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Abstract 

 

Radiation resistance remains a huge clinical problem for cancer patients and oncologists in 
the 21st century. In recent years the mammalian DNA damage response (DDR) has been 
extensively characterised and shown to play a key role in determining cellular survival 
following ionising radiation (IR) exposure. Genomic instability due to altered DDR is a hallmark 
of cancer, with many tumours exhibiting abnormal DNA repair or lack of redundancy in DDR.  
Targeting the abnormal DDR phenotype of tumour cells could lead to substantial gains in 
radiotherapy efficacy, improving local control and survival for patients with cancers that are 
refractory to current therapies. Poly(ADP-ribose) polymerase inhibitors (PARPi) are the most 
clinically advanced DDR inhibitors under investigation as radiosensitisers. Preclinical evidence 
suggests that PARPi may provide tumour specific radiosensitisation in certain contexts. In 
addition to inhibition of DNA single strand break (SSB) repair, PARP inhibitors may provide 
other benefits in combination treatment including radiosensitisation of hypoxic cells and 
targeting of alternative repair pathways such as microhomology mediated end joining which 
are increasingly recognized to be upregulated in cancer. Several early phase clinical trials of 
PARPi with radiation have completed or are in progress. Early reports have highlighted 
tumour specific challenges, with tolerability dependent upon anatomical location and use of 
concomitant systemic therapies; these challenges were largely predicted by preclinical data. 
This review discusses the role of PARP in the cellular response to IR, summarises preclinical 
studies of PARPi in combination with radiotherapy and explores current early phase clinical 
trials that are evaluating these combinations. 
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Introduction 

Whilst radiotherapy is an important curative treatment modality for cancer, radiation 
resistance remains a major clinical problem in many tumour sites. Current radical 
radiotherapy regimens often rely upon combination with cytotoxic chemotherapeutic agents, 
which is a non-targeted approach that increases radiation induced DNA damage. 
Unfortunately it also exacerbates clinical toxicities and reflects a failure to appreciate the 
complexity of the biological pathways that govern DNA repair in cancerous and normal 
tissues. Although many factors in the tumour and normal cell microenvironment can influence 
responses to radiation, the network of DNA repair and cell cycle control mechanisms that we 
term the DNA damage response (DDR) which has the greatest influence on whether an 
irradiated cell perishes or endures. It is also becoming increasingly apparent that the DDR is 
commonly subverted during carcinogenesis, meaning that most cancer cells exhibit relative 
DDR defects in comparison to their non-malignant counterparts [1]. Compromised DDR in 
cancer cells may reflect an addiction to a specific repair pathway due to lack of redundancy 
when dealing with a particular type of DNA damage, or more significant defects in particular 
pathways. Such abnormal DDR phenotypes represent potential clinical levers by which to 
improve outcomes from radiotherapy in radioresistant cancers that are currently viewed as 
incurable.  

Poly(ADP-ribose)polymerase-1 (PARP-1) has been subjected to extensive investigation with 
regard to its role in the DDR. PARP inhibitors (PARPi) are now standard of care in some BRCA 
deficient cancer groups however its potential as a radiosensitiser is less well appreciated. 
Preclinical studies have shown that PARPi act as radiosensitisers in many cancer types and 
show potential for tumour specific sensitisation under certain circumstances; this evidence 
has underpinned a number of early phase clinical trials.  Here we will outline the biological 
rationale for PARP inhibition as a means of overcoming radioresistance and provide a 
comprehensive review of clincial trials, including both completed and ongoing studies.  

The role of PARP 

The PARP family encompasses at least 17 different proteins in humans whose functions are 
varied within the cell and include regulation of cell cycle progression, chromatin structure, 
mitochondrial activity and pro-inflammatory processes [2-4]. However, the most clinically 
relevant role of PARP is in the DDR.  

The role of PARP-1 is best characterised in base excision repair (BER) which resolves the vast 
majority of radiation induced single stranded breaks (SSB) (see fig 1.) [5]. PARP-1 and to a 
lesser extent PARP-2 and PARP-3 are the proteins of greatest clinical interest due to their roles 
in BER and SSB repair [6]. The other PARP proteins make minimal contributions to the DDR 
and discussion of their roles and functions is outwith the scope of this review. Hence ‘PARP’ 
will primarily refer to PARP-1 in the rest of this manuscript. 
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The role of PARP in SSB repair 

PARP senses and binds to SSBs facilitating recruitment of repair proteins involved in BER [7-
9]. BER comprises two sub-pathways termed short and long patch repair, the utilisation of 
which depends upon the nature of the SSB. Short patch repair is generally used for repair of 
single nucleotide gaps whereas long patch is required for larger lesions involving up to ten 
nucleotides (see fig 1.).  

The PARP protein consists of three functional domains: the N-terminus, the automodification 
domain and the C-terminus. The N-terminal domain contains zinc finger motifs that recognise 
and mediate binding of PARP to DNA SSBs [10, 11]. The central automodification domain 
allows for ADP-ribosylation of the PARP molecule itself and the C-terminal domain catalyses 
formation of poly(ADP-ribose) (PAR) polymer chains [12-14]. Upon binding of PARP to DNA, 
the C-terminal domain is stimulated to use donor nicotinamide adenine dinucleotide (NAD+) 
to catalyse and covalently bind multiple ADP-ribose units to form poly(ADP-ribose) (PAR) 
chains on the automodification domain of PARP (autoparylation) [15, 16]. This continues and 
forms chains up to hundreds of subunits long, formed in branching structures [17, 18]. PARP 
target proteins are numerous and include many DNA modifiers such as DNA ligases and 
polymerases. Parylation is a post-translational modification which alters the function of 
protein targets and their respective functional pathways [19, 20]. The negatively charged PAR 
polymer generated by autoparylation of PARP allows dissociation of PARP from the SSB 
(which is also negatively charged); this function is of importance when considering the action 
of PARPi, which blocks autoparylation and can lead to the phenomenon of ‘PARP trapping’ on 
DNA [18, 21, 22].  Dissociation of PARP from DNA facilitates  access of X-ray repair cross-
complementing protein 1(XRCC1) to the SSB site, acting as a scaffold for repair proteins DNA 
ligase III and DNA polymerase β (pol β) and facilitating SSB repair [23].  

Figure 1. The role of PARP in SSB repair 

Rationale for combining radiotherapy and PARP inhibition 

Radiotherapy and PARP inhibition in replicating cancer cells 

The mechanism of PARPi induced radiosensitisation is discrete from the synthetic lethality 
narrative described for tumours deficient in homologous recombination (HR) [24]. Whilst HR 
or other repair pathway deficiencies have been shown to increase the radiation sensitisation 
generated by PARPi, the vast majority proliferating cells exhibit radiosensitisation in response 
to PARPi and this effect is not dependent upon the integrity of HR. This is important to 
appreciate when considering both tumour response and normal tissue toxicity in the clinical 
scenario. 

IR is believed to produce around 25 fold more SSBs than DSBs in mammalian cells [25]. 
Generally, IR induced SSBs are easily and efficiently processed by the cell and are not thought 
to contribute significantly to cell death. DSBs are the main lethal lesions generated by IR, and 
unrepaired DSBs have the potential to induce cell death via ‘mitotic catastrophe’ when an 
irradiated cancer cell attempts to progress through cell division. Some cancer cells are 
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susceptible to radiation induced cell death via apoptosis or other cell death mechanisms, but 
these pathways are often defective in the cancer setting.  

PARPi radiosensitises by inhibiting the repair of SSBs generated by IR exposure, with 
consequent generation of potentially lethal single ended DNA DSBs via ‘replication run off’ as 
the irradiated cell traverses a subsequent S phase (see fig 2.) [26-28]. In effect, PARPi increase 
the burden of unrepairable DNA lesions by delaying BER and partly converting the usually 
inconsequential SSBs generated by IR into DSBs via the action of progressing and collapsing 
replication forks  [29-31].   

Dungey et. al. [28] demonstrated a replication-dependent increase in γH2AX and Rad51 foci 
in PARPi exposed glioblastoma (GBM) cell lines which implicated replication fork collapse in 
the aetiology of DSB generation in the context of radiation and PARPi. Additionally, PARPi-IR 
lesions arising at collapsed replication forks appeared to be more difficult to repair than 
endogenously caused fork collapses and affected cells continued to exhibit reduced 
proliferative capabilities up to and after 24 hours from exposure. The authors hypothesised 
that PARPi-IR lesions were exceptionally difficult for the GBM cells to repair either because of 
persistent PARP trapping at the site of SSBs/DSBs or via promotion of the NHEJ factor Ku 
binding to DSBs, which is thought to impede HR [32].  

As well as PARPi-IR lesions resulting in collapsed replication forks, inhibition of PARP also 
appears to impact on replication fork regulation. PARP itself has a role in promoting fork 
progression and restart, either directly or indirectly, by opposing the role of F-box DNA 
helicase 1 (Fbh1), which negatively regulates HR, and by destabilising the key HR factor Rad51 
at damaged replication forks [33, 34]. PARP also interacts with Mre11 at damaged replication 
forks. Mre11 is necessary for repairing damaged replication forks, and is thought to act by 
promoting HR-induced fork restart. PARP appears to maintain the presence of Mre11 at 
stalled replication forks thus promoting lesion resection, as reported by Bryant et. al. [35]. 

Figure 2. PARPi and replication fork collapse 

The degree of radiosensitisation produced by different PARPi correlates with the extent of 
PARP trapping, a process whereby inhibition of autoparylation abrogates the electrostatic 
repulsion necessary to dislodge PARP from a SSB site, a process required for subsequent 
engagement of other SSB repair proteins. [22, 36]. Different PARPi vary comparatively in their 
ability to trap PARP (see table 1.). For example, Laird et. al. [37] demonstrated that 
talazoparib, a potent trapper of PARP, was a highly effective radiosensitiser and was 
associated with increased DSB generation compared to veliparib, a relatively less potent PARP 
trapper. Pommier et. al. [38] provide a more detailed discussion of PARP trapping.  

Hypoxic cell radiosensitisation by PARPi 

Radiation resistant hypoxic cells are a common characteristic of many cancer types. Several 
authors have explored the ability of PARP inhibitors to radiosensitise hypoxic cells in vitro [39, 
40]. PARP is involved in the regulation of the hypoxic response and co-activates hypoxia 
inducible factor-1α (HIF-1α) gene expression [41]. HIF-1α expression is associated with poorer 
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prognosis in cancer patients and has been shown to promote tumour growth, new vessel 
formation and modulation of the surrounding microenvironment. PARP-inhibited cells display 
reduced gene expression and downregulated activity of HIF-1α [42, 43]. The relationship 
between HIF-1α and PARP provides a rationale for the proposed benefit of PARP inhibition in 
hypoxic tumours. In vitro, PARPi have been shown to radiosensitise hypoxic cells to a similar 
degree as non-hypoxic cells[39]. Gani et. al. [44] described effective radiosensitisation of 
human prostate cancer cell lines by olaparib under oxic, acute hypoxic and chronic hypoxic 
conditions. In a separate mechanism, PARPi share structural similarities with nicotinamide 
which  is a vasodilatory agent that has been used as a radiosensitiser in bladder cancer [45]. 
PARPi induced vasodilation may reduce tumour hypoxia further and increase vulnerability to 
IR in vivo [46].  

Potential Effects of PARPi on DNA DSB repair 

The alternative DSB repair pathway microhomology-mediated end joining (MMEJ) is 
dependent on the XRCC1-DNA ligase III complex which requires PARP recruitment [47-49]. 
Predominantly acting in S phase, MMEJ has until recently been perceived as a repair process 
that provides backup when NHEJ or HR are dysfunctional. For example, deficiencies in the 
core NHEJ proteins XRCC4 and Ligase IV have been shown to result in increased use of MMEJ 
[50]. MMEJ is also utilised in HR deficient cells; both pathways process similar 3’ overhang 
DSBs, although MMEJ requires microhomologies whereas HR requires a long 3’ tail [51].  

However recent data have shown that MMEJ activity is increased in cells suffering  IR damage 
[52], and utilisation of MMEJ is increased in some cancer cells [53]. These new data indicate 
that targeting PARP might enhance radiosensitivity to a greater extent in cancer cells reliant 
on the MMEJ pathway by blocking DSB repair as well as SSB repair  [48, 54]. 

MMEJ promotes genetic instability due to its highly error-prone mechanism (see fig 3.) [53, 
55, 56]. MMEJ acts by finding microhomologies, which are short 5-25 base pair homologous 
sequences, on either side of a DSB to match these together and repair the damaged DNA [57]. 
The microhomologies are matched prior to ligation and the overhanging 3’ ends are removed 
from both sides [51]. This method results in the loss of one of the sequences as well as any 
sequence from either side between both microhomologies. It can therefore generate genetic 
instability and risk gene knockouts as well as frameshift mutations [58]. 

Figure 3. MMEJ 

Bringing radiosensitising PARP inhibitors into the clinic  

In vivo studies of PARP inhibitors as radiosensitisers 

There is a significant body of in vivo preclinical studies supporting a role for PARPi as radiation 
sensitisers.  As previously mentioned Gani et. al. [44] demonstrated the ability of PARPi to 
radiosensitise hypoxic cells and went on to show increased clonogenic cell kill in a murine 
prostate cancer model using fractionated radiotherapy in combination with PARPi. Similarly, 
in vivo murine studies of GBM have shown the combination of PARPi-IR with temozolomide 
(TMZ) led to a delay in tumour growth [59]. Further studies in head and neck cancer and colon 
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cancer in vivo also show PARPi radiosensitise tumour cells and can significantly reduce tumour 
volume.  

 

Biomarkers 

Further studies have looked to identify approaches by which to enhance clinical application 
of PARPi through attempting to identify biomarkers that predict increased benefit. A recent 
study reviewed the anticorrelated relationship of MMEJ with transforming growth factor β 
(TGFβ) competency [60]. Liu et. al. showed that the loss of TGFβ function was present in cells 
using MMEJ and that these cells were more sensitive to radiotherapy and cytotoxic therapies 
providing a potential marker for sensitivity [60, 61]. Interestingly human papilloma virus-16 
(HPV-16) positive cancers also appear to have increased levels of MMEJ and oncoprotein HPV-
16 E7 is associated with NHEJ suppression thereby promoting MMEJ [62]. 

PARP is also implicated in maintaining Mre11 recruitment to damaged replication forks [35]. 
Mre11-low cancers are associated with lower cancer specific survival in radical radiotherapy, 
and may therefore act as a marker of suitability for radiotherapy [63]. Therefore the influence 
of PARPi in Mre11-low cells may merit investigation. Furthermore, BCL2-overexpressing cells 
are radiosensitised by PARPi and BCL2 may act as both a marker of radiation response and 
sensitivity to PARPi [64].  

Other studies have shown that loss of SMAD4 gene expression is associated with 
downregulation of FANC/BRCA genes and can subsequently result in the “synthetically lethal” 
BRCA-deficient phenotype [65]. This study indicated that SMAD4 was lost in 35% of head and 
neck squamous cell carcinomas (HNSCCs) and that this inferred poorer response to treatment 
[66]. Treatment with PARPi-IR combinations in vitro showed comparatively higher levels of 
apoptosis in SMAD4-deficient cells compared with their SMAD4-proficient counterparts. 

Imaging biomarkers for PARP are also under investigation with the use of Fluorine-18 (18F)-
radiolabelled PARPi in positron emission tomography (PET) imaging [67]. Preclinical work has 
indicated that use of 18F-PARPi PET imaging could accurately predict response to PARPi 
treatment and may also be useful in determining radiation response and patient toxicity [68]. 
Radiolabelled PARPi could also aid radiotherapy planning by detection of deeply invasive 
cancers such as glioblastoma [69].  

Current PARPi/radiotherapy combination trials 

There are multiple early phase clinical trials investigating radiotherapy and PARP inhibitor 
combinations. PARP inhibitors currently undergoing investigation in clinical trials with 
radiotherapy are Olaparib, Veliparib, Rucaparib, Niraparib, Talazoparib and Pamiparib (trials 
listed on ClinicalTrials.gov and ISRCTN.com). Whilst all these compounds inhibit PARP they 
differ in terms of the cancer sites under investigation and areas of PARPi-IR research; the 
relevant trials are summarized in Table 1. 

Current areas of Radiation and PARP inhibitor research 
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Head and Neck Squamous Cell Cancer (HNSCC) 

 

PARPi-IR (Olaparib-69.3Gy in 33 fractions) has been trialed in HNSCC patients in combination 
with Cetuximab in patients with heavy smoking histories [70]. This phase I trial described an 
R2PD of 25mg twice daily and reported dose limiting toxicities (DLTs) of grade 4 dermatitis  
highlighting the challenges using concurrent cetuximab. Cetuximab is known to cause high 
levels of grade 3 and 4 dermatitis and mucositis and is generally only used in fit, cisplatin-
ineligible patients [71].  Despite this, the patient group did have a promising 2 year survival of 
72% though this must be taken in the context of the phase I design and small patient number. 
This study notes the challenges of Cetuximab-IR toxicity  in combination with PARP inhibition 
however the  preferred standard of care in HNSCC is concurrent treatment with cisplatin [72].  

ORCA-2 is a phase I study  combining Olaparib with cisplatin-based chemoradiotherapy in 
locally advanced HNSCC in patients [73]. Treatment comprises concurrent weekly cisplatin 
(35mg/m2) plus Olaparib starting 7 days prior to RT and given on days 1 to 3 of each week 
starting at 50mg twice daily. Primary completion date for this study was June 2020 and results 
are awaited. Further phase I studies include stage II and III laryngeal cancers as well as HPV 
negative oropharynx SCCs and combine single agent Olaparib with IR alone instead of cisplatin 
or cetuximab [74].  

Thoracic cancers 

Lung cancer remains a major clinical challenge with toxicity and treatment volume limiting 
radiation dose delivery. The combination of Olaparib with radiotherapy or 
chemoradiotherapy (66Gy in 24 fractions) with or without cisplatin 6mg/m2 daily has been 
studied (Olaparib Dose Escalating Trial in Patients Treated With Radiotherapy With or Without 
Daily Dose Cisplatin for Locally Advanced Non-small Cell Lung Carcinoma) [75]. The trial 
reported the MTD of Olaparib without cisplatin to be 25mg once daily. Unfortunately 
radiosensitisation with PARP inhibition in combination with cisplatin could not be safely 
delivered, and resulted in haematological and late oesophageal DLTs. Across all groups there 
were significant pulmonary toxicities with 18% IR-associated pulmonary events resulting in 
death. 

Two phase I studies investigating PARP inhibitors in combination with consolidation 
radiotherapy in extensive-stage small cell lung cancer (ES-SCLC) are ongoing using Talazoparib 
and Olaparib respectively [76, 77]. Both studies require at least stable disease after 4-6 cycles 
of palliative chemotherapy and give 10 fractions of consolidative radiotherapy.  Balancing 
radiotherapy-PARPi toxicity may be less challenging to manage given that the ES-SCLC IR 
doses are low compared to radical dose NSCLC  [78].   

In addition to SCLC and NSCLC, radiotherapy concurrently with Olaparib is also being trialed 
as part of ROCOCO: Radiotherapy and Olaparib in Combination for Carcinoma of the 
Oesophagus (A Phase I trial) [79]. This phase I trial pairs Olaparib with radical radiotherapy 
(50Gy in 25 fractions) aiming to find the maximum tolerated dose of Olaparib in combination 
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with radiotherapy for those patients unsuitable for platinum base chemotherapies. Results of 
this study are currently awaited.   

Pancreatic cancer 

Early phase clinical studies have successfully demonstrated that PARP inhibition in pancreatic 
chemoradiation is deliverable,  although the combination PARPi RP2D was relatively low. The 
VelGemRad trial (A Phase I Study of Veliparib (ABT-888) in Combination With Gemcitabine and 
Intensity Modulated Radiation Therapy in Patients With Locally Advanced, Unresectable 
Pancreatic Cancer) showed that 40mg of Veliparib twice daily could be safely delivered with 
400mg/m2 of gemcitabine concurrently with 36Gy in 15 fractions though noted an increased 
frequency of haematological toxicities [80].   

Alternative chemotherapy-PARPi combinations in pancreatic cancer are also being 
investigated. The phase I PIONEER study investigates patients with locally advanced 
unresectable pancreatic cancer in combination with capecitabine 830mg/m2 twice daily with 
the PARP inhibitor Olaparib concurrently with radiation (50.4Gy in 28 fractions) [81]. RP2D 
has been reported as 150mg twice daily for locally advanced pancreatic cancer (LAPC) 
patients and a dose expansion cohort of patients with borderline operable LAPC is under 
recruitment [82]. In contrast to gemcitabine, DLTs were grade 3 nausea, anorexia and fatigue.  

Breast cancer 

Veliparib has been trialed in a phase I study along with 50Gy to the chest wall and a 10Gy 
boost to macroscopic disease for inflammatory or locally recurrent breast cancer [83]. Whilst 
an MTD of 200mg twice daily dose level was reached there were two serious adverse events 
at the 150mg dose level with half of the patients experiencing late grade 3 skin toxicity and 
the final RP2D reported was 50mg twice daily. In contrast, the phase I RADIOPARP trial has 
investigated the olaparib-IR combination in triple negative inflammatory/locally advanced 
breast cancer and reached its maximum target dose of 200mg olaparib twice daily [84]. Using 
a ‘run in’ week, followed by 5 weeks of Olaparib with concurrent radiotherapy (50Gy in 25 
fractions) no DLTs were observed during treatment or immediate follow up. The trial group 
reference the importance of assessing long term toxicity given the veliparib experience. 
Further trials evaluating PARPi in combination with radiotherapy for locally advanced breast 
cancer are underway (NCT02227082, NCT03945721, NCT03542175 and NCT01618357). 

Rectal, peritoneal and gynaecological cancers 

Phase I studies have also taken place in other cancer types including rectal, peritoneal and 
gynaecological cancers. 50.4Gy in 28 fractions with Capecitabine 825mg/m2 twice daily was 
investigated in locally advanced, resectable rectal cancer concurrent with Veliparib [85]. 
Resection by total mesorectal excision was performed 5-10 weeks following treatment. This 
combination proved tolerable with a reported RP2D of 400mg twice daily and the commonest 
side effects being nausea, diarrhoea and fatigue, which occurred in around half of patients. A 
pathological complete response was achieved in 29% of patients which appears higher than 
rates typically associated with conventional neo-adjuvant rectal chemoradiotherapy (~10-
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20%) [86, 87]. The high R2PD with concurrent treatment is striking when compared to trials 
discussed earlier such as Veliparib-Gemcitabine-IR [80, 83]. 

A Phase I of Veliparib has been trialled combination with low dose fractionated whole 
abdominal radiation in patients with peritoneal carcinomatosis [88]. Whole abdominal 
radiotherapy has been evaluated over the years, predominantly in gynaecological cancer 
types, but has not shown superiority over chemotherapy  [89]. In this study, veliparib was 
delivered for three cycles with low dose fractionated whole abdominal radiation on days 1 
and 5 of weeks 1 to 3 for each cycle given twice daily up to 21.6Gy in 36 fractions delivering 
up to the maximum target dose of 160mg twice daily. However 7 of the 22 patients in the trial 
had to discontinue treatment due to multiple grade 2 toxicities as well as disease progression 
in 2 patients.  

Brain metastases 

Veliparib was investigated in combination with whole brain radiotherapy (WBRT, 30Gy in 10 
fractions) in patients with non-small cell lung cancer (NSCLC) with unresectable cerebral 
metastases. This phase II study randomised 307 patients (1:1:1) to have WBRT plus Veliparib 
50mg, Veliparib 200mg or placebo respectively [90]. No significant differences were observed 
between treatment arms in terms of overall survival (OS), response rate or time to 
progression, and there was no difference in adverse events. However, the benefit of WBRT 
for treatment of brain metastases is controversial with the recent QUARTZ trial 
demonstrating that WBRT in lung cancer does not improve OS or quality of life [91]. Therefore 
the hypothesis that a radiosensitising strategy could improve the efficacy of an already non-
beneficial treatment may be flawed.  

Glioblastoma 

Glioblastoma (GBM) is a highly radiation resistant tumour, partly due to the existence of a 
population of glioblastoma cancer stem cells (GSCs) which exhibit increased levels of PARP 
expression and enhanced DNA DSB repair efficacy [92]. GBM cells are characterized by 
constitutive activation of the DDR and high proliferative rates whilst the surrounding normal 
brain tissue is essentially non dividing. Given the previous discussion on the replication 
dependency of PARPi radiosensitisation, GBM has been proposed as a site where PARPi could 
be given in combination with radiotherapy with relatively little increase in toxicity. 

However, PARP inhibitors vary in their ability to cross the blood brain barrier (BBB) which 
poses a challenge to CNS combination treatment [93, 94]. Veliparib, Niraparib and Pamiparib, 
which are BBB penetrant according to in vivo data, are under currently investigation in phase 
I trials (NCT00770471, NCT03581292, NCT01514201, NCT04715620, NCT04614909 and 
NCT03150862) [93, 95]. The OPARATIC trial addressed specifically the concern of Olaparib 
penetration in GBM and successfully demonstrated drug penetration in tumour core and 
margin specimens [96]. This indicated that current preclinical models may fail to predict 
penetration of PARPi in patient tissue samples [93, 96, 97].   

Building on the OPARATIC data, the phase I/II PARADIGM trial investigates the combination 
of Olaparib with 40Gy in 15 fractions in GBM (OlaPArib And RADiotherapy In newly-diagnosed 
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GlioblastoMa) and is currently recruiting to a randomised phase II study with a RP2D of 200mg 
Olaparib twice daily with radiotherapy. Specifically PARADIGM targets patients with MGMT 
unmethylated GBM aged over 70 or those unsuitable for 6 weeks of combination 
radiotherapy with PARPi-IR, with a substudy of PARPi-IR and TMZ ongoing in MGMT 
methylated patients [98]. 

Similarly PARADIGM II (OlaPArib and RADIotherapy or olaparib and radiotherapy plus 
temozolomide in newly diagnosed Glioblastoma stratified by MGMT status: 2 parallel phase I 
studies) is due to complete recruitment early this year and aims to identify the maximum 
tolerated dose of Olaparib in combination with IR (60Gy in 30 fractions) with or without TMZ 
in performance status 0-1 patients under 65 [99]. PARADIGM II stratifies by MGMT status so 
that MGMT methylated patients are treated with TMZ plus 60Gy in and escalating doses of 
Olaparib. Arguably, patients with unmethylated MGMT status do not benefit from concurrent 
TMZ and so in this arm escalating Olaparib doses are given without TMZ, allowing for higher 
doses to be given without the haematological toxicity of the TMZ-PARPi combination that has 
been seen in other trials [100, 101]. The phase I unmethylated arm has established an RP2D 
of 300mg twice daily (the full single agent dose) and is currently recruiting 30 patients to a 
dose expansion phase. 

Emerging themes from early phase clinical studies of PARPi radiotherapy combinations 

In Field Normal tissue toxicity 

There are huge disparities in the MTDs identified by the various early phase clinical trials we 
have discussed, which may partly be explained by the different proliferative capacities of 
irradiated normal tissues within the radiotherapy volume. Based ln preclinical data we 
hypothesise that rapidly dividing cells of normal tissues that lie within the irradiated volume 
would suffer increased toxicity from the RT-PARPi combination compared to non-proliferating 
cells. This hypothesis is consistent with the low RP2D olaparib doses recommended in the 
phase I HNSCC and lung trials discussed above, since these tumour sites feature adjacent 
normal tissues with high proliferative rates [70, 75]. Similarly, the Jagsi et. al. study in breast 
cancer described significant skin toxicity, which is highly proliferative [83]. In contrast, very 
high RP2D’s of Olaparib have been achieved in the PARADIGM and PARADIGM II studies, as 
well as the Veliparib brain metastasis studies where the irradiated neurological tissues consist 
of cells that are either quiescent or very slow to divide [90, 98, 99]. The addition of additional 
systemic agents such as cisplatin or cetuximab to PARPi-radiotherapy combinations may also 
create undesirable synergies that make dose escalation difficult. A further factor for 
consideration is radiation dose to be delivered, which varies widely depending on the cancer-
specific standard regimen. Dose per fraction should also be considered as a potential 
contributor to toxicity, particularly given that some trials used up to 2.75Gy per fraction. 

Haematological toxicity 

Myelosuppression is commonly described in association with PARPi monotherapy but is 
generally relatively modest. It can be significantly exacerbated in combination with 
chemotherapy, however, and has been dose limiting in many studies [102]. Mechanistically, 
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DNA damaging chemotherapies such as platinums would be expected to result in highly 
sensitized tissue by PARPi. Clearly this is of importance when designing PARPi-IR 
chemotherapy regimens, as illustrated by the haematological toxicities reported in the 
Veliparib-Gemcitabine-IR pancreas and Olaparib-Cisplatin-IR lung trials [75, 80]. Of interest, 
PARPi-chemotherapy combinations are not universally myelosuppressive; for example the 
PARPi-capecitabine-IR combination was well tolerated in PIONEER study in pancreatic cancer 
(ref).  

Predicting sensitivity and toxicity 

Although most early phase clinical trials have adopted a conventional ‘escalation to toxicity’ 
approach when defining RP2D, there is evidence to suggest that PARPi are biologically 
effective in combination with radiation at lower doses than when used as monotherapy. This 
issue of predicting sensitivity to PARPi has been examined by de Haan et. al. [103]. By 
developing the radiation-enhanced-PAR (REP)-assay the authors were able to measure PARP 
inhibitory activity more accurately than previous methods. This enabled them to demonstrate 
that Olaparib was biologically effective as a radiosensitizer at very low doses (approximately 
10-fold lower than required for single agent activity).  This study adds confidence to the low 
R2PD values reported in some studies but also highlights the need for caution when escalating 
the intensity of combination treatments. Sensitivity to PARPi may also vary between 
individuals which further supports the concept of developing identifiers for PARPi-sensitive 
cancers [103, 104]. 

Conversely,  several trials have reported that high PARPi doses can be safely delivered in 
combination with radiation, exceeding MTD expectations in pancreatic/rectal PARPi-
Capecitabine-IR and PARPi-IR in CNS disease. Interestingly, preclinical research has 
demonstrated protective effects of PARPi in CNS and gastrointestinal pathologies. In 
particular, there is extensive evidence that PARP inhibitors have neuroprotective effects 
against ischaemic injury [105], and PARPi also improved chemotherapy-induced peripheral 
neuropathy in vivo. Similarly, pre-clinical murine models have showon that PARPi can reduce 
the severity of oxaliplatin-induced enteropathy, an effect that was associated with improved 
enteric neuronal survival  [106, 107]. These protective effects may be related to the 
prevention of excessive PARP activation which would otherwise cause depletion of ATP and 
subsequent cell death through necrosis [108]. Henece PARP inhibition in key tissues prone to 
long-term neuropathic toxicities may provide some level of ‘collateral radioprotection’, even 
in combination with chemotherapy. Overall, it is clear that the toxicities associated with the 
use of PARP inhibitors as radiosensitisers vary in both intensity and type depending on the 
anatomical site. 

Conclusion and Summary 

 

Dysfunctional DDR is a hallmark of most cancers and a highly attractive target for drug 
development. PARP inhibitors are strong candidates as targeted radiosensitisers that act by 
increasing the lethal levels of DNA damage in cancer cells by delaying SSB, promoting 
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replication fork collapse, overcoming hypoxia and inhibiting MMEJ, which is a preferred DSB 
repair pathway in cancer cells. Since effects on non-proliferating cells are modest, targeting 
replicating cancer cells in combination with radiotherapy gives PARPi a targeted edge as a 
radiosensitiser.  

Preclinical data support the use of PARPi in combination with IR as a potent radiosensitiser in 
particular tumour sites and biomarkers such as SMAD4 deficiency have been proposed that 
may enhance patient selection. Additionally radiolabelled PARPi has demonstrated promising 
results in use for PET imaging which may predict toxicity and response to treatment. 

Clinical trials of PARPi-IR combinations are underway across multiple tumour sites. While 
some studies, for example in HNSCC and lung cancer, have reported low RP2D because of 
toxicity in highly proliferative normal tissues, others in CNS and rectal cancer have achieved 
high RP2Ds. Preclinical work using the ‘REP-assay’ has demonstrated that PARPi may 
radiosensitise at very low doses; this indicates that determining ‘optimum biological dose’ 
may be a more appropriate method than the historical MTD model. Conversely, parallel areas 
of PARP research have demonstrated neuroprotective effects on healthy CNS and GI tissues 
which indicate that CNS and gastrointestinal cancer sites may benefit from both 
radiosensitising effects and lower toxicity profiles. 

Given this variability, identifying and validating predictive biomarkers will be important in 
determining which patients will most benefit from PARPi radiosensitisers. Clinical application 
of the REP assay could allow modulation of PARPi dose in order to ensure biologically 
sensitising doses are given to individual patients. Similarly, the development of radiolabelled 
PARPi for PET scanning could allow predictive toxicity to guide treatment approach.  

Future investigation of biomarkers in apparently well tolerated cancer types are also needed 
to provide a fuller understanding of how different PARPi radiosensitise in different sites. 
However this must be considered in the wider perspective of PARP’s role in cell processing 
and the protective properties of PARP inhibition. As research continues in PARPi-IR, the 
characterisation of PARP in cancer and in the wider cell processes must shape the role of 
PARPi as a radiosensitiser in the clinic. 

 

References 

 

1. Bartek, J., J. Lukas, and J. Bartkova, DNA damage response 
as an anti-cancer barrier: damage threshold and the concept 
of 'conditional haploinsufficiency'. Cell Cycle, 2007. 6(19): p. 
2344-7. 

2. Cook, B.D., et al., Role for the related poly(ADP-Ribose) 
polymerases tankyrase 1 and 2 at human telomeres. 
Molecular and cellular biology, 2002. 22(1): p. 332-342. 



14 

3. Formentini, L., et al., Poly(ADP-ribose) catabolism triggers 
AMP-dependent mitochondrial energy failure. The Journal of 
biological chemistry, 2009. 284(26): p. 17668-17676. 

4. Szabó, C., et al., Inhibition of poly (ADP-ribose) synthetase 
attenuates neutrophil recruitment and exerts antiinflammatory 
effects. J Exp Med, 1997. 186(7): p. 1041-9. 

5. Durkacz, B.W., et al., (ADP-ribose)n participates in DNA 
excision repair. Nature, 1980. 283(5747): p. 593-6. 

6. Boehler, C. and F. Dantzer, PARP-3, a DNA-dependent PARP 
with emerging roles in double-strand break repair and mitotic 
progression. Cell Cycle, 2011. 10(7): p. 1023-1024. 

7. Okano, S., et al., Spatial and temporal cellular responses to 
single-strand breaks in human cells. Molecular and cellular 
biology, 2003. 23(11): p. 3974-3981. 

8. Schreiber, V., et al., Poly(ADP-ribose) polymerase-2 (PARP-2) 
is required for efficient base excision DNA repair in 
association with PARP-1 and XRCC1. J Biol Chem, 2002. 
277(25): p. 23028-36. 

9. D'Amours, D., et al., Poly(ADP-ribosyl)ation reactions in the 
regulation of nuclear functions. The Biochemical journal, 1999. 
342 ( Pt 2)(Pt 2): p. 249-268. 

10. Eustermann, S., et al., Structural Basis of Detection and 
Signaling of DNA Single-Strand Breaks by Human PARP-1. 
Molecular cell, 2015. 60(5): p. 742-754. 

11. Gradwohl, G., et al., The second zinc-finger domain of 
poly(ADP-ribose) polymerase determines specificity for single-
stranded breaks in DNA. Proc Natl Acad Sci U S A, 1990. 
87(8): p. 2990-4. 

12. Vascotto, C., M. Poletto, and G. Tell, Chapter 3 - 
Understanding the basics for translating the base excision 
repair pathway from benchtop to bedside in cancer treatment, 
in DNA Repair in Cancer Therapy (Second Edition), M.R. 
Kelley and M.L. Fishel, Editors. 2016, Academic Press: 
Boston. p. 83-114. 

13. Cherney, B.W., et al., cDNA sequence, protein structure, and 
chromosomal location of the human gene for poly(ADP-ribose) 
polymerase. Proceedings of the National Academy of 
Sciences, 1987. 84(23): p. 8370. 



15 

14. Suskiewicz, M.J., et al., HPF1 completes the PARP active site 
for DNA damage-induced ADP-ribosylation. Nature, 2020. 
579(7800): p. 598-602. 

15. Ruf, A., et al., The mechanism of the elongation and 
branching reaction of poly(ADP-ribose) polymerase as derived 
from crystal structures and mutagenesis. J Mol Biol, 1998. 
278(1): p. 57-65. 

16. Jungmichel, S., et al., Proteome-wide identification of 
poly(ADP-Ribosyl)ation targets in different genotoxic stress 
responses. Mol Cell, 2013. 52(2): p. 272-85. 

17. Kiehlbauch, C.C., et al., High resolution fractionation and 
characterization of ADP-ribose polymers. Anal Biochem, 1993. 
208(1): p. 26-34. 

18. de Murcia, G., et al., Poly(ADP-ribose) polymerase auto-
modification and interaction with DNA: electron microscopic 
visualization. The EMBO journal, 1983. 2(4): p. 543-548. 

19. Hayashi, K., et al., Size and shape of poly(ADP-ribose): 
Examination by gel filtration, gel electrophoresis and electron 
microscopy. Biochemical and Biophysical Research 
Communications, 1983. 112(1): p. 102-107. 

20. Keith, G., J. Desgrès, and G. de Murcia, Use of two-
dimensional thin-layer chromatography for the components 
study of poly(adenosine diphosphate ribose). Analytical 
Biochemistry, 1990. 191(2): p. 309-313. 

21. Alvarez-Gonzalez, R. and M.K. Jacobson, Characterization of 
polymers of adenosine diphosphate ribose generated in vitro 
and in vivo. Biochemistry, 1987. 26(11): p. 3218-24. 

22. Ruf, A., G. de Murcia, and G.E. Schulz, Inhibitor and NAD+ 
Binding to Poly(ADP-ribose) Polymerase As Derived from 
Crystal Structures and Homology Modeling. Biochemistry, 
1998. 37(11): p. 3893-3900. 

23. Murai, J., et al., Trapping of PARP1 and PARP2 by Clinical 
PARP Inhibitors. Cancer research, 2012. 72(21): p. 5588-
5599. 

24. Lord, C.J. and A. Ashworth, PARP inhibitors: Synthetic 
lethality in the clinic. Science (New York, N.Y.), 2017. 
355(6330): p. 1152-1158. 



16 

25. Goodhead, D.T., Initial events in the cellular effects of ionizing 
radiations: clustered damage in DNA. Int J Radiat Biol, 1994. 
65(1): p. 7-17. 

26. Noel, G., et al., Radiosensitization by the poly(ADP-ribose) 
polymerase inhibitor 4-amino-1,8-naphthalimide is specific of 
the S phase of the cell cycle and involves arrest of DNA 
synthesis. Mol Cancer Ther, 2006. 5(3): p. 564-74. 

27. Godon, C., et al., PARP inhibition versus PARP-1 silencing: 
different outcomes in terms of single-strand break repair and 
radiation susceptibility. Nucleic Acids Res, 2008. 36(13): p. 
4454-64. 

28. Dungey, F.A., D.A. Loser, and A.J. Chalmers, Replication-
dependent radiosensitization of human glioma cells by 
inhibition of poly(ADP-Ribose) polymerase: mechanisms and 
therapeutic potential. Int J Radiat Oncol Biol Phys, 2008. 
72(4): p. 1188-97. 

29. Ying, S., F.C. Hamdy, and T. Helleday, Mre11-dependent 
degradation of stalled DNA replication forks is prevented by 
BRCA2 and PARP1. Cancer Res, 2012. 72(11): p. 2814-21. 

30. Durkacz, B.W., J. Irwin, and S. Shall, Inhibition of (ADP-
ribose)n biosynthesis retards DNA repair but does not inhibit 
DNA repair synthesis. Biochemical and Biophysical Research 
Communications, 1981. 101(4): p. 1433-1441. 

31. Colicchia, V., et al., PARP inhibitors enhance replication 
stress and cause mitotic catastrophe in MYCN-dependent 
neuroblastoma. Oncogene, 2017. 36(33): p. 4682-4691. 

32. Hochegger, H., et al., Parp-1 protects homologous 
recombination from interference by Ku and Ligase IV in 
vertebrate cells. Embo j, 2006. 25(6): p. 1305-14. 

33. Ronson, G.E., et al., PARP1 and PARP2 stabilise replication 
forks at base excision repair intermediates through Fbh1-
dependent Rad51 regulation. Nature Communications, 2018. 
9(1): p. 746. 

34. Yang, Y.G., et al., Ablation of PARP-1 does not interfere with 
the repair of DNA double-strand breaks, but compromises the 
reactivation of stalled replication forks. Oncogene, 2004. 
23(21): p. 3872-82. 



17 

35. Bryant, H.E., et al., PARP is activated at stalled forks to 
mediate Mre11-dependent replication restart and 
recombination. Embo j, 2009. 28(17): p. 2601-15. 

36. Langelier, M.-F., et al., NAD+ analog reveals PARP-1 
substrate-blocking mechanism and allosteric communication 
from catalytic center to DNA-binding domains. Nature 
Communications, 2018. 9(1): p. 844. 

37. Laird, J.H., et al., Talazoparib Is a Potent Radiosensitizer in 
Small Cell Lung Cancer Cell Lines and Xenografts. Clin 
Cancer Res, 2018. 24(20): p. 5143-5152. 

38. Pommier, Y., M.J. O'Connor, and J. de Bono, Laying a trap to 
kill cancer cells: PARP inhibitors and their mechanisms of 
action. Sci Transl Med, 2016. 8(362): p. 362ps17. 

39. Liu, S.K., et al., A novel poly(ADP-ribose) polymerase 
inhibitor, ABT-888, radiosensitizes malignant human cell lines 
under hypoxia. Radiotherapy and Oncology, 2008. 88(2): p. 
258-268. 

40. Zhan, L., et al., Novel poly (ADP-ribose) polymerase inhibitor, 
AZD2281, enhances radiosensitivity of both normoxic and 
hypoxic esophageal squamous cancer cells. Dis Esophagus, 
2016. 29(3): p. 215-23. 

41. Elser, M., et al., Poly(ADP-ribose) polymerase 1 promotes 
tumor cell survival by coactivating hypoxia-inducible factor-1-
dependent gene expression. Mol Cancer Res, 2008. 6(2): p. 
282-90. 

42. Martí, J.M., et al., Selective modulation by PARP-1 of HIF-1α-
recruitment to chromatin during hypoxia is required for tumor 
adaptation to hypoxic conditions. Redox Biol, 2021. 41: p. 
101885. 

43. Martin-Oliva, D., et al., Inhibition of Poly(ADP-Ribose) 
Polymerase Modulates Tumor-Related Gene Expression, 
Including Hypoxia-Inducible Factor-1 Activation, during Skin 
Carcinogenesis. Cancer Research, 2006. 66(11): p. 5744. 

44. Gani, C., et al., In vivo studies of the PARP inhibitor, AZD-
2281, in combination with fractionated radiotherapy: An 
exploration of the therapeutic ratio. Radiother Oncol, 2015. 
116(3): p. 486-94. 



18 

45. Hoskin, P.J., et al., Radiotherapy with concurrent carbogen 
and nicotinamide in bladder carcinoma. J Clin Oncol, 2010. 
28(33): p. 4912-8. 

46. Martínez-Romero, R., et al., Poly(ADP-ribose) polymerase-1 
modulation of in vivo response of brain hypoxia-inducible 
factor-1 to hypoxia/reoxygenation is mediated by nitric oxide 
and factor inhibiting HIF. J Neurochem, 2009. 111(1): p. 150-
9. 

47. Audebert, M., B. Salles, and P. Calsou, Involvement of 
poly(ADP-ribose) polymerase-1 and XRCC1/DNA ligase III in 
an alternative route for DNA double-strand breaks rejoining. J 
Biol Chem, 2004. 279(53): p. 55117-26. 

48. Audebert, M., et al., Involvement of Polynucleotide Kinase in a 
Poly(ADP-ribose) Polymerase-1-dependent DNA Double-
strand Breaks Rejoining Pathway. Journal of Molecular 
Biology, 2006. 356(2): p. 257-265. 

49. El-Khamisy, S.F., et al., A requirement for PARP-1 for the 
assembly or stability of XRCC1 nuclear foci at sites of 
oxidative DNA damage. Nucleic Acids Res, 2003. 31(19): p. 
5526-33. 

50. Liang, L., et al., Modulation of DNA End Joining by Nuclear 
Proteins*. Journal of Biological Chemistry, 2005. 280(36): p. 
31442-31449. 

51. Wang, H. and X. Xu, Microhomology-mediated end joining: 
new players join the team. Cell & Bioscience, 2017. 7(1): p. 6. 

52. Dutta, A., et al., Microhomology-mediated end joining is 
activated in irradiated human cells due to phosphorylation-
dependent formation of the XRCC1 repair complex. Nucleic 
Acids Research, 2017. 45(5): p. 2585-2599. 

53. Bentley, J., et al., DNA double strand break repair in human 
bladder cancer is error prone and involves microhomology-
associated end-joining. Nucleic acids research, 2004. 32(17): 
p. 5249-5259. 

54. Soni, A., et al., Requirement for Parp-1 and DNA ligases 1 or 
3 but not of Xrcc1 in chromosomal translocation formation by 
backup end joining. Nucleic acids research, 2014. 42(10): p. 
6380-6392. 

55. Truong, L.N., et al., Microhomology-mediated End Joining and 
Homologous Recombination share the initial end resection 



19 

step to repair DNA double-strand breaks in mammalian cells. 
Proceedings of the National Academy of Sciences of the 
United States of America, 2013. 110(19): p. 7720-7725. 

56. Ahrabi, S., et al., A role for human homologous recombination 
factors in suppressing microhomology-mediated end joining. 
Nucleic acids research, 2016. 44(12): p. 5743-5757. 

57. Gomez, V. and A. Hergovich, Chapter 14 - Cell-Cycle Control 
and DNA-Damage Signaling in Mammals, in Genome 
Stability, I. Kovalchuk and O. Kovalchuk, Editors. 2016, 
Academic Press: Boston. p. 227-242. 

58. Ata, H., et al., Robust activation of microhomology-mediated 
end joining for precision gene editing applications. PLoS 
Genet, 2018. 14(9): p. e1007652. 

59. Russo, A.L., et al., In vitro and in vivo radiosensitization of 
glioblastoma cells by the poly (ADP-ribose) polymerase 
inhibitor E7016. Clinical cancer research : an official journal of 
the American Association for Cancer Research, 2009. 15(2): 
p. 607-612. 

60. Liu, Q., et al., Loss of TGFβ signaling increases alternative 
end-joining DNA repair that sensitizes to genotoxic therapies 
across cancer types. Sci Transl Med, 2021. 13(580). 

61. Liu, Q., et al., Subjugation of TGFβ Signaling by Human 
Papilloma Virus in Head and Neck Squamous Cell Carcinoma 
Shifts DNA Repair from Homologous Recombination to 
Alternative End Joining. Clin Cancer Res, 2018. 24(23): p. 
6001-6014. 

62. Leeman, J.E., et al., Human papillomavirus 16 promotes 
microhomology-mediated end-joining. Proceedings of the 
National Academy of Sciences of the United States of 
America, 2019. 116(43): p. 21573-21579. 

63. Choudhury, A., et al., MRE11 expression is predictive of 
cause-specific survival following radical radiotherapy for 
muscle-invasive bladder cancer. Cancer Res, 2010. 70(18): p. 
7017-26. 

64. Oing, C., et al., BCL2-overexpressing prostate cancer cells 
rely on PARP1-dependent end-joining and are sensitive to 
combined PARP inhibitor and radiation therapy. Cancer Lett, 
2018. 423: p. 60-70. 



20 

65. Hernandez, A.L., et al., PARP Inhibition Enhances 
Radiotherapy of SMAD4-Deficient Human Head and Neck 
Squamous Cell Carcinomas in Experimental Models. Clin 
Cancer Res, 2020. 26(12): p. 3058-3070. 

66. Hernandez, A.L., et al., Inter- and intra-tumor heterogeneity of 
SMAD4 loss in head and neck squamous cell carcinomas. Mol 
Carcinog, 2019. 58(5): p. 666-673. 

67. Wilson, T.C., et al., PET Imaging of PARP Expression Using 
(18)F-Olaparib. Journal of nuclear medicine : official 
publication, Society of Nuclear Medicine, 2019. 60(4): p. 504-
510. 

68. Laird, J., et al., Positron-Emission Tomographic Imaging of a 
Fluorine 18-Radiolabeled Poly(ADP-Ribose) Polymerase 1 
Inhibitor Monitors the Therapeutic Efficacy of Talazoparib in 
SCLC Patient-Derived Xenografts. Journal of thoracic 
oncology : official publication of the International Association 
for the Study of Lung Cancer, 2019. 14(10): p. 1743-1752. 

69. Carlucci, G., et al., Dual-Modality Optical/PET Imaging of 
PARP1 in Glioblastoma. Molecular imaging and biology, 2015. 
17(6): p. 848-855. 

70. Karam, S.D., et al., Final Report of a Phase I Trial of Olaparib 
with Cetuximab and Radiation for Heavy Smoker Patients with 
Locally Advanced Head and Neck Cancer. Clin Cancer Res, 
2018. 24(20): p. 4949-4959. 

71. Magrini, S.M., et al., Cetuximab and Radiotherapy Versus 
Cisplatin and Radiotherapy for Locally Advanced Head and 
Neck Cancer: A Randomized Phase II Trial. J Clin Oncol, 
2016. 34(5): p. 427-35. 

72. Gillison, M.L., et al., Radiotherapy plus cetuximab or cisplatin 
in human papillomavirus-positive oropharyngeal cancer (NRG 
Oncology RTOG 1016): a randomised, multicentre, non-
inferiority trial. Lancet, 2019. 393(10166): p. 40-50. 

73. Phase I Study of Olaparib Combined With Cisplatin-based 
Chemoradiotherapy to Treat Locally Advanced Head and 
Neck Cancer.  3rd February 2021]; Available from: 
https://clinicaltrials.gov/ct2/show/study/NCT02308072. 

74. Olaparib and Radiotherapy in Head and Neck Cancer. 
ClinicalTrials.gov. 



21 

75. de Haan, R., et al., Phase I and Pharmacologic Study of 
Olaparib in Combination with High-dose Radiotherapy with 
and without Concurrent Cisplatin for Non-Small Cell Lung 
Cancer. Clin Cancer Res, 2020. 

76. Talazoparib and Thoracic RT for ES-SCLC - Full Text View - 
ClinicalTrials.gov.  [cited 2021 6th March 2021]; Available 
from: https://clinicaltrials.gov/ct2/show/NCT04170946. 

77. A Study of Olaparib and Low Dose Radiotherapy for Small 
Cell Lung Cancer - Full Text View - ClinicalTrials.gov.  [cited 
2021 6th March 2021]; Available from: 
https://clinicaltrials.gov/ct2/show/NCT03532880. 

78. Slotman, B.J., et al., Use of thoracic radiotherapy for extensive 
stage small-cell lung cancer: a phase 3 randomised controlled 
trial. Lancet, 2015. 385(9962): p. 36-42. 

79. Radiotherapy & Olaparib in COmbination for Carcinoma of the 
Oesophagus - Full Text View - ClinicalTrials.gov.  [cited 2021 
6th March 2021]; Available from: 
https://clinicaltrials.gov/ct2/show/NCT01460888. 

80. Tuli, R., et al., A phase 1 study of veliparib, a PARP-1/2 
inhibitor, with gemcitabine and radiotherapy in locally 
advanced pancreatic cancer. EBioMedicine, 2019. 40: p. 375-
381. 

81. UK, C.R. Cancer Research UK: A trial looking at olaparib with 
chemoradiation for pancreatic cancer (PIONEER).  [cited 2021 
30th January 2021]; Available from: 
https://www.cancerresearchuk.org/about-cancer/find-a-clinical-
trial/a-trial-looking-at-olaparib-with-chemoradiation-for-
pancreatic-cancer-pioneer. 

82. Evans, T.R.J., et al., A phase I study of olaparib in 
combination with capecitabine-based chemoradiation (CRT) in 
patients (pts) with locally advanced pancreatic cancer (LAPC). 
Journal of Clinical Oncology, 2020. 38(4_suppl): p. 709-709. 

83. Jagsi, R., et al., Concurrent Veliparib With Chest Wall and 
Nodal Radiotherapy in Patients With Inflammatory or 
Locoregionally Recurrent Breast Cancer: The TBCRC 024 
Phase I Multicenter Study. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology, 2018. 
36(13): p. 1317-1322. 



22 

84. Loap, P., et al., Combination of Olaparib and Radiation 
Therapy for Triple Negative Breast Cancer: Preliminary 
Results of the RADIOPARP Phase 1 Trial. Int J Radiat Oncol 
Biol Phys, 2021. 109(2): p. 436-440. 

85. Czito, B.G., et al., Safety and tolerability of veliparib combined 
with capecitabine plus radiotherapy in patients with locally 
advanced rectal cancer: a phase 1b study. Lancet 
Gastroenterol Hepatol, 2017. 2(6): p. 418-426. 

86. Wasmuth, H.H., L.C. Rekstad, and G. Tranø, The outcome 
and the frequency of pathological complete response after 
neoadjuvant radiotherapy in curative resections for advanced 
rectal cancer: a population-based study. Colorectal Dis, 2016. 
18(1): p. 67-72. 

87. Hofheinz, R.D., et al., Chemoradiotherapy with capecitabine 
versus fluorouracil for locally advanced rectal cancer: a 
randomised, multicentre, non-inferiority, phase 3 trial. Lancet 
Oncol, 2012. 13(6): p. 579-88. 

88. Reiss, K.A., et al., A Phase I study of veliparib (ABT-888) in 
combination with low-dose fractionated whole abdominal 
radiation therapy in patients with advanced solid malignancies 
and peritoneal carcinomatosis. Clin Cancer Res, 2015. 21(1): 
p. 68-76. 

89. Randall, M.E., et al., Randomized phase III trial of whole-
abdominal irradiation versus doxorubicin and cisplatin 
chemotherapy in advanced endometrial carcinoma: a 
Gynecologic Oncology Group Study. J Clin Oncol, 2006. 
24(1): p. 36-44. 

90. Chabot, P., et al., Veliparib in combination with whole-brain 
radiation therapy for patients with brain metastases from non-
small cell lung cancer: results of a randomized, global, 
placebo-controlled study. J Neurooncol, 2017. 131(1): p. 105-
115. 

91. Mulvenna, P., et al., Dexamethasone and supportive care with 
or without whole brain radiotherapy in treating patients with 
non-small cell lung cancer with brain metastases unsuitable 
for resection or stereotactic radiotherapy (QUARTZ): results 
from a phase 3, non-inferiority, randomised trial. Lancet, 2016. 
388(10055): p. 2004-2014. 



23 

92. Ahmed, S.U., et al., Selective Inhibition of Parallel DNA 
Damage Response Pathways Optimizes Radiosensitization of 
Glioblastoma Stem-like Cells. Cancer Research, 2015. 75(20): 
p. 4416. 

93. Xiong, Y., et al., Pamiparib is a potent and selective PARP 
inhibitor with unique potential for the treatment of brain tumor. 
Neoplasia (New York, N.Y.), 2020. 22(9): p. 431-440. 

94. Kizilbash, S.H., et al., Restricted Delivery of Talazoparib 
Across the Blood-Brain Barrier Limits the Sensitizing Effects of 
PARP Inhibition on Temozolomide Therapy in Glioblastoma. 
Molecular cancer therapeutics, 2017. 16(12): p. 2735-2746. 

95. Sun, K., et al., A comparative pharmacokinetic study of PARP 
inhibitors demonstrates favorable properties for niraparib 
efficacy in preclinical tumor models. Oncotarget, 2018. 9(98): 
p. 37080-37096. 

96. Hanna, C., et al., Pharmacokinetics, safety, and tolerability of 
olaparib and temozolomide for recurrent glioblastoma: results 
of the phase I OPARATIC trial. Neuro-Oncology, 2020. 22(12): 
p. 1840-1850. 

97. Donawho, C.K., et al., ABT-888, an orally active poly(ADP-
ribose) polymerase inhibitor that potentiates DNA-damaging 
agents in preclinical tumor models. Clin Cancer Res, 2007. 
13(9): p. 2728-37. 

98. Chalmers, A.J., et al., Phase I clinical trials evaluating olaparib 
in combination with radiotherapy (RT) and/or temozolomide 
(TMZ) in glioblastoma patients: Results of OPARATIC and 
PARADIGM phase I and early results of PARADIGM-2. 
Journal of Clinical Oncology, 2018. 36(15_suppl): p. 2018-
2018. 

99. Fulton, B., et al., PARADIGM-2: Two parallel phase I studies 
of olaparib and radiotherapy or olaparib and radiotherapy plus 
temozolomide in patients with newly diagnosed glioblastoma, 
with treatment stratified by MGMT status. Clinical and 
Translational Radiation Oncology, 2018. 8: p. 12-16. 

100. Middleton, M.R., et al., Randomized phase II study evaluating 
veliparib (ABT-888) with temozolomide in patients with 
metastatic melanoma. Annals of Oncology, 2015. 26(10): p. 
2173-2179. 



24 

101. Plummer, R., et al., A phase II study of the potent PARP 
inhibitor, Rucaparib (PF-01367338, AG014699), with 
temozolomide in patients with metastatic melanoma 
demonstrating evidence of chemopotentiation. Cancer 
Chemotherapy and Pharmacology, 2013. 71(5): p. 1191-1199. 

102. Rajan, A., et al., A phase I combination study of olaparib with 
cisplatin and gemcitabine in adults with solid tumors. Clinical 
cancer research : an official journal of the American 
Association for Cancer Research, 2012. 18(8): p. 2344-2351. 

103. de Haan, R., et al., Improved pharmacodynamic (PD) 
assessment of low dose PARP inhibitor PD activity for 
radiotherapy and chemotherapy combination trials. Radiother 
Oncol, 2018. 126(3): p. 443-449. 

104. Bundred, N., et al., Evaluation of the pharmacodynamics and 
pharmacokinetics of the PARP inhibitor olaparib: a phase I 
multicentre trial in patients scheduled for elective breast 
cancer surgery. Invest New Drugs, 2013. 31(4): p. 949-58. 

105. Kim, Y., et al., Neuroprotective effects of a novel poly (ADP-
ribose) polymerase-1 inhibitor, JPI-289, in hypoxic rat cortical 
neurons. Clin Exp Pharmacol Physiol, 2017. 44(6): p. 671-
679. 

106. McQuade, R.M., et al., Oxaliplatin-induced enteric neuronal 
loss and intestinal dysfunction is prevented by co-treatment 
with BGP-15. British journal of pharmacology, 2018. 175(4): p. 
656-677. 

107. Brederson, J.-D., et al., PARP inhibitors attenuate 
chemotherapy-induced painful neuropathy. Journal of the 
Peripheral Nervous System, 2012. 17(3): p. 324-330. 

108. Ha, H.C. and S.H. Snyder, Poly(ADP-ribose) polymerase is a 
mediator of necrotic cell death by ATP depletion. Proc Natl 
Acad Sci U S A, 1999. 96(24): p. 13978-82. 
 


	Enlighten Accepted coversheet (1)
	252671

