Chapter 1

Improving the Therapeutic Ratio

of Radiotherapy by Targeting the DNA
Damage Response

Ross Carruthers and Anthony J. Chalmers

Abstract In recent decades, technological advances in radiotherapy delivery have
allowed dose escalation or reduction of toxicity for radiotherapy regimens used to
treat several major tumour sites. However, tumour radioresistance remains a
significant clinical problem. Although it is well established that the major biological
effects of ionising radiation are mediated through DNA damage, our knowledge of
the biological processes influencing tumour response to radiation is still relatively
basic. It is known that tumour cells repair the vast majority of potentially lethal
DNA damage inflicted by ionising radiation and that the cellular response to DNA
damage is a major determinant of tumour radiosensitivity. Manipulation of tumour
DNA damage repair mechanisms to modify the radiobiological response of
malignant cells is therefore a very appealing idea with the potential to greatly
amplify the therapeutic effects of radiation therapy.
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Introduction

In recent decades, technological advances in radiotherapy delivery have allowed
dose escalation or reduction of toxicity for radiotherapy regimens used to treat
several major tumour sites. However, tumour radioresistance remains a significant
clinical problem. Although it is well established that the major biological effects of
ionising radiation are mediated through DNA damage, our knowledge of the
biological processes influencing tumour response to radiation is still relatively basic.
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It is known that tumour cells repair the vast majority of potentially lethal DNA
damage inflicted by ionising radiation and that the cellular response to DNA damage
is a major determinant of tumour radiosensitivity. Manipulation of tumour DNA
damage repair mechanisms to modify the radiobiological response of malignant
cells is therefore a very appealing idea with the potential to greatly amplify the
therapeutic effects of radiation therapy.

The components and mechanisms of DNA repair and cell cycle control pathways
in normal mammalian cells have now been defined in some detail, and the potential to
target and inhibit specific components of DNA damage response pathways is now a
reality with the development in recent decades of small molecule inhibitors of some of
the key components of these pathways. The current challenge facing radiation oncol-
ogy is to integrate this knowledge in a manner which will allow specific manipulation
of tumour radiobiological response in order to provide clinically useful, tumour-spe-
cific radiosensitisation. This chapter will summarise briefly the DNA damage response
of cancer cells to ionising radiation and then describe various strategies to manipulate
tumour radiobiology by inhibition of key DNA damage response proteins.

The DNA Damage Response (DDR)

Upon encountering DNA damage of any variety, the normal response of mamma-
lian cells, whether malignant or otherwise, is to attempt repair. Cells accomplish
this via a complex network of protein signalling cascades and pathways. The term
‘DNA damage response’ (DDR) will be used to refer to this cellular repair network.
There are multiple pathways involved in DDR, often with huge complexity and
some redundancy in function. However in general the cellular response to DNA
damage can be summarised by two processes: (1) activation of cell cycle check-
points and (2) initiation and execution of DNA repair. These two processes are
complementary; activation of cell cycle checkpoints provides time for the cell to
repair damaged DNA before either replicating it or attempting it to undergo mitosis.
If repair of DNA damage is successful, the cell will survive and retain reproductive
integrity. If unsuccessful, the cell may die via apoptosis, mitotic catastrophe or an
alternative cell death mechanism. This is summarised in Fig. 1.1. A brief overview
of the cellular DDR to ionising radiation follows.

Detection of Radiation-Induced DNA Damage and Initiation
of DDR

Efficient DDR relies upon rapid detection of DNA damage and subsequent escala-
tion of appropriate DDR pathways. The MRN complex consisting of MRE-11,
NBS-1 and Rad50 proteins represents the major DNA DSB detector within mam-
malian cells. Ku70/Ku80 proteins, which are key effectors of the non-homologous
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end joining (NHEJ) pathway, also bind directly to DNA DSBs facilitating early
repair of most DNA DSBs. Following detection of DNA damage, this signal must
be amplified and coordinated in order to facilitate a cellular environment conducive
to DNA repair. This is achieved by the actions of three apical DDR proteins: ataxia
telangiectasia mutated (ATM), ataxia telangiectasia and Rad 3 related (ATR) and
DNA-dependent protein kinase (DNAPK) which are phosphatidylinositol 3-kinase-
related kinases (PIKKs). The apical PIKKs phosphorylate a repertoire of DNA
repair and checkpoint control proteins ensuring timely activation of cell cycle
checkpoints and initiation of DNA repair mechanisms appropriate to DNA lesion
stimuli and allow modification of heterochromatin and other more general intracel-
lular environmental features in order to promote cellular survival. Apical PIKKSs are
appealing targets for radiosensitisation strategies and their functions and are
described below.

Ataxia Telangiectasia Mutated (ATM)

ATM is a highly prolific kinase which phosphorylates many substrates in response to
DNA DSBs and has a dual role in both cell cycle control and repair of a subset of
DNA DSBs. For a detailed review, see Shiloh et al. [1]. Mutations in ATM are respon-
sible for the radiosensitivity syndrome ‘ataxia telangiectasia’, first described in 1975
[2]. Cells derived from patients with ataxia telangiectasia show deficient G1/S, S and
G2/M checkpoints and deficient DNA DSB repair. ATM exists as an inactive dimer
or multimer until DNA damage occurs, upon which autophosphorylation at serine
1981 occurs, allowing the dissociation of ATM dimers into active monomers. The
exact mechanism of ATM activation is debated in current literature, and activation
may occur via direct interaction with DNA DSBs, in response to conformational
changes in heterochromatin structure or via the MRN complex [3, 4].

The proportion of DNA DSBs that cannot be repaired in ATM-mutant cells is
estimated at around 10-20 % of the total DSB burden. ATM has a role in promoting
DSB repair executed by NHEJ in G1 phase and by both NHEJ and HR in G2, and
the proportion of ATM-dependent DSBs is similar in both phases of the cell cycle.
Goodarzi et al. investigated the role of ATM in chromatin modification and demon-
strated that ATM has a role in repair of heterochromatic DSBs [5]. This model
proposes that in G1 phase, around 75 % of DNA DSBs occur in euchromatin regions
and that ATM is not required for the repair of these lesions. However, in heterochro-
matic regions, nucleosome flexibility is constrained by factors such as KAP-1,
which severely limits DSB repair. In this model, DSBs in heterochromatin are
responsible for the slow phase of DSB repair, since the cell needs to execute addi-
tional steps to rejoin DSBs occurring in this relatively inaccessible chromatin con-
text. ATM is able to phosphorylate KAP-1, thereby generating sufficient elasticity
in DNA tertiary structure to allow repair. It has previously been suggested that
ATM’s primary role is to deal with complex DNA DSB lesions, since Artemis and
ATM defects create epistatic DNA repair defects and Artemis has a vital role in end
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resection for facilitation of NHEJ [6]. However, the proportion of ATM-dependent
DNA DSBs appears not to increase following irradiation with high LET radiation
types which cause more complex DSBs, which implies that ATM-dependent repair
is not necessarily associated with complex DNA DSBs.

Nevertheless, ATM is also known to have roles in specialised DSB repair
mechanisms that are not related to heterochromatin such as VDJ class switching and
meiotic recombination. Alvarez-Quilon et al. demonstrated that ATM is necessary
for the repair of DNA DSBs with blocked ends and that this requirement is indepen-
dent of chromatin status [7]. The authors speculated that ATM could promote
nucleolytic activity to eliminate blockage at DNA ends via the MRN complex, CtIP
or Artemis or it could restrict excessive nucleolytic degradation of DNA ends by
inhibiting these same nucleases or by phosphorylation of H2AX. These two models
are not necessarily conflicting, since ATM may have roles in both complex DNA
lesion repair and modification of chromatin.

Ataxia Telangiectasia and Rad 3 Related (ATR)

ATR has a critical role in the DDR by protecting cells from replication stress.
Replication stress can be defined as the slowing or stalling of replication forks dur-
ing duplication of DNA and is characterised by the presence of single-stranded DNA
(ssDNA) within the nucleus. Cancers in general are known to exhibit high levels of
replication stress, which is thought to be induced primarily by oncogene activation,
leading to upregulation and increased dependence upon the ATR-Chk1 pathway [8].
Furthermore, the DNA damage induced by ionising radiation (both SSBs and DSBs)
is a significant source of replicative stress in the irradiated cell. The role of ATR in
the DDR is reviewed in Marechal et al. [9]. ATR has an essential role in the survival
of proliferating cells, and its deletion leads to embryonic lethality in mice and lethal-
ity in human cells [10]. ATM and ATR share many phosphorylation substrates; how-
ever, they have distinct roles in DDR and cannot be viewed as redundant in function.
ATR is activated by RPA-coated ssDNA; hence, any situation leading to the forma-
tion of ssDNA will result in the activation of ATR. ATR phosphorylates Chk1 which
leads to G2/M checkpoint activation, allowing time for damage repair. However,
both ATR and Chk1 have additional important functions in maintaining the integrity
of replication forks. Replication fork collapse is characterised by the dissociation of
replisome contents and may result in generation of a DSB. This process is still
poorly understood and may be the result of replisome dissociation/migration, nucle-
ase digestion of a reversed fork or replication runoff [11]. ATR is activated by
ssDNA generated at stalled replication forks and acts to stabilise the fork and initiate
cell cycle checkpoint activation and inhibition of DNA replication origin firing on a
global scale throughout the cell nucleus. ATR activation inhibits origin firing via the
phosphorylation of the lysine methyltransferase MLL, which alters chromatin struc-
ture around replication origins [12]. In this manner, the stalled fork can then be
restarted when the replication stress stimulus has been resolved.
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DNA-Dependent Protein Kinase (DNA-PK)

DNA-PK has a critical role in DDR via its function in NHEJ, as discussed below.
It phosphorylates a smaller number of substrates in comparison to ATR and ATM.
However, DNA-PK is able to phosphorylate some substrates of ATM in ATM-
defective cells, allowing a degree of functional redundancy. In particular, DNA-PK
is able to phosphorylate histone H2AX in the absence of ATM [13].

Activation of the apical DDR PIKKs results in cell cycle checkpoint initiation and
attempted DNA repair. These processes will be considered separately as follows.

Cell Cycle Checkpoint Control

Mammalian cells have three main cell cycle checkpoints that are activated following
DNA damage: Gl1, intra-S and G2/M. These are shown in Fig. 1.2. The checkpoints
regulate progression through the cell cycle, preventing a cell from progressing into the
next phase of the cell cycle prior to satisfying the requirements of the previous phase.
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Fig. 1.2 Cell cycle control in response to DNA damage. Simplified diagram of cell cycle control
following activation of the upstream PIKKs ATR and ATM. ATM is activated by DNA DSBs and

influences all three major checkpoints, whereas ATR is activated by RPA-coated ssDNA and has
its major roles in the intra-S checkpoint and maintenance of the G2/M checkpoint
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Progression through the cell cycle is controlled by cyclin-dependent kinases (CDKs)
and cyclins, the names alluding to their cyclical accumulation and destruction through
the cell cycle. These proteins form cyclin-CDK complexes whose activity ultimately
regulates the machinery responsible for cycle progression. For a review of the cellular
machinery controlling cell cycle checkpoints, see Lukas et al. [14].

The G1 checkpoint is usually very robust in eukaryotic cells; however, in malignant
cells, the G1 checkpoint is frequently absent due to mutations affecting the p53 pathway.
For example, glioblastoma and other cancer cells frequently fail to initiate a G1 check-
point response to irradiation. Normal G1 checkpoint function requires functioning p53,
which is phosphorylated in response to DNA damage by both ATM and Chk2 proteins.
This leads to a reduction in the binding of MDM?2 to p53, and subsequent p53 activation,
resulting in its nuclear accumulation and stabilisation. Increased levels of p53 protein
stimulate increased transcription of p21, which binds and inhibits CDK2-cyclin E activ-
ity, preventing the cell from entering S phase. The G1/S checkpoint is highly sensitive,
but limited by the time required for p21 upregulation [15]. Alternative activation of the
G1/S checkpoint is mediated via phosphorylation of Cdc25A, again by ATM and Chk2,
which then targets Cdc25A for proteasomal degradation. Cdc25A removes inhibitory
phosphate groups on CDK2, allowing progression into S phase [16].

The intra-S checkpoint is activated in response to replication stress or other dif-
ficulties encountered by the cell during S phase. It operates to slow DNA replication
rather than stop it entirely and is p53 independent. The components of the S phase
checkpoint suppress origin firing and slow replication fork progression to reduce
the rate of DNA replication. Abnormalities in S phase checkpoints result in the
radioresistant DNA synthesis (RDS) phenotype, i.e. cells are unable to stop or delay
the synthesis of DNA following induction of DNA damage by radiation.

Cancer cells frequently demonstrate an increased dependency upon G2/M check-
point activation to allow repair of DNA damage prior to entering mitosis, since the G1/S
phase checkpoint is often dysfunctional in malignant cells due to deficiencies in the p53
pathway. Progression through the G2/M checkpoint with unrepaired DNA damage can
result in cell death, and therefore it is essential that control of the G2/M checkpoint is
maintained. Activation of the G2/M checkpoint occurs via ATM and ATR which phos-
phorylate Chk1 and Chk2, leading to phosphorylation of Cdc25 phosphatases. The
G2/M checkpoint has a defined threshold of sensitivity, with activation and mainte-
nance of G2/M arrest appearing to require 10-15 DSBs [17]. The G2/M cell cycle
checkpoint arrests heavily damaged cells in G2 to provide time for repair of DSBs, and
it is proposed that this may be important for slow phase repair in G2 via homologous
recombination. However, the G2/M checkpoint is inherently insensitive and allows cells
to enter mitosis carrying a measurable number of unrepaired DSB [18].

DNA Repair Processes

Exposure to a 2Gy dose of radiation will produce on average around 2000 SSBs
and 80 DSBs. DNA DSBs are much more difficult for cells to repair and have long
been considered the lesions responsible for lethality following irradiation.



8 R. Carruthers and A.J. Chalmers

Fast Slow
o 100
£
c
‘S 80
=
= 60
[72]
m
‘3 40
g
E 20
=
0 ——
01 3 6 12 24
Hrs

Fig. 1.3 Tllustrative schematic of kinetics of DNA DSB repair following irradiation in mammalian
cells. The majority of DSBs are repaired a short time after irradiation in the ‘fast’ phase of DNA
DSB repair via NHEJ. However, a subset of DNA DSBs requires much more time for repair, due
to complexity and/or chromatin context, and is represented by a ‘slow’ phase tail on the above
illustration. Slow phase repair is achieved via NHEJ in G1 phase and HR repair in G2 phase.
Adapted from [19]

Figure 1.3 illustrates DNA DSB repair kinetics in mammalian cells following
gamma radiation adapted from Goodarzi et al. [19]. There is an initial fast phase of
repair lasting 1-3 h which represents DNA DSBs that can be efficiently repaired by
the cell. In addition to the fast phase of repair, there is a longer ‘tail’ which is termed
the slow phase of DNA DSB repair and can extend past 24 h. Both slow phase and
fast phase repair occur simultaneously. If left unrepaired, even a single DNA DSB
can result in loss of genetic information and cell death [20] so it is unsurprising that
mammalian cells have developed complex and highly efficient systems for their
repair. DNA DSBs are repaired predominantly by two pathways, homologous
recombination (HR) and non-homologous end joining (NHEJ), although back up
pathways such as microhomology-mediated end joining (MME]J) also exist. For a
review of DNA DSB repair, see Shibata and Jeggo [21].

Non-homologous End Joining (NHE])

The bulk of DNA DSB repair in mammalian cells is undertaken by NHEJ, exclu-
sively so in G1 cell cycle phase where cells have a diploid DNA content. NHE] is
involved in both fast phase repair and slow phase repair in G1 cells and in the fast
phase of repair in G2 cells [6]. NHEJ involves the processing of broken DNA ter-
mini to form compatible ends which can then be ligated back together. NHEJ is a
relatively simple, rapid and efficient method of DNA DSB repair but is error prone
and associated with loss of genetic information. The mechanisms of NHEJ can be
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simplified into three steps: (for a comprehensive review, see Weterings et al. [22])
(1) capture of both ends of the broken DNA molecule, (2) bridging of the two bro-
ken DNA ends and (3) religation of the broken DNA molecule. NHEJ is thought to
make the first attempt at rejoining the majority of DNA DSBs, even in G2 phase
where HR is competent, due partly to the cellular abundance of Ku70 and Ku80 and
their high affinity for DNA termini [23, 24]. NHEJ and its major protein compo-
nents are summarised in simplified form in Fig. 1.4.

An alternative mechanism of NHEJ is thought to occur via microhomology-
mediated end joining (MME]J) [25, 26]. For a detailed review, see McVey et al.
[27]. MMEIJ has a requirement for limited MRN-dependent end resection and
relies upon homologous matching of 5-25 base pairs on both strands in order to
correctly align the DNA DSB ends. Any overhanging or mismatched bases are
removed and missing bases inserted. The process is particularly error prone, since
it does not identify sequences lost around the DSB. MMEJ appears to act as a
reserve DSB repair pathway but can also repair DSBs generated at collapse of
replication forks. The process is dependent upon ATM, PARP-1, MRE-11, CtIP
and DNA ligase IV but operates independently of Ku or DNA-PKcs [27]. The
extent to which MME]J contributes to DSB repair in normal cells is unknown, but
it has been shown to assume importance in cancer cells bearing defects in other
DSB repair pathways [28].

Homologous Recombination (HR)

The homologous recombination (HR) pathway represents a more complex and
sophisticated mechanism of DNA DSB repair. Although NHEJ repairs the majority
of DNA DSBs, HR contributes to the repair of DSBs in specific circumstances, such
as the one-ended DSB created by the collapse of DNA replication forks and a subset
of DNA DSBs in G2 that are repaired with slow kinetics [23, 29, 30]. HR is conven-
tionally considered to be limited to S and G2 phases of the cell cycle, since it relies
upon homologous DNA sequences (in the form of the duplicated DNA strand of a
sister chromatid) to effect repair. Because of this, however, it is highly accurate. For
amore detailed review of the process, see Filippo et al. [31], Li et al. [32] and Krejci
et al. [33]. In brief, HR is initiated by resection of the 5" DNA end of the DSB in
order to create 3’ SS DNA which can then invade a partner chromosome. End pro-
cessing creates 3’ ends following resection of nucleotides from the 5’ break ends.
Extension of resection is tightly regulated by the repositioning of 53BP1 via a
BRCA 1-dependent process (9 Jeggo 2014 review). Resected 3’ ends are then
quickly bound by replication protein A (RPA), which protects ssDNA and removes
DNA secondary structure in order to facilitate formation of a ‘presynaptic filament’
consisting of Rad51-coated ssDNA [34, 35]. Rad51 is arecombinase, i.e. an enzyme
which facilitates genetic recombination and forms a helical filament on ssDNA
which holds it in an extended conformation to aid the search for homology. BRCA
2 has an essential role in the loading of Rad51 onto ssDNA.
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Fig. 1.4 Schematic diagram of non-homologous end joining (NHEJ) repair. NHEJ is initiated by
the binding of Ku70/Ku80, followed by the recruitment of DNA-PKcs and its subsequent auto-
phosphorylation. End processing is achieved via Artemis, and additional factors before the broken
DNA ends are ligated

Once assembled, the presynaptic filament captures a duplex DNA molecule and
begins its search for the homologous sequence. Rad51 facilitates the physical con-
nection between the invading DNA strand and the DNA duplex structure leading to
the formation of heteroduplex DNA (‘D loop’) with a Holliday junction (HJ), as
described in Fig. 1.5. Synthesis of DNA and repair of the DSB lesion then occurs
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Fig. 1.5 Schematic diagrams of homologous recombination (HR) repair. HR repair is initiated by
end resection and coating of ssDNA by RPA and subsequently Rad51. The search for a homolo-
gous sequence on the sister chromatid is initiated by strand invasion and subsequent Holliday
junction formation. Synthesis of new complementary DNA sequence and Holliday junction resolu-
tion results in successful DNA DSB repair

using the undamaged DNA strand of the heteroduplex DNA molecule as a template.
Following successful repair, resolution of the heteroduplex DNA molecule occurs,
generating crossover or non-crossover products.

Poly (ADP-Ribose) Polymerases (PARPs)

Whilst the main features of the DDR to DNA DSB have been explored, it should
not be forgotten that responses to single-strand DNA breaks also influence the
eventual outcome of radiation-induced DNA damage. Gamma or X-radiation
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induces around 25-fold more SSBs than DSBs, but these are usually repaired
promptly. If SSBs are not resolved efficiently, however, they can have significant
effects on cell survival via the generation of DSBs. The PARP family of proteins is
known to facilitate base excision repair (BER) which is one of the main cellular
single-strand break repair pathways.

PARPs form a large protein family with diverse cellular functions including
DNA repair, mitotic segregation, telomere homeostasis and cell death. PARPs
are characterised by their catalytic function, which is poly(ADP-ribosylation).
There are 18 reported family members; however, not all have definite poly(ADP-
ribose) catalytic function, and only PARPs 1-3 have well-characterised roles in
DNA repair. For an in-depth review of PARP function, see D’Amours and
Burkle [36, 37]. PARP-1 is the most abundant and best understood family mem-
ber, so the term ‘PARP’ will be used to refer to the actions of PARP-1 for the
rest of this chapter.

Activated PARP modifies its substrates via covalent, sequential addition of
ADP-ribose molecules that form branching poly(ADP-ribose) (PAR) polymers on
its targets. The substrate from which PAR is formed is nicotinamide adenine dinu-
cleotide (NAD+). Poly(ADP-ribosylation) is a commonly occurring post-transla-
tional modification in the cell. It creates negative charge on target proteins altering
their three-dimensional structure and regulating interactions with other proteins
and with DNA [38].

PARP is an efficient sensor of DNA damage and its rapid binding to damaged
DNA results in its activation (Fig. 1.6). PARP can bind to a variety of DNA dam-
age structures including SSBs and DSBs [39-42] and plays a major role in PAR
synthesis following DNA damage: approximately 90% of PAR production is
attributable to PARP-1 in this context [43]. DNA-bound PARP undergoes auto-
modification via the addition of long, negatively charged PAR polymers [36]. This
autoPARylation promotes dissociation of PARP from the DNA molecule, allowing
access of other DNA repair components to the damaged DNA [44-46] and facili-
tating their recruitment to the damaged sites. The list of substrates of PARP is
extensive, and their DDR function can be modified both by PARylation and by
direct interaction with PARP.

Although the precise role of PARP in DNA repair is still being elucidated, an
important contribution to the repair of SSB lesions is well documented. Rather
than being essential for SSB repair, however, PARP appears to increase the effi-
ciency and kinetics of this process [47-49]. Activation of PARP promotes recruit-
ment of the scaffold protein XRCC1 to damages sites [50]; PARP modifies and
interacts directly with XRCC1 during this process. Lesions then undergo end
processing before being repaired by either short patch or long patch mechanisms.
PARP is known to interact with and modulate many SSB repair proteins, includ-
ing DNA Lig III, DNA Pol Beta and others, whilst playing a clear role in base
excision repair (BER) does not appear to be an absolute requirement for the func-
tion of this pathway [49]. The radiosensitising effects of PARP inhibition will be
discussed below.
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Fig. 1.6 The role of PARP in SSB repair. PARP detects SSBs and facilitates efficient repair via
interactions with a variety of base excision repair (BER) factors. Automodification of PARP facili-
tates its dissociation from the damaged site

DNA Damage Response as a Therapeutic Target

From the discussion above, it can be predicted that targeting of the tumour cell
DDR will lead to radiosensitisation via two distinct mechanisms. Inhibition of
cellular checkpoint activation will promote transit of malignant cells into mitosis
before DNA damage can be completed, thus increasing the probability of cell
death, whilst inhibition of DNA repair will increase the incidence and persis-
tence of unrepaired DNA breaks, thus enhancing the lethal effects of irradiation.
Some of the key DDR effectors (e.g. ATM) are involved in both of these
processes.
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Exploitation of DDR as a therapeutic target often raises understandable concerns
regarding toxicity to normal tissues. The concept of ‘tumour specificity’ is vitally
important in cancer therapy and particularly so when considering strategies that
increase the biological effects of ionising radiation. If DDR inhibition were to sen-
sitise normal tissues to the same degree as tumour cells, then no therapeutic gain
would be made, since any increased tumour effect would be accompanied by an
unacceptable increase in normal tissue toxicity.

Supporting the prospect of tumour-specific radiosensitisation, important
differences between the DDR of tumours and normal tissues have been well
documented. At the most fundamental level, the DDR presents a barrier to car-
cinogenesis during the early stages of tumour development [51]. Cellular popu-
lations in the process of carcinogenesis face selective pressures that promote
survival of cells bearing mutations associated with altered DDR that increase
their ability to tolerate oncogenic proliferative stress. At the population level,
dysfunctional DDR can be advantageous, endowing a minority of tumour cells
the capacity to generate and tolerate genomic instability and heterogeneity,
leading to adaptability and a survival advantage in the hostile tumour microen-
vironment. Consistent with this, there is evidence to suggest that tumours may
be profoundly deficient in some aspects of DDR, rendering them overly depen-
dent on other DDR pathways to carry out necessary DNA repair. Examples of
this behaviour are seen in the widespread loss of G1/S checkpoint integrity in
solid tumours due to p53 mutation and resulting dependence upon G2/M check-
point integrity. A further example is seen in the context of ‘synthetic lethality’
in HR-deficient tumours, which are sensitive to therapies such as PARP inhibi-
tors that create DNA lesions requiring HR for repair. Given that genomic insta-
bility is now considered a ‘hallmark’ of cancer, it is likely that DDR abnormalities
are common in cancer cells [52]. Indeed the main reason why radiotherapy is a
successful cancer treatment is because tumour cells are less able than the sur-
rounding normal tissues to deal with the DNA damage caused by ionising radia-
tion. The intact DDR of normal tissues ensures that a therapeutic ratio exists
between tumour and normal tissue, allowing radiation to eradicate tumour cells
whilst normal tissues are able to survive or tolerate the resulting DNA damage.
Therefore, pharmacological inhibition of DDR exploits an inherent vulnerabil-
ity of many cancer cells and represents a valid and promising therapeutic
strategy.

Recently, a variety of small molecule inhibitors have become commercially
available that possess the ability to specifically and potently inhibit individual DDR
proteins. Although many of these are not yet sufficiently advanced to be anything
more than laboratory tools, others such as the PARP inhibitor class have been
licensed as single agents and are entering phase I and II clinical trials in combina-
tion with radiotherapy. A discussion on the current landscape of DDR inhibition in
the context of radiation therapy now follows.



1 Improving the Therapeutic Ratio of Radiotherapy by Targeting the DNA Damage... 15
PARP Inhibition

PARP inhibitors represent the most developed class of DDR modifiers, largely due
to early successful trials as monotherapy in the ‘synthetic lethality’ setting [53].
There are now several PARP inhibitors entering clinical trials as radiosensitisers
including AZD2281 (olaparib), AG014699 (rucaparib) and ABT888 (veliparib).
Extensive preclinical investigation into their role as radiosensitising agents has been
carried out and is summarised below.

In vitro work has demonstrated that PARP inhibitors (PARPi) provide modest
radiosensitisation. Sensitiser enhancement ratios (SER), which are a measure of the
fold increase in radiation dose necessary to produce a given level of survival
observed in the absence of the sensitising drug, have been reported in the range of
1.1-1.7, depending on the PARP inhibitor and cell line tested.

Brock et al. [54] demonstrated this effect in fibroblast and murine sarcoma cell
lines, with SERs (at 10 % survival) of 1.4—1.6 using the PARP inhibitor INO-1001.
Interestingly they also showed an enhanced sensitisation effect when INO-1001 was
combined with fractionated radiotherapy, suggesting that PARPi was able to block
interfraction repair of sublethal damage. This effect was also reported in a study of
glioblastoma cell lines [55].

Other authors have confirmed the radiosensitising effects of PARPI in vitro in a
variety of different tumour cell lines; these are summarised in Table 1.1 and include
head and neck squamous cancer; prostate cancer; glioblastoma; pancreatic, colon
and cervix cancer; and lung carcinoma cell lines.

PARP inhibitors have been shown to decrease clonogenic survival and increase
apoptosis and mitotic catastrophe in irradiated cells in vitro. The pro-apoptotic effects
of PARPi vary between studies and are likely to be cell line dependent. Noel et al.
demonstrated lack of radiosensitisation of asynchronously dividing human cell lines
treated with PARP1, whilst HeLa cells synchronised in S phase were significantly sen-
sitised to radiation by the addition of PARPI, suggesting that sensitisation was depen-
dent upon DNA replication [61]. This was confirmed by Dungey et al. [55] who
showed that radiosensitisation was enhanced by synchronisation in S phase and abro-
gated by aphidicolin (which creates an early S phase block). PARPi delayed repair of
DNA damage and was associated with a replication-dependent increase in DNA DSBs
as measured by gamma H2AX and Rad51 foci. Again radiosensitisation was increased
with a fractionated schedule, indicating impaired repair of sublethal damage in PARPi-
treated cultures. The authors proposed a mechanism whereby PARPi reduced the rate
of SSB repair which, in replicating cells, increased the burden of DSBs due to genera-
tion of collapsed replication forks during S phase (see Fig. 1.7). They also proposed
that the DNA lesions produced by collapsed replication forks in the presence of PARPi
might be more complex and hence more difficult to repair. Persistent binding of chemi-
cally inhibited PARP to DNA (via steric hindrance) would prevent efficient recruitment
of DNA repair proteins to the lesion, providing a potential explanation for this theory
[62]. The observation that DNA replication is required in order for PARP inhibition to
radiosensitise cells indicates that direct effects on DSB repair are unlikely.



16

R. Carruthers and A.J. Chalmers

Table 1.1 Summary of in vitro studies of radiosensitising effects of PARP inhibitors

Parp inhibitor
and radiation

Author dose Cell line Assays Outcome
Brock et al. | INO-1001 CHO rodent Clonogenic Decreased clonogenic
[54] 10 pM, IR fibroblast, c37 survival and survival in PARPi plus IR,
0-8 Gy human fibroblast, | apoptosis effect enhanced by
SaNH murine fractionation
sarcoma cell No increase in apoptosis
lines
Albert ABT888 H460 lung Clonogenic Decreased clonogenic
et al. [56] (veliparib) carcinoma cell survival, survival in PARPi plus IR
5uM, IR lines apoptosis, vs. IR alone
0-6 Gy endothelial Increased apoptosis
damage assay | Inhibition of endothelial
tubule formation
Dungey AZD2881 T98G and Clonogenic Decreased clonogenic
et al. [55] (olaparib) U8TMG survival, survival in PARPi plus IR

1 uM, IR glioblastoma cell | gamma H2AX | vs. IR alone, decreased

0-5 Gy lines foci DNA repair, DNA
replication-dependent
effect of PARPi,
fractionation-sensitive
effect

Loseretal. | AZD2881 Human and Clonogenic PARPi radiosensitisation
[57] (olaparib) murine primary survival, enhanced in ATM, Artemis

500 nmol/l cells defective in | alkaline comet | and DNA ligase

plus IR Artemis, ATM, assay, gamma | [V-deficient cells.

0-8 Gy DNA ligase IV H2AX foci Clonogenic survival
decreased in rapidly
dividing and DNA
repair-deficient cells

Calabrese | AG14361 LoVo and Clonogenic PARPi plus IR decreased
et al. [58] 0.4 uM plus SW620 human survival survival by inhibiting

IR 8 Gy colonic recovery from potentially

carcinoma cell lethal damage
lines
Russo et al. |E7016 U251 Clonogenic PARPi plus IR increased
[59] 3-5uM plus | glioblastoma, survival, clonogenic cell kill and
IR 0-8 Gy MiaPaCa gamma H2AX | mitotic catastrophe,
pancreatic, foci, mitotic however no increase in
DU145 prostatic | catastrophe, apoptosis
carcinoma cell apoptosis
lines
Liu et al. ABT 888 H1299 lung Clonogenic PARPI plus IR reduced
[60] (veliparib) cancer cells, survival, clonogenic survival, with
2.5 uM plus DU145 and repair foci effect seen in acute
IR 5 Gy 22RV1 prostate assay hypoxic cells and oxic

carcinoma cell
lines

cells
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Fig. 1.7 Mechanism of radiosensitisation by PARP-1 inhibition. PARP inhibition does not affect
binding of PARP-1 to DNA SSBs but prevents their efficient repair by inhibiting recruitment of key
BER effectors and by blocking access of repair elements to damaged sites. This results in delayed
SSB repair and increases the likelihood of replication fork collapse by which mechanism SSBs are
converted into cytotoxic DSBs during S phase

Loser et al. investigated the radiosensitising effects of PARPi on cells that were
deficient in various DDR pathways, an effect which has been termed ‘synthetic
sickness’. Pre-existing DDR pathway abnormalities were found to enhance the
radiosensitising effects of PARPi when compared with effects in DDR competent
cell lines. Whilst the underlying mechanism varied according to the specific DDR
pathway abnormality, the addition of PARPi appeared to render DDR-deficient cells
more vulnerable to radiation-induced DNA lesions that would otherwise have been
repaired by alternative pathways [57].

Important work by Liu and colleagues [60] examined the effects of acute hypoxia
on radiosensitisation by PARPi. Firstly, the clinical PARPi ABT-888 was shown to
inhibit intracellular PARP activity in prostate and non-small cell lung carcinoma
cell lines under conditions of hypoxia. Secondly, tumour cells under conditions of
acute hypoxia were radiosensitised to the same degree as oxic cells. The authors
concluded that ABT-888 remained an effective radiosensitiser under conditions of
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acute hypoxia, which is an important consideration in translating PARP1 into clinical
practice because most tumours are hypoxic to some degree [63, 64]. Chronic
hypoxia induces downregulation of HR, which may allow targeting of chronically
hypoxic cancer cells with a PARPi synthetic lethal strategy. Chan et al. have shown
that PARPi-treated tumour xenografts with hypoxic subregions exhibited increased
gamma H2AX signalling and reduced survival in an ex vivo clonogenic assay.
However, the specific radiosensitising effects of PARPi in the context of chronic
hypoxia were not investigated [65]. Nevertheless, the ability of PARPi to selectively
target chronically hypoxic cancer cells is of significant clinical interest.

The radiosensitising effects of PARPi have been replicated by several authors in
in vivo models. The results of these studies are summarised in Table 1.2. As an
example, a recent paper by Tuli et al. demonstrated tumour growth inhibition and
prolonged survival in an in vivo orthotopic model of pancreatic carcinoma [69].

Reviewing these data, there is an indication that the radiosensitising effects of
PARPi are enhanced in in vivo models, with several studies showing radiosensi-
tising effects that exceed those predicted by in vitro data. This is unlikely to be
explained by radiotherapy fractionation effects alone, since several of the studies
used large single fraction radiotherapy doses similar to those used in vitro. The
enhanced effects observed in vivo may be at least partly explained by effects of
PARPi on the tumour vasculature, which may in turn be attributed to the struc-
tural similarities of many PARPIi to nicotinamide, which is a potent vasodilator.
Vasodilatory effects of PARPi on tumour blood vessels might alleviate tumour
hypoxia whilst simultaneously increasing drug delivery and enhancing radiosen-
sitisation [58, 70]. As yet, the clinical relevance and therapeutic potential of
these effects remain unproven.

The normal tissue toxicity implications of a PARPi radiosensitisation strategy
have not been extensively investigated, partly because few animal models yield
clinically meaningful radiation toxicity data. However, several mechanistic argu-
ments predict at least a degree of tumour specificity, as described below. Likely
toxicities will of course depend upon the tumour site irradiated. As single agents,
PARP inhibitors have been shown to have highly favourable toxicity profiles [53],
so toxicities outwith the irradiated field would be unexpected, unless concomitant
chemotherapy was also incorporated into the treatment regimen.

Since PARP inhibition requires DNA replication to produce a radiosensitising
effect, rapidly dividing tissues are likely to be radiosensitised by PARP inhibition.
Hence, squamous cell carcinomas, glioblastoma and other highly mitotically active
tumours may be most sensitised by PARPi. This also has implications for normal
tissue toxicity, however, since tissues with high cellular turnover such as the skin,
bone marrow and mucosal surfaces of the oesophagus, oropharynx and bowel
might also be radiosensitised by PARPi, although only if these tissues were irradi-
ated of course. Tissues such as the brain, spinal cord, heart and muscle, which are
comprised mainly of infrequently dividing cells, are predicted not to be radiosensi-
tised by PARPi, although it should be remembered that these tissues are heteroge-
neous and contain additional cell types such as vascular endothelial cells, which
may have higher mitotic indices.
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Table 1.2 Summary of in vivo studies of radiosensitising effects of PARP inhibitors

PARP inhibitor and
Author radiation dose Cell line Assay Outcome
Khanetal. |GPI-15427 10,30, |JHUO12 and JHUO12 | Tumour PARPi plus IR
[66] 100, 300 mg/kg po, | head and neck cancer growth delay | inhibited tumour
IR 2 Gy for 2 days | xenografts apoptosis regrowth vs. IR
Increased
apoptosis
Clarke ABT 888 7.5 mg/ Glioblastoma Animal PARPi-TMZ-IR
et al. [67] kg po bd, intracranial xenografts | survival, prolonged
Temozolomide (MGMT body weight | survival vs. IR
33 mg/kg/day, IR hypermethylated) alone, minimal
20 Gy over 11 days weight loss
Donawho ABT 888 25 mg/ HCT116 xenograft Animal PARPi plus IR
et al. [68] kg/day via osmotic | human colorectal survival increased mean
pumps, IR 20 Gy carcinoma survival time vs.
over 10 days IR alone
Albert ABT 888 25 mg/kg | H460 xenograft, Tumour PARPi plus IR
et al. [56] ip for 5 days, IR human lung carcinoma | growth delayed tumour
10 Gy over 5 days delay, Ki67 | regrowth vs. IR
staining, alone
apoptosis, Decreased
blood vessel | tumour
density vasculature
Decreased
proliferation
Increased
apoptosis
Calabrese AG143615 or SW620 human colon Tumour PARPi plus IR
et al. [58] 15 mg/kg/day ip, carcinoma growth delay |delayed tumour
IR 10 Gy over 5 regrowth vs. IR
days alone
Russo et al. | E7016 30 mg/kg U251 glioblastoma Tumour PARPi-TMZ-IR
[59] po, IR 4 Gy single | xenograft growth delay |delayed tumour
fraction regrowth vs. IR
alone
Tuli et al. ABT 888 25 mg/ Pancreatic carcinoma Tumour PARPi plus IR
[69] kg, IR 5 Gy single growth delay |delayed tumour

fraction

and survival

regrowth and
prolonged
survival

Since vascular endothelial cells are present in every organ and tumour treated, they
are worthy of specific consideration. The cell doubling time of endothelial cells in
culture has been estimated from labelling studies to be in the region of 93 to 2300
days, which would classify the endothelium as an intermediate to late-responding tis-
sue [71]. However, there is evidence to suggest that irradiation provides a proliferative
stimulus that decreases cell doubling time and hence might increase the radiosensitising
effects of PARPi on endothelial cell radiosensitivity [72]. To date, there is no direct
evidence to support or refute such an effect either in animals or in patients.
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It is also unknown whether the progenitor stem cells of slowly dividing tissues
might be sensitised by PARPI strategies; this issue clearly has implications for late
normal tissue toxicities. Intermediate tissues such as type I and II pneumocytes and
the bladder epithelium would be expected to experience less radiosensitisation with
PARPi than malignant tumours.

Considering potential mechanisms of tumour specificity, PARPi have been
observed to accumulate in malignant tissue, an effect that might be related to
increased levels of DNA damage (which would therefore bind more PARP) in
malignant tissue. In theory, this phenomenon would increase the tumour-sensitising
effects of PARPi [58] whilst limiting normal tissue toxicity [73] and might also have
implications for scheduling of PARP1, particularly if cytotoxic chemotherapy agents
form part of the therapeutic schedule and there is a risk of increased haematological
toxicity in combinations with continuous PARP1 dosing.

Taking the tumour selectivity argument a step further, there are theoretical
grounds on which to predict that PARP inhibition could protect certain late-
responding normal tissues from the adverse effects of radiation. In a variety of nor-
mal tissue models, damage-induced activation of PARP has been shown to deplete
cells of NAD+, preventing them from activating energy-dependent apoptotic path-
ways and thereby promoting necrotic cell death and a consequent inflammatory
cascade that exacerbates and disseminates tissue damage. If PARP activity is inhib-
ited prior to the toxic insult, NAD+ levels are preserved, and cells are more likely
to die via apoptosis, thus reducing overall levels of tissue damage. A broad and
expanding literature describes the protective application of PARPi in animal models
of myocardial reperfusion injury and acute lung injury that lend some support to this
theory [74, 75]. Furthermore, it has been reported that PARP inhibition is protective
in mouse models of irinotecan-induced gastrointestinal toxicity [76].

ATM Inhibition

The development of radiosensitisation strategies based on ATM inhibition is at a
much earlier stage of development. Much of the in vitro work in this area has
explored the use of ATM inhibition as a laboratory tool rather than preclinical inves-
tigation as a therapeutic radiosensitiser.

In recent studies, Golding et al. [77] evaluated ATM inhibition as a radiosensitiser for
GBM. They demonstrated highly potent radiosensitisation of commercially available
GBM cell lines using the ATM inhibitor KU-60019 and concluded that ATM inhibition
had clinical potential as a highly effective radiosensitiser and inhibitor of DDR in this
disease. In a subsequent paper, the team explored the combination of ATM inhibition
with radiation and temozolomide on commercially available GBM cell lines [78]. SER3,
values for radiation were calculated to be 1.8-2.1 depending on the dose of KU-60019
used, whilst the addition of temozolomide did not enhance the radiosensitising effects
of ATM inhibition (nor did temozolomide radiosensitise in the absence of ATM inhibi-
tor). In coculture models of glioma cells and human astrocytes, the combination of
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temozolomide and ATM inhibition reduced glioma cell growth by around 70 %, but
astrocytes did not exhibit in vitro radiosensitisation after exposure to KU-60019.
Biddlestone-Thorpe et al. explored similar combinations in an orthotopic in vivo GBM
model [79]. In vivo administration of KU-60019 required the use of intracranial osmotic
pumps and convection-enhanced delivery, since the drug did not reach therapeutic con-
centrations in plasma following oral or intraperitoneal administration. In this context,
KU-60019 delayed tumour growth and significantly prolonged survival when added to
radiation treatment. The investigators also reported that p53 status had an important
effect on the radiosensitising effects of ATM inhibition. U87 cells, which express wild-
type pS3, were infected with a mouse retrovirus expressing the p53-281G allele, gener-
ating p53-mutant U87 cells that were shown to be more susceptible to the radiosensitising
effects of ATM inhibition in vitro than the parental cell populations. Similarly, mice
bearing U87-281G xenografts experienced prolonged overall survival when treated
with the combination of ATM inhibition and radiation in comparison to mice bearing
U87 parental xenografts. Whilst the authors concluded that ATM inhibition may be of
potential benefit in combination with radiotherapy for p53-mutant GBM, it should be
recognised that aberrations in the p53 signalling pathway are observed in about 90 % of
GBM even though p53 mutations are seen in only 30-40 % of cases [80].

These three papers represent the most in-depth preclinical studies of ATM inhibi-
tion to date. Other studies have demonstrated the potentiating effects of ATM inhi-
bition on cisplatin-mediated radiosensitisation of non-small cell lung cancer cells
and radiosensitisation of head and neck squamous carcinoma cell lines by ATM
downregulation via RNA interference [81, 82]. Rainey et al. demonstrated that tran-
sient ATM inhibition for a period of 4 h was able to potently radiosensitise HeLa
cells in vitro [83], whilst Choi et al. demonstrated distinct effects of ATM inhibition
versus ATM loss, manifested by reduced sister chromatid exchange (a marker of
homologous recombination) in ATM inhibited irradiated cells which was not appar-
ent in irradiated ATM null cells [84].

Current dogma might suggest that inhibition of ATM in combination with radio-
therapy would lead to overwhelming normal tissue toxicity, since ATM is one of the
central DDR kinases. However, there is evidence to suggest that radiosensitivity
following ATM inhibition may be tissue specific. A study by Schneider et al. dem-
onstrated that astrocytes downregulate ATM expression but retain DNA repair com-
petency via NHEJ [85]. In support of this, Gosink et al. demonstrated that astrocyte
radiosensitivity was unaffected by ATM deficiency [86]. A further recent study by
Moding et al. using a murine sarcoma model demonstrated that deletion of the ATM
gene had much less of a radiosensitising effect on normal cardiac endothelia than on
rapidly proliferating tumour endothelial cells [87]. These data suggest that ATM
inhibition as a radiosensitising strategy may be clinically achievable; however, fur-
ther study of the normal tissue effects of ATM inhibition is clearly required.

The low bioavailability of compounds used to inhibit ATM to date has been a
barrier to both preclinical in vivo studies and clinical trials in combination with
radiation. Recently however, a highly potent inhibitor of ATM that exhibits blood-
brain barrier penetration has been described by Valerie et al. AZ32 in combination
with a fractionated radiotherapy schedule significantly increased median survival in
an orthotopic human glioma murine model [88].
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ATR Inhibition

The effects of ATR inhibition on radiosensitivity have been the subject of several
preclinical studies. Wang et al. investigated the effects of kinase-dead ATR expres-
sion on cellular radiosensitivity and demonstrated that loss of ATR kinase function
radiosensitised cells through deficient S and G2 cell checkpoints and reduced HR
[89]. Gilad et al. demonstrated a requirement for malignant cells to engage the ATR-
Chk1 pathway in order to maintain genome stability following oncogenic expres-
sion of Ras, implying indirectly that suppression of ATR signalling may sensitise
cancer cells to DNA-damaging agents such as radiation [90].

Until a recent study by Reaper et al. of the compound VE821, specific and potent
inhibitors of ATR had not been available. VE-821 was shown to potentiate the lethal
effects of cisplatin and ionising radiation, effects that were enhanced in cells with a
deficiency in the ATM-p53 axis. The authors speculated that ATR inhibition gener-
ated DSBs via collapse of replication forks which would normally induce an ATM-
dependent S phase checkpoint response. Cells deficient in ATM or p53 were unable
to activate this response and exhibited increased sensitivity to ATR inhibition [91].

Prevo et al. investigated the radiosensitising effects of ATR inhibition in pancre-
atic carcinoma models using VE821, which was shown to ablate induction of Chk1
phosphorylation by radiation or gemcitabine. It also increased the sensitivity of
established and primary pancreatic cancer cells to the combination of radiation and
gemcitabine under both normoxic and hypoxic conditions and effectively inhibited
radiation-induced G2/M arrest. ATR inhibition also appeared to increase DNA
DSBs following treatment with radiation as assessed by persistent gamma H2AX
and 53BP1 foci. In contrast, Rad51 foci formation was reduced 24 h after treatment
with IR and VE821, suggesting inhibition of HR [92].

Fokas et al. subsequently used a more potent analogue, VE822, to study the effects
of ATR inhibition on pancreatic cancer cell radiosensitivity in vivo. VE822 was found
to inhibit Chk1 phosphorylation and sensitise pancreatic cancer cells to radiation, both
alone and in combination with gemcitabine. In contrast, it had no effect on tube forma-
tion by human dermal microvascular endothelial cells after radiotherapy and did not
affect clonogenic survival of fibroblasts, indicating favourable tumour specificity. As
before, radiation-induced DSB repair foci (gamma H2AX and 53BP1) were increased
by the combination of ATR and radiotherapy, whilst Rad51 foci were decreased,
strengthening the concept that ATR inhibition is associated with an HR defect. In vivo,
the combination of IR and ATR inhibition produced a significant increase in tumour
growth delay in subcutaneous pancreatic tumour xenografts. This study also attempted
to quantify the toxic effects of the IR plus ATR inhibitor combination on critical nor-
mal tissues by assessing apoptosis of jejunal cells and villus tip loss in mice treated
with the combination. Neither of these parameters when compared with controls indi-
cated additional toxicity with the addition of ATR inhibition [93].

In further studies on radiotherapy-resistant hypoxic tumour cells, Pires et al. dem-
onstrated that inhibition of ATR with VE821 sensitised a wide variety of commer-
cially available cancer cell lines to radiation with no evidence of a relationship with
P53 mutation in these experiments. Severe hypoxia is known to cause replicative
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stress and consequent activation of ATM and ATR signalling; in this study, VE821
was demonstrated to abrogate hypoxia-mediated ATR signalling and to increase
radiation-induced cell killing in physiologically relevant hypoxic conditions [94].

Finally, Sankunny et al. demonstrated that siRNA knockdown of ATR could
radiosensitise oral squamous cell carcinoma with distal chromosome arm 11q loss
(a marker of relative radioresistance and poor prognosis) [95], whilst Vavrova et al.
have also demonstrated radiosensitisation of p53-deficient promyelocytic leukae-
mia cells by ATR inhibition [96].

Chkl Inhibition

The radiosensitising effects of Chkl have been investigated by several authors in
various tumour models. Since Chk1 has important effects on G2/M checkpoint con-
trol and in the promotion of Rad51-mediated DNA DSB homologous recombina-
tion repair, Chkl inhibitors are predicted to have potent radiosensitising effects.
Many studies have addressed this question in p53-mutant models since these cells
are expected to display increased dependency on G2/M checkpoint arrest. Koniaras
et al. demonstrated that the G2/M checkpoint was independent of p53 and then
showed that expression of a dominant negative Chk1 construct resulted in increased
radiosensitivity [97]. Sorensen et al. further defined the role of Chk1 as an essential
kinase for the maintenance of genomic integrity [98]. They demonstrated Chkl
inhibition with two different compounds (UCNO1 and CEP3891) and noted an
increase in phosphorylation of ATR targets, increased initiation of DNA replication
and generation of DNA DSBs. Chen et al. investigated the role of Chk1 inhibition
as a potential sensitiser to DNA-damaging agents [99] by comparing radiation
responses of pS3-mutated cancer cell lines following Chk1 inhibition to those of
pS53 wild-type cell lines and normal human fibroblasts. Chk1 inhibition was found
to potentiate the effects of radiation in p53-mutant cells only.

Radiosensitising effects of additional Chk1 inhibitor compounds have subsequently
been published in preclinical models of breast cancer and pancreatic cancer [100,
101].

Inhibition of NHE]

Inhibition of NHEJ can be achieved using inhibitors of DNAPK, the apical kinase
that plays a central role in this pathway. Since NHEJ is the predominant mechanism
of DSB repair in normal mammalian cells, its inhibition might be predicted to cause
non-specific radiosensitisation and severe normal tissue toxicity, an argument often
used to suggest that NHEJ is not a promising therapeutic target. Nevertheless, it
should be remembered firstly that malignant cells do not possess normal DDR and
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secondly that back up repair pathways such as MMEJ exist in normal cells. Inhibition
of NHEJ thus remains an area of active interest as a radiosensitisation strategy.

DNAPK-deficient cell lines have been shown to be highly radiosensitive [102],
but whilst several inhibitors of DNAPK are available, none as yet have been used in
preclinical in vivo studies in combination with radiation. In cellular models, Veuger
et al. demonstrated effective radiosensitisation in vitro using NU7026, which was
shown to be a potent and specific DNAPK inhibitor in this study [102].

Rad51 Inhibition

Rad51 is a key element of the HR DSB repair pathway, and inhibition of this protein
would be predicted to have significant effects on the repair of DSBs following irra-
diation. Investigating this hypothesis, Short et al. found that levels of Rad51 in
human glioma cell lines were inversely related to their radiosensitivity and that
knockdown of Rad51 led to increased sensitivity to both radiation and temozolo-
mide (an alkylating cytotoxic agent). They and others have proposed that Rad51
inhibition represents a promising radiosensitisation strategy [103] but development
of pharmacological inhibitors of Rad51 has lagged behind work on other DNA
repair targets. Huang et al. recently described the development of a small molecule
inhibitor of Rad51 which increased the chemosensitivity of in vitro cancer cells;
however, the effects on radiosensitivity were not explored [104].

Combination DDR Inhibition

The ability to inhibit different targets within the DDR allows the prospect of
inhibiting combinations of DDR proteins in order to manipulate radiation sensitiv-
ity. To date, only a few studies have adopted this approach. Vance et al. investigated
radiosensitisation of pancreatic cancer cells exposed to combinations of Chk1 and
PARP inhibitors [105]. This study demonstrated radiosensitisation of both p53 wild
type and p53 mutants in isogenic cell lines by the combination treatment; however,
radiosensitisation was greater in the p53-mutated cell lines. Single-agent sensitiser
enhancement ratios for PARP and Chk1 were modest (1.5); however, the combina-
tion of agents produced sensitiser enhancement ratios of greater than 2. The combi-
nation of Chkl and PARP inhibition caused G2/M dysfunction, inhibition of HR
and persistent DDR in tumour cells but did not appear to radiosensitise normal
intestinal epithelial cells in vitro. The authors speculated that the HR deficiency
induced by Chkl inhibition may sensitise to PARP inhibition via generation of a
‘BRCAness’ phenotype.

Hoglund et al. demonstrated that the combination of PARP inhibition and Chk2
functional loss elicits a synthetic lethal response in Myc-overexpressing lymphoma
cells [106], whilst Booth et al. observed that combining PARP inhibition and Chk1
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inhibition produced cytotoxic effects in mammary cells even in the absence of any
exogenous DNA-damaging agent [107]. Furthermore, the actions of PARP and
Chkl1 inhibition were enhanced by ATM knockdown. Similarly Peasland et al.
documented a synthetic lethal effect of combining the ATR inhibitor NU-6027 and
PARP inhibition [108]. None of these studies evaluated the impact of adding ionis-
ing radiation.

Clearly the combination of different DDR inhibitors has the potential to
enhance the effects of radiation, and given the redundancy encountered within
DDR pathways, this may represent a particularly effective way of inducing
potent radiosensitisation of resistant cancers. Nevertheless, the effects of combi-
nation DDR inhibition on normal tissue toxicity will require careful
consideration.

DDR Kinase Inhibition and Cancer Stem Cell Theory

Cancer stem cell theory has gained prominence in a variety of solid tumour sites in
the last decade. This theory states that only a subpopulation of tumour cells (cancer
stem cells) possesses the ability to initiate tumour growth and that this subpopula-
tion exhibits some of the features of normal tissue stem cells. Cancer stem cells have
been shown by several authors to be resistant to conventional cancer treatments and
in particular to be radiation resistant [109, 110]. These observations implicate the
cancer stem cell population in tumour recurrence following treatment; hence, efforts
to develop therapies that specifically target the cancer stem cell populations of solid
tumours are urgently required.

Bao et al. demonstrated the radioresistance of glioblastoma cancer stem cells
(GBM CSCs) and subsequently showed GBM CSCs to exhibit upregulated DNA
damage responses [110]. Subsequent studies have demonstrated that GBM CSCs
exhibit enhanced activation of the G2/M checkpoint and more efficient DNA
DSB repair in G2 phase of the cell cycle following irradiation [109] compared to
other GBM cell populations which did not exhibit the CSC phenotype. ATM
inhibition was shown to be a potent radiosensitiser of GBM CSCs and was effec-
tive in abrogating both enhanced G2/M checkpoint activation and G2 DNA DSB
repair advantage following radiation in the GBM CSC population. Ahmed et al.
recently demonstrated that selective inhibition of parallel DNA damage response
pathways optimised radiosensitisation of GBM CSCs. Individually, inhibition of
ATR, PARP, Chk1 and ATM all radiosensitised GBM CSCs; however, only ATM
inhibition or dual inhibition of ATR and PARP delivered increases in GBM CSC
radiosensitivity that were significantly greater than those observed in tumour
bulk (non-CSC) populations. These data demonstrate that multiple, parallel
pathways contribute to GBM CSC radioresistance and that combined inhibition
of cell cycle checkpoint and DNA repair targets provides the most effective
means of overcoming radioresistance of GBM CSCs [111]. They also support
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the concept that upregulated DDR is integral to the radioresistance seen in GBM
CSCs and that DDR inhibition is a promising radiosensitising strategy for this
problematic cellular subpopulation.

Combining Radiotherapy and DDR Kinase Inhibition
in the Clinic

Combining DDR kinase inhibition with radiotherapy in the clinic poses several
challenges. Many DDR kinase inhibitors used for in vitro studies are potent and
specific inhibitors of their targets but lack the bioavailability, tumour penetration or
blood-brain barrier penetration necessary for them to be clinically useful com-
pounds. In recent years, a number of clinically useful DDR kinase inhibitors have
been developed, and these agents are starting to be combined with radiotherapy in
early-phase clinical trials.

As discussed above, there is compelling evidence to suggest that a DDR inhibitor
radiosensitiser strategy has the potential to provide tumour-specific radiosensitisation
but that concomitant administration of cytotoxic systemic agents can complicate deliv-
ery of this strategy by increasing the risk of systemic toxicities. Many curative radio-
therapy regimens now incorporate systemic chemotherapy agents, which have been
demonstrated to provide small benefits in terms of tumour control, but which increase
toxicity towards the ceiling of tolerance. DDR inhibition has been demonstrated to
increase the haematological toxicity of chemotherapy drugs: early combination trials of
PARP inhibitors with systemic cytotoxic agents reported severe haematological toxicity
that limited the usefulness of the combination approach. However, improved schedul-
ing of these agents with systemic treatments may provide a solution to this problem.
Another solution would be to pioneer early-phase clinical trials in palliative (non-cura-
tive) radiotherapy treatments which do not include concurrent chemotherapy.

Clinical Trials of DDR Kinase Inhibition

Clinical trials of several DDR kinase inhibitor agents combined with radiation are
either in progress or in advanced stages of development. Most are investigating the
combination of PARP inhibitors with radiation, since these compounds are the most
advanced in their clinical development. There are now several phase I clinical trials
of PARP inhibitors in combination with radiotherapy in various tumour sites includ-
ing breast cancer, non-small cell lung cancer, oesophageal cancer, brain metastases
and glioblastoma. Many of the studies have adopted palliative (non-curative) radio-
therapy regimens for locally advanced cancer in order that toxicity of combined
PARP inhibitor and radiation therapy can be fully explored without compromising
chances of cure. An example of one of these trials is the ‘PARADIGM’ study which
is currently recruiting patients in the United Kingdom. This study will investigate
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the combination of olaparib with hypofractionated radiotherapy (40 Gy in 15 frac-
tions) in glioblastoma patients who are unsuitable for concurrent chemoradiation.
An initial phase I trial will identify a maximum tolerated dose of olaparib with
radiotherapy before progressing to a randomised phase II trial which will investi-
gate whether olaparib in combination with radiotherapy increases survival in this
population, with a view to justifying a subsequent phase III trial.

The results of a phase I trial of the PARP inhibitor ABT888 (veliparib) in
combination with palliative whole brain radiotherapy for brain metastases have
been published recently [112]. This trial showed that the combination of whole
brain radiotherapy and PARP inhibition was well tolerated; indeed a maximum
tolerated dose of veliparib was not reached because predefined dose-limiting tox-
icities were not observed at any dose level. The toxicity of the combined regimen
at the recommended phase 2 dose of veliparib was felt to be similar to that of whole
brain radiation alone. Comparison to historical controls suggested an improvement
in survival in patients receiving veliparib and radiotherapy; however, this was a
phase 1 trial in a highly selected patient population, preventing any robust conclu-
sions regarding efficacy. Nevertheless, the study provides promising evidence that
PARP inhibition can be delivered in combination with whole brain radiotherapy
with relatively modest toxicity.

The ‘PATRIOT” study is the only ‘non-PARP’ DDR inhibitor/radiotherapy com-
bination study currently under way. This phase I study is evaluating the ATR inhibi-
tor AZD6738 both as monotherapy and in combination with radiation in solid
tumours exhibiting abnormalities in the p53 pathway. The trial design incorporates
three stages that enable investigation of optimal dose, optimal scheduling and over-
all safety of the combination of AZD6738 with palliative radiotherapy (20 or 30Gy).
Recruitment to this trial has commenced, and results are eagerly awaited. Other
inhibitors of the DDR are yet to be combined with radiation in a clinical setting, and
to the authors’ knowledge, no clinical trials of inhibitors of ATM or Chk1 in combi-
nation with radiotherapy are yet underway.

Biomarkers

Clinical application of DDR inhibitor radiosensitisation strategies will require the
development of companion biomarkers that allow rational patient selection whilst
ensuring optimal tumour radiosensitisation and minimal normal tissue toxicity.
Next-generation sequencing technologies have enabled comprehensive sequencing
of tumour genomes, facilitating detailed analysis of mutations, copy number vari-
ants and deletions in individual tumours. This information has the potential to
enable selection of patients that will benefit from DDR inhibition and to identify the
DDR inhibitor that will deliver optimal radiosensitisation. For example, a tumour
deficient in the HR pathway may benefit from PARP inhibition, or cancers with high
levels of replication stress may be optimally radiosensitised by ATR inhibition.
Tumours lacking p53-mediated G1/S checkpoint may usefully be radiosensitised by
Chk1 or ATM inhibition. In this way, radiosensitiser strategies could in the future be
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tailored to a patient’s tumour allowing manipulation of the therapeutic ratio of radi-
ation treatment to its maximum extent. Whilst the building blocks of this
personalisation strategy are in place in the form of extensive, detailed understand-
ing of the DDR pathways involved, clinically meaningful and deliverable molecular
biomarkers have yet to be identified and will need to be validated in randomised
clinical trials before they can be adopted in routine clinical practice.

Conclusion

Tumour radioresistance has been a fundamental problem facing radiation oncologists
since ionising radiation was first used to treat cancer over one hundred years ago.
Despite the knowledge that radiotherapy is essentially a DNA-damaging agent and
that repair of radiation-induced DNA damage is a major determinant of tumour radio-
resistance, manipulation of the radiobiological response of tumours has not been a
feasible prospect until the last few years. Recent advances in molecular biology have
described the vast interconnected pathways responsible for maintaining the integrity of
mammalian DNA, and it is clear that during the process of carcinogenesis fundamental
alterations to the normal DNA damage response are necessary in order to generate the
hallmark feature of genomic instability in cancer cells. Given the presence of altered
DDR in many tumour cells, the targeting of specific DDR pathways by small molecule
inhibitors provides the exciting prospect of tumour-specific radiosensitisation.

Recent research has centred upon inhibition of central DDR kinases such as
ATM, ATR, DNAPKcs and Chkl. These agents deliver potent radiosensitisation
in vitro, and there is some evidence to indicate tumour specificity in their actions.
The effects of PARP inhibition on tumour radiation response have also been inves-
tigated by a number of authors, and this approach has been shown to be a promising
way of radiosensitising normoxic and hypoxic tumour cells both in vitro and in vivo,
in a potentially tumour-specific manner. Clinical development of DDR inhibitors is
progressing, with PARP inhibitors entering phase I and II trials in combination with
radiotherapy in a variety of tumour sites. Entry of other DDR inhibition strategies
into clinical trials has been somewhat slower; however, ATR inhibitors are soon to
enter phase I trials in combination with radiation.

The manipulation of DDR in radioresistant tumours will greatly enhance the
biological effects of radiotherapy, allowing the treatment of cancers which have in
the past proven difficult or impossible to cure using radiation. One of the challenges
of developing DDR radiosensitiser strategies will be to identify which elements of
DDR in a particular tumour can be safely targeted by inhibitors to produce tumour-
specific radiosensitisation. Only a fuller understanding of the DDR mechanisms
that determine radioresistance in tumours will achieve this aim, coupled with the
development of clinically useful biomarkers. DDR inhibition has significant poten-
tial to enhance the beneficial biological effects of radiation on tumours and to open
a new frontier in the treatment of malignant disease.
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