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Introduction

Damage to DNA prompts signaling pathway activations that 
result in growth arrest/checkpoint responses. By preventing cell 
cycle transitions after DNA damage cells have time to repair 
their DNA prior to any cell division process. Cell cycle check-
points are regulated primarily through the ataxia telangiecta-
sia (ATM) and Rad3-related and ataxia telangiectasia-related 
(ATR) proteins.1-3 Phosphorylation of CHK1, downstream of 
ATR, regulates its activity and subsequently the functions of 
CDC25 protein phosphatases. Phosphorylation of CDC25A 
and CDC25C by CHK1 leads to their inactivation/degradation 
and blocks them from dephosphorylating and activating cyclin 
dependent kinases.4

There are several CHK1 inhibitors being examined as anti-
tumor agents, alone and in combination with modalities that 
induce DNA damage. Simplistically these CHK1 inhibitory drugs 
have been argued to promote the lethal effects of chemotherapies 
by causing inappropriate cell cycle progression in the presence 
of damaged DNA.5-7 We have previously demonstrated that the 
CHK1 inhibitor UCN-01 and, more recently, the CHK1 inhibi-
tor AZD7762 activates the ERK1/2 pathway and that inhibition 
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of the ERK1/2 pathway promotes apoptosis and suppresses the 
growth of tumors.8-13 We have repeated our assays using molecu-
lar tools to inhibit CHK1 or maintain activation of the ERK1/2 
pathway. UCN-01 is an ATP site dependent CHK1 inhibitor, but 
not a CHK2 inhibitor, and also has inhibitory effects on other 
protein kinases including PKC isoforms and PDK-1. AZD7762 
is also an ATP site dependent and an equi-potent inhibitor of 
CHK1 and CHK2, with a much higher level of specificity for 
checkpoint kinases over other kinases. LY2603618 is also an ATP 
site dependent potent CHK1 inhibitor. This approach of simul-
taneously inhibiting two linked survival signaling pathways has 
also been shown for the ERK1/2 and PI3K pathways in some 
systems.14

One key protein in the regulation of DNA repair is poly 
(ADP-ribose) polymerase (PARP), which is essential for repair-
ing DNA damage through the base excision repair pathway.15 
PARP1 binds to damaged DNA where its catalytic activity is 
stimulated, which leads to the synthesis of branched, protein-
conjugated poly (ADP-ribose) to itself and other proteins that 
regulate base excision repair.16,17 Multiple PARP1 inhibitors have 
been developed including GPI15427, AG014699, ABT-888, 
NU1025 and AZD2281.18 Inhibitors that inhibit PARP1 can 
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Discussion

Prior studies have shown that inhibitors of MEK1/2 as well as 
inhibitors of PARP1 interact with CHK1 inhibitors to kill tumor 
cells.12,13,30 The present studies were performed to determine in 
further detail the biology by which PARP1 inhibitors interact 
with CHK1 inhibitors to promote breast cancer cell killing. 
Multiple PARP1 and CHK1 inhibitors interacted in a greater 
than additive fashion to kill mammary tumor cells. Inhibition 
of the intrinsic apoptosis pathway, but not the extrinsic pathway, 
blocked tumor cell killing.

The present studies used three CHK1 inhibitors and four 
PARP1 inhibitors. All three of the CHK1 inhibitors have under-
gone Phase I clinical testing with LY2603618 about to move into 
Phase III trials. The development of UCN-01 has been hampered 
by poor PK/PD issues and AZD7762 in Phase I trials was shown 
to have cardiac toxicity.30-32 PARP1 inhibitors have undergone 
Phase III trials however in breast cancer patients they unexpect-
edly did not show a significant clinical benefit to patients.33,34 
PARP1 inhibitor trials in other malignancies are still on-going.35,36

CHK and PARP inhibitors interacted to cause single strand 
and double strand DNA breaks. PARP is known to regulate base 
excision repair whereas CHK signaling plays a role in regulating 
the G

1
 and G

2
 checkpoints as well as homologous recombination 

repair.37-39 Prior studies have shown that the interaction of CHK1 
inhibitors with MEK1/2 inhibitors does not require cells to be pro-
liferating but does require cell transformation. Thus our data with 
CHK and PARP inhibitors argues that the DNA damage responses 
we are observing are likely not due to proliferation effects.

Radiotherapy is frequently used to treat breast cancer patients. 
Our data demonstrated that (CHK and PARP) inhibitor treat-
ment radiosensitized breast cancer cells. This correlated with a 
large enhancement in the levels of single strand and double strand 
breaks in drug treated cells exposed to radiation (and to PARP1 
and CHK1 inhibitors). Of note was the fact that the levels of 
radiation-induced single and double strand breaks were much 
lower than that induced by the drug combination plus irradia-
tion at the time points examined.

Expression of activated MEK1 suppressed DNA damage 
caused by the drug combination whereas expression of dominant 
negative MEK1 enhanced damage. Prior studies from our group 
have linked ERK1/2 pathway signaling to increased expression of 
ERCC1 and XRCC1.40 PARP and XRCC1 cooperate in base exci-
sion repair.17,39 Studies have also linked ATM activation to acti-
vation of the ERK1/2 pathway.41 Activated MEK1 increased the 
levels of both ERCC1 and XRCC1 in breast cancer cells arguing 
that a portion of the mechanism by which activated MEK1 could 
suppress DNA damage is through upregulation of these proteins.

Materials and Methods

Materials. BT474 cells were purchased from American Type 
Culture Collection and were not further validated. Parental and 
fulvestrant-resistant MCF7 cells were a kind gift from Dr  K. 
Nephew (University of Indiana). Fetal bovine serum was pur-
chased from HyClone. Antibiotics-antimycotics (100 units/ml 

synergize with conventional genotoxic chemotherapies, includ-
ing topoisomerase I inhibitors, ionizing radiation and DNA 
alkylating agents.19-26

The present studies were designed to determine whether 
PARP1 and CHK1 inhibitors interacted to cause DNA damage 
and whether signaling by the ERK1/2 pathway regulated this 
process. PARP1 inhibitors interacted with CHK1 inhibitors to 
kill mammary carcinoma cells. PARP1 and CHK1 inhibitors 
interacted to increase both single strand and double strand DNA 
breaks that correlated with increased γH2AX phosphorylation. 
Expression of dominant negative MEK1 enhanced drug-induced 
DNA damage whereas expression of activated MEK1 suppressed 
both the DNA damage response and tumor cell killing.

Results

Exposure of fulvestrant resistant MCF7 cells to CHK1 inhibitors 
(UCN-01 and AZD7762) and PARP1 inhibitors (AZD2281, 
ABT888 and NU1025) resulted in a greater than additive 
increase in tumor cell death (Fig. 1A).28 Similar data were 
obtained in other breast cancer cell lines exposed to the CHK1 
inhibitor LY2603618 and to the PARP inhibitors AZD2281 and 
AG014699 (Fig. 1B and C).29 Inhibition of the intrinsic, but not 
the extrinsic, apoptosis pathway blocked drug lethality (Fig. 1D). 
Treatment of cells with UCN-01 or AZD7762 increased ERK1/2 
and CHK1 phosphorylation (Fig. 1E). Knock down of ATM 
abolished drug-induced CHK1 phosphorylation and significantly 
reduced ERK1/2 activation. Knock down of ATM enhanced the 
lethality of the PARP1 and CHK1 inhibitor combination.

As CHK1 inhibitors were causing an apparent ATM/ATR 
activation in breast cancer cells and activation of these proteins is 
regulated by DNA damage, we next determined whether CHK1 
and PARP inhibitors as single agents or in combination caused 
single strand and double strand DNA damage. Both CHK1 
inhibitors and PARP1 inhibitors caused measurable single strand 
breaks (Fig. 2A and B). DNA damage caused by the drug combi-
nation appeared to be at least additive over the 24 h time course.

Treatment of cells with (PARP and CHK1 inhibitor) signifi-
cantly enhanced the induction of single strand DNA damage after 
exposure to ionizing radiation (Fig. 3A and B). Similar data were 
obtained examining double strand DNA breaks (Fig. 4A and B). 
Treatment of cells with either PARP and CHK1 inhibitor or with 
radiation increased the phosphorylation of γH2AX (Fig. 4C). 
Knock down of ATM abolished the increase in γH2AX levels 
(Fig. 4D). Radiation and (PARP and CHK1 inhibitor) exposure 
interacted to radiosensitize breast cancer cells (Fig. 5A and B).

Based on the data in Figure 1, as well as our prior findings, 
were next examined whether alterations in ERK1/2 signaling reg-
ulated drug-induced DNA damage and cell viability. Expression 
of dominant negative MEK1 reduced basal ERK1/2 phosphor-
ylation and enhanced drug-induced DNA damage (Fig. 6A 
and B). Expression of activated MEK1 enhanced basal ERK1/2 
phosphorylation and suppressed drug-induced DNA damage. 
Expression of dominant negative MEK1 enhanced drug-induced 
cell killing and expression of activated MEK1 suppressed drug 
lethality (Fig. 6C).
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from Ambion. Lipofectamine 2000 transfection reagent was 
purchased Invitrogen. The CHK1 inhibitor AZD7762 and the 
PARP1 inhibitors AZD2281 and ABT-888 were purchased from 
Axon Medchem.27 UCN-01 and NU-1025 were purchased from 
Sigma-Aldrich. The CHK1 inhibitor LY2603618 was purchased 
from Selleckchem.12,13

penicillin, 100 μg/ml streptomycin and 250 μg/ml amphoteri-
cin B) and trypsin-EDTA were purchased from Invitrogen. All 
the primary antibodies used in the present study were purchased 
from Cell Signaling Technology. The validated siRNA molecules 
used to knock down ATM were from Qiagen: reference num-
ber GS472. siPORT NeoFX transfection agent was purchased 

Figure 1. For figure legend, see page 461.
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For SDS-PAGE and immunoblotting, cells were plated at 5 × 
105 cells/cm and treated with therapeutic drugs at the indicated 
concentrations and after the indicated time of treatment and 
lysed with whole-cell lysis buffer (0.5 M TRIS-HCl, pH 6.8, 2% 
SDS, 10% glycerol, 1% β-mercaptoethanol and 0.02% bromphe-
nol blue) in the presence of a protease inhibitor cocktail (Sigma-
Aldrich), and the samples were sonicated and boiled for 5 min. 
The boiled samples were loaded onto 10 to 14% SDS-PAGE 
and were fractionated by SDS-PAGE gels in a Protean II system 
(Bio-Rad). After proteins were transferred to the Immobilon-FL 
polyvinylidene difluoride membrane, the membrane was blocked 
with Odyssey Blocking buffer from LI-COR Biosciences for 
60 min at room temperature and incubated with the primary 
antibody at appropriate dilutions in Odyssey Blocking buffer 
at 4°C overnight. After overnight incubation with appropriate 

Culture and in vitro exposure of cells to drugs. All breast 
cancer cells were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum and 1% antibiotic-antimy-
cotic in a humidified incubator under an atmosphere containing 
5% CO

2
 at 37°C. In vitro drug treatments were from 10 mM 

stock solutions of each drug, and the maximal concentration of 
vehicle (DMSO) in media was 0.02% (v/v).

Cell treatments, SDS-PAGE and western blot analy-
sis. For in vitro analyses of short-term apoptosis effects, cells 
were treated with vehicle/drugs or their combination for the 
indicated times. Cells were isolated at the times indicated in 
the figures by trypsinization. Cell viability, which is based on 
the traditional cell viability method of trypan blue exclusion, 
was measured with Vi-CELL Series cell viability analyzers 
(Beckman Coulter).

Figure 1 (See opposite page). PARP1 and CHK1 inhibitors interact to kill breast cancer cells. (A) Fulvestrant resistant MCF7F cells were treated with 
AZD2281 (1 μM), ABT888 (1 μM), NU1025 (10 μM), UCN-01 (50 nM) and AZD7762 (25 nM), and these agents in combination as presented in the panel. 
Cells were isolated 48 h after exposure, and viability was determined using trypan blue exclusion. (n = 3 ± SEM) *p < 0.05 value greater than corre-
sponding vehicle control. Inset blot: cells were treated with vehicle (DMSO) or AZD7762 (25 nM); cells were isolated after 60 min and the phosphoryla-
tion of CDC25C determined. (B) BT474, MCF7 and MMTV-HER2 cells were treated with AZD2281 (1 μM), LY2603618 (1 μM) or the drugs in combination. 
Cells were isolated 24 h after exposure, and viability was determined using trypan blue exclusion. (n = 3 ± SEM) *p < 0.05 value greater than corre-
sponding vehicle control. Inset blot: BT474 cells were treated with AZD2281 (1 μM), LY2603618 (1 μM) or the drugs in combination. Cells were isolated 
30 min after exposure and blotting performed to determine P-ERK and P-CHK1 levels. The fold change in P-ERK to total ERK and P-CHK1 to total CHK1 
levels is presented. (C) BT474, MCF7 and MMTV-HER2 cells were treated with Rucaparib (1 μM), LY2603618 (1 μM) or the drugs in combination. Cells 
were isolated 24 h after exposure, and viability was determined using trypan blue exclusion. (n = 3 ± SEM). *p < 0.05 value greater than corresponding 
vehicle control. (D) BT474 cells were infected with an empty vector virus (CMV) or viruses to express BCL-XL, dominant negative caspase 9 or c-FLIP-s. 
Twenty-four hours after infection cells are treated with vehicle (DMSO) or AZD2281 (1 μM) and LY2603618 (1 μM). Cells were isolated 24 h after expo-
sure, and viability was determined using trypan blue exclusion. (n = 3 ± SEM). #p < 0.05 value less than corresponding virus control. (E) BT474 cells were 
transfected with scrambled siRNA (siSCR, 20 nM) or an siRNA to knock down ATM expression. Lower graph: 24 h after transfection cells were treated 
with vehicle (DMSO) or with [UCN-01, 50 nM + AZD2281, 1 μM] or [AZD7762, 25 nM + AZD2281 1 μM]. Cells were isolated 48 h after exposure, and 
viability was determined using trypan blue exclusion. (n = 3 ± SEM). *p < 0.05 value greater than corresponding siSCR control. Upper blots: 24 h after 
transfection cells were treated with vehicle (DMSO) or with [UCN-01, 50 nM] or [AZD7762, 25 nM]. Cells were isolated 30 min after exposure and blot-
ting performed to determine P-ERK and P-CHK1 levels.

Figure 2. CHK1 and PARP1 inhibitors interact to cause DNA damage. (A) BT474, (B) 4T1 cells were treated with AZD2281 (1 μM), AZD7762 (25 nM) or the 
drug combination for the indicated times. Cells were isolated and subjected to alkaline comet assay. The length of the tail being scored 1–5 (n = 3 ± 
SEM) *p < 0.05 value greater than corresponding vehicle control.
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Figure 3. CHK1 and PARP1 inhibitors and ionizing radiation interact to cause DNA damage. (A) BT474, (B) 4T1 cells were treated with AZD2281 (1 μM) 
and AZD7762 (25 nM) in combination for the indicated times. Cells were irradiated (4 Gy) 30 min after drug exposure. Cells were isolated and subjected 
to alkaline comet assay. The length of the tail being scored 1–5 (n = 3 ± SEM). *p < 0.05 value greater than corresponding vehicle control.

Figure 4. CHK1 and PARP1 inhibitors interact to cause double stranded DNA damage. (A) BT474, (B) 4T1 cells were treated with AZD2281 (1 μM) and 
AZD7762 (25 nM) in combination for the indicated times. Cells were irradiated (4 Gy) 30 min after drug exposure. Cells were isolated and subjected to 
neutral comet assay. The length of the tail being scored 1–5 (n = 3 ± SEM). *p < 0.05 value greater than corresponding vehicle control. (C) BT474 and 
4T1 cells were treated with AZD2281 (1 μM) and AZD7762 (25 nM) in combination for 6 h. As indicated cells were irradiated (4 Gy) 30 min after drug 
exposure. Blotting was performed to determine P-H2AX levels. (D) BT474 cells were transfected with scrambled siRNA (siSCR, 20 nM) or an siRNA to 
knock down ATM expression. Twenty-four hours after transfection cells were treated with AZD2281 (1 μM) and AZD7762 (25 nM) in combination for 
6 h. As indicated cells were irradiated (4 Gy) 30 min after drug exposure. Blotting was performed to determine P-H2AX levels.
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The nucleiods were analyzed microscopically using a manual 
scoring system ranging from 1 to 5, with 1 representing undam-
aged cells and 5 representing severe damage as demonstrated by 
A.R. Collins (Mol Biotech 26:249–261). The comet assay for 
DNA damage and repair. 100 cell/slide or experimental point 
was analyzed, with damage detection varying from 100 to 500. 
Experimental results were divided by vehicle control values in 
each experiment to produce relative values for comparison 
between individual experiments. Results plus the standard error 
of the mean are displayed here.

Data analysis. The effects of various in vitro drug treatments 
were compared by analysis of variance using Student’s t-test. 
Differences with p < 0.05 were considered statistically signifi-
cant. Experiments shown are the means of multiple individual 
points from multiple studies (± S.E.M.). For statistical examina-
tion of in vivo animal survival data, log-rank statistical analyses 
between the different treatment groups were used. Experiments 
shown are the means of multiple individual points from multiple 
experiments (± S.E.M.).

Figure 5. PARP1 and CHK1 inhibitors radiosensitize mammary carci-
noma cells. (A) BT474, (B) 4T1 cells were treated with AZD2281 (1 μM) 
and AZD7762 (25 nM) in combination for 6 h. As indicated cells were 
irradiated (4 Gy) 30 min after drug exposure. Cells were isolated 6 h and 
12 h after exposure, and viability was determined using trypan blue 
exclusion. (n = 3 ± SEM). *p < 0.05 value greater than corresponding 
vehicle control.

primary antibodies, the membrane was washed (3 times) with 
Tris-buffered saline-Tween 20 for a total of 15 min, probed with 
fluorescently labeled secondary antibody (1:5,000) for 80 min at 
room temperature and washed (three times) with Tris-buffered 
saline-Tween 20 for a total of 15 min. The immunoblots were 
visualized by an Odyssey Infrared Imaging System (LI-COR 
Biosciences).

siRNA and plasmid transfection in vitro. siRNA transfec-
tion was performed with siPORT NeoFX transfection agent 
following the manufacturer’s procedures. In brief, 20 nM pre-
validated siRNA was diluted into 50 μl of serum-free media. 
On the basis of the manufacturer’s instructions, an appropriate 
amount of siPORT NeoFX transfection agent was diluted into 
a separate vial containing serum-free media. The two solutions 
were incubated separately at room temperature for 15 min and 
mixed together by pipetting up and down several times, and the 
mixture was added drop-wise to the target cells. Twenty-four 
hours after transfection, the transfection medium was replaced 
with complete medium, and 12 h later the cells were subjected to 
treatments. Procedures used for plasmid transfection were similar 
to those for siRNA, but instead Lipofectamine 2000 was used as 
the transfection reagent.

Alkaline and neutral single cell gel ectrophoresis assay. The 
comet assay was performed following Rojas et al. Essentially, 
85 μl molten agarose in PBS was dropped on to a microscope 
slide pre-coated with 1% agarose, covered with a 18 × 18 mm 
no. 1 glass coverslip and placed on ice to allow the agarose to 
set. The coverslip was then removed. Following appropriate treat-
ment, 5 μl of the sample of cells (5 × 104 cells) was mixed with 
85 μl of 1% low melting agarose and immediately pipetted onto 
the layer of 1% agarose on the microscope slide. The coverslip 
was replaced and the slide placed on ice to allow the agarose to 
set. The coverslip was then removed and the slide immersed in 
150 ml of ice cold lysis buffer (2.5 M sodium chloride, 85 mM 
EDTA, 10 mM Trizma base and adjusted to pH 10 with sodium 
hydroxide pellets), containing 1% Triton-X 100 (v/v) and 10% 
DMSO (v/v). The cells were incubated in the lysis buffer at 4°C 
for 60 min. All steps following the lysis procedure were per-
formed under dim light conditions. On removal from the lysis 
buffer, slides were incubated in the electrophoresis buffer (con-
taining 0.3 M sodium hydroxide and 1 mM EDTA, for 20 min 
prior to electrophoresis at 20 V/32 mA for 24 min. The 20 min 
pre-incubation period prior to electrophoresis allows the alkaline 
pH of the electrophoresis buffer to destroy the remains of the 
chromatin structure and allow the DNA to “uncoil.” The neu-
tral assay was performed essential as the alkakine assay except 
TRIS-acetate-EDTA buffer was used as the electrophoresis buf-
fer. Subsequent electrophoresis then facilitates the migration 
of fragmented DNA. Following electrophoresis the slides were 
transferred to an absorbent surface and washed three times with 
neutralizing buffer, (100 mM Trizma base, pH 7.5). Remaining 
nucleoids and any extra-cellular DNA were stained using 10 μl of 
a 50 μg/ml stock solution of the fluorescent stain, ethidium bro-
mide. A coverslip was immediately replaced and the slides were 
analyzed immediately or stored overnight in humidified atmo-
sphere at 4°C.
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Figure 6. MER-ERK signaling regulates the DNA damage response 
following PARP1 and CHK1 inhibitor treatment. (A) BT474 cells were 
infected with empty vector adenovirus (CMV) or viruses to express 
dominant negative MEK1 (dnMEK1) or activated MEK1 (caMEK1). 
Twenty-four hours after infection cells were treated with AZD2281 
(1 μM) and AZD7762 (25 nM) in combination for 24 h. Cells were isolated 
and subjected to alkaline comet assay. The length of the tail being 
scored 1–5 (n = 3 ± SEM). *p < 0.05 value greater than corresponding 
vehicle control; #p < 0.05 value less than corresponding vehicle control. 
Inset blot: the levels of ERK1/2 phosphorylation in cells expressing 
caMEK1 and dnMEK1. (B) BT474 cells were infected with empty vec-
tor adenovirus (CMV) or viruses to express dominant negative MEK1 
(dnMEK1) or activated MEK1 (caMEK1). Twenty four h after infection cells 
were treated with AZD2281 (1 μM) and AZD7762 (25 nM) in combina-
tion for 24 h. Cells were isolated and subjected to neutral comet assay. 
The length of the tail being scored 1–5 (n = 3 ± SEM). *p < 0.05 value 
greater than corresponding vehicle control; #p < 0.05 value less than 
corresponding vehicle control. Inset blot: the levels of ERCC1 and XRCC1 
in cells expressing caMEK1. (C) BT474 cells were infected with empty 
vector adenovirus (CMV) or viruses to express dominant negative MEK1 
(dnMEK1) or activated MEK1 (caMEK1). Twenty-four hours after infec-
tion cells were treated with AZD2281 (1 μM) and AZD7762 (25 nM) in 
combination. Cells were isolated 24 h after exposure, and viability was 
determined using trypan blue exclusion. (n = 3 ± SEM). *p < 0.05 value 
greater than corresponding vehicle control; #p < 0.05 value less than 
corresponding vehicle control.
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