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Introduction

Pancreatic cancer has the highest mortality rate of all major can-
cers, with 94% of patients succumbing to the disease within the 
first 5 years of diagnosis.1 While the lack of effective systemic dis-
ease control is a barrier to improved patient outcomes, local con-
trol is also an important aspect of pancreatic cancer treatment. 
This is supported by the following: local failure is responsible for 
up to 1/3 of the observed cancer related mortality,2 the addition 
of radiation to standard chemotherapy (gemcitabine) is superior 
to gemcitabine alone,3,4 and, finally, increasing the dose of radia-
tion appears to improve outcome.5 Thus, strategies to improve 
local disease control while maintaining or improving systemic 
disease control are warranted.6-8

We have demonstrated that inhibition of Chk1 sensitizes pan-
creatic cancer cells and xenografts to gemcitabine and radiation.7,9 
We recently found that inhibition of HRR and G

2
 checkpoint 

abrogation are mechanisms of radiosensitization in response to 

We have recently shown that inhibition of HRR (homologous recombination repair) by Chk1 (checkpoint kinase 1) 
inhibition radiosensitizes pancreatic cancer cells, and others have demonstrated that Chk1 inhibition selectively sensitizes 
p53 mutant tumor cells. Furthermore, PARP1 [poly (ADP-ribose) polymerase-1] inhibitors dramatically radiosensitize 
cells with DNA double-strand break repair defects. Thus, we hypothesized that inhibition of HRR (mediated by Chk1 via 
AZD7762) and PARP1 [via olaparib (AZD2281)] would selectively sensitize p53 mutant pancreatic cancer cells to radiation. 
We also used two isogenic p53 cell models to assess the role of p53 status in cancer cells and intestinal epithelial cells 
to assess overall cancer specificity. DNA damage response and repair were assessed by flow cytometry, γH2AX and an 
HRR reporter assay. We found that the combination of AZD7762 and olaparib produced significant radiosensitization in 
p53 mutant pancreatic cancer cells and in all of the isogenic cancer cell lines. The magnitude of radiosensitization by 
AZD7762 and olaparib was greater in p53 mutant cells compared with p53 wild-type cells. Importantly, normal intestinal 
epithelial cells were not radiosensitized. The combination of AZD7762 and olaparib caused G2 checkpoint abrogation, 
inhibition of HRR and persistent DNA damage responses. These findings demonstrate that the combination of Chk1 
and PARP1 inhibition selectively radiosensitizes p53 mutant pancreatic cancer cells. Furthermore, these studies suggest 
that inhibition of HRR by Chk1 inhibitors may be a useful strategy for selectively inducing a BRCA1/2 “deficient-like” 
phenotype in p53 mutant tumor cells, while sparing normal tissue.
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Chk1 inhibition. Abrogation of the G
2
 checkpoint (by Chk1 

inhibition and other strategies) has been shown to preferentially 
sensitize p53 mutant tumor cells to chemotherapy and radia-
tion.10-17 The prevailing model for tumor cell selectivity of Chk1 
inhibition is that tumor cells harbor aberrations in other DNA 
damage response machinery (i.e., p53, p16, Rb) and, thus, do not 
G

1
 arrest in response to DNA damage leading to selective sensiti-

zation of tumor cells by Chk1 inhibition, while normal cells are 
protected from Chk1 inhibition by their other intact checkpoints 
(i.e., p53-mediated G

1
 arrest).

PARP inhibitors have generated great enthusiasm in the oncol-
ogy community with regard to their use in BRCA1/2 mutant 
tumors, a concept known as synthetic lethality. Since BRCA1 
and BRCA2 are required for HRR, and PARP is also required 
for repair, inhibition of both pathways results in synthetic lethal-
ity. PARP inhibitors have also been shown to sensitize to DNA 
damage in variety of cancer models, including those in which 
BRCA1 and BRCA2 are proficient.18,19 Radiosensitization occurs 



4322	 Cell Cycle	 Volume 10 Issue 24

p53 mutation would confer tumor cell selectivity for radiosen-
sitization by Chk1 and PARP1 inhibition. To begin to test this 
hypothesis, we assessed radiosensitization in p53 mutant pan-
creatic cancers in response to the small molecule inhibitors of 
Chk1 and PARP1, AZD7762 and olaparib, respectively.15 When 
we found that Chk1 and PARP1 inhibition did produce signifi-
cant radiosensitization in p53 mutant pancreatic cancer cells, we 
then went on to determine the roles of cell cycle checkpoints, 
DNA damage response and HRR in the mechanisms of sensitiza-
tion. In order to begin to establish the potential mechanisms of 
tumor cell selectivity, we assessed radiosensitization by Chk1 and 
PARP1 inhibition in isogenic p53 models as well as in normal 
epithelial cells.

Results

Combined Chk1 and PARP1 inhibition radiosensi-
tizes pancreatic cancer cells. In order to begin to deter-
mine the radiosensitizing efficacy of combined Chk1 
and PARP1 inhibition, MiaPaCa-2 and MPanc-96  
pancreatic cancer cells were treated with AZD7762 and olaparib 
according to previously determined concentrations and schedules 
as illustrated (Fig. 1D).7,26 Consistent with previous reports,7,26 

in a replication-dependent manner20 and more efficiently in cells 
with other double-strand break repair defects.21 One model to 
explain PARP inhibitor-mediated radiosensitization is that 
PARP inhibition delays repair of single-strand DNA breaks, 
which, when met by DNA replication forks, result in a col-
lapsed fork and a double-strand break. While certain mutations 
are common in pancreatic cancers [k-Ras (100%), p16 (82%), 
p53 (76%)], BRCA1/2 mutations are rare.2,22 Therefore, “true” 
synthetic lethality from BRCA1/2 mutations and PARP inhibi-
tion would only be expected in the minority of pancreatic cancer 
cases. There has, however, been interest in extending synthetic 
lethality to tumors with defective HRR capabilities yet wild-type 
BRCA1/2, referred to as “BRCAness.”23,24 Based on the results of 
these studies, it seems plausible that combining a small molecule 
inhibitor of HRR (i.e., a Chk1 inhibitor) with a PARP inhibi-
tor might extend synthetic lethality to tumor cells that do not 
have BRCA1/2 mutations/HRR defects, a concept referred to as 
induced synthetic lethality.25

Given the ability of Chk1 inhibition to block HRR and the 
efficacy of PARP1 inhibitors as radiation sensitizers in double-
strand break repair defective tumor types, we hypothesized that 
the combination of Chk1 and PARP1 inhibitors would sensitize 
tumor cells to radiation. Furthermore, we hypothesized that 

Figure 1. Radiosensitization of pancreatic cancer cells in response to Chk1 and PARP1 inhibition. Representative radiation survival curves are shown for 
(A) MiaPaCa-2 and (B) MPanc-96 cell lines treated with AZD7762 (100 nM), olaparib (1 uM) and ionizing radiation (RT, 0–8 Gy) according to the illustrated 
schedule (D). Clonogenic survival plating efficiencies were 0.5 ± 0.1 (MiaPaCa-2) and 0.3 ± 0.1 (MPanc-96). Data are shown from a single representative 
experiment (A and B) or are the mean radiation enhancement ratio or cytotoxicity from n = 3 independent experiments ± SE. For (A and B), error bars 
are contained within the points. For (C), statistically significant differences (p < 0.05) are indicated vs. control (*), AZD7762 (†) and olaparib (‡).
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was not accompanied by additional cytotoxicity over AZD7762 
alone.

Radiosensitization is associated with persistent DNA dam-
age. To explore the mechanisms of radiosensitization by the com-
bination of AZD7762 and olaparib, we investigated their effects 
on γH2AX, cell cycle checkpoints and HRR. We hypothesized 
that the interaction between AZD7762 and olaparib leading to 
radiosensitization could be attributed to AZD7762-mediated 
checkpoint abrogation or inhibition of HRR, ultimately leading 
to persistent, unrepaired DNA damage. In order to determine 

AZD7762 or olaparib alone produced comparable, significant 
radiosensitization (Fig. 1A–C). Radiosensitization by olaparib at 
clinically relevant doses was concentration-dependent and associ-
ated with inhibition of PARP activity as assessed by PAR27 (Fig. 
S1). More importantly however, the combination of AZD7762 
with olaparib produced additive radiosensitization in MiaPaCa-2 
(RER 2.4 ± 0.1) and MPanc-96 cells (RER 3.0 ± 0.4), which was 
greater than that produced by either agent alone (p > 0.2 under the 
null hypothesis that there is an additive effect of AZD7762 and 
olaparib; Fig. 1C). This substantial increase in radiosensitization 

Figure 2. DNA damage responses following AZD7762, olaparib and radiation treatments. (A) MiaPaCa-2 cells were treated with AZD7762, olaparib and 
RT (7.5 Gy) as illustrated (Fig. 1D). At the indicated times, post-RT cells were analyzed for γH2AX. Data are the percentage of cells staining positive for 
γH2AX. (B) At 24 h post-RT, cells were immunoblotted for the indicated proteins. (C) At 16 and 24 h post-RT, cell cycle distribution by DNA content was 
analyzed. The percentages of cells in each phase of the cell cycle were quantitated. (D) MiaPaCa-2-DR-GFP cells were treated as illustrated; at t = 48 h, 
the percentage of GFP-positive cells was measured by flow cytometry. As expected, radiation did not lead to an increase in HRR activity, as this assay 
only measures repair of I-SceI endonuclease-induced DNA double-strand breaks. Data are the mean ± SE of n = 3 experiments (A, C and D; except for 
the drug-only portion of Fig. 1A, which is n = 2) or are a single experiment representative of three independent experiments (B). (A, C and D) statistical 
significance (p < 0.05) is indicated vs. control (*), RT (†), AZD7762-RT (‡) and olaparib-RT (π). For cell cycle (C), statistical analysis was based on the G2/M 
population.
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alone or in combination with olaparib, consistent with G
2
 check-

point abrogation and mitotic entry. Finally, evidence that olapa-
rib efficiently inhibits PARP1 is demonstrated by the decrease 
in PAR [poly(ADP-ribose)] in response to olaparib alone or in 
combination with AZD7762/radiation. Taken together, these 
results demonstrate that AZD7762 and olaparib, both alone and 
in combination, effectively block their respective targets.

In order to determine the mechanisms of interaction between 
Chk1 and PARP1 inhibition, which lead to persistent DNA 
damage and radiosensitization, we assessed radiation-induced 
cell cycle checkpoints and HRR in response to AZD7762 and 
olaparib. As anticipated, radiation caused a G

2
 arrest, which was 

abrogated by AZD7762 (16 h) (Fig. 2C). Olaparib prolonged the 
radiation-induced G

2
 checkpoint (24 h), which is likely a conse-

quence of persistent DNA damage. The addition of AZD7762 
to olaparib abrogated the radiation-induced G

2
 checkpoint, sug-

gesting that G
2
 checkpoint abrogation is one possible mechanism 

of interaction between Chk1 and PARP1 inhibition that may 
lead to radiosensitization. Based on our previous finding that 
AZD7762 inhibits HRR, we wished to determine the effects 
of AZD7762 in combination with olaparib on HRR using a 
DR-GFP reporter that measures homology-directed repair of an 
I-SceI endonuclease-induced DNA double-strand break.7,29 We 
found that AZD7762 retained its ability to inhibit HRR in the 
presence of olaparib and/or radiation. Furthermore, olaparib had 
no effect on HRR activity (Fig. 2D). These results suggest that 
both inhibition of HRR as well as G

2
 checkpoint abrogation by 

AZD7762 may increase the sensitivity to olaparib and radiation.
Combined Chk1 and PARP1 inhibition preferentially sen-

sitizes p53-defective cells. It has been shown that Chk1 inhibi-
tion preferentially radiosensitizes p53 mutant cancer cells.14 To 
begin to determine if this mechanism of selectivity might also 
be extended to radiosensitization by the combination of a Chk1 

the effects of AZD7762 and olaparib on DNA damage response/
repair, we assessed γH2AX in MiaPaCa-2 cells at various time 
points following radiation and in response to AZD7762/olaparib. 
As anticipated, radiation produced a γH2AX signal as early as 30 
min post-radiation, which resolved to near baseline by 24 h (Fig. 
2A). Olaparib in combination with radiation caused a signifi-
cant increase in γH2AX (16 h) that returned to baseline by 24 h.  
Consistent with our previous work, AZD7762 combined with 
radiation resulted in persistent γH2AX (24 h) compared with 
radiation alone. Most importantly, the combination of AZD7762 
and olaparib resulted in a significant prolongation of γH2AX in 
response to radiation compared with radiation alone or in com-
parison with AZD7762 or olaparib (16 and 24 h). In the absence 
of radiation, olaparib and AZD7762 (alone or in combination), 
produced only a minor increase (p > 0.05) in the percentage of 
cells positive for γH2AX (Fig. 2A). Taken together, these results 
suggest that the radiosensitization produced through the inter-
action between AZD7762 and olaparib involves the presence of 
persistent, unrepaired DNA damage.

To further investigate the mechanisms underlying radiosen-
sitization by AZD7762 and olaparib, we analyzed Chk1 and 
PARP1-mediated signaling. Consistent with inhibition of Chk1 
by AZD7762,7 Cdc25A protein was accumulated in response to 
AZD7762 alone and in the presence of olaparib/radiation (Fig. 2B).  
Furthermore, pS345 Chk1, a recently identified pharmacody-
namic biomarker of DNA damage in response to Chk1 inhi-
bition,9 was elevated in response to AZD7762 alone and in 
combination with olaparib/radiation. Consistent with the find-
ing that S345 Chk1 phosphorylation triggers ubiquitin-mediated 
proteosomal degradation of Chk1,28 we observed a decrease in 
Chk1 protein in response to AZD7762 alone and in combination 
with olaparib/radiation. In addition, the mitotic marker pS10 
histone H3 was increased in response to radiation plus AZD7762 

Figure 3. Preferential radiosensitization by AZD7762 and olaparib in p53-defective cancer cells. HCT116 (A) and H460 (B) p53 isogenic cell lines were 
treated with AZD7762 and olaparib. Clonogenic survival plating efficiencies were 0.4 ± 0.1 (HCT116 p53+/+), 0.5 ± 0.03 (HCT116 p53-/-), 0.7 ± 0.03 (H460 
p53wt) and 0.5 ± 0.2 (H460 p53 dn). The mean radiation enhancement ratios ± SE are shown for n = 3–4 independent experiments (See Figs. S2 and 4, 
respectively for representative clonogenic survival curves). Statistically significant differences between p53+/+ and p53-/- (HCT116) or p53 wt and p53 
dn (H460) are indicated (*p < 0.05). Other significant differences not illustrated for both the HCT116 and H460 cell lines include control vs. AZD7762 
(except HCT116 p53+/+), olaparib (except HCT116 p53+/+) or AZD7762 + olaparib as well as AZD7762 or olaparib alone vs. AZD7762 + olaparib.
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observation that p53-/- cells are more radiosensitized by AZD7762 
than p53+/+ cells, AZD7762 combined with radiation led to pro-
longed γH2AX induction (24 h) in the p53-/- cells, whereas the 
p53+/+ cells had returned to baseline by 8 h (Fig. 4). Treatment 
with olaparib resulted in a similar profile with γH2AX in the 
p53+/+ cells, returning nearly to baseline after 8 h, and the p53-/-  
cells remaining elevated even after 24 h. The combination of 
AZD7762 and olaparib caused a persistent induction of γH2AX 
in response to radiation in the p53-/- cells that was resolved in the 
p53+/+ cells. The effects of AZD7762 and olaparib on γH2AX 
appeared to be dependent on radiation, as the drugs alone had 
minimal effects on γH2AX. These data suggest that p53-defec-
tive tumor cells encounter prolonged DNA damage in response 
to Chk1 and PARP1 inhibition, which is repaired in p53-pro-
ficient cells and is consistent with their observed differences in 
radiosensitization in response to Chk1 and PARP1 inhibition.

Given that the dose-limiting toxicity for radiation treat-
ment of the pancreas is duodenum,3 we wished to determine the 
effects of Chk1 and PARP1 inhibition on the radiosensitization 
of normal small intestinal epithelial cells. Treatment of CCL-
241 normal small intestinal epithelial cells with AZD7762 and/
or olaparib did not produce significant radiosensitization under 
any of the treatment conditions despite producing cytotoxicity 

and PARP1 inhibitor, we utilized isogenic p53 models developed 
from the HCT116 and H460 cell lines.15 In HCT116 cells, as 
expected, AZD7762 produced significantly greater radiosensitiza-
tion in HCT116 p53-/- cells than in HCT116 p53+/+ cells (RER 
1.6 vs. 1.1, p < 0.05) (Figs. 3A, S2 and 3). p53 status conferred 
no selectivity in terms of olaparib-mediated radiosensitization. 
However, in response to the combination of AZD7762 and 
olaparib, while both HCT116 cell lines were radiosensitized, 
radiosensitization was significantly greater in the HCT116 p53-/-  
cells as compared with the p53+/+ cells (RER 2.2 vs. 1.8, p < 0.05).  
Furthermore, similar results were obtained in an independent p53 
isogenic model wherein H460 p53dn cells were more radiosensitized 
by AZD7762 alone or in combination with olaparib than H460 
p53wt cells (Fig. 3B and Fig. S4). Together, these data demonstrate 
preferential radiosensitization of p53 defective cells by AZD7762 
and olaparib and suggest that Chk1 inhibition can confer selectiv-
ity when used in combination with a PARP1 inhibitor.

We then wished to determine whether the increased radiosen-
sitization by Chk1 and PARP1 inhibition in p53-defective cells 
was associated with an increase in γH2AX in response to radia-
tion. HCT116 p53-/- and p53+/+ cells were treated with AZD7762 
and olaparib one hour before radiation and then assessed at vari-
ous times following radiation for γH2AX. Consistent with the 

Figure 4. Induction of γH2AX in HCT116 p53-/- or p53+/+ cells in response to AZD7762, olaparib and radiation. HCT116 cells were treated as indicated, 
for 1 h prior to radiation with AZD7762 and/or olaparib and analyzed for γH2AX at the indicated time points post-RT. Data are the mean ± SE of n = 3 
experiments. Statistically significant differences are indicated (*p < 0.05) for HCT116 p53-/- (7.5 Gy) vs. HCT116 p53+/+ (7.5 Gy).
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that p53-defective tumor cells are preferentially radiosensitized by 
Chk1 and PARP1 inhibition, while normal epithelial cells are not. 
These data suggest that inhibition of HRR by a Chk1 inhibitor 
can synergize with PARP1 inhibition to induce radiosensitization 
selectively in cancer cells and motivate the use of this combination 
in the treatment of unresectable pancreatic cancer.

While this is the first study to formally assess the combination 
of small molecule inhibitors of Chk1 and PARP1 as radiosen-
sitizers, the concept of combining PARP inhibitors with small 
molecules that impair HRR is under active investigation. The 
Hsp90 inhibitor, 17-AAG, produces additive radiosensitization 
with PARP inhibition, most likely by mechanisms involving 
Rad51 and BRCA2 depletion, leading to inhibition of HRR.26 
However, as Hsp90 inhibitors can affect hundreds of client pro-
teins, other mechanisms could also underlie the resulting sensiti-
zation. In addition, Chk2 inhibition potentiates the cytotoxicity 
of PARP inhibition through mechanisms that may involve HRR 
inhibition.30 Similarly, PARP inhibitors have shown efficacy 
in tumors that contain wild-type BRCA1/2 but harbor other 
defects leading to HRR deficiency, a phenotype referred to as 
“BRCAness”.23,24 Finally, the use of mild hyperthermia to disrupt 
BRCA2 and inhibit HRR was shown to potentiate the cytotoxic-
ity of PARP1 inhibitors.25

Although a hypothesis of this study is that the mechanism 
of interaction between Chk1 and PARP1 inhibition producing 
radiosensitization is via Chk1 inhibitor-mediated HRR inhibi-
tion, it is also possible that checkpoint abrogation plays a role. 
We and others have shown that PARP1 inhibition results in a 
greater accumulation of cells in the G

2
 phase of the cell cycle in 

response to radiation, likely due to persistent DNA damage.31 In 
this scenario, abrogation of the G

2
 checkpoint by Chk1 inhibi-

tion would be predicted to result in a greater degree of radiosensi-
tization. Studies to decipher the contributions of HRR inhibition 
vs. checkpoint abrogation in the sensitizing mechanisms of 
Chk1 inhibitors are underway (Parsels, unpublished data) and 
will be important in determining the mechanisms of interaction 
between Chk1 and PARP1 as well as in identifying key pathways 
which could be exploited with novel therapeutic agents.

In the present study, while the combination of Chk1 and 
PARP1 inhibitors produced radiosensitization that was signifi-
cantly greater than either agent alone and additive, we did not 
detect a significant synergistic effect between Chk1 and PARP1 
inhibitors on radiosensitization. In our past and present studies, 
we have analyzed the interactions between two drugs and radia-
tion by testing the null hypothesis that an additive effect between 
two drugs on radiosensitization holds for all radiation doses.7,32 
However, it is conceivable that radiosensitization may be radia-
tion dose-dependent, with optimal radiation doses varying for 
different agents and the interaction between two drugs present-
ing at higher doses or lower doses of radiation. In an effort to 
extend our understanding of the potential interactions between 
Chk1 and PARP1 inhibitors in the context of individual radia-
tion doses, we investigated an improved model adapted from the 
Lindstrom method32 (unpublished data). In this model, we found 
that Chk1 and PARP1 inhibitors, although not synergistic, are 
complementary in terms of radiosensitization; sensitization by 

(Figs. 5A, B and S5), which was consistent with that observed in 
cancer cell lines. We confirmed that AZD7762 and olaparib did 
inhibit Chk1 and PARP1, respectively, as evidenced by Cdc25A 
stabilization and reduced PAR (Fig. 5C). Overall, these results 
show that AZD7762 combined with olaparib selectively sensi-
tizes tumor cells, preferentially p53-defective, while sparing nor-
mal cells.

Discussion

In this study, we have found that combined inhibition of Chk1 
and PARP1 produces profound radiosensitization of p53 mutant 
pancreatic cancer cells through mechanisms involving G

2
 check-

point abrogation and HRR inhibition, resulting in accumulation 
of unrepaired DNA damage. Using isogenic p53 models, we found 

Figure 5. Normal small intestinal epithelial cells are not radiosensitized 
by AZD7762 and/or olaparib. CCL-241 cells were treated as illustrated 
(Fig. 1D). Data are from a single representative experiment (A) or are the 
mean radiation enhancement ratio ± SE from n = 3 experiments (B). Sta-
tistically significant differences are indicated vs. control (*p < 0.05; there 
were no significant differences in the radiation enhancement ratios).  
(C) At the end of treatment, cells were analyzed by immunoblotting for 
the indicated proteins. Data are from a single representative experiment.
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radiation represents a promising treatment strategy. Although 
this study focused primarily on pancreatic cancer, our finding 
that colon and lung cancer cells lines were also radiosensitized 
to this drug combination suggests that this strategy could be 
applicable to many types of cancers. Furthermore, although p53 
status plays a role in radiosensitization, it will be important to 
determine the other mutations that mediate selective radiosensi-
tization of tumor cells compared with normal intestinal cells. As 
both p53 mutant and wild-type tumor cells are radiosensitized 
by combined Chk1 and PARP1 inhibition, this novel therapeutic 
regimen would be predicted to have efficacy across a spectrum of 
cancer genotypes.

Materials and Methods

Cell culture. MiaPaCa-2 and MPanc-96 pancreatic cancer cells 
were obtained from American Type Culture Collection (ATCC). 
HCT116 p53-/- or p53+/+ human colorectal carcinoma cells were a 
kind gift from Dr. Bert Vogelstein (John Hopkins University).46 
H460 p53wt and p53dn human large cell lung carcinoma were 
obtained from AstraZeneca.15 CCL-241 (alternatively, FHs 74 
Int) normal human small intestine epithelial cells were pur-
chased from ATCC. Cells were grown in DMEM (MiaPaCa-2), 
RPMI (MPanc-96, H460), McCoy’s (HCT116) or HybriCare 
(ATCC) with Hepes Buffer and 30 ng/ml epidermal growth 
factor (CCL-241) media supplemented with 10% fetal bovine 
serum (Invitrogen), 2 mmol/L L-glutamine (Sigma) and penicil-
lin/streptomycin (Sigma). Cells were tested for Mycoplasma once 
every 3 mo and experiments were conducted on exponentially 
growing cells. Radiosensitization and cytotoxicity were assessed 
by clonogenic survival assays as previously described in references 
8, 47 and 48.

Drug preparation. AZD7762 was obtained from AstraZeneca 
and dissolved in DMSO. Olaparib (AZD2281) was obtained 
from Axon Medchem and dissolved in DMSO. For all experi-
ments, 100 nM AZD7762 and 1 uM olaparib were used.

Flow cytometry. Cell cycle was evaluated by propidium 
iodide-based flow cytometry, as previously described in refer-
ence 49. For γH2AX analysis, samples were processed as previ-
ously described in reference 50, and analyzed on a FACScan flow 
cytometer (Becton Dickinson) with FlowJo software (Tree Star).

Homologous recombination repair. MiaPaCa-2 cells were 
transfected with the pDR-GFP plasmid29 using SuperFect 
transfection reagent (Qiagen) according to the manufacturer’s 
protocol. Clones containing the DR-GFP reporter integrated 
chromosomally were isolated following puromycin selection. To 
measure repair of a DNA double-strand break, cells were infected 
with the adenovirus AdNGUS24i, expressing the I-SceI enzyme. 
I-SceI-induced homologous recombination was measured as the 
percentage of green fluorescent protein (GFP)-positive cells 48 h 
later by flow cytometry.29

Immunoblotting. Cell pellets were lysed and immunoblot-
ted as previously described in reference 8. Proteins were detected 
with Chk1 (S345), Chk1 (S296), Chk2 (T68), GAPDH, PARP1 
(Cell Signaling), Chk2, PAR (Millipore), Chk1, Cdc25A, Rad51 
(Santa Cruz) or β-actin (Calbiochem) antibodies.

Chk1 inhibition predominates at lower radiation doses (2–4 Gy) 
and sensitization by PARP1 inhibition at higher radiation doses 
(6–8 Gy). Further development of this model will permit more 
informative estimations of interactions between two drugs with 
radiation (as well as without radiation) and will enhance our 
understanding of the biological mechanisms of radiosensitization 
and drug interactions.

Demonstrating tumor cell selectivity is a critical milestone in 
the preclinical development of novel therapeutic regimens. In the 
case of Chk1 inhibitors, the role of p53 in tumor cell selectiv-
ity has been extensively explored. The prevailing model11,14,15,33-35 
suggests that p53 mutant tumor cells, unable to arrest in G

1
 in 

response to DNA damage, will rely entirely on the G
2
 check-

point. Thus, abrogation of the G
2
 checkpoint by Chk1 inhibi-

tion will have a significantly greater impact on p53 mutant cancer 
cells than it would in normal cells (with an intact p53-mediated 
G

1
 checkpoint). Similarly, activation of wild-type p53 in normal 

cells has been shown to protect normal cells from DNA dam-
age by initiation of the G

1
 checkpoint.36-38 In this study, we 

observed preferential radiosensitization of p53 mutant/defective 
tumor cells by Chk1 and PARP1 inhibition, which is consistent 
with the prevailing model regarding the tumor cell selectivity by 
Chk1 inhibitors. Our data also suggest that p53 mutation does 
not confer selectivity toward radiosensitization by PARP1 inhi-
bition (Fig. 3) and are consistent with reports of PARP inhibi-
tors radiosensitizing replicating cells.26 A central finding of this 
study is that both p53 mutant and wild-type tumor cells were 
radiosensitized by Chk1 and PARP1 inhibition, while normal 
cells were not. Our data demonstrate that p53 plays a role in this 
selectivity, but suggest that p53 mutation is not the only mecha-
nism of tumor cell selectivity. Other likely mechanisms of tumor 
cell selectivity include the presence of mutant k-Ras39 and p16,40 
which may drive the cell inappropriately into either S or M phase 
in the presence of unrepaired DNA damage.

Pharmacodynamic biomarkers of Chk1 and PARP1 inhibitors 
are being developed in order to monitor drug response and guide 
clinical trials. PAR, a product of PARP and γH2AX, a surrogate 
for DNA double-strand breaks are being widely used as phar-
macodynamic biomarkers of PARP inhibition in the clinical set-
ting.27,41,42 Although no clinical data have been published to date, 
the utility of pHistone H3, a marker of mitosis, and γH2AX as 
biomarkers of Chk1 inhibition have been supported by substan-
tial preclinical data.7,43-45 In addition, we recently identified S345 
Chk1 phosphorylation as a biomarker of Chk1 inhibition in vivo 
in tumor xenografts as well as in hair follicles and rectal biopsies.9 
Our present findings demonstrating elevated γH2AX and S345 
Chk1 phosphorylation as well as PAR inhibition in association 
with radiosensitization by Chk1 and PARP1 inhibition encour-
age the continued development of these pharmacodynamic end-
points as biomarkers of response to combined Chk1 and PARP1 
inhibition.

Given the continued clinical development of several Chk1 
(LY2606368, LY2603618, SCH900776) and PARP1 inhibitors 
(olaparib, ABT-888, MK-4827) and the demonstrated tumor 
cell selective radiosensitization demonstrated in our work, the 
combination of Chk1- and PARP1-targeted therapies with 
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