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Radiosensitisation by Poly(ADP-ribose)
Polymerase Inhibition
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Abstract Whilst the depletion of poly(ADP-ribose) polymerase (PARP) activity
associated with PARP-1 and PARP-2 in cells causes radiosensitivity, its inhibition
by small molecule inhibitors is showing great potential as a mechanism to poten-
tiate the effects of radiotherapy. Indeed as over 50% of all cancer patients will
receive radiotherapy at some point in their treatment there is considerable interest in
the development of radiosensitisers that can replace chemotherapeutic agents with-
out the associated dose-limiting toxicities. Potent and specific inhibitors of PARP
activity that compete with NAD™ at the enzyme’s activity site have been developed.
Their use in preclinical in vitro and in vivo models is associated with enhanced
radiosensitivity through mechanisms that not only involve the trapping of the PARP
proteins at sites of strand breaks and the modulation of DNA repair in a prolif-
eration dependent manner but also through the targeting of the endothelium and
tumour vasculature and changes in tumour oxygenation and thus hypoxia-related
radioresistance. However as both PARP-1 and PARP-2 are also involved in tran-
scription regulation, chromatin modification and cellular homeostasis, the impact
of PARP inhibition on these processes and long-term therapeutic responses needs to
be investigated, as well as issues relating to scheduling, dose and radiation quality
on the efficacy of this combined therapy.
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11.1 Introduction

The inhibition of DNA repair and other damage response proteins by small molecule
inhibitors can potentially be exploited to sensitise tumour cells when used in combi-
nation with chemo- and radiotherapy or in certain genetic backgrounds. Many ther-
apies, including alkylating agents such as temozolomide (TMZ), campthotecin and
radiation produce DNA single strand breaks (SSBs) and inhibitors of poly(ADP-
ribose) polymerase (PARP) activity, an important post-translational modification
in the repair of SSBs in mammalian cells, have shown great potential as sensitizers
in a variety of cell and tumour types. Poly(ADP-ribosy)lation is a dynamic, energy
consuming process carried out by members of the PARP family, also known as
ADP-ribosyltransferases (ADPRTSs) or poly(ADP-ribose) synthetases. PARP-1, the
founding member of this family discovered 50 years ago [1], is responsible for the
synthesis of the majority of poly(ADP)ribose (PAR) in eukaryotic cells and after
the histones, is the most abundant nuclear protein [2]. Based on structural homol-
ogy with its catalytic domain, 17 PARP family members have been identified using
bioinformatics approaches [3], of these PARP-2 has the greatest structural similarity
to PARP-1. PARP-1, PARP-2 and PARP-3 are activated by binding to DNA strand
breaks and, using NAD™ as a substrate, catalyse the formation of long homopoly-
mers of ADP-ribose that are involved in many cellular processes and in particular
DNA repair. PARP-1 itself is the primary target for Poly(ADP-ribosy)lation in vivo,
with more than 90% of PAR being found on PARP-1 [4]. The histones are also
poly(ADP-ribos)ylated in response to DNA damage, resulting in a loosening of
the chromatin structure. This post-translational modification facilitates the repair
of the DNA strand break and promotes the recruitment of the proteins that repair
the break, in particular XRCC1 through its direct interaction with poly(ADP-ribos)
ylated PARP-1 [5]. Once in place XRCCI acts a scaffold for DNA polymerases and
ligases that will then complete the repair of the SSB [6].

Because of the association between PARP activity and DNA damage responses,
there has been a long-standing interest in the impact of the inhibition of this activity
on enhancing cytotoxicity. One of the first reports came from the group of Sydney
Shall over 30 years ago [7]. They demonstrated that 3-aminobenzamide (3-AB) pre-
vented the rejoining of DNA strand breaks caused by the alkylating agent dimethyl
sulphate and increased its toxicity in L1210 mouse leukemia lymphoblast cells.
Sensitivity to y-radiation was also reported using this prototype PARP inhibitor [8].
The development of second and third generation PARP inhibitors, more applicable
to clinical use, combined with a better understanding of the impact of PARP inhi-
bition on cellular processes in addition to DNA repair, has led to their assessment
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in preclinical and clinical trials either as single agent treatments or in combination
with chemo- and/or radiotherapy to potentiate the cytotoxic effects of these thera-
peutic agents. This article will review the preclinical evidence that demonstrates the
radiosensitisation obtained by PARP inhibition, in comparison to the radiosensitiv-
ity seen in the absence of PARP expression, in the light of the 5Rs of radiobiology
namely repair, repopulation, redistribution, reoxygenation and radiosensitivity, that
govern the probability of tumour control; readers are referred to other chapters in
this book for detailed reviews of PARP family members, their activities and the
development of PARP inhibitors.

11.2  Factors Affecting Cancer Cell Radiosensitivity:
The Absence of PARPs

As reviewed by Powell et al. [9], when tumours are treated with radiotherapy, their
ability to repair DNA damage, the number of clonogenic cells and their rate of
repopulation, their redistribution in the cell cycle over time, their intrinisic radio-
sensitivity and the presence of tissue hypoxia will all influence the probability of
tumour control. Ionising radiation used in the clinical treatment of cancer generates
DNA SSBs and double strand breaks (DSBs) in an approximate ratio of 25:1 and
PARP-1 can bind to both [10]. Although its role in SSB and DSB repair is well es-
tablished, how the DNA-end binding versus the enzymatic activity of PARP-1 con-
tributes to DNA repair regulation remains to be fully understood [11]. As mentioned
above (and reviewed in detail in other chapters) binding of PARP-1 to SSBs that are
induced either directly or as intermediate products of base excision repair (BER)
appears to protect the damaged site from inappropriate recombination events, with
one of the characteristics of PARP-1 depletion being an increase in the frequency of
sister chromatid exchanges [12—14].

The absence of the PARP-1 protein through gene depletion in mouse models
and derived cells (for example 3T3 PARP-1""~ MEFs reported by De Murcia and
colleagues in 1997) results in radiation sensitivity [12, 15]. PARP-1~" mice died
in less than 14 days after total body y-irradiation with a dose of 8 Gy. Autopsy at 3
days post-irradiation revealed a shortening of the villi in the duodenum and massive
necrosis of epithelial cells. Human cells depleted in PARP-1, for example HeLa
cells stably silenced for PARP-1 expression (PARP-1¥P) using pEBVsiRNA vec-
tors as reported by [16], also show increased radiosensitivity and particularly in the
S-phase of the cell cycle (Fig. 11.1). Dissecting the role of PARP-1 in this radiation
sensitivity is complicated because of its multiple roles in both the repair of SSB and
DSBs. There is substantial evidence that SSB repair (SSBR) occurs in the absence
of PARP-1 but with altered kinetics (for instance see [15, 17, 18]). In the HeLa cell
model, stable PARP-1 silencing had no impact on SSB rejoining in the S phase of
the cell cycle which goes to completion and was as fast as in control cells. However



278 C. Fouillade et al.

Radiation response (S phase)

1 ] T T T T 7
c I |
ke . |
° i |
©
o=
o 01f E
£ ¥ ]
= i 1
P I ]
=
(D - .
= o Control
O 001 ]
T C KD ]
o i ® PARP-1 ]
(o)} i 1
.E o KD —
w I e XRCC1 ]
0001 | 1 | | | 1
0 1 2 3 4 5 6 7

Radiation dose (Gy)

Fig. 11.1 Radiation survival in control, PARP-1XP and XRCC1XP HeLa cells synchronized in
S-phase. Cells were synchronized by a double thymidine block, allowed to progress in S phase
for 2 h and exposed to increasing doses of y-rays. Following treatment cells were allowed to grow
as colonies for 10—15 days, fixed, stained with Coomassie blue and counted. The experimental
data for control and XRCCIXP lay within the same envelope of statistical deviation whereas the
PARP-1XP cells showed enhanced radiation sensitivity. (Reproduced with permission from Godon
etal. [16)])

in the G1 phase, PARP-1 silencing delayed SSBR by 2.2-fold based on t, , values al-
though repair reached completion in <2 h [16]. This result suggests the existence of
an alternative, PARP-1 independent SSBR pathway that can operate more rapidly in
the S phase than in G1. Indeed, although the absence of PARP-1 prevents XRCC1-
YFP recruitment to sites of laser micro-irradiation (405 nm), GFP-PCNA recruit-
ment was not affected [16] (Fig. 11.2) suggesting that the long-patch sub-pathway
is an alternative mechanism under these circumstances. This switching from the
short-patch to the long-patch BER sub-pathway in PARP-1 depleted cells could be
more favourable in S-phase because most of the long-patch effectors participate in
the replication process. These results would suggest that the radiosensitivity seen
in PARP-1 depleted cells is due to PARP-1’s involvement in processes other than
SSBR.

As mentioned above PARP-1 has been found to bind to DNA DSBs and inter-
acts with or modifies proteins involved in the DSB response [19-24]. The hyper-
recombination phenotype associated with the loss of PARP-1 expression would
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Fig. 11.2 Scheme summarizing the differential effect of PARP-1 inhibition versus silencing on
SSB repair via the BER pathway. The experimental evidence would suggest that SSB rejoining
proceeds via the LPR sub-pathway when the SPR is deficient because of a lack of PARP-1. In
contrast, inhibition of poly(ADP-ribosyl)ation in PARP-1 proficient cells was found to result in
the accumulation of PARP-1 and PCNA in the vicinity of DNA damaged sites, with a 10-fold
reduction of the bulk rate of SSBR. This does not impact on radiosensitivity in the G1 phase of the
cell cycle, probably because cells have enough time to perform SSB repair. However, under such
conditions in S phase collision of unrepaired SSBs with replication forks results in the formation of
DSBs that contributes to the S-phase radiosensitivity. (Reproduced with permission from Godon
etal. [16])

also support a role for PARP-1 activity during recombination [12—14]. However
the observation that the depletion of PARP-1 does not affect the repair efficiency of
I-Scel endonuclease induced DSBs between direct repeats [25-27], suggested that
PARP-1 does not directly influence the repair of DSBs by homologous recombina-
tion repair (HRR). It has to be noted too that PARP-1 depletion in 3T3 fibroblasts
did not affect the survival response to neocarzinostatin, an inducer of DSBs [28]. In
addition PARP-1 has been implicated in the regulation of non-homologous end join-
ing (NHEJ), although the full extent of the interplay of the PARP-1/DNA-PK/Ku
complex remains to be understood [29, 30]. It is now well accepted that the PARP-1
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protein is involved in the alternative-NHEJ repair pathway that promotes micro-
homology dependent end rejoining in the absence of the Ku proteins [31] and the
fact that the PARP-1 and the Ku proteins can interact with the same DNA-ends [32]
suggests that the binding of the PARP-1 or the Ku proteins prevents extensive DNA
end resection and could also affect NHEJ sub-pathway usage. More recent studies
have highlighted a role of PARP-1 in DNA repair during replication, despite the fact
that it is not required for normal replication fork progression in untreated cells [23,
26, 33]. PARP-1 depletion results in an hypersensitivity to y-radiation in S phase
cells [16, 28] and to replication fork blocking agents including camptothecin [33],
hydroxyurea [23, 26, 34] or thymidine [23]. PARP-1 also facilitates the recruitment
of the MRN complex [23], suggesting that PARP-1 could participate in replication
fork restart mediated recombination. Thus in the absence of PARP-1 changes in the
efficiency of all these processes would be expected and more specifically its role in
the processing of DNA damage during replication might contribute to the radiation
hypersensitivity phenotype seen in S-phase cells.

As mentioned above as a consequence of poly(ADP-ribosyl)ation, chromatin
adopts a more relaxed structure which is thought to facilitate DNA repair. It is
known that PARP-1 binds nucleosomes and plays a major role in the condensation
of chromatin and transcriptional repression [35-37]. It would appear that the DNA
binding domain and catalytic domain of PARP-1 cooperate to regulate chromatin
structure and chromatin-dependent transcription and that the enzymatic activation
of PARP-1 protein depends on the dynamics of nucleosomal core histone mediation
[35, 37]. It was proposed by Ding et al. based on the susceptibility of chromatin
to digestion by deoxyribonuclease I or micrococcal nuclease, that the structure of
chromatin is altered in cells lacking PARP-1 [17, 38]. The contribution of these
chromatin structure changes in the absence of PARP-1 to radiation sensitivity re-
mains to be fully evaluated but clearly will impact on the dynamics of chromatin
changes after exposure to ionising radiation. For instance recent data has shown that
the chromatin remodelling enzyme ALCI is recruited to nucleosomes and activated
in a poly(ADP-ribose)-dependent manner, most likely via interactions with chro-
matin associated PAR [39, 40], and in the absence of PARP-1 or in PARP inhibitor
treated cells is not recruited to sites of laser induced DNA damage (Fig. 11.3). Other
proteins involved in the chromatin remodelling complexes have been found to be
recruited at DNA damage site in a PAR-dependent manner [41, 42]. Thus in the
absence of PARP-1 there will be some considerable perturbation of the PAR levels
in cells and, in particular, the levels that can be generated in response to DNA dam-
age that would be expected to have consequences on the dynamics of changes in
chromatin structure in response to DNA damage.

In several model systems it has been noted that in the absence of PARP-1 there
is a concomitant reduction in the level of the poly(ADP-ribose) glycohydrolase
(PARG) protein [41-43]. Furthermore, it was recently reported that PARP-1 mRNA
and protein expression is down-regulated by the knockdown of the Parg gene
[43—45]. Whether these changes are an adaptive means of maintaining the substan-
tially lower PAR levels that can be generated by the other PARPs to allow some
PAR dependent processes to occur remains to be established but they highlight the
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Fig. 11.3 Recruitment of ALCI to UVA laser damage sites is dependent on the PARP-1 protein
and PARP-1 activity a Quantitative analysis of the relative spot intensity with time of YFP-ALC1
recruitment profiles at laser induced DNA damage sites in Control cells treated with or without
the PARP inhibitor ABT-888 and in PARP-1XP cells (squares, circles and rhombi). Data represents
mean relative spot intensity + SEM, n=6-30 individual cells from several independent experi-
ments. Inset: western blot analysis confirming stable depletion of PARP-1 in HeLa PARP-1XP
cells. b Representative images of the recruitment of fluorescent tagged ALC1 to DNA damage
sites in Control cells treated with or without the PARP inhibitor ABT-888 and in PARP-1XP cells.
Scale bar: 5 pm



282 C. Fouillade et al.

complex inter-relationship of these proteins and are another potential contributing
factor to the radiosensitivity phenotype seen in the absence of PARP-1.

The absence of PARP-2 is also associated with radiosensitivity although PARP-
2 knockout mice are generally less sensitive to DNA damage produced by ionising
radiation than PARP-1 knockout mice [46]. This could be due to the lower abun-
dance of PARP-2 and/or different roles of the two proteins and the availability of
back-up mechanisms that are operational in its absence. PARP-2~/" mice present a
similar radiosensitivity phenotype to PARP-1~~ mice with dilated duodenum, re-
duction of villi’s length and degeneration of epithelial crypt cells. In both knockout
models, cause of death is attributed to radio-induced intestinal toxicities. In addi-
tion to the intestinal phenotype, both thymocytes and hematopoietic cells isolated
from PARP2~~ animals are hypersensitive to radiation exposure [47, 48] reveal-
ing a crucial role of PARP-2 in cell survival. Hematopoietic cells isolated from
PARP2™~ after 2 Gy y-irradiation presented an increase of chromatid breaks sug-
gesting a deficiency in DNA damage response [48]. After sub-lethal y-irradiation,
PARP2™~ mice showed an impaired DNA damage response characterized by in-
creased y-H2AX foci in hematopoietic stem cells associated with increased apop-
tosis and reduced regenerative capacity of the hematopoietic stem cell pool. PARP-
2 knockout cells were reported to be more sensitive to doses below 2 Gy, raising
the possibility that PARP-2 plays a role in the G2/M phase cell cycle checkpoint
activated in response to low doses of ionising radiation [49, 50]. Radiation sensi-
tivity was also seen in a HeLa cell model depleted for PARP-2 but in contrast to
PARP-1 depleted cells this radiation sensitivity was not increased specifically in
S-phase cells [43]. Although several studies have shown that the depletion of the
PARP-2 protein is associated with a reduction in the total PAR synthesis [51, 52],
others have reported increased PARP activity in the absence of PARP-2 [47, 53].
Increased PARP activity in the absence of PARP-2 has been observed in thymo-
cytes and stimulated B lymphocytes from PARP2™~ mice that show at least a 20 %
increase in PAR synthesis compared to Control cells [47, 53]. A similar increase
was also seen in PARP-2 depleted HeLa cells [43]. The mechanistic basis of the
increase in PARP-1 activity in the absence of PARP-2 is unknown. The observation
that the PAR synthesis rate catalysed in the presence of both PARP-1 and PARP-2
was lower than in the presence of PARP-1 alone [51, 54] suggests that the PARP-
1/PARP-2 heterodimers might be less active than monomers or homo-dimers of
PARP-1. Alternatively following activation through binding to DNA structures
the poly(ADP-ribosyl)ation of PARP-1 by PARP-2 could impact on its enzymatic
activity. In the HeLa cell model used in our laboratory, the lower PARG protein
levels seen in the PARP-2 stably depleted cells was a consequence of decreased
PARG mRNA level (our unpublished data) suggesting a direct role of PARP-2 in
the regulation of the expression of PARG. Indeed, recent reports have revealed
that the depletion of PARP-2 modifies the activity of multiple transcription factors
and in particular it is involved in the transcriptional regulation of metabolism and
oxidative stress responses [55].

In addition to an increased sensitivity to ionising radiation, PARP-2 deplet-
ed cells were sensitive to neocarzinostatin in comparison to PARP-1 [43] and
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PARP-2 suppressed translocations between c-myc and IgH during induced class
switch recombination [53]. Taken together these data suggest that PARP-2 may play
a role in the processing of DSBs. Clearly the perturbation of SSB and DSB repair
in the absence of PARP-2 will contribute to the radiosensitivity seen in PARP-2
depleted cells; however a contribution from an alteration in the dynamics of chro-
matin structure changes could also be a contributing factor. As mentioned above
poly(ADP-ribosy)lation is a major regulatory factor in the recruitment of chromatin
remodelling factors. The absence of PARP-2 impacts on the dissociation of ALC1
from sites of DNA damage suggesting that chromatin structure may also be modi-
fied in response to DNA damage in the absence of PARP-2 (our unpublished data).
The loss of PARP-2 expression has also been reported to increase the frequency
of spontaneous chromosome and chromatid breaks and the number of DNA ends
lacking detectable telomere repeats [56]. This might result from faulty chromosome
segregation during the late steps of cytokinesis. Thus, as for the radiation sensitivity
phenotype seen in the absence of PARP-1 there may be many contributory factors
to the radiosensitivity phenotype seen in PARP-2’s absence.

The third PARP family member implicated in the responses to DNA damage is
PARP-3. PARP-3 depleted MRC5 or A549 cells displayed a significant increase
in y-H2AX foci in untreated cells, suggesting the presence of spontaneous strand
breaks, and after X-irradiation a significant delay in the repair of radio-induced
DSBs compared with control cells [57, 58]. PARP-3 has been shown to be stimu-
lated by DNA DSBs in vitro and facilitates DNA ligation through a mechanism
involving PARP-3 in the accumulation of APLF at DSBs that in turn promotes the
retention of XRCC4/DNA ligase IV [58]. Although, PARP-3 is known to localize
with the daughter centriole and may play a specific role in cytokinesis, possibly
at the mitotic fidelity checkpoint [59], the depletion of PARP-3 was not found
to significantly impact on the long-term sensitivity to X-irradiation using colo-
ny-forming ability as an endpoint suggesting a compensating repair activity over
time by another DNA damage-induced PARP family member (i.e., PARP-1 and/or
PARP-2). This hypothesis was confirmed by comparing the radio-induced sensitiv-
ity of PARP-3 depleted and control cells to 1 Gy X-ray irradiation in the absence or
presence of the PARP inhibitor KU-0058948 (100 nM). The additional inhibition
of the remaining PARP activity in PARP-3 depleted cells significantly reduced
their survival (by two-fold) after X-irradiation compared with mock-treated PARP-
3 depleted cells. These observations were confirmed in mouse models, where the
loss of PARP-3 alone did not decrease survival after X-irradiation, whilst the com-
bined loss of PARP-1 and PARP-3 had a significant impact [60]. The variation in
PARP-3 mRNA levels has been assessed in human breast tumours where an under-
expression was observed in 10.4% of tumours, more frequently in the hormone
receptor-negative tumours (25.4 %) than the hormone receptor-positive tumours
(5.9%) [61]. Intriguingly this PARP-3 under-expression was mutually exclusive
with a PARP-1 over-expression [61]. Clearly the balance of the expression of the
different PARPs is fine-tuned and it’s tempting to speculate that such changes may
reflect compensating activities between the different members of the PARP fami-
lies and the PARG protein.
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11.3 Radiosensitisation and PARP Inhibition

The prototype PARP inhibitor 3-AB was first shown to enhance the response of
mammalian cells to ionising radiation in the mid-1980s [8, 62]. These earlier stud-
ies recognised that the inhibitor exposure time impacted on the enhanced radiation
response and that a good correlation existed between the potency of the inhibitor
and enhanced cell killing. They also showed that repair deficient cells responded to
lower concentrations of inhibitor compared to radiation resistant cell lines.

3-AB, like many of the second and third generation inhibitors subsequently de-
veloped, acts through binding to the enzyme’s catalytic domain. Thus whilst the
inhibitors are specific for PARP activity they show varying degrees of selectivity
for the different members of the PARP superfamily [63]. A direct consequence of
this inhibition of multiple PARPs is that the effects are likely to be greater and/or
different than the depletion of a single PARP family member. Indeed these competi-
tive inhibitors do not inhibit PARP-1 binding to DNA but do inhibit PAR formation
that is essential for the dissociation of PARPs from the strand break. Thus their
use would be expected to result in an accumulation of PARP-1 at DNA damage
sites. This potential consequence of PARP inhibition was first proposed by Satoh
and Lindahl based on results obtained investigating the role of PAR formation in
DNA repair in a human cell-free system over 20 years ago [64]. The trapping of the
PARP-1 protein and probably other PARPs too, will generate a situation where the
recruitment of other repair factors could be obstructed. The recruitment of PARP-1
to sites of micro-laser induced DNA damage can be visualised using GFP-tagged
PARP-1 by live cell video-microscopy. Under such experimental conditions Mor-
tusewicz et al. found that the recruitment of GFP-PARP-1 in MEFs lacking PARP-1
or in HeLa cells was efficient but transient and that treatment with the inhibitor
NU1025 lead to a delayed and prolonged accumulation of GFP-PARP-1 to damage
sites [65]. Using a mutant form of GFP-PARP-1, that converts PARP-1 into a mono-
ADP-ribosyl-transferase, expressed in MEFs lacking PARP-1 a delayed accumula-
tion and longer persistence at DNA damage sites in comparison to the wildtype
protein was observed [65]. Under similar experimental conditions and using a HeLa
cell model we observed an immediate recruitment of GFP-PARP (<10 s) at damage
sites that formed discrete foci that had dissipated in about 20 min. In contrast, in the
presence of the PARP inhibitor 4-amino-1,8-naphthalimide (ANI), GFP-PARP-1
formed larger intense spots of fluorescence at 5 min post-irradiation compared to
untreated cells that still persisted at 20 min. A similar recruitment pattern was ob-
served for GFP-PCNA in the presence of ANI [16]. In addition XRCC1 recruitment
is hampered when PARP activity is inhibited [5, 16, 65-67]. This altered recruit-
ment caused by PARP inhibition impairs SSBR in PARP-1 proficient cells with dif-
ferent outcomes in S and G1 phase cells. As discussed above in our HeLa cell model
SSBR, measured by alkaline elution analysis, in the absence of ANI proceeded to
completion in <20 min, irrespective of whether the cells where in the G1 or S phas-
es of the cell cycle. Although ANI slowed down the SSBR in both phases, in the G1
cells SSBR was completed after 5 h whilst in cells treated in the S phase as much
as 26 % of the initial load of SSBs remained unjoined from 2 to 6 h post-irradiation,
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demonstrating a clear block in SSBR [16]. This block correlated with the induction
of a large number of de novo DSBs that are suppressed by aphidicolin, indicating
that they originate from the progression of a replication fork towards unrepaired
SSBs [68]. Chalmers and colleagues also showed that the PARP-1 and PARP-2
inhibitor KU-0059436/AZD-2281/Olaparib increased the radiosensitivity of human
glioma cell lines by a replication-dependent mechanism that generates persistent
DSBs [69]. The cell cycle dependency of PARP inhibition had been reported as
early as 1984 when Ben-Hur et al. showed that the inhibitor nicotinamide enhanced
the killing mainly of late S-phase cells and did not affect cells at the G1/S border
[62]. These de novo DSBs are repaired by HRR and PARP inhibition results in the
accumulation of recombinogenic substrates marked by Rad51 and y-H2AX nuclear
foci [68, 70]. This explains why cancer cells deficient in BRCA1 and BRCA2 are
selectively hypersensitive to PARP inhibitors [71, 72]. More recent studies have
also suggested that disruption of the Fanconi anemia, PTEN, ATM and other HRR-
related genes also sensitises to PARP inhibitors but the response of tumoral cells is
complex and enhanced cytoxicity is not always observed.

Murai et al. showed that both PARP-1 and PARP-2 can be trapped at damaged
DNA by PARP inhibitors and that the trapped complexes are more cytotoxic than
unrepaired SSBs in the absence of PARP [73, 74]. They also showed that the poten-
cy of trapping PARP differed between inhibitors with niriparib (MK-4827)> olapa-
rib (AZD-2281)>>veliparib (ABT-888), a pattern not correlated with the catalytic
inhibitory properties of each drug [74]. More recently they have shown that the
novel inhibitor BMN 673 is approximately. 100 fold more potent at trapping PARP-
DNA complexes, shows stereospecific binding to PARP-1 and is more cytotoxic as
a single agent and in combination with the alkylating agent methyl methanesulpho-
nate (MMS) and TMZ than olaparib [73]. They also reported that PARP-1/2 knock-
out cells have a high level of resistance to BMN 673, as did half of the NCI-60 cell
lines even at doses of BMN 673 as high as 100 pumol/L [73]. The PARP-1 trapping
model can explain why wildtype cells are more sensitive to a PARP inhibitor com-
bined with the alkylating agent MMS than PARP-1"/~ mouse cells [75-78]. These
results highlight important considerations for the clinical use of PARP inhibitors
as the expression of genes that are critical for the repair of PARP-DNA complexes
would be expected to modulate the sensitivity to PARP inhibitors.

11.4 In Vivo Radiation Sensitivity After PARP Inhibition:
Additional Benefits and Use in Combination with
New Radiation Techniques

Anumber of PARP inhibitors (ABT-888/Veliparib, AZD-2281/Olaparib, AG014699/
Rucaparib, MK-4827/Niraparib, AG14361, GPI-15427, E7016) have been shown
to enhance tumour sensitivity to radiation in syngeneic and xenograft models of
breast [79, 80], colon [81-83], lung [79, 84, 85], nasopharyngeal [86], head and
neck [87], and brain tumours [88—91] (Table 11.1). PARP inhibition combined with
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ionising radiation resulted in delayed tumour growth and extended median survival
time. Immunohistochemical analysis of tumour sections after combined treatment
revealed an increased number of apoptotic cells and a decrease in proliferating cells
[84, 87]. As previously described for nicotinamide and other benzamide analogs
[92], PARP inhibitors can induce temporary vasodilation increasing perfusion of tu-
mour blood vessels [82, 85]. This vascular side effect of PARP inhibitors treatment
enhances drug delivery (e.g. TMZ in glioblastoma) and can modulate the oxygen
concentration in the tumour microenvironment. Hypoxic cells are 2.5-3-fold more
radioresistant than oxic cells and intra-tumoural hypoxia can be a significant cause
of treatment failure after radical radiotherapy. Work from the Bristow lab has dem-
onstrated that the PARP inhibitor ABT-888 was a radiosensitizer in hypoxic condi-
tions in prostate and lung cancer cell lines [93], highlighting their role as attractive
adjuncts for radiotherapy via mechanisms other than the inhibition of DNA repair.

In addition to the effects of PARP inhibitors on the ability to repair DNA damage
and the presence of tissue hypoxia and vascularisation, factors that will all influence
the probability of tumour control, additional therapeutic benefits of PARP inhibi-
tion have been noted when combined with radiotherapy. Radiotherapy is frequently
used in the treatment of mediastinal malignant diseases during which the lungs,
aorta and coronary arteries are often in the irradiation fields. The side effects of
such irradiation include lung and intimal fibrosis and the obliteration of irradiated
vessels which can lead in extreme cases to cardiac failure. Damage to the vascula-
ture also occurs to other tissues and is a hallmark of the deleterious complications
of radiotherapy [94]. It has long been hypothesized (reviewed in [95]) that long-
lasting oxidative stress may be a mechanism of radiation-induced vascular injury.
In particular peroxynitrite that is formed by the rapid reaction of superoxide anion
and nitric oxide has been established as a powerful, endogenous trigger of DNA
damage whose repair requires PARP-1. Indeed the high levels of base damage and
peroxynitrite adducts in DNA generated under such situations can trigger in PARP-
1 over-activation resulting in the rapid depletion of intracellular ATP pools and
impaired mitochondrial respiration and eventually leading to cellular dysfunction
and the death of endothelial cells [96]. Reactive oxygen species also elicit specific
signalling in vascular smooth muscle cells [97]. For these reasons one of the first
PARP inhibitors were originally designed to protect the endothelium from PARP-
1 over-activation induced in response to ischaemia-reperfusion injury, circulatory
shock, diabetic complications and atherosclerosis [98, 99].

PARP inhibitors were subsequently found to have anti-angiogenic effects in ex
vivo models [100, 101]. For instance the PARP inhibitor INO-1001 was found to de-
crease nitrosative stress and protect rat aorta in an ex vivo model from loss of vaso-
motor function following 20 Gy radiation in a single fraction [102]. INO-1001 also
reduced neointimal hyperplasia and activation of the peroxynitrite-PARP pathway
subsequent to irradiation of endarterectomized rats [103] and protected rat aortic
rings ex vivo from loss of the endothelial function induced by H,O, [104]. Taken
together these data suggest that, in addition to acting as potentiators of DNA-dam-
aging drugs and radiation in strictly concomitant administration, PARP inhibitors
might be used long after treatment to protect normal tissues from the deleterious
effects of radiotherapy, notably chronic inflammatory processes and fibrosis.
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Radiation induced fibrosis is characterized by a progressive and excessive ac-
cumulation of extracellular matrix (ECM) which may severely compromise normal
tissue function. Among the factors that play a role in remodelling of the ECM two
extracellular proteases play a crucial role, namely, the plasminogen activator inhibi-
tor-1 (PAI-1) and the matrix metalloproteinase system. The transforming growth
factor-B1 (TGF-B1) is the most potent transcriptional activator of these systems and
the late, deleterious effects of radiotherapy are likely to be related to dysfunction
of tissue healing under control of the TGF-B pathway [105]. The links between
PARP-1 and the TGF-f pathway remain to be fully dissected with data published to
date suggesting that cell and tissue type specific differences exist. Upon activation,
TGF-B1 dimerises and binds to a cell surface receptor complex that can activate
either the activin-like kinase 5 (ALKS, also known as nexin) or activin-like kinase
1 (ALK, also known as endoglin) receptors, ending ultimately in the activation
of different members of the Smad family of transcription factors and their target
genes [106]. ALK1 opposes ALKS signalling and the expression of ECM com-
ponents [107]. The activated Smads translocate to the nucleus and initiate gene-
specific transcription in cooperation with other transcription factors. For instance,
p53 cooperates transcriptionally with certain of the Smad complexes leading to the
radio-induced transcriptional activation of the profibrotic plasminogen activator in-
hibitor-1 (PAI-1) gene [108—110]. There is growing evidence that ionising radiation
shifts the balance between the PAI-1 vs. ID-1 (inhibitor of DNA binding-1) path-
ways [111] and that PARP-1 is involved in the regulation of the Smads downstream
of TGF-B1 in endothelial and vascular smooth muscle cells. In animal models PARP
inhibitors have been shown to alleviate fibrotic remodelling of blood arteries by
inhibiting the TGF-/Smad3 pathway [112], high glucose-induced peritoneal epi-
thelial mesenchymal transition (EMT) and fibrosis [113], diabetic or hypertensive
cardiomyopathy [114—118] and a variety of syndromes linked to chronic oxidative
stress or exaggerated inflammation [119, 120]. Taken together, these data suggest
that targeting PARP-1 might be a promising therapeutic approach against vascular
or pro-fibrotic diseases induced by dysregulation of the TGF-/Smad3 pathway fol-
lowing irradiation.

Over the past decade, a number of innovative radiotherapy techniques have been
developed that are being introduced into clinical practice. These include volumetric-
modulated arc therapy (RapidArc®, TomoTherapy®) and multi-beam stereotactic
irradiation (Cyberknife®) that involve the rapid alternation of radiation beams and/
or split-dose irradiation of tissues over a time scale spanning from a few seconds to
minutes and pencil beam irradiation that uses high dose-rates, up to 200-fold higher
than those used in conventional external-beam therapy. The effects of such high
dose-rates and split-dose irradiation, or how PARP inhibitors can be used in com-
bination with such techniques, have not yet been fully investigated in detail in vivo
although recent data has shown that ultra-high dose-rate flash irradiation maintains
antitumor efficiency and increases lung radio-tolerance in C57BL/6J mice [121].
No substantial difference in mammalian cell survival to pulsed, ultra-high dose-rate
relativistic electrons compared to X-rays at conventional dose-rates was reported



11 Radiosensitisation by Poly(ADP-ribose) Polymerase Inhibition 289

[122]. Whilst this observation is consistent with the fact that the density of energy
deposit and ionisation at the microscopic scale is the same for relativistic electrons
and X- or y-rays with energies >600 keV, the situation may be different when the
dose is fractionated with delays in the same time range as DNA damage recogni-
tion and repair. Indeed using a linear electron accelerator operated in a chopped
mode for time-resolved investigation of split-dose radiation recovery in mammalian
cells in vitro, we demonstrated that the first (priming) irradiation induces fast, syn-
chronous oscillations of the cellular radiosensitivity, yielding a tetraphasic survival
curve as a function of the delay separating the two pulses [123, 124]. This phenom-
enon was shown to require the presence and catalytic activity of PARP [124] whilst
NHE]J repair of DNA double-strand breaks was not involved [123]. It has also been
shown that the incidence of delayed cell death after a single pulse of radiation was
reduced by a factor of 2.5 compared to that occurring after protracted X-ray irradia-
tion at a conventional dose-rate [123]. Thus it may be expected that the impact of
PARP inhibitors will depend on the relative dose-rate of the radiation used and the
extension of the use of PARP inhibitors in combination with these technologies will
need to be carefully evaluated.

11.5 Conclusions

The inhibition of PARP activity has potential clinical benefits when combined with
radiotherapy in strictly concomitant administration protocols through mechanisms
that involve DNA repair perturbation, changes in intrinsic radiosensitivity and tis-
sue hypoxia that all impact on tumour control. Preclinical evidence would suggest
that there may also be a role for these drugs in adjuvant therapy to reduce the
long-term side effects of radiotherapy. There are, however, many aspects of their
use that still need to be established. It is known that the complex interaction of irra-
diation dose and schedule will influence the risk of developing adverse secondary
reactions such as radiation-induced fibrosis and secondary cancers. Thus there is
a clear need to optimize the PARP inhibitor administration protocols to maximise
efficacy whilst minimising secondary side-effects and fully evaluate the impact
of the inhibition of multiple PARPs. Finally, whether the introduction of these in-
novative techniques, and thus the increased possibility of modulating parameters
such as the dose-rate or using radiation sources of different quality (protons vs.
X-rays), can be exploited to generate a panel of DNA end lesions in treated cells
that will maximise PARP protein binding and subsequent trapping by the inhibition
of PARP activity also warrants further investigation to extend the clinical use of
PARP inhibitors.
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