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Abstract. Pancreatic cancer is a highly malignant disease with 
a dismal prognosis. Gemcitabine (GEM)-based chemotherapy 
is the first-line treatment for patients with advanced disease, 
although its efficacy is very limited, mainly due to drug 
resistance. Ataxia telangiectasia and Rad3-related (ATR) plays 
a critical role in the DNA damage response (DDR) which has 
been implicated in GEM resistance. Thus, targeting ATR 
represents a promising approach to enhance GEM antitumor 
activity. In the present study, we tested the antitumor activity 
of AZ20, a novel ATR-selective inhibitor, alone or combined 
with GEM in 5 pancreatic cancer cell lines. AZ20 treatment of 
the pancreatic cancer cell lines resulted in growth inhibition, 
with IC50 values ranging from 0.84 to 2.4 µM, but limited 
cell death. As expected, treatment of pancreatic cancer cell 
lines with AZ20 caused decreased phosphorylation of CHK1 
(S-345). However, this was accompanied by DNA damage 
and S and G2/M cell cycle arrest, independent of TP53 gene 
mutational status. Importantly, combination of AZ20 with 
GEM resulted in synergistic inhibition of cell growth and 

cooperative induction of cell death in the pancreatic cancer 
cell lines. AZ20 significantly increased GEM-induced DNA 
damage and almost completely abrogated GEM-induced 
expression of the M2 subunit of ribonucleotide reductase. 
These findings suggest that inhibition of ATR is a promising 
strategy to enhance the antitumor activity of GEM for treating 
pancreatic cancer.

Introduction

Pancreatic cancer is a disease with high mortality due to 
the lack of early detection and resistance to gemcitabine 
(GEM)‑based chemotherapy. More than 90% of pancreatic 
cancer cases are found to be metastatic at diagnosis. In addi-
tion, over 80% of patients newly diagnosed with this disease are 
not eligible for surgical resection (1). These factors lead to an 
extremely low 5-year survival rate of patients with pancreatic 
cancer, which is only 7.2% (2). Drug intervention is the general 
treatment for pancreatic cancer. GEM has been used as the 
standard chemotherapeutic agent for pancreatic cancer since 
1997. However, the clinical efficacy of GEM monotherapy is 
very limited mainly due to drug resistance. Therefore, devel-
oping new rational combination treatments with GEM is a 
promising strategy to overcome GEM resistance in pancreatic 
cancer (3-5).

Once inside the cell, GEM is phosphorylated to its 
monophosphate (dFdCMP), diphosphate (dFdCDP) and 
triphosphate (dFdCTP) form consecutively (4). dFdCTP incor-
porates into replicating DNA strands, resulting in termination 
of DNA synthesis, induction of DNA replication stress and 
DNA damage, and activation of the DNA damage response 
(DDR), leading to GEM resistance (6). In addition, dFdCDP 
also inhibits ribonucleotide reductase (RR), and consequently 
decreased NTP pools  (4). RR is composed of the regula-
tory subunit (RRM1) and catalytic subunit (RRM2). Both 
RRM1 and RRM2 overexpression is associated with GEM 
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resistance (7,8). Thus, combination of GEM with a drug which 
targets the DDR and RR may enhance its antitumor activity 
against pancreatic cancer.

Ataxia telangiectasia mutated and Rad3-related (ATR), a 
key regulator of the DDR, has important functions in sensing 
and repairing DNA damage, regulating the cell cycle, stabi-
lizing replication forks and restraining replication origin 
firing (9-11). Furthermore, a recent study suggests that ATR 
coordinates RRM2 accumulation to suppress replication 
catastrophe (12). Thus, targeting ATR could potentially over-
come GEM resistance by inhibiting DNA repair, abrogating 
GEM-induced activation of the cell cycle checkpoints, and 
suppressing RR expression.

Cancer cells frequently harbor deficiencies in one or more 
DDR pathways. These DDR deficiencies not only contribute to 
tumorigenesis, but also render the cancer cells more dependent 
on the remaining functional DDR pathways. Thus, targeting 
ATR to treat pancreatic cancer may not only enhance GEM 
sensitivity, but also show tumor selectivity (13-15). Thus, ATR 
has been regarded as a promising target for cancer treatment. 
Growing evidence shows that ATR inhibition increases the 
antitumor activity of chemotherapeutic agents including GEM 
and radiation in a variety of cancers including pancreatic 
cancer (16,17). Inhibition of ATR sensitizes pancreatic cancer 
cells to radiation accompanied by inhibition of homologous 
recombination repair, decrease of checkpoint activation and 
induction of more DNA damage (18,19). However, the under-
lying molecular mechanisms are not fully understood.

In the present study, we chose a novel ATR-selective 
inhibitor, AZ20, which has shown potent anti-colorectal tumor 
activity in both in vitro and in vivo preclinical models (20), to 
investigate the antitumor effect and the underlying molecular 
mechanism of ATR inhibition either alone or in combination 
with GEM in pancreatic cancer cell lines. Our results showed 
that although AZ20 treatment had limited effect on cell death, 
it significantly enhanced that induced by GEM. Notably, AZ20 
enhanced GEM-induced cell death mainly through enhance-
ment of GEM-induced DNA damage rather than abrogation of 
cell cycle checkpoints. It has been hypothesized that p53-defi-
cient cancer cells (resulting in loss of G1 checkpoint) rely on 
the ATR/CHK1 pathway for DNA damage repair and are more 
sensitive to ATR inhibition (21-24). Our data suggests that the 
antitumor activity of the combination of AZ20 and GEM was 
independent of the p53 status. These findings suggest that 
targeting ATR may represent a promising strategy to over-
come GEM resistance in pancreatic cancer.

Materials and methods

Drugs. AZ20, GEM and roscovitine were purchased from 
Selleck Chemicals (Houston, TX, USA).

Cell lines and treatments. The AsPC-1, BxPC-3, CFPAC-1, 
HPAC and MIAPaCa-2 human pancreatic cancer cell lines 
were purchased from the American Type Culture Collection 
(ATCC; Manassas, VA, USA), and were authenticated by the 
University of Arizona Genetics Core Facility (Tucson, AZ, 
USA). The cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM; Invitrogen, Carlsbad, CA, USA; HPAC and 
MIAPaCa-2), RPMI-1640 medium (Invitrogen; AsPC-1 and 

BxPC-3) or Iscove's modified Dulbecco's medium (IMDM; 
Invitrogen; CFPAC-1) with 10% heat-inactivated fetal bovine 
serum (FBS; HyClone Laboratories, Logan, UT, USA) plus 
100 U/ml penicillin and 100 µg/ml streptomycin in a 37̊C 
humidified atmosphere containing 5% CO2/95% air. The cell 
lines were tested for the presence of mycoplasma on a monthly 
basis.

In vitro cytotoxicity assays. In vitro cytotoxicity of AZ20 
and GEM, alone or in combination, was determined using 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 
(MTT) (Sigma-Aldrich, St.  Louis, MO, USA) reagent, as 
previously described (25). IC50 values were calculated as drug 
concentrations necessary to inhibit 50% cell growth compared 
to vehicle control-treated cells using GraphPad Prism 5.0 soft-
ware (GraphPad Software, San Diego, CA, USA). The extent 
and direction of antitumor interactions between AZ20 and 
GEM were determined by calculating combination index (CI) 
values. CI < 0.9 indicates synergistic, 0.9 < CI <1.1 indicates 
additive, and CI > 1.1 indicates antagonistic antitumor interac-
tions, respectively.

Cell death and cell cycle progression. Pancreatic cancer cell 
lines were treated with the indicated drugs for up to 48 h. Cells 
were fixed with ice-cold 80% (v/v) ethanol for 24 h at 4̊C. The 
cells were pelleted, then were washed with phosphate‑buffered 
saline (PBS) (pH 7.4) and resuspended in PBS containing 
propidium iodide (PI; 50 µg/ml), Triton X-100 (0.1%, v/v), 
and DNase-free RNase (1 µg/ml). DNA content was deter-
mined by flow cytometric analysis using a FACSCalibur 
flow cytometer (Becton-Dickinson, San Jose, CA, USA), as 
previously described (25). Cell death events were expressed as 
the percentage of cells with sub-G1 DNA content. Cell cycle 
analysis and histogram generation were carried out using 
FlowJo v7.6.5 (Tree Star, Ashland, OR, USA).

Western blot analysis. Soluble proteins were extracted in 
the presence of protease and phosphatase inhibitors (Roche 
Applied Sciences China Inc., Shanghai, China) and subjected 
to SDS-polyacrylamide gel electrophoresis. Separated proteins 
were electrophoretically transferred onto polyvinylidene diflu-
oride (PVDF) membranes (Thermo Fisher Inc., Rockford, IL, 
USA) and immunoblotted with anti-PARP-1 (9542), -pCDK1 
(Y15) (9111), -CDK2 (2546), -γH2AX (2577), -GAPDH (2118; 
Cell Signaling Technology, Danvers, MA, USA), -CHK1 
(sc8408, Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
-RRM1 (ab137114), -RRM2 (ab172476), -pCHK1 (S345) 
(ab47318), -pCDC25C (S216) (ab32051), -pCDK2 (Y15) 
(ab76146) or -CDK1 (ab32094; Abcam, Cambridge, MA, USA) 
antibodies, as previously described (25). Primary antibodies 
were diluted 1:1,000 in Odyssey Blocking Buffer (Li-Cor, 
Lincoln, NE, USA). Immunoreactive proteins were visualized 
using the Odyssey Infrared Imaging System (Li-Cor). Western 
blot analyses were repeated 3 times and one representative blot 
is shown.

Alkaline comet assay. BxPC-3 or HPAC cells were treated 
with the indicated drugs for 8 h, and then subjected to alkaline 
comet assay as previously described (26). Slides were stained 
with SYBR Gold (Invitrogen), and then imaged on an Olympus 
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IX73 microscope equipped with a DP80 digital camera for 
microscope and cellSens EN-V1 software (Olympus China 
Inc., Beijing, China). At least 100 comets/gel were scored 
by CometScore (TriTek Corp., Sumerduck, VA, USA). The 
median percentage of DNA in the tail was calculated and 
expressed as mean ± SEM.

Statistical analysis. Differences were compared using the 
pair‑wise two-sample t-test. Statistical analyses were performed 
using GraphPad Prism 5.0. Error bars represent ± SEM. The 
level of significance was set at p<0.05.

Results

AZ20 treatment causes growth arrest, but limited cell death in 
pancreatic cancer cells. To begin our investigation, the sensi-
tivity of AZ20 was determined in a panel of pancreatic cancer 
cell lines using MTT assays after 72 h of drug treatment. As 
shown in Fig. 1B and C, AZ20 treatment caused growth inhi-
bition in a concentration-dependent manner with IC50 values 
ranging from 0.8 µM in HPAC cells to 2.4 µM in CFPAC-1 
cells. In contrast to a previous hypothesis that p53-deficient 
cancer cells are more sensitive to ATR inhibition, our data 
showed that p53-wild-type HPAC cells responded better 
to AZ20 treatment compared to the p53-mutant pancreatic 
cancer cell lines (Fig. 1C). Since HPAC and BxPC-3 cell lines 
are widely used in preclinical studies, we chose these 2 cell 
lines for the rest of our studies.

To determine whether AZ20 treatment causes cell death, 
BxPC-3 and HPAC cells were treated with variable concentra-
tions of AZ20 for 48 h and then subjected to flow cytometric 
analysis to detect sub-G1 cells. As compared to the no drug 
treatment control, AZ20 treatment induced statistically 
significant but biologically limited cell death (<14%). This was 
accompanied by low levels of PARP-1 cleavage in both cell 
lines, indicating that the AZ20 treatment-induced cell death 
was through apoptosis (Figs. 1D, and 2C and D). These results 
demonstrated that AZ20 treatment causes growth inhibition 
and limited cell death in the pancreatic cancer cells.

AZ20 treatment induces cell cycle arrest and DNA damage 
in pancreatic cancer cells. To investigate the effect of AZ20 
on cell cycle progression in pancreatic cancer cells, we treated 
BxPC-3 and HPAC cells with the indicated concentrations of 
AZ20, and then analyzed cell cycle distribution in the cells 
by PI staining and flow cytometric analyses. AZ20 treatment 
induced S and G2/M arrest in a dose-dependent manner in the 
BxPC-3 cells (Fig. 2A). Similar results were also obtained in 
the HPAC cells (Fig. 2B). These results showed that the effect 
of AZ20 treatment on cell cycle checkpoints is activation 
rather than abrogation, suggesting that AZ20 treatment caused 
DNA damage in the cells.

To test this possibility, we investigated the effects of AZ20 
treatment on the expression of γH2AX, a biomarker of DNA 
double-strand breaks  (27), and the downstream signaling 
of ATR. In both BxPC-3 and HPAC cells, AZ20 treatment 

Figure 1. AZ20 impairs cell viability and induces limited cell death in pancreatic cancer cell lines. (A) The chemical structure of AZ20, a novel ATR-selective 
inhibitor. (B and C) Pancreatic cancer cell lines were cultured in 96-well plates with variable concentrations of AZ20 for 72 h and viable cells were determined 
using MTT reagent. IC50 values for AZ20 were calculated as the drug concentration necessary to inhibit 50% OD590 compared to the vehicle control-treated 
cells. The data are presented as means ± standard errors from at least 3 independent experiments. (D) BxPC-3 and HPAC cells were treated with variable 
concentrations of AZ20 for 48 h. The cells were fixed with 80% ethanol, stained with PI and subjected to flow cytometric analysis. Dead cells are expressed 
as the percentage of PI+ cells with sub-G1 DNA content. The data are presented as means of triplicates ± standard errors from one representative experiment.
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increased the expression of γH2AX, indicative of DNA damage. 
AZ20 also caused obviously decreased phosphorylation 
of CHK1 at serine-345, CDC25C at serine‑216 and CDK1 
at tyrosine-15, demonstrating suppression of the CHK1/
CDC25C/CDK1 pathway resulting from ATR inhibition. In 
contrast, AZ20 treatment increased the phosphorylation of 
CDK2 at tyrosine-15 (Fig. 2C and D). It has recently been 
reported that inhibition of ATR causes decreased expression 

of RRM2 in cancer cells  (12). Although AZ20 treatment 
caused downregulation of RRM2 in BxPC-3 cells, it had no 
effect on RRM2 expression in HPAC cells. Notably, AZ20 
treatment substantially decreased the expression of RRM1 
in the BxPC-3 and in HPAC cells, although to a much lesser 
extent (Fig. 2C and D). These data suggest that the induction of 
DNA damage by AZ20 was partially due to its negative effect 
on RR expression.

Figure 2. AZ20 induces cell cycle arrest, inhibits the activity of CHK1, and increases DNA damage in pancreatic cancer cells. (A and B) BxPC-3 and HPAC 
cells were treated with variable concentrations of AZ20 for 48 h. The cells were fixed with 80% ethanol, stained with PI, and subjected to flow cytometric 
analysis to determine cell cycle distribution. Representative histograms are shown.
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AZ20 enhances GEM-induced DNA damage and cell death. 
To examine the effect of AZ20 on GEM-induced cell death and 
cell cycle progression, BxPC-3 and HPAC cells were treated 
with 1 µM AZ20 and 80 nM GEM alone or in combination 
for 48 h. Compared to the single drug treatment, AZ20 and 
GEM combination caused significantly increased cell death 
accompanied by substantially increased PARP-1 cleavage and 
γH2AX expression in both cell lines (Fig. 3A, F and G). The 
presence of AZ20 also significantly decreased GEM-induced 
S phase arrest in both cell lines, and G2/M phase arrest in 
BxPC-3 cells (Fig. 3B-E). AZ20 suppressed GEM-induced 
CHK1 phosphorylation at serine-345, indicating a negative 
effect on GEM-induced checkpoint activation. Although 
GEM treatment had differential effects on the phosphoryla-
tion of CDC25C (serine-216) in BxPC-3 and HPAC cells 
(induction in BxPC-3 cells, while suppression in HPAC 
cells), it increased tyrosine-15 phosphorylation of CDK1/2 
in both cell lines, which was almost completely abolished 
by AZ20  (Fig. 3F and G). These data indicate that AZ20 
increases GEM-induced cell death through abrogation of cell 
cycle checkpoints and enhancement of DNA damage.

Consistent with previous studies  (7,8), GEM treatment 
resulted in increased protein levels of RRM1 in the HPAC cells 
and RRM2 in both BxPC-3 and HPAC cell lines. Notably, addi-
tion of AZ20 almost completely abolished GEM-induced RR 
expression in both cell lines (Fig. 3F-H). These results suggest 
that AZ20 enhances GEM sensitivity in pancreatic cancer 
cells, at least partially through abrogation of GEM-induced 
RR expression.

AZ20 increases GEM-induced DNA damage at an early time 
point. Previous studies have demonstrated that DNA fragmen-
tation at the late stage of cell apoptosis also induces γH2AX 

expression (27). To provide direct evidence that the AZ20 
and GEM combination indeed cooperate in inducing DNA 
damage, we determined the expression of γH2AX and other 
relevant proteins in BxPC-3 and HPAC pancreatic cancer cells 
post 8 h drug treatments. Consistent with the results obtained 
in the cells post 48 h drug treatments, the combination treat-
ment resulted in substantially increased expression of γH2AX 
in the cells compared to individual drug treatment. Neither 
single nor combination drug treatment had obvious effects on 
cell morphology and PARP-1 cleavage, demonstrating that the 
drug treatments did not induce cell death under these condi-
tions. AZ20 treatment also abolished GEM-induced RRM2 
expression in the cells. In contrast, there was no obvious 
effect of the drug treatments on the CHK1/CDC25C/CDK1/2 
pathway proteins (Fig. 4A-C). These results suggest that AZ20 
enhances the antitumor activity of GEM mainly by increasing 
GEM-induced DNA damage and decreasing GEM-induced 
RRM2 expression rather than abrogating GEM-induced 
checkpoint activation.

To further confirm the effect of AZ20 on GEM-induced 
DNA damage, comet assay was performed after 8 h drug treat-
ment. As shown in Fig. 4D-G, both AZ20 and GEM induced 
DNA strand breaks, as assessed by the percentage of DNA 
content in the comet tail compared to the no drug treatment 
control. Furthermore, combined treatment with AZ20 with 
GEM significantly increased DNA strand breaks compared 
to the single drug treatment in both BxPC-3 and HPAC cell 
lines. These results provide compelling evidence that AZ20 
enhances GEM-induced DNA damage prior to cell death in 
pancreatic cancer cells.

AZ20 increases the antitumor activity of GEM in a syner-
gistic manner. Finally, we determined the direction and extent 

Figure 2. Continued. (C and D) BxPC-3 and HPAC cells were treated with variable concentrations of AZ20 for 48 h. Whole cell lysates were subjected to 
western blotting and probed with anti-PARP-1, γH2AX, -p-CHK1, -CHK1, -p-CDC25C, -p-CDK1, -CDK1, -p-CDK2, -CDK2, -RRM1, -RRM2 or -GAPDH 
antibody.
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Figure 3. AZ20 enhances GEM-induced cell death in pancreatic cancer cells. (A) BxPC-3 and HPAC cells were treated with 1 µM AZ20 and 80 nM GEM 
alone or simultaneously for 48 h. The cells were fixed with 80% ethanol, stained with PI and subjected to flow cytometric analysis to determine cell death 
(sub-G1) and cell cycle distribution. The data are presented as means of triplicates ± standard errors from 1 representative experiment. (B-E) Cell cycle 
results particularly the percentage of cells in the S phase in BxPC-3 and HPAC cell lines and G2/M phase in the BxPC-3 cells are graphed as means of 
triplicates ± standard errors from 1 representative experiment. (F and G) BxPC-3 and HPAC cells were treated with 1 µM AZ20 and 80 nM GEM alone 
or simultaneously for 48 h. Whole cell lysates were subjected to western blotting and probed with anti-PARP-1, -γH2AX, -p-CHK1, -CHK1, -p-CDC25C, 
-p-CDK1, -CDK1, -p-CDK2, -CDK2, -RRM1, -RRM2 or -GAPDH antibody; *p<0.05 (GEM vs. control), **p<0.005 (GEM vs. control), ***p<0.001 (GEM vs. 
control), ##p<0.005 (combo vs. GEM), ###p<0.001 (combo vs. GEM).
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of antitumor interactions between AZ20 and GEM in the 
5 pancreatic cancer cells by MTT assays and calculating CI 
values using CalcuSyn software. As shown in Table I, addition 
of AZ20 significantly decreased the IC50 values of GEM in 
each of the pancreatic cancer cell lines tested. By calculating 
CI values using the CalcuSyn software, we demonstrated that 
the antitumor interactions between the 2 agents were syner-
gistic (CI < 0.9). These results demonstrated that combination 
of GEM with AZ20 had synergistic antitumor activities in 
pancreatic cancer cells.

Discussion

Previous studies have mainly focused on the role of ATR in 
cell cycle checkpoints, and suggest that abrogation of cell cycle 
checkpoints is the main mechanism by which ATR inhibitors 
synergize with DNA damaging agents (18,19). In contrast to 
these previous studies, in the present study we found that the 
novel ATR inhibitor AZ20 enhanced the antitumor activity of 
GEM mainly by enhancing GEM-induced DNA double-strand 
breaks and by abolishing GEM-induced RRM2 expression 
rather than abrogating GEM-induced checkpoint activation.

Similar to studies using DNA damaging agents in combi-
nation with ATR inhibitors (18,19,28), we found that AZ20 
synergized with GEM to induce apoptosis in pancreatic cancer 
cells. AZ20 abrogated GEM-induced p-CHK1 and RRM2 
expression, while enhancing GEM-induced DNA damage. 
Although we found that AZ20 treatment reduced the percent-
ages of GEM-induced S and G2/M phase cells, the amount of 
reduction was not very substantial at 48 h post-treatment. At 

8 h post combined AZ20 and GEM treatment, we did not detect 
changes in CDK1/2 phosphorylation, although we did detect a 
significant increase in DNA damage. Based on these results, 
we believe that the effects of AZ20 on cell cycle distribution 
were due to death of cells in the S and G2/M phases rather than 
abrogation of the cell cycle checkpoints. Fokas et al used the 
selective ATR inhibitor VE-822 in pancreatic cancer cells and 
found that it caused G1 arrest, although they did not determine 
levels of phosphorylated CDK1 and CDK2 (19). However, they 
found that VE-822 had no effect on GEM-induced S phase 
arrest  (19). Their results are similar to our results, further 
supporting our findings that ATR inhibition enhances GEM 
through means other than cell cycle checkpoint abrogation.

ATR inhibitors were developed based on the evidence that 
ATR mediates S and G2/M cell cycle arrest. Thus, in cells 
with deficient G1 checkpoints, DNA damage repair may rely 
on the S and G2/M checkpoints for repair. Inhibition of ATR 
in G1-deficient cells may result in accumulation of DNA 
damage and cause cell death (17,29). Several studies have since 
supported this hypothesis and have demonstrated that ATR 
inhibitors abrogate the S and G2/M cell cycle checkpoints 
(reviewed in ref. 17). However, in the present study we used 
p53 wild-type HPAC cells and found that the ATR inhibitor 
AZ20 enhanced GEM-induced cell death. Our finding 
suggests that AZ20 did not enhance GEM by abrogating the S 
and G2/M cell cycle checkpoints rather that AZ20 enhanced 
GEM-induced DNA damage in pancreatic cancer cells.

ATR inhibition has been demonstrated to cause down
regulation of RRM2 (12,30). Consistent with that study, our 
results showed increased RRM2 after treatment with GEM, 

Figure 3. Continued. (H) Relative RRM2 protein levels are expressed as 
means ± standard errors from 3 independent experiments; *p<0.05 (GEM 
vs. control), **p<0.005 (GEM vs. control), ***p<0.001 (GEM vs. control), 
##p<0.005 (combo vs. GEM), ###p<0.001 (combo vs. GEM).

Table I. AZ20 enhances GEM sensitivity in a synergistic manner in pancreatic cancer cell lines.

	 IC50 of gemcitabine (nM) in the absence or presence of AZ20 (µM)
	 ---------------------------------------------------------------------------------------------------------------------------------------------------
Cell line	 IC50 of AZ20 (µM)	 0	 0.25	 0.5	 1	 aP-value

ASPC-1	 2.4±0.3	 657.5±59.7	 255.8±29.3 (0.49)	 141.0±23.3 (0.42)	 109.6±27.7 (0.58)	 <0.001
BxPC-3	 2.3±0.5	 26.6±5.0	 13.7±2.0 (0.63)	 8.6±0.7 (0.55)	 4.6±0.2 (0.62)	 <0.05
CFPAC-1	 2.4±0.2	 6.5±0.8	 3.8±0.5 (0.69)	 2.7±0.2 (0.62)	 2.0±0.3 (0.72)	 <0.05
HPAC	 0.8±0.04	 14.7±1.9	 3.8±0.3 (0.56)	 1.9±0.1 (0.73)	 ND	 <0.005
MIAPaCa-2	 1.4±0.09	 14.7±1.7	 5.1±0.5 (0.52)	 3.3±0.4 (0.59)	 2.6±0.5 (0.90)	 <0.005

The IC50 values of AZ20 and GEM are presented as means ± standard errors from 3 independent experiments. Numbers in the parentheses 
represent the combination index values. CI < 0.9, synergistic, 0.9 < CI < 1.1, additive and CI > 1.1, antagonistic antitumor interactions. ND, 
not determined. aP-values for each pair were determined using GraphPad Prism 5.0 and only the largest p-value is shown for each cell line. 
GEM, gemcitabine; CI, combination index.
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Figure 4. AZ20 enhances GEM-induced DNA damage in pancreatic cancer cells. (A and B) BxPC-3 and HPAC cells were treated with 1 µM AZ20 and 
80 nM GEM alone or simultaneously for 8 h. Whole cell lysates were subjected to western blotting and probed with anti-PARP-1, -γH2AX, -p-CHK1, -CHK1, 
-p-CDC25C, -p-CDK1, -CDK1, -p-CDK2, -CDK2, -RRM1, -RRM2 or -GAPDH antibody. (C) Relative RRM2 protein levels are graphed as means ± standard 
errors from 3 independent experiments. (D and E) BxPC-3 and HPAC cells were treated with 1 µM AZ20 and 80 nM GEM alone or simultaneously for 8 h, and 
then the cells were subjected to alkaline comet assay. Representative comets are shown. (F and G) Comet assay results are graphed as the median percentage 
of DNA in the tail from 3 replicate gels ± SEM; ***p<0.001 (GEM vs. control), ##p<0.005 (combo vs. GEM), ###p<0.001 (combo vs. GEM).
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which was decreased by the addition of AZ20. Moreover, 
GEM-induced DNA damage was significantly enhanced by 
AZ20. In addition to RRM2, RRM1 modulation has been 
shown to directly influence GEM efficacy (31). Zhou et al 
performed a kinome screen to identify sensitizers for 
RRM1-dependent GEM efficacy (32). They identified CHK1 
as a major therapeutic target capable of overcoming GEM 
resistance in non-small cell lung cancer. Our results are similar 
in that targeting ATR, directly upstream of CHK1, enhanced 
GEM-induced apoptosis in pancreatic cancer cells. In BxPC-3 
cells, GEM treatment alone caused downregulation of RRM1, 
which was further downregulated when combined with GEM 
(48 h treatment). While in HPAC cells, AZ20 treatment alone 
did not have an effect on RRM1 and RRM2, though it did 
abrogate induction of RRM1 and RRM2 by GEM treatment. 
It has been reported that knockdown of RRM2 could lead to 
apoptosis in cancer cells (33). Thus, abrogation of GEM-induced 
RRM2 expression by AZ20 may enhance GEM-induced cell 
death in pancreatic cancer cells. However, changes in RRM2 
were detected after treatment for only 8 h, while the effects on 
RRM1 were not detected until later, suggesting that the effects 
on RRM2 contributed to the enhanced cell killing, whereas 
contribution from RRM1 may have been consequential rather 
than causal.

Taken together, our data showed that targeting ATR using 
AZ20 can enhance the antitumor activity of GEM through 
induction of DNA damage and decrease in RRM2 expres-
sion in pancreatic cancer cells. Accordingly, combination of 
AZ20 with GEM may represent a potential chemotherapeutic 
regimen for treating pancreatic cancer. Although our studies 
were limited to in  vitro models, our findings support the 
further development of AZ20 in combination with GEM for 
the treatment of pancreatic cancer.
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