S. cerevisiae genome that could encode for Ku subunits or a counterpart of
mammalian DNA Ligase IV. Consequently, through work carried out by Simon, Soo-
Hwang and researchers in several other laboratories, we now know that, with the notable
exception of DNA-PKcs, both S. cerevisiae and S. pombe carry out NHEJ by mechanisms
closely related to those that operate in human cells (for review, see [37]).

DNA-PK, ATM and ATR respond to DNA damage by analogous
mechanisms

By probing human cDNA libraries with synthetic oligonucleotides corresponding to peptide
sequences obtained by Arie Admon (then in Tjian’s laboratory in Berkeley, USA) from
purified DNA-PKGcs, | isolated a partial cDNA for DNA-PKcs. Subsequent work by Kathy
Hartley and David Gell in my laboratory isolated cDNA clones spanning the entire DNA-
PKcs cDNA, thus revealing DNA-PKcs to be a ~470 kDa polypeptide [38]. Strikingly, this
revealed the existence of a kinase domain in the carboxyl-terminal region of DNA-PKcs that
was unlike those of most protein serine/threonine kinases. Instead, this domain was most
similar in sequence to the kinase domains of a relatively small set of proteins, characterized
members of which had been shown to mediate phosphorylation of inositol phospholipids
(this family of enzymes is often referred to as the PI 3-kinase family because of the activity
of one of its best known members: phosphatidyl inositol 3-kinase). Although this initially
suggested to us that DNA-PK might function as a phospho-lipid kinase, collaborative work
between Graeme Smith in my laboratory and Nullin Divecha (Babraham Institute,
Cambridge, UK) established that DNA-PKcs was a protein kinase and did not have
detectable activity against any phospholipids that we tested [38]. Notably, sequence
comparisons indicated that the PI 3-kinase family of enzymes could be subdivided into two
distinct subgroups: one containing mammalian P1 3-kinase and other lipid kinases; the other
containing DNA-PKcs and a series of other large (>250 kDa) proteins... which suggested to
us that these other kinases might share functional features with the DNA-PKcs/Ku system
[39]. Indeed, we now know that this is the case: other proteins in the DNA-PKcs subgroup
are protein kinases; and moreover, some of these — like DNA-PKGcs itself — play important
roles in the DDR (for reviews, see [29, 40, 41]).

To date, the most extensively characterised of the DNA-PKcs-related proteins in human
cells is ATM, which was identified in 1995 as the protein whose defect causes the human
autosomal recessive syndrome ataxia telangiectasia (A-T) [42, 43]. The most critical
features of this disease are an unsteady posture (ataxia) that progressively worsens over time
due to degeneration of neuronal Purkinje cells in the cerebellum, heightened predisposition
to cancer and radiosensitivity. At the cellular level, A-T is characterised by hypersensitivity
to IR and other DNA DSB-generating agents, defects in both the G1/S and G2/M checkpoint
responses, defective inhibition of DNA replication in response to DSB formation and an
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inability to effectively up-regulate p53 in response to IR due to defective DSB signalling
[44]. Strikingly, we and other groups established that ATM is recruited to chromosomal
DSBs but, rather than this being mediated by Ku, it is mediated by the MRE11-RAD50-
NBS1 (MRN) protein complex [45-47]. Furthermore, in parallel with work from the labs of
Tony Hunter and Paul Russell, Jacob Falck and Julia Coates in my group established that
this recruitment involves (together with other important interactions) direct interactions
between ATM and the carboxyl-terminal region of NBS1 [48, 49]. In addition, we found
that this NBS1 region has homology to the carboxyl-terminal region of Ku80 that is needed
for DNA-PKGcs recruitment to DSB sites [49]; a region previously shown by David Gell in
my laboratory and the group of Penny Jeggo to interact with DNA-PKcs and be required for
DNA-PK activity /n vivo [50, 51]. In further parallels with the Ku/DNA-PKcs system, the
above work, together with other studies (for example, [52]) established that ATM
recruitment to DSB sites promotes ATM activation via auto-phosphorylation [53] and helps
ATM to effectively phosphorylate some of its protein targets. The phosphorylation of such
targets, which include p53 and the protein kinase CHKZ2, then brings about activation of
various cellular events, including cell-cycle checkpoint delays [54-56]. Thus, like DNA-
PKcs, ATM appears to be a DNA-damage responsive kinase. However, while DNA-PK
mainly controls DSB repair by NHEJ, ATM’s best-characterised functions are in promoting
cell-cycle delay mechanisms. Nevertheless, recent collaborative work from the labs of Jeggo
and Markus Lobrich (Darmstadt University, Germany) has revealed overlap between DNA-
PK and ATM functions by showing that a subset of DSBs are repaired by mechanisms that
rely on both DNA-PK and ATM [57].

Another DDR protein whose kinase domain is related in sequence to those of DNA-PKcs
and ATM is ATR [58-60]; for review see [61]. Like DNA-PK and ATM, ATR is also
recruited to sites of DNA damage, although in this case recruitment is to single-stranded
DNA bound by replication protein A (RPA). This recruitment occurs by a mechanism that
requires the ATR-interacting protein ATRIP [62, 63], and which involves the carboxyl-
terminal region of ATRIP that has some homology to the Ku80 and NBS1 carboxyl-terminal
regions [49]. It should be noted, however, that several other regions of ATRIP are important
for ATR function [64]. Activated ATR mediates phosphorylation of various downstream
target proteins, the best characterised of these being the protein kinase CHK1, which
promotes, amongst other things, slowing of cell-cycle progression and activation of the HR
pathway of DSB repair [65-67]. Because of its key roles in controlling such processes,
which play particularly critical roles during S-phase, ATR is essential for cellular viability.
Indeed, homozygous inactivation of A7R in mice results in early embryonic lethality
associated with loss of cellular proliferative potential, chromosomal fragmentation and
extensive apoptosis. While lack of ATR function is presumably incompatible with viability
in humans, it is notable that hypomorphic ATR mutations are found in patients with Seckel
syndrome, which is characterized by growth retardation, microcephaly, mental retardation
and DNA-damage hypersensitivity [68]. Collectively, these studies have established that,
while DNA-PKcs, ATM and ATR are activated by analogous mechanisms that employ
interactions with distinct accessory proteins that bind sites of damaged DNA, their major
downstream protein targets and biological functions are largely distinct (Figure 3).

DSB repair and DNA-damage signaling are cell-cycle regulated

While the DNA structures activating ATM and ATR are distinct, both DSBs and single-
stranded DNA (ssDNA) regions are generated when cells are treated with IR. In light of this,
in 2004 Ali Jazayeri and Jacob Falck in my laboratory decided to study (with the assistance
of Julia Coates) potential relationships between ATM- and ATR-mediated signalling after
IR treatment. Consistent with previous studies, our initial analyses (carried out in
collaboration with the groups of Jiri Lukas and Jiri Bartek in Copenhagen, Denmark)
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revealed that ATM activation ensues extremely rapidly after IR exposure as measured by
ATM and MRN recruitment to DSB sites and the phosphorylation of ATM-target proteins
such as NBS1 and CHK2. By contrast, we found that ATR/ATRIP recruitment to sites of
DNA damage and phosphorylation of ATR targets such as CHK1 took place slightly more
slowly, and that this correlated with a time delay between DSB generation and sSDNA
production, presumably brought about by nuclease enzymes [69]. Moreover, Ali and Jacob
made the striking discovery that efficient SSDNA generation and ATR activation required
functional MRN and ATM kinase activity, thus revealing that, after IR or laser micro-
irradiation of cells, prompt ATR activation requires prior activation of ATM-dependent
signalling events. Similar observations were also made by the groups of Nick Lakin, Oskar
Fernandez-Capetillo and David Cortez at around the same time [70-72].

Notably, our studies also revealed that, while ATM activation took place in all cells within
an asynchronous population, effective ATR activation only occurred in a subset of such
cells. Further analyses revealed that this is because, following laser micro-irradiation or IR
exposure, sSDNA production and ATR activation take place effectively in S or G2 cells but
not in GO or G1 cells [69]. Subsequently, work by Alex Sartori and Julia Coates in my group
established that ATR activation is promoted by the human CtIP protein, which achieves this
function by working in conjunction with MRN to bring about resection of DNA ends in the
5" to 3" direction to generate ssDNA that binds RPA and then activates ATR [73]. Most
recently, Pablo Huertas here established that cell-cycle regulation of DSB resection, and
thereby ATR activation, is governed by cyclin-dependent kinases (CDK) phosphorylating a
highly evolutionarily conserved motif present within CtIP and in its S. cerevisiae counterpart
Sae2,[74] and Huertas et a/. in press. Our current work is aimed at trying to understand
precisely how this phosphorylation — and additional phosphorylations carried out by ATM
and ATR (and their yeast counterparts) — brings about activation of CtlP/Sae2 and the MRN
complex.

Why would a cell want to respond to DSBs differently in S and G2 than it does in GO or G1?
While we do not know the full answer to this question, it seems that a major rationale lies at
the level of DSB-repair-pathway choice. As mentioned previously, there are two main ways
to repair DSBs: NHEJ and HR. One crucial difference between the two pathways is that HR
requires DSB resection, while NHEJ does not. Another key difference is that NHEJ is able
to operate throughout all phases of the cell cycle, while HR is mainly restricted to S and G2,
mainly because the partner DNA molecule used as a repair template is generally the sister
chromatid — a structure that is not present in GO or G1 cells. Collectively, the available data
hence suggest a model for how and why DSBs are dealt with differently in different cell-
cycle stages (Figure 4). In GO or G1, DSBs are not extensively resected, allowing ATM
activation and NHEJ to operate effectively, while ATR activation and DSB repair by HR are
largely suppressed. By contrast, in S/G2 cells, DSBs are resected, thereby allowing ATR
activation and HR. Notably, this resection and events based on the ensuing sSSDNA
production take place effectively only after ATM activation has occurred and also require
the activities of MRN and CtIP. It is therefore tempting to speculate that responses to DSBs
in S/G2 take place as a carefully orchestrated cascade, where the instigation of resection
only occurs when cells have already instigated rapid ATM-mediated processes, such as
slowing of cell cycle progression and, perhaps, up-regulation of latent DNA-repair-
promoting factors. Once resection is progressing, this then provides the ssDNA substrate for
HR and also leads to ATR activation that, amongst other things, might also act to promote
HR. Consistent with this idea, CHK1 has been shown to facilitate HR, at least in part by
mediating phosphorylation of the key HR protein, RAD51 [67].

What might happen if the above control mechanisms went awry? To address this question,
Pablo Huertas in my group recently mutated the CDK-target site in Sae2 that mediates cell-
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cycle control of resection in S. cerevisiae. Critically, he found that mutating the site to a
non-phosphorylatable alanine residue prevented effective resection in S and G2, thus
curtailing HR and causing hyper-sensitivity towards DSB-generating agents in S and G2
cells but not in G1 cells [74]. By contrast, mutating the site to a glutamic acid residue to
mimic constitutive phosphorylation allowed HR but impaired the accuracy (and to a lesser
degree efficiency) of NHEJ, presumably because of resection occurring in G1. In accord
with this idea, Pablo found that the glutamic-acid substitution caused hypersensitivity
towards DSB-generating agents in G1 cells but not in S/G2 cells [74]. Most recently, Pablo
has observed similar effects when he mutated the analogous CDK-target site in human CtIP.
Moreover, this work showed that deregulating HR by mimicking constitutive CtIP
phosphorylation leads to high levels of gross-chromosomal rearrangements in irradiated
cells, which at least in part appear to result from G1 cells engaging in aberrant HR events
with ectopic loci (Huertas et al. in press). Collectively, the available data therefore indicate
that, while there may be more than one way to repair a DSB, these pathways do not really
act in a redundant manner with one another. Instead, the HR and NHEJ pathways are
complementary, with each being suited to mediate repair under different circumstances. It is
tempting to speculate that there may be many other instances where multiple pathways —
initially seemingly carrying out the same DDR function — in fact primarily operate under
different circumstances. As we will see below, such relationships between DDR pathways
have a significant bearing on the use of DNA-damaging agents and DDR inhibitors in the
treatment of cancer.

Therapeutic potential of DDR inhibition

It has long been clear that the field of DDR research is of huge relevance to cancer. First,
aside from surgery, DNA-damaging agents — in the form of radiotherapy and many
chemotherapies — are numerically by far the most effective and broadly used treatments for
cancer. Second, the effectiveness of such treatments and the side-effects caused by them
reflect the inability of cancer cells and normal cells, respectively, to repair therapy-induced
DNA lesions. Conversely, when such treatments fail and cancer recurs, this is generally due
to a fraction of the cancer cells having repaired the therapy-induced DNA lesions. Third, the
majority of cancer-causing environmental agents known appear to exert their carcinogenic
effects primarily through generating DNA damage. Fourth, although heightened
predisposition to cancer in certain individuals can arise from various genetic causes, in many
cases this results from inherited defects in the detection, signalling and/or repair of DNA
damage, particularly DSBs [6, 75].

While the above issues have been apparent for many years, in 1994-1995 various things
came to my attention that caused me to conclude that DDR-inhibitory drugs could have
great potential in cancer therapy. First, our work on DNA-PK, ATM, ATR and PARP
(which will be explained in more detail below) showed that it might be possible to develop
highly specific inhibitors of these enzymes. For instance, our realization that DNA-PK was
related to Pl 3-kinase lead us to test various small-molecule drug-like compounds that were
initially developed as potential Pl 3-kinase inhibitors. Thus, Graeme Smith in my group
established that the “PI 3-kinase inhibitors” wortmannin and LY 294002 were actually also
very effective against DNA-PK [38]. Subsequent work by us and others (for example,
[76-78]) established that compounds like these also worked against ATM and ATR, and
were able to sensitize cells to the cytotoxic effects of various DNA-damaging agents.
Another factor that suggested to me that there was anti-cancer potential for DDR-inhibitory
drugs was the insight that, in many instances, cancer cells should be more sensitive to DDR-
inhibitors than normal cells. For example, cancer cells tend to replicate more frequently than
most normal cells, meaning that they will generally have less time to repair damage before
executing a key cell-cycle transition such as entry into S-phase or mitosis. Furthermore,
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unlike non-dividing cells, cancer cells traverse S-phase, when many forms of DNA damage
are converted into highly toxic DSBs at the replication fork. In addition, cancer cells are
invariably deficient in one or more aspects of the DDR. A prime example of this is provided
by p53 deficiency, which occurs in a large proportion of cancers and which leads to
defective DNA-damage induced cell-cycle delays/arrests [79]. Although there has been
much debate about why and how cancer cells acquire such DDR defects, a popular current
model is that these defects are selected for to allow the cancer cells (and their progenitors) to
continue proliferating in the presence of chronic DNA-damage and/or replicative stress [80,
81]. Finally — and perhaps most crucially — there has been growing evidence over the past
dozen-or-so years that DDR deficiencies tend to make cancer cells particularly highly reliant
on the DDR pathways that they still retain. As a consequence, one could envision that
certain DDR-inhibitory drugs might be much more cytotoxic towards certain cancer cells
than normal cells (Figure 5).

Establishing KuDOS Pharmaceuticals Ltd

In 1996, with the above ideas in mind, | approached Richard Jennings of the University of
Cambridge and my main sponsors, Cancer Research UK (then Cancer Research Campaign)
with the concept of establishing a biotech company focused on making DDR inhibitors for
use in cancer therapy. After much debate with Sue Foden and Guy Heathers at CRT (Cancer
Research UK Technology), we decided that this was worth a try and, in December 1997,
KuDOS Pharmaceuticals Ltd was founded (the name was suggested by my wife, Teresa
Clarke because “it is all based on what Ku does”). With advice from Sue, Guy and a
consultant, Nick Holladay, | wrote the KuDOS Business Plan... and after much effort, in
May 1999 we obtained venture-capital funding, allowing the company to establish its
operations on the Cambridge Milton Road Science Park. By employing the complementary
expertise of myself (Chief Scientific Officer), Barrie Ward (Chief Executive Officer),
Graeme Smith (Head of Drug Evaluation) and Niall Martin (Head of Drug Discovery),
KuDOS established high throughput small-molecule-library-based screening and drug
evaluation capabilities. As described below, these capabilities and their subsequent
broadening into areas including medicinal and combinatorial chemistry allowed KuDOS to
develop highly potent and selective inhibitors of key DDR enzymes... that are currently in
various stages of pre-clinical and clinical development. Still based in Cambridge, KuDOS
now benefits from the extensive, complementary resources and capabilities of AstraZeneca,
which acquired KuDOS in late 2005.

Development of DNA-PK, ATM and PARP inhibitors

One initial goal for KuDOS was to show that it was possible to develop specific inhibitors of
DNA-PK, ATM and/or ATR. A major obstacle to doing this was the fact that these enzymes
are very large polypeptides that work in conjunction with yet other proteins (several of
which were actually not known of at the time of KuDOS’ inception). Consequently, we and
various others found it impossible to generate active, recombinant versions of these
enzymes; and moreover, when expressed alone, the kinase domains of these enzymes were
unstable, insoluble or inactive. To circumvent these issues, KuDOS used expertise that
Graeme Smith had acquired when he was in my academic laboratory to develop efficient
ways to purify the enzymes from human cell extracts; and together with the establishment of
highly sensitive kinase assays by Graeme and Niall Martin, this allowed effective — albeit
very laborious —compound screening. As a result of this work and many years of iterative
medicinal chemistry, combinatorial chemistry and compound evaluation, KuDOS was able
to develop highly potent and very selective inhibitors of DNA-PK and ATM. Notably, in
addition to such compounds and their derivatives having promise as anti-cancer agents, they

Biochem Soc Trans. Author manuscript; available in PMC 2010 July 21.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Jackson

Page 9

have proved to be very useful reagents with which to characterise ATM- and DNA-PK-
dependent processes (for example, [57, 82-86]).

Another major focus for KuDOS over the past decade has been to develop inhibitors of Poly
(ADP-ribose) polymerase (PARP-1). The production of protein-linked poly ADP-ribose
chains is a long-established aspect of the DDR, this being carried out by PARP-1 and, to a
lesser extent, PARP-2 (for reviews, see [87, 88]). Although PARP-1 and PARP-2 have been
implicated in controlling other nuclear events such as transcription, their best-characterised
functions are in promoting DNA base-excision repair (BER) and the repair of DNA single-
strand breaks (SSBs). This is believed to be mediated by PARP1/2 binding to SSBs or DNA
nicks that are produced by agents such as reactive oxygen species and which also occur as
intermediates in the BER process [89]. Such DNA SSB-binding then triggers PARP1/2
enzymatic activity, leading to the production of large, branched chains of poly (ADP-ribose)
on PARP-1 itself and on various other proteins; and this in turn appears to help the
recruitment of other proteins that facilitate BER and SSB repair. Consequently, lack of
PARP-1 or PARP-2 causes persistence of endogenously-arising SSBs, and hyper-sensitises
cells to IR and drugs such as DNA-alkylating agents [90, 91]. Because of these issues,
KuDOS and others have carried out biochemical screens of chemical libraries for PARP-1
inhibitors, and have then evolved the ensuing “hits” through medicinal and combinatorial
chemistry to produce highly potent and selective compounds. As anticipated, such inhibitors
have been found to sensitise cancer cells to IR and towards DNA-damaging agents that
include alkylating drugs, topoisomerase | inhibitors and platinum compounds (for example,
[92-95]). On the basis of these findings, PARP-1/2 inhibitors developed by several
companies have entered into clinical trials (for reviews, see [86, 96, 97]).

PARP inhibitors are selectively cytotoxic to BRCA1/2-deficient cells

As described in preceding sections, as they lack particular DDR pathways, cancer cells
might be more susceptible than normal cells to the inhibition of certain other DDR pathways
(Figure 5). My colleagues and | at KuDOS were, therefore, very interested in trying to
identify situations where such “therapeutic windows” might exist for the various KuDOS
DDR inhibitors. Although there are many examples of DDR loss in cancer cells, one that
captured our specific attention was the loss of BRCAI or BRCAZfunction in hereditary
breast and ovarian cancer. In these conditions, a woman inherits one inactive copy of
BRCA1/2, meaning that she has an extremely high risk of developing breast or ovarian
malignancies. Notably, while normal cells in such a cancer patient possess one wild-type
copy of the BRCA1/2 gene, rendering them BRCA1/2 proficient, the tumour cells turn out
to have invariably lost the function of the other BRCA1/2allele, making them dysfunctional
for BRCA1/2-dependent events. Crucially, in 1999-2001, work from various laboratories —
in particular the group of Maria Jasin (Sloan Kettering Cancer Centre, New York) — revealed
that BRCA1/2 defects lead to markedly impaired DSB repair by HR (for example, [98, 99]).
In light of these findings, in mid 2002, | approached Alan Ashworth (Breakthrough Breast
Cancer Centre, London, UK), who is an expert in studying BRAC1/2functions, with a
proposal: that we collaboratively assess the impact of DNA-PK, ATM and PARP-1
inhibitors in cells proficient or deficient in BRCA1 or BRCAZ. It turned out that Alan was
very receptive to this proposal, as he had been thinking along similar lines himself.

To cut a long story short, work carried out collaboratively by Alan’s group in London and
the groups of Niall Martin, Mark O’Connor and Graeme Smith at KuDOS revealed that
BRCA-/- cells are strikingly hyper-sensitive to PARP inhibition, being killed at
concentrations of KuDOS PARP inhibitors that are several hundred-fold lower than are
needed to kill BRCA+/+ or BRCA+/- cells [100]. In parallel, work carried out
collaboratively by the groups of Thomas Helleday (University of Sheffield, UK and
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University of Stockholm, Sweden) and Nicola Curtin (University of Newcastle-Upon-Tyne,
UK) reached the same conclusions [101]. Taken together with subsequent studies revealing
that other HR-deficient cells are hyper-sensitive to PARP inhibition [102], we were thus
lead to the model that PARP inhibition slows the repair of spontaneously-arising SSBs,
which are then converted into DSBs during S-phase by replication (Figure 6). Notably, such
DSBs are not very toxic to normal cells, because — as we have seen in previous sections —
they can efficiently and accurately repair these lesions by HR-dependent processes. By
contrast, this type of repair is not effective in BRCAL/2-defective cells, leading to cell death
by apoptosis or mitotic catastrophe.

PARP inhibitors in the treatment of hereditary breast and ovarian cancers

On the basis of the above findings and subsequent data generated through the use of mouse
cancer models (for example [103-105]), the orally-active KuDOS PARP inhibitory
compound, KU-0059436 (now termed AZD2281), was selected for a Phase | clinical trial in
human patients. Initial evaluation, which was on advanced patients with various types of
progressive solid tumours that had proved resistant to previous therapies, revealed that
AZD2281 is generally well tolerated, with reversible and generally relatively mild toxicities
being observed only at doses sufficient to largely ablate PARP enzymatic activity. As a
result of these observations and indications of anti-tumour activity in several patients,
including some of whom possessed BRCA1/2 mutations [106], the Phase I trial was
expanded by recruiting a further cohort of ovarian cancer patients with BRCA1/2 mutations.
Strikingly, in addition to there being responses in the other patient sub-groups, a substantial
proportion of the BRCA-deficient ovarian cancer patients displayed stable disease or tumour
regression, with several patients remaining being treated even after formal closure of the
trial [107]. Encouraged by such findings, as of January 2009, AZD2281 is being evaluated
in three Phase Il trials as a stand-alone agent against BRCA-defective breast or ovarian
cancers. It is also being assessed in a further seven Phase | trials against various tumour
types in combination with DNA-damaging agents (http://www.cancer.gov/search/
ResultsClinicalTrialsAdvanced.aspx?protocolsearchid=5678174).

Conclusions and future prospects

I have described how work in my laboratory and elsewhere has led to the identification and
characterisation of proteins that function in the detection, signalling and repair of DNA
DSBs. Although this and other work has taken us to a fairly sophisticated understanding of
the DDR, much remains to be learned. In my view, key issues for future studies will be to
determine exactly how DDR proteins work at the molecular level, how they interact with
one another and how their activities are controlled by such interactions and by post-
translational modifications. As has been the case so far in the DDR field, biochemical
studies will surely play major roles in shaping such developments. Another prime aspect of
future studies will be to try to gain a more “holistic” picture of the DDR, which we now
know more resembles a complex meshwork of activities rather than operating as a series of
distinct, largely linear pathways. Such understandings will presumably arise through
integration of data provided by biochemical, molecular and genetic studies, as well as
information generated through more global “omic” approaches (for example, [108, 109]).
Finally, I speculate that we are currently just seeing the “tip of the iceberg” in regards to the
therapeutic potential of DDR modulating drugs... and that the next five-to-ten years will
witness many more DDR-regulatory drugs progressing through clinical trials. Hopefully,
these and related developments will translate into significant benefits for cancer patients and
their families.
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Figure 1.

Schematic representation of how cells respond to DSBs (see main text for details).
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Figure 2.
Model for assembly of the NHEJ apparatus at DSB sites (see main text for details).
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Figure 3.

Models depicting how ATM, DNA-PKcs and ATR are recruited to sites of DNA damage by

analogous mechanisms but possess different functions.
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Figure4.
Model for how and why cells resect DSBs efficiently in the S and G2 phases of the cell
cycle but not in GO and G1 (see main text for details).
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Figure5.

Model depicting how certain components of the DDR are often lost during the evolution of
cancer. In the hypothetical situation shown, there are two DDR pathways “A” and “B” that
are both able to promote cell survival in response to a particular form of DNA damage.
While normal cells possess both pathways, pathway “B” is shown to be lost during
tumourigenesis. Consequently, administration of a drug targeting pathway “A” would be
expected to be much more cytotoxic to cancer cells than the normal cells, thus providing a
potential therapeutic window for the use of this drug in treating a cancer patient.
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Model depicting how PARP inhibition is well tolerated by normal cells that are proficient in
HR but is highly cytotoxic to HR-deficient cells, such as those defective in BRCAL or

BRCAZ2 (see main text for details).
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