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Differential therapeutic effects of PARP and ATR inhibition
combined with radiotherapy in the treatment of subcutaneous
versus orthotopic lung tumour models
Vanessa Tran Chau1,2, Winchygn Liu1,2, Marine Gerbé de Thoré1,2, Lydia Meziani1,2, Michele Mondini1,2, Mark J. O’Connor3,
Eric Deutsch1,2,4 and Céline Clémenson1,2

BACKGROUND: Subcutaneous mouse tumour models are widely used for the screening of novel antitumour treatments, although
these models are poor surrogate models of human cancers.
METHODS: We compared the antitumour efficacy of the combination of ionising radiation (IR) with two DNA damage response
inhibitors, the PARP inhibitor olaparib and the ATR inhibitor AZD6738 (ceralasertib), in subcutaneous versus orthotopic cancer
models.
RESULTS: Olaparib delayed the growth of irradiated Lewis lung carcinoma (LL2) subcutaneous tumours, in agreement with
previous reports in human cell lines. However, the olaparib plus IR combination showed a very narrow therapeutic window against
LL2 lung orthotopic tumours, with nearly no additional antitumour effect compared with that of IR alone, and tolerability issues
emerged at high doses. The addition of AZD6738 greatly enhanced the efficacy of the olaparib plus IR combination treatment
against subcutaneous but not orthotopic LL2 tumours. Moreover, olaparib plus AZD6738 administration concomitant with IR even
worsened the response to radiation of head and neck orthotopic tumours and induced mucositis.
CONCLUSIONS: These major differences in the responses to treatments between subcutaneous and orthotopic models highlight
the importance of using more pathologically relevant models, such as syngeneic orthotopic models, to determine the most
appropriate therapeutic approaches for translation to the clinic.
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BACKGROUND
Radiotherapy (RT) is a mainstay of current anticancer strategies.
One of its limitations lies in its toxicity to normal tissues that are
close to the radiation field.1 In addition, accumulating preclinical
and clinical evidence indicates that the microenvironment and the
immune system modulate the antitumour efficacy of cytotoxic
treatments, such as RT.2–4 Thus, the proper preclinical evaluation
of novel therapeutic strategies that include RT should be
performed with models recapitulating at best the ‘physiological'
tumour environment, comprising the pertinent tumour stroma, an
intact immune system and the presence of the appropriate
surrounding healthy tissues. For years, subcutaneous tumour
models implanted in immunocompromised mice have been a
standard for the preclinical evaluation of novel drugs and
therapeutic combinations without filling this requirement, and
possibly leading to incorrect assessments for translation into the
clinic. Preclinical data in tumours grafted orthotopically in
immunocompetent hosts are sparse.
Radiotherapy (RT) exerts its cytotoxic effect by inducing DNA

damage. Cells have evolved to respond to extensive DNA damage
through sophisticated cell-cycle checkpoints and DNA repair

pathways. Inhibiting the DNA damage response (DDR) in tumour
cells is a rational strategy to augment the cytotoxicity of RT.5 Poly
(ADP-ribose) polymerase 1 (PARP-1) is a nuclear protein involved
in base-excision repair (BER), and is critical for the repair of single-
strand breaks (SSBs) and single-strand intermediates.6,7 During
genome duplication, the collision of replication forks with
unrepaired SSBs and/or trapped PARP–DNA complexes, resulting
from PARP inhibition, leads to the formation of potentially lethal
DNA double-strand breaks (DSBs), the repair of which is highly
dependent on homologous recombination (HR).6 Thus, HR-
deficient cells are extremely sensitive to PARP inhibition.8 This
synthetic lethality has been extensively investigated in BRCA-
mutated ovarian cancer, leading to the approval of the PARP
inhibitor olaparib in over 60 countries. However, the efficacy of
PARP inhibitors (PARPi) in the clinic may be limited by the
emergence of resistance. The restoration of HR competency and
replication fork stabilisation (fork protection) has been described
as two critical compensatory PARPi- resistance mechanisms.9,10 As
the damage induced by PARP inhibition is generated during the S
phase, PARPi-treated cells rely heavily on the DDR protein ATR
(ataxia telangiectasia and Rad3-related), which plays a major role
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in survival during DNA replication stress.9,10 ATR inhibition
significantly enhanced the cytotoxicity of PARPi, not only in
BRCA-mutated but also in BRCA-proficient and PARPi-resistant
human cancer cells.10–13

Numerous preclinical studies have previously demonstrated
that PARP or ATR inhibition radiosensitises human cancer cells
in vitro, and improves RT efficacy in vivo in human tumour models
xenografted subcutaneously into immunodeficient mice.14–31 In
this study, LL2-luc Lewis lung carcinoma murine tumour cells were
implanted either subcutaneously or orthotopically. Established
tumours were treated with combination treatments of ionising
radiation (IR), PARP inhibitor (olaparib) and ATR inhibitor
(AZD6738/ceralasertib). As expected, olaparib or AZD6738 radio-
sensitised LL2-luc cells in vitro, and improved the efficacy
of radiotherapy against LL2-luc subcutaneous tumours in vivo.
The triple-combination treatment (IR+ olaparib+ ceralasertib)
delayed tumour growth even further. However, the olaparib plus
IR combination treatment showed limited efficacy against LL2-luc
orthotopic tumours, and signs of toxicity were revealed. The
addition of AZD6738 to this therapeutic combination did not
augment the antitumour efficacy. In addition, mucositis was
observed in a head and neck orthotopic model treated with
this triple combination. Thus, our study highlights different
responses to antitumour treatments and different therapeutic
windows between subcutaneous and orthotopic tumour model
settings, warranting the need to define and systematically use
clinically relevant preclinical tumour models.

METHODS
Cells and reagents
LL2-luc cells were purchased from Caliper Life Sciences (Hopkin-
ton, MA, USA). TC1-luc cells generated by the HPV16 E6/E7 and c-
H-ras retroviral transduction of lung epithelial cells of C57BL/6
origin were kindly provided by T.C. Wu (Johns Hopkins Medicine,
Baltimore, MD, USA). The following antibodies were used: anti-
Poly-ADP Ribose (Trevigen 4336-BPC-100, D1/1000), anti-PARP-1
(CST#9532, D1/1000), anti-GAPDH (MAB374, D1/10000), anti-p-
Chk1 (CST#2348, D1/1000), anti-Chk1 (CST#2360, D1/1000), anti-
actin (MAB1501, D1/100000) and secondary antibodies (South-
ernBiotech 4050-05 and 1031-05, D1/5000). For protein extraction,
cells were harvested in SDS–urea buffer for PAR staining, or
otherwise harvested in RIPA buffer containing protease and
phosphatase inhibitors (Complete and PhoSTOP, Roche (Basel,
Switzerland)). Olaparib and AZD6738 were provided by AstraZe-
neca. H2O2 was purchased from Sigma-Aldrich. Cells were
irradiated with an X‐ray XRAD320 tube (320 kV, 12.5 mA).

Proliferation and clonogenic assays
For proliferation assays, cells were treated with various doses of
drug(s), and a WST-1 assay was conducted 72 h later, according to
the manufacturer’s instructions (Roche, France). Cells were
incubated with the WST-1 reagent, and the absorbance, which is
correlated to the number of viable cells, was measured with a
spectrophotometer. For clonogenic assays, cells were plated at a
single-cell density, treated with the drug(s), and then irradiated or
not 1 h later. The colonies were stained with crystal violet. The
surviving fraction (SF) was calculated as follows: SF= number of
colonies formed/number of cells seeded × plating efficiency of the
nonirradiated group.

In vivo mouse experiments
Animal procedures were performed according to protocols
approved by the Ethics Committee CEEA26 (project no. 2015‐016‐
613, EU directive 2010/63/EU). Female C57BL/6 mice (7–8-weeks
old, ~20 g) were purchased from Janvier (France) and housed in the
Gustave Roussy animal facility (SPF, animal care license no. D94-
076-11). Mice were used after an acclimation time of 7 days. They

had free access to food (SAFE reference R0340, Augy, France) and
water. They were housed on a 12-h light/dark cycle at a room
temperature of 22 °C ± 2 °C and a relative humidity of 55% ± 15%
(five animals per cage, disposable ventilated cages, Innovive,
France). Irradiation was performed locally to the subcutaneous
tumour, the whole thorax or the snout with an X‐ray XRAD320 tube
(320 kV, 12.5mA, dose rate of 1.08 Gy/min), the rest of the body
being protected by a lead shield. Olaparib and AZD6738 were
administered intraperitoneally 1 h before irradiation in the morning.
Olaparib and AZD6738 were formulated in 10% DMSO+ 10%
kleptose in purified sterile water, and in 10% DMSO+ 40%
propylene glycol+ 50% sterile water, respectively. The control
groups were injected with these vehicles and were sham-irradiated.
We chose to administer olaparib and AZD6738 at doses previously
used in combination with radiation in preclinical studies.20,23,25,28,31

For subcutaneous grafts, 600,000 LL2-luc cells (in PBS, 50 µl)
were injected into the right flank. When the tumours reached
~80mm3, the mice were allocated to different treatment groups
(day 1). The tumour size was measured with an electronic calliper.
The tumour volume was estimated from two-dimensional tumour
measurements (volume= length × width2/2). The endpoint for
survival was a tumour exceeding 500mm3.
For orthotopic lung tumours, under anaesthesia (2% isoflurane),

the skin was incised, 600,000 LL2-luc cells (in PBS+Matrigel
(BD#356231), 10 µl) were injected directly into the lung through
the pleura and then the wound was closed by suture clips. Tumour
growth was monitored by bioluminescence imaging using the
Xenogen In Vivo Imaging System 50 (Caliper Life Sciences) under
anaesthesia (2% isoflurane).32 For head and neck tumours, TC1-luc
cells were injected at a submucosal site in the right inner lip
(500,000 cells in 50 µl) under anaesthesia (2% isoflurane).33

Tumour growth was monitored using bioluminescence imaging.
For both orthotopic models, the ethical endpoint for survival was
loss of more than 20% of the initial weight or severe clinical
symptoms.
All animals were killed by cervical dislocation. All the experi-

mental procedures were conducted in a laboratory.

Statistical analysis
Clonogenic survival is depicted as the mean ± SEM. Statistical
analyses were performed using GraphPad Prism software (ns, P >
0.05; *P < 0.05; **P < 0.01; ***P < 0.001 and ****P < 0.0001). Survival
data were analysed using the Kaplan–Meier method, and
compared statistically using the log-rank test (the Bonferroni
correction was used to adjust for multiple comparisons). Tumour
growth (calliper measurement or bioluminescence) was analysed
using a two-way ANOVA followed by Tukey’s post hoc test for
multiple comparisons (tables present all the comparisons that
have been evaluated).

RESULTS
Olaparib enhances the effect of IR against subcutaneous murine
LL2-luc syngeneic tumours
As observed in human cell lines,14,34 IR induced a moderate and
transient increase in PAR levels in vitro in the BRCA wild-type,
murine LL2-luc luciferase-expressing Lewis lung carcinoma cell
line (Fig. 1a). PARP inhibition eradicated radio-induced PAR
formation at concentrations above 0.1 µmol/L (Fig. 1b), warranting
the investigation of the combination of PARP inhibition with IR. A
radiosensitising effect of olaparib in the clonogenic assay was
observed at these concentrations (SER0.37= 1.68 for 1 µmol/L
olaparib) (Fig. 1c), while olaparib inhibited LL2-luc cell proliferation
at higher concentrations (IC50: 6.2 µmol/L) (Fig. 1d). Olaparib alone
did not delay tumour growth in vivo, in accordance with previous
studies,20,21,28 but greatly improved the efficacy of IR (4 fractions
of 4.5 Gy) against LL2-luc subcutaneous tumours implanted in
syngeneic immunocompetent mice (Fig. 1e).
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The efficacy of the olaparib plus IR combination treatment against
the LL2-luc lung orthotopic tumour model is limited
To implant orthotopic tumours, LL2-luc cells were directly injected
into the lung as previously described,32 and tumour growth was
followed by bioluminescence imaging. Surprisingly, the antitu-
mour efficacy of IR was not enhanced by concomitant treatment
with 50 mg/kg olaparib (Fig. 2a). The survival of the combination-
treated mice tended to be shorter than that of the irradiated mice

(Fig. 2a, middle panel). Notably, the mice treated with the
combination treatment showed signs of prostration, weakness
and weight loss (Fig. 2a, right panel), revealing toxicity issues, and
the mice that experienced severe clinical signs had to be
sacrificed. When the olaparib dose was reduced to 25mg/kg, no
weight loss was observed in the combination treatment group
(Fig. 2b, right panel), and compared with irradiation alone, the
combination treatment improved mouse survival and inhibited
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Fig. 1 The PARP inhibitor olaparib increases the efficacy of ionising radiation against subcutaneous murine syngeneic Lewis lung LL2-luc
tumours. a Western blot analysis of PAR formation 10min and 1 h after a 12-Gy dose irradiation in LL2-luc cells. Extensive PARylation was
observed in cells treated for 10min with the positive control H2O2 (1 mmol/L). b Olaparib treatment inhibits radio-induced PAR formation. LL2-
luc cells were treated with olaparib for 1 h before irradiation (12 Gy). Protein extracts were prepared at 10min after irradiation. c Clonogenic
survival of LL2-luc cells exposed to olaparib (for 24 h) and irradiated 1 h after initiating olaparib treatment. d LL2-luc cells were treated with
olaparib for 72 h, and proliferation was analysed by WST-1 assay. e Tumour growth (top-left panel) of LL2-luc subcutaneous syngeneic grafts
(mean ± SEM). Mice-bearing LL2-luc subcutaneous tumours were allocated to treatment groups on day 1 (n= 7 mice per group). Olaparib
(25mg/kg or 50mg/kg) was administered daily from day 1 to day 6. Irradiated mice received four fractions of 4.5 Gy (on days 1, 2, 4 and 5).
Kaplan–Meier analysis of mouse survival (top right) and statistical analyses of tumour growth and survival (bottom left and bottom right,
respectively) are depicted.
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tumour growth (Fig. 2b). However, this enhancement of IR
antitumour activity was abolished when mice were irradiated
with a higher dose of irradiation (4 fractions of 5.5 Gy, Fig. 2c), and
a body weight loss similar to that detected in the IR 4*4.5 Gy+
olaparib 50 mg/kg treatment group was observed (Fig. 2a, c, right
panels). The lack of efficacy was not due to impaired PARP

inhibition in orthotopic tumours since olaparib treatment at
doses as low as 25mg/kg did inhibit PAR formation in tumours
(Supplementary Fig. 1). Orthotopic tumours are smaller than
subcutaneous tumours at treatment initiation (Supplementary
Fig. 2). As small tumours are generally more sensitive to
antitumour treatment, it seems rather unlikely that the different
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Fig. 2 Limited efficacy of the olaparib plus irradiation combination treatment against lung LL2-luc orthotopic tumours. Three days after
the orthotopic implantation of LL2-luc cells into the lung, the mice were allocated to treatment groups (day 1). Olaparib was administered
daily from day 1 to day 6. Irradiated mice received four fractions on days 1, 2, 4 and 5. Three different treatment conditions were evaluated: a
combination of 50mg/kg olaparib with 4 fractions of 4.5 Gy (a), a combination of 25mg/kg olaparib with 4 fractions of 4.5 Gy (b) and a
combination of 25mg/kg olaparib with four fractions of 5.5 Gy (c). For each condition, tumour growth monitored by bioluminescence imaging
(mean ± SEM, left panel), Kaplan–Meier analysis of mouse survival (middle panel), relative mouse weight (mean ± SEM, right panel) and
statistical analysis of survival (bottom) are depicted (a, n= 10–13; b, n= 18–36; c, n= 12–15).

Differential therapeutic effects of PARP and ATR inhibition combined with. . .
V Tran Chau et al.

765



response of orthotopic versus subcutaneous tumours is due to the
difference in tumour size at treatment initiation. Our results
suggest that the efficacy of the olaparib plus IR combination in the
orthotopic tumour model is limited by the toxicity induced by
high doses of irradiation or olaparib.
At a lower dose of irradiation (4*2 Gy), concomitant treatment

with 50 mg/kg olaparib augmented the antitumour efficacy of RT
against subcutaneous LL2-luc tumours (Fig. 3a), in agreement with
previously reported studies evaluating the therapeutic efficacy of
PARP inhibitors in combination with the standard 2-Gy dose-
fractionated irradiation regimen against human subcutaneous
tumours.14,16,18,25,28,31 In contrast, the combination of 50 mg/kg
olaparib with 4 fractions of 2 Gy was not more effective than IR
alone against orthotopic LL2-luc tumours, though no weight loss
was observed under these treatment conditions (Fig. 3b). Thus,
the therapeutic window to treat lung cancers with the olaparib
and IR combination treatment might be narrower than expected.

The olaparib plus IR combination treatment triggers ATR/
Chk1 signalling
Unrepaired SSBs and PARP–DNA-trapping lesions triggered by
olaparib treatment increased ATR/Chk1 signalling, as demonstrated

by the increased phosphorylation of Chk1 after olaparib treatment
(Fig. 4a), consistent with previous studies.12,35,36 Chk1 phosphoryla-
tion was also augmented by IR alone (Fig. 4b), and was more
pronounced in cells treated with both olaparib and IR than in those
treated with either single agent alone (Fig. 4c). Treatment with the
AZD6738 ATR inhibitor completely inhibited Chk1 activation in
irradiated cells (Fig. 4b). AZD6738 alone showed anti-proliferative
effects and radiosensitising properties (Supplementary Fig. 3a, b)
against LL2-luc cells. AZD6738 also eradicated olaparib-induced
Chk1 phosphorylation, regardless of whether the cells were
irradiated (Fig. 4c), suggesting a potential role for the ATR/
Chk1 signalling pathway in the survival of olaparib-treated and
olaparib + IR-treated cells. Consistently, AZD6738 sensitised LL2-luc
tumour cells to the olaparib treatment (Fig. 4d) and the olaparib
plus IR combination treatment (Fig. 4e), prompting the evaluation
of the triple combination in vivo.

The antitumour efficacy of the olaparib, AZD6738 and IR triple-
combination treatment varies with tumour location
As previously reported for subcutaneous tumours,17,19,24,29 ATR
inhibition sensitised LL2-luc subcutaneous tumours to IR (Fig. 5a).
The addition of AZD6738 to the olaparib plus IR treatment further
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delayed tumour growth and prolonged survival compared with
the effects of double-agent treatments (Fig. 5a). However, the
triple combination was not more effective than the double-agent
treatment against orthotopic LL2-luc lung tumours (Fig. 5b). In the
triple-combination treatment, mice were prostrated and weak and
lost weight around day 10 (Supplementary Fig. 4). As chest

irradiation can be considered a non-localised irradiation, we
investigated another orthotopic model, a mouse luciferase-
expressing TC1-luc head and neck tumour model.33 We assessed
whether TC1-luc cells were sensitive to olaparib and AZD6738
treatments in vitro in the same concentration range as LL2-luc
cells (Supplementary Fig. 5a, b). AZD6738 treatment did inhibit the
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Fig. 5 The AZD6738 ATR inhibitor enhances the antitumour efficacy of the olaparib plus IR combination treatment in subcutaneous
grafts, but not in lung or head and neck orthotopic tumours. Tumour-bearing mice were allocated to treatment groups on day 1. Olaparib
(25mg/kg) and/or AZD6738 (15mg/kg) were administered daily from day 1 to day 6. Irradiated mice received four fractions of 4.5 Gy (local
irradiation on days 1, 2, 4 and 5). a LL2-luc subcutaneous grafts (n= 11–14). b LL2-luc lung orthotopic tumours (representative image of
bioluminescence capture in the middle of the panel, n= 6–34). c TC1-luc head and neck orthotopic tumours (representative image of
bioluminescence capture in the middle of the panel, n= 10–30). For a, b and c, tumour growth (upper- left panel, mean ± SEM or median),
Kaplan–Meier analysis of mouse survival (upper-right panel) and statistical analyses (bottom) are depicted. For c, some mice were additionally
scored for mucositis using a macroscopic scoring system (mean ± SEM, n= 10–13, lower-right panel).
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olaparib-induced activation of Chk1 in irradiated and nonirra-
diated TC1-luc cells (Supplementary Fig. 5c). Finally, AZD6738 sen-
sitised TC1-luc cells to olaparib and olaparib plus IR treatments
in vitro (Supplementary Fig. 5d, e). As observed for LL2-luc
subcutaneous tumours, the triple-combination treatment (IR+
olaparib+ AZD6738) was more effective than the double-agent
treatments against TC1-luc subcutaneous tumours (Supplemen-
tary Fig. 6). The irradiation of TC1-luc head and neck tumours with
four fractions of 4.5 Gy greatly improved mouse survival. Ten out
of 28 mice were completely cured. Surprisingly, the addition of a
concomitant treatment with olaparib, AZD6738 or both olaparib
and AZD6738 did not improve the antitumour efficacy of RT, and
tended to worsen mouse fate (with only two out of 22 mice, two
out of 10 mice and two out of 30 mice being cured in the
irradiation+ olaparib, irradiation+ AZD6738 and irradiation+
olaparib+ AZD6738 treatment groups, respectively) (Fig. 5c,
upper panels). A decrease in body weight was not observed for
treated mice, but some mice showed signs of mucositis, a well-
known side effect of irradiation. This acute reaction was scored
macroscopically using Parkins’ scoring system (Table 1).37,38 Mice
treated with the triple combination, and to a lesser extent, with
the double combinations, developed a severe lip mucosal/
epidermal reaction (Fig. 5c, lower panel), highlighting the toxicity
elicited by these treatments.

DISCUSSION
Our study reports clear differences in the response to antitumour
treatments between mouse tumour models, and indicates that
preclinical mouse models have to be well chosen to evaluate new
therapeutic compounds.
To date, preclinical studies revealing the therapeutic efficacy of

the IR plus PARP inhibition combination have been conducted in
subcutaneous tumours, whether BRCA-deficient or BRCA-profi-
cient, and the vast majority of these studies used a 2-Gy
fractionated irradiation regimen.14–16,18,20–23,25,28,31 The benefit of
this combination was confirmed in an orthotopic tumour model, a
pancreatic xenograft of the MiaPaca-2 cell line.30 However, these
studies were conducted with human tumour models grafted in
immunocompromised mice. As a major role of the immune
system in cancer control and treatment has been clearly
highlighted, we aimed to explore the use of the olaparib plus IR
combination against a syngeneic tumour model grafted in
immunocompetent mice. We first observed that the standard
50mg/kg olaparib dose improved the efficacy of IR against
subcutaneous syngeneic tumours, as demonstrated in human

subcutaneous xenografts, whether the tumours were irradiated
with a standard 4*2-Gy dose or a higher dose of irradiation (4*4.5
Gy) (Figs. 1e and 3a). Surprisingly, the growth of the orthotopic
lung tumour model was neither affected by four fractions of 2 Gy
(perhaps as a consequence of faster tumour cell growth in this
setting) nor by the concomitant addition of 50mg/kg olaparib
(Fig. 3a). We increased the radiation dose to four fractions of 4.5
Gy to induce a detectable effect of radiotherapy alone, and as
olaparib worsens existing radio-induced DNA damage, we
expected to observe an enhanced antitumour effect in the
corresponding combination group. Surprisingly, the combination
treatment was not more efficient than treatment with irradiation
alone (Fig. 2a). At high doses of olaparib and IR, the mice
experienced prostration and weakness and lost weight (Fig. 2a, c).
Tolerability issues for the combination of olaparib and thoracic
irradiation have been highlighted in a recent study: enhancement
of radio-induced (4*5 Gy) acute toxicity was induced by con-
comitant treatment with 50mg/kg olaparib in the highly
replicative cells of the oesophagus, with a thickening of the
keratin layer, epithelial hyperplasia and hypertrophy and persis-
tent DSBs.39 Thus, normal oesophageal tissue toxicity might have
affected mouse survival and tumour control, and may be one of
the reasons for the lack of an impact of the olaparib plus IR
combination in our orthotopic model. Nevertheless, the anti-
tumour efficacy of four fractions of 4.5 Gy was improved by a
concomitant treatment with the lower 25 mg/kg olaparib dose.
Altogether, these results show that in the context of thoracic
irradiation, the therapeutic window of the olaparib plus IR
treatment may be very narrow. Consistent with these findings, a
Phase 1 trial in breast cancer reported grade 3 adverse events for
breast cancers treated with RT and the PARP inhibitor Veliparib.40

Toxicity issues for the combination of PARPi and RT are also
evidenced by the lip epidermal/mucosal reaction observed in our
head and neck tumour model (Fig. 5c). Notably, the incidence of
mucositis was further increased by the addition of AZD6738,
suggesting that patients treated with PARP and/or ATR inhibitor
concomitantly with their radiotherapy course of treatment could
be at higher risk for severe mucositis. Irradiation techniques used
in our in vivo experiments are not as precise as those used in the
clinic, and large parts of normal tissues are irradiated (oesophagus
and a part of the liver in the lung orthotopic model and the entire
oral mucosa in the head and neck orthotopic model). However,
taken together, the data reported here, and in the literature,
indicate that all highly proliferative tissues are likely to be
extremely sensitive to therapeutic combinations of PARP inhibi-
tors, and perhaps more generally, DDR inhibitors with radio-
therapy. Although experiments conducted with other tumour cell
lines, primary or autochthonous tumour models (to even better
recapitulate the interaction between the tumour and microenvir-
onment), and data from clinical trials are required to validate this
hypothesis, we do believe that the transfer of these therapeutic
combinations into the clinic might be carefully performed with
well-chosen doses, and with particular attention to the reaction of
the surrounding healthy tissue.
By including the stromal and immune environment, syngeneic

orthotopic tumour models are thought to more closely resemble
the complex process of human tumour progression and healthy
tissue reaction. Orthotopic models generally grow faster, are more
vascularised, are less hypoxic and are able to metastasise.41–43

Differences in the responses to antitumour treatment between
subcutaneous and orthotopic tumours generated with the same
tumour cell line have seldom been reported. In a lung tumour
model, cisplatin but not mitomycin C exerted a significant
antitumour effect against orthotopic tumours, reflecting the
clinical situation, while subcutaneous tumours were sensitive to
mitomycin C and less sensitive to cisplatin.44 Sensitivity to
doxorubicin has also been described to depend on tumour
location, with high sensitivity in subcutaneous sites and low

Table 1. Parkins’ scoring system for lip reaction in mice (adapted from
Parkins et al.38).

Oedema score

0.5 Doubtful if any swelling

1 Slight but definite swelling

2 Severe swelling

3 Severe swelling and visible deformity

Erythema/exudation score

0.5 Doubtful if abnormally pink

1 Slight but definite reddening

2 Severe reddening

3 Focal desquamation

4 Exudate or crusting involving approximately half of the lip area

5 Exudate or crusting involving more than half of the lip area

The Parkins’ score is the sum of the separate scores for oedema and
erythema/exudation.
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sensitivity in the liver and in the lung, whereas the highest
sensitivity to 5-FU was observed in the lung for the same tumour
cell line.45 Immunotherapy was shown to exert differential effects
against murine orthotopic and subcutaneous tumours.46–48 Here,
we showed that tumour location affects the efficacy of DDR
inhibitors combined with IR in a murine lung tumour model and in
a murine head and neck tumour model. Our results suggest that
the limited efficacy of the olaparib+ IR or olaparib+ AZD6738+
IR combination treatments against LL2-luc and TC1-luc orthotopic
tumours might be accompanied by tolerability issues. Experiments
with the subcutaneous model failed to reveal tolerability issues
and the narrowness of the therapeutic window, while such
information might be essential for the potential transfer of these
therapeutic strategies into the clinic.
The differential responses to the antitumour treatment

observed between orthotopically and subcutaneously implanted
tumours might be due in part not only to decreased tolerability
but also to differences in vascularisation and tumour perfusion, as
subcutaneous tumours are known to be less oxygenated than
orthotopic tumours.41–43 Indeed, PARP inhibitors generally
increase tumour vessel perfusion, and olaparib radiosensitises
hypoxic rather than well-oxygenated tumours in vivo.16,20,28

Furthermore, lung orthotopic and subcutaneous implantations
may not provide the same immune microenvironment, as
previously demonstrated for other tumour sites, such as the colon
or the kidney.47,48 Through the induction of extensive DNA
damage, DDR inhibitors can modulate tumour inflammation,
immune priming and immunosuppression.49–51 Thus, the differ-
ences in the response to the antitumour treatments in our study
might also derive in part from differences in the reaction of the
immune system across different tumour settings.
Our study reinforces the critical importance of using clinically

relevant preclinical tumour models instead of the subcutaneous
implantation model that is too often used. We think that
syngeneic orthotopic tumours grafted in immunocompetent mice
are far more informative to appropriately select drugs and design
clinical trials, and we recommend the extensive use of these
models in preclinical studies.

ACKNOWLEDGEMENTS
We thank V. Rouffiac, the Imaging and Cytometry Platform UMS 23/3655 and the
PFEP animal facility (Gustave Roussy Cancer Campus). We thank M. Dos Santos and F.
Milliat (IRSN, Fontenay-aux-Roses, France) for CT imaging.

AUTHOR CONTRIBUTIONS
C.C., V.T.C., W.L., M.G.T. and M.M. conducted all the experiments and analysed the
data. C.C. wrote the paper. L.M., M.M. and M.J.O. helped write the paper. C.C. and E.D.
conceived and supervised the project.

ADDITIONAL INFORMATION
Ethics approval and consent to participate Animal procedures were performed
according to protocols approved by the Ethics Committee CEEA26 (project no. 2015‐
016‐613, EU directive 2010/63/EU). Female C57BL/6 mice were housed in the Gustave
Roussy animal facility (animal care licence no. D94-076-11).

Consent to publish Not applicable.

Data availability The data that support the findings of this study are available from
the corresponding authors upon reasonable request.

Competing interests Mark J. O’Connor is an employee and shareholder of
AstraZeneca.

Funding information This study was supported by a research grant from
AstraZeneca to E. Deutsch.

Supplementary information is available for this paper at https://doi.org/10.1038/
s41416-020-0931-6.

Note This work is published under the standard license to publish agreement. After
12 months the work will become freely available and the license terms will switch to
a Creative Commons Attribution 4.0 International (CC BY 4.0).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

REFERENCES
1. Chargari, C., Magne, N., Guy, J. B., Rancoule, C., Levy, A., Goodman, K. A. et al.

Optimize and refine therapeutic index in radiation therapy: overview of a century.
Cancer Treat. Rev. 45, 58–67 (2016).

2. Hirata, E. & Sahai, E. Tumor microenvironment and differential responses to
therapy. Cold Spring Harb. Perspect. Med. 7, a026781 (2017).

3. Mondini, M., Loyher, P. L., Hamon, P., Gerbe de Thore, M., Laviron, M., Berthelot, K.
et al. CCR2-dependent recruitment of Tregs and monocytes following radio-
therapy is associated with TNFalpha-mediated resistance. Cancer Immunol. Res. 7,
376–387 (2019).

4. Vatner, R. E., Cooper, B. T., Vanpouille-Box, C., Demaria, S. & Formenti, S. C.
Combinations of immunotherapy and radiation in cancer therapy. Front. Oncol. 4,
325 (2014).

5. O’Connor, M. J. Targeting the DNA damage response in cancer. Mol. Cell. 60,
547–560 (2015).

6. Caldecott, K. W. Protein ADP-ribosylation and the cellular response to DNA strand
breaks. DNA Repair 19, 108–113 (2014).

7. Murai, J., Huang, S. Y., Das, B. B., Renaud, A., Zhang, Y., Doroshow, J. H. et al.
Trapping of PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res. 72,
5588–5599 (2012).

8. McCabe, N., Turner, N. C., Lord, C. J., Kluzek, K., Bialkowska, A., Swift, S. et al.
Deficiency in the repair of DNA damage by homologous recombination and
sensitivity to poly(ADP-ribose) polymerase inhibition. Cancer Res. 66, 8109–8115
(2006).

9. Haynes, B., Murai, J. & Lee, J. M. Restored replication fork stabilization, a
mechanism of PARP inhibitor resistance, can be overcome by cell cycle check-
point inhibition. Cancer Treat. Rev. 71, 1–7 (2018).

10. Yazinski, S. A., Comaills, V., Buisson, R., Genois, M. M., Nguyen, H. D., Ho, C. K. et al.
ATR inhibition disrupts rewired homologous recombination and fork protection
pathways in PARP inhibitor-resistant BRCA-deficient cancer cells. Genes Dev. 31,
318–332 (2017).

11. Huehls, A. M., Wagner, J. M., Huntoon, C. J. & Karnitz, L. M. Identification of DNA
repair pathways that affect the survival of ovarian cancer cells treated with a poly
(ADP-ribose) polymerase inhibitor in a novel drug combination. Mol. Pharmacol.
82, 767–776 (2012).

12. Kim, H., George, E., Ragland, R., Rafial, S., Zhang, R., Krepler, C. et al. Targeting the
ATR/CHK1 axis with PARP inhibition results in tumor regression in BRCA-mutant
ovarian cancer models. Clin. Cancer Res. 23, 3097–3108 (2017).

13. Mohni, K. N., Thompson, P. S., Luzwick, J. W., Glick, G. G., Pendleton, C. S., Leh-
mann, B. D. et al. A synthetic lethal screen identifies DNA repair pathways that
sensitize cancer cells to combined ATR inhibition and cisplatin treatments. PLoS
ONE 10, e0125482 (2015).

14. Albert, J. M., Cao, C., Kim, K. W., Willey, C. D., Geng, L., Xiao, D. et al. Inhibition of
poly(ADP-ribose) polymerase enhances cell death and improves tumor growth
delay in irradiated lung cancer models. Clin. Cancer Res. 13, 3033–3042 (2007).

15. Barreto-Andrade, J. C., Efimova, E. V., Mauceri, H. J., Beckett, M. A., Sutton, H. G.,
Darga, T. E. et al. Response of human prostate cancer cells and tumors to com-
bining PARP inhibition with ionizing radiation. Mol. Cancer Ther. 10, 1185–1193
(2011).

16. Calabrese, C. R., Almassy, R., Barton, S., Batey, M. A., Calvert, A. H., Canan-Koch, S.
et al. Anticancer chemosensitization and radiosensitization by the novel poly
(ADP-ribose) polymerase-1 inhibitor AG14361. J. Natl Cancer Inst. 96, 56–67
(2004).

17. Dillon, M. T., Barker, H. E., Pedersen, M., Hafsi, H., Bhide, S. A., Newbold, K. L. et al.
Radiosensitization by the ATR inhibitor AZD6738 through generation of acentric
micronuclei. Mol. Cancer Ther. 16, 25–34 (2017).

18. Donawho, C. K., Luo, Y., Luo, Y., Penning, T. D., Bauch, J. L., Bouska, J. J. et al. ABT-
888, an orally active poly(ADP-ribose) polymerase inhibitor that potentiates DNA-
damaging agents in preclinical tumor models. Clin. Cancer Res. 13, 2728–2737
(2007).

19. Fokas, E., Prevo, R., Pollard, J. R., Reaper, P. M., Charlton, P. A., Cornelissen, B. et al.
Targeting ATR in vivo using the novel inhibitor VE-822 results in selective sen-
sitization of pancreatic tumors to radiation. Cell Death Dis. 3, e441 (2012).

Differential therapeutic effects of PARP and ATR inhibition combined with. . .
V Tran Chau et al.

770

https://doi.org/10.1038/s41416-020-0931-6
https://doi.org/10.1038/s41416-020-0931-6


20. Jiang, Y., Verbiest, T., Devery, A. M., Bokobza, S. M., Weber, A. M., Leszczynska, K. B.
et al. Hypoxia potentiates the radiation-sensitizing effect of olaparib in human
non-small cell lung cancer xenografts by contextual synthetic lethality. Int. J.
Radiat. Oncol. Biol. Phys. 95, 772–781 (2016).

21. Karnak, D., Engelke, C. G., Parsels, L. A., Kausar, T., Wei, D., Robertson, J. R. et al.
Combined inhibition of Wee1 and PARP1/2 for radiosensitization in pancreatic
cancer. Clin. Cancer Res. 20, 5085–5096 (2014).

22. Laird, J. H., Lok, B. H., Ma, J., Bell, A., de Stanchina, E., Poirier, J. T. et al. Talazoparib
is a potent radiosensitizer in small cell lung cancer cell lines and xenografts. Clin.
Cancer Res. 24, 5143–5152 (2018).

23. Lee, H. J., Yoon, C., Schmidt, B., Park, D. J., Zhang, A. Y., Erkizan, H. V. et al.
Combining PARP-1 inhibition and radiation in Ewing sarcoma results in lethal
DNA damage. Mol. Cancer Ther. 12, 2591–2600 (2013).

24. Leszczynska, K. B., Dobrynin, G., Leslie, R. E., Ient, J., Boumelha, A. J., Senra, J. M.
et al. Preclinical testing of an Atr inhibitor demonstrates improved response to
standard therapies for esophageal cancer. Radiother. Oncol. 121, 232–238 (2016).

25. Parsels, L. A., Karnak, D., Parsels, J. D., Zhang, Q., Velez-Padilla, J., Reichert, Z. R.
et al. PARP1 trapping and DNA replication stress enhance radiosensitization with
combined WEE1 and PARP inhibitors. Mol. Cancer Res. 16, 222–232 (2018).

26. Pires, I. M., Olcina, M. M., Anbalagan, S., Pollard, J. R., Reaper, P. M., Charlton, P. A.
et al. Targeting radiation-resistant hypoxic tumour cells through ATR inhibition.
Br. J. Cancer 107, 291–299 (2012).

27. Prevo, R., Fokas, E., Reaper, P. M., Charlton, P. A., Pollard, J. R., McKenna, W. G. et al.
The novel ATR inhibitor VE-821 increases sensitivity of pancreatic cancer cells to
radiation and chemotherapy. Cancer Biol. Ther. 13, 1072–1081 (2012).

28. Senra, J. M., Telfer, B. A., Cherry, K. E., McCrudden, C. M., Hirst, D. G., O’Connor, M.
J. et al. Inhibition of PARP-1 by olaparib (AZD2281) increases the radiosensitivity
of a lung tumor xenograft. Mol. Cancer Ther. 10, 1949–1958 (2011).

29. Tu, X., Kahila, M. M., Zhou, Q., Yu, J., Kalari, K. R., Wang, L. et al. ATR inhibition is a
promising radiosensitizing strategy for triple-negative breast cancer. Mol. Cancer
Ther. 17, 2462–2472 (2018).

30. Tuli, R., Surmak, A. J., Reyes, J., Armour, M., Hacker-Prietz, A., Wong, J. et al.
Radiosensitization of pancreatic cancer cells in vitro and in vivo through poly
(ADP-ribose) polymerase inhibition with ABT-888. Transl. Oncol. 7, 439–445 (2014).

31. Zhan, L., Qin, Q., Lu, J., Liu, J., Zhu, H., Yang, X. et al. Novel poly (ADP-ribose)
polymerase inhibitor, AZD2281, enhances radiosensitivity of both normoxic and
hypoxic esophageal squamous cancer cells. Dis. Esophagus 29, 215–223 (2016).

32. Clemenson, C., Chargari, C., Liu, W., Mondini, M., Ferte, C., Burbridge, M. F. et al.
The MET/AXL/FGFR inhibitor S49076 impairs Aurora B activity and improves the
antitumor efficacy of radiotherapy. Mol. Cancer Ther. 16, 2107–2119 (2017).

33. Mondini, M., Nizard, M., Tran, T., Mauge, L., Loi, M., Clemenson, C. et al. Synergy of
radiotherapy and a cancer vaccine for the treatment of HPV-associated head and
neck cancer. Mol. Cancer Ther. 14, 1336–1345 (2015).

34. Verhagen, C. V., de Haan, R., Hageman, F., Oostendorp, T. P., Carli, A. L., O’Connor,
M. J. et al. Extent of radiosensitization by the PARP inhibitor olaparib depends on
its dose, the radiation dose and the integrity of the homologous recombination
pathway of tumor cells. Radiother. Oncol. 116, 358–365 (2015).

35. Brill, E., Yokoyama, T., Nair, J., Yu, M., Ahn, Y. R. & Lee, J. M. Prexasertib, a cell cycle
checkpoint kinases 1 and 2 inhibitor, increases in vitro toxicity of PARP inhibition

by preventing Rad51 foci formation in BRCA wild type high-grade serous ovarian
cancer. Oncotarget 8, 111026–111040 (2017).

36. Jelinic, P. & Levine, D. A. New insights into PARP inhibitors’ effect on cell cycle and
homology-directed DNA damage repair. Mol. Cancer Ther. 13, 1645–1654 (2014).

37. Mangoni, M., Yue, X., Morin, C., Violot, D., Frascogna, V., Tao, Y. et al. Differential
effect triggered by a heparan mimetic of the RGTA family preventing oral
mucositis without tumor protection. Int. J. Radiat. Oncol. Biol. Phys. 74, 1242–1250
(2009).

38. Parkins, C. S., Fowler, J. F. & Yu, S. A murine model of lip epidermal/mucosal
reactions to X-irradiation. Radiother. Oncol. 1, 159–165 (1983).

39. Lourenco, L. M., Jiang, Y., Drobnitzky, N., Green, M., Cahill, F., Patel, A. et al. PARP
inhibition combined with thoracic irradiation exacerbates esophageal and skin
toxicity in C57BL6 mice. Int. J. Radiat. Oncol. Biol. Phys. 100, 767–775 (2018).

40. Jagsi, R., Griffith, K. A., Bellon, J. R., Woodward, W. A., Horton, J. K., Ho, A. 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. J. Clin. Oncol. 36, 1317–1322 (2018).

41. Bibby, M. C. Orthotopic models of cancer for preclinical drug evaluation:
advantages and disadvantages. Eur. J. Cancer 40, 852–857 (2004).

42. Graves, E. E., Vilalta, M., Cecic, I. K., Erler, J. T., Tran, P. T., Felsher, D. et al. Hypoxia in
models of lung cancer: implications for targeted therapeutics. Clin. Cancer Res. 16,
4843–4852 (2010).

43. Zhang, Y., Zhang, G. L., Sun, X., Cao, K. X., Ma, C., Nan, N. et al. Establishment of a
murine breast tumor model by subcutaneous or orthotopic implantation. Oncol.
Lett. 15, 6233–6240 (2018).

44. Kuo, T. H., Kubota, T., Watanabe, M., Furukawa, T., Kase, S., Tanino, H. et al. Site-
specific chemosensitivity of human small-cell lung carcinoma growing orthoto-
pically compared to subcutaneously in SCID mice: the importance of orthotopic
models to obtain relevant drug evaluation data. Anticancer Res. 13, 627–630
(1993).

45. Fidler, I. J., Wilmanns, C., Staroselsky, A., Radinsky, R., Dong, Z. & Fan, D. Mod-
ulation of tumor cell response to chemotherapy by the organ environment.
Cancer Metastasis Rev. 13, 209–222 (1994).

46. Li, H. Y., McSharry, M., Bullock, B., Nguyen, T. T., Kwak, J., Poczobutt, J. M. et al. The
tumor microenvironment regulates sensitivity of murine lung tumors to PD-1/PD-
L1 antibody blockade. Cancer Immunol. Res. 5, 767–777 (2017).

47. Westwood, J. A., Darcy, P. K. & Kershaw, M. H. The potential impact of mouse
model selection in preclinical evaluation of cancer immunotherapy. Oncoimmu-
nology 3, e946361 (2014).

48. Zhao, X., Li, L., Starr, T. K. & Subramanian, S. Tumor location impacts immune
response in mouse models of colon cancer. Oncotarget 8, 54775–54787 (2017).

49. Cesaire, M., Thariat, J., Candeias, S. M., Stefan, D., Saintigny, Y. & Chevalier, F.
Combining PARP inhibition, radiation, and immunotherapy: a possible strategy to
improve the treatment of cancer? Int. J. Mol. Sci. 19, 3793 (2018).

50. Stewart, R. A., Pilie, P. G. & Yap, T. A. Development of PARP and immune-
checkpoint inhibitor combinations. Cancer Res. 78, 6717–6725 (2018).

51. Vendetti, F. P., Karukonda, P., Clump, D. A., Teo, T., Lalonde, R., Nugent, K. et al.
ATR kinase inhibitor AZD6738 potentiates CD8+ T cell-dependent antitumor
activity following radiation. J. Clin. Invest. 128, 3926–3940 (2018).

Differential therapeutic effects of PARP and ATR inhibition combined with. . .
V Tran Chau et al.

771


	Differential therapeutic effects of PARP and ATR inhibition combined with radiotherapy in the treatment of subcutaneous versus orthotopic lung tumour models
	Background
	Methods
	Cells and reagents
	Proliferation and clonogenic assays
	In vivo mouse experiments
	Statistical analysis

	Results
	Olaparib enhances the effect of IR against subcutaneous murine LL2-luc syngeneic tumours
	The efficacy of the olaparib plus IR combination treatment against the LL2-luc lung orthotopic tumour model is limited
	The olaparib plus IR combination treatment triggers ATR/Chk1�signalling
	The antitumour efficacy of the olaparib, AZD6738 and IR triple-combination treatment varies with tumour location

	Discussion
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




