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Abstract
Patients with metastatic triple-negative breast cancer (TNBC) have a poor prognosis. New

approaches for the treatment of TNBC are needed to improve patient survival. The concept

of synthetic lethality, brought about by inactivating complementary DNA repair pathways,

has been proposed as a promising therapeutic option for these tumors. The TNBC tumor

type has been associated with BRCAmutations, and inhibitors of Poly (ADP-ribose) poly-

merase (PARP), a family of proteins that facilitates DNA repair, have been shown to effec-

tively kill BRCA defective tumors by preventing cells from repairing DNA damage, leading to

a loss of cell viability and clonogenic survival. Here we present preclinical efficacy results of

combining the PARP inhibitor, ABT-888, with CPT-11, a topoisomerase I inhibitor. CPT-11

binds to topoisomerase I at the replication fork, creating a bulky adduct that is recognized

as damaged DNA. When DNA damage was stimulated with CPT-11, protein expression of

the nucleotide excision repair enzyme ERCC1 inversely correlated with cell viability, but not

clonogenic survival. However, 4 out of the 6 TNBC cells were synergistically responsive by

cell viability and 5 out of the 6 TNBC cells were synergistically responsive by clonogenic

survival to the combination of ABT-888 and CPT-11. In vivo, the BRCAmutant cell line

MX-1 treated with CPT-11 alone demonstrated significant decreased tumor growth; this

decrease was enhanced further with the addition of ABT-888. Decrease in tumor growth

correlated with an increase in double strand DNA breaks as measured by γ-H2AX phos-

phorylation. In summary, inhibiting two arms of the DNA repair pathway simultaneously in

TNBC cell lines, independent of BRCAmutation status, resulted in un-repairable DNA dam-

age and subsequent cell death.
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Introduction
Triple-negative breast cancers (TNBCs) fall into the basal breast cancer subtype and lack estro-
gen receptor (ER), progesterone receptor (PR), and HER2 expression and activation [1]. While
estrogen and HER2 targeting molecules have improved survival rates for luminal and HER2
breast cancer subtypes, significant advancement in targeted therapy for TNBC has yet to be
demonstrated [2]. Features of TNBC that may direct the development of targeted therapeutics
for this disease include epidermal growth factor receptor (EGFR) overexpression, enhanced an-
giogenesis, and BRCAmutations [3].

The BRCA family of genes are tumor suppressors. When mutated, these genes are associated
with familial breast and ovarian cancer. The BRCA protein has been shown to be important in
DNA repair, regulation of transcription, and ubiquitination [4]. Recently, it has been predicted
that sporadic breast cancers may also contain alterations in BRCA genes [5]. In fact, in an eval-
uation of 360 sporadic breast cancers, 80 tumors had BRCAmutations [5]. Further, 54% of
these 80 tumors were TNBCs, suggesting a high prevalence of sporadic BRCAmutations in
TNBC [5]. Changes in clinical guidelines now suggest that women with TNBC under the age of
60 be screened for BRCAmutations [6].

The BRCA family of proteins have been shown to have many cellular functions, including
the regulation of DNA damage repair by homologous recombination [7]. Specifically, BRCA
proteins recognize bulky adducts and cross-linked strands of DNA and work within a large
complex of proteins to remove damaged DNA and replace the proper nucleotides through
homologous recombination with complementary strands of DNA [7]. It is through this
mechanism of DNA damage repair that BRCA proteins are thought to work as tumor
suppressors. When DNA damage occurs in the absence of BRCA protein expression, DNA
containing replication errors may result in genetic mutations not compatible with cell
viability [8].

Poly(ADP-ribose) polymerase (PARP) is a DNA binding protein that scans DNA strands
for damage [9]. Once damage has been recognized, PARP binds to the DNA and recruits x-ray
repair complementation group 1(XRCC1) and tyrosol DNA phosphodiesterase 1 (TDP1) to re-
move the damaged region of DNA, enabling repair proteins to fill-in the missing nucleotides
[9]. Small molecule PARP inhibitors have been identified and used to abrogate DNA damage
repair using both in vitro and in vivomodel systems [10]. However, cells contain alternative
mechanisms for repairing damage in the absence of PARP activity, including nucleotide exci-
sion repair and homologous recombination [11]. In that regard, cells containing mutations in
proteins involved in nucleotide excision repair or homologous recombination have an in-
creased sensitivity to PARP inhibitors via a process referred to as synthetic lethality [8]. BRCA
mutated cells exhibit enhanced synthetic lethality with PARP inhibitors and have shown prom-
ise in the clinical treatment of BRCAmutated tumors [12].

Here we have assessed the efficacy of combining the PARP inhibitor ABT-888 with the
DNA damaging topoisomerase I inhibitor, CPT-11 [13]. CPT-11 damages DNA by binding to
topoisomerase I and preventing the unwinding of DNA required for DNA replication [14].
This results in a stalled replication fork that can be repaired by PARP. Here we show that add-
ing ABT-888 to CPT-11 decreased cell viability and increased DNA double-strand breaks in
TNBC cell lines in vitro and in vivo. In addition, we identified loss of ERCC1 protein expres-
sion in the context of PARP1 protein expression as a marker of resistance to this drug combi-
nation. In summary, these data provide supportive preclinical data that inhibiting
topoisomerase I and PARP1 in combination, as was demonstrated with the combination of
ABT-888 and CPT-11, may result in synergistic decreases in tumor regression for women
with TNBC.
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Materials and Methods

Reagents
ABT-888 was supplied by Abbott Laboratories (Abbott Park, IL) under the Clinical Trials
Agreement with the Division of Cancer Treatment and Development at the National Cancer
Institute (Bethesda, MD). ABT-888 was dissolved in dimethylsulphoxide (DMSO) to make a
stock concentration of 10mM and stored at -20°C. Irinotecan/CPT-11 was purchased commer-
cially (Hospira Inc, Lake Forest, IL). It was also dissolved in DMSO to a concentration of 10
mM and stored at -20°C. All other reagents were purchased from Sigma (St. Louis, MO) unless
otherwise noted.

Cell lines and culture conditions
SUM149, SUM159, and SUM1315 were provided by Dr. Stephen Ethier [15]. HCC1937 and
MDA-MB-231 were purchased from ATCC (Manassas, VA). MX-1 was obtained from the
NCI Cell Line Repository, Rockville, MD. Medias were purchased from Invitrogen (Grand Is-
land, NY). SUM149 and SUM159 cells were cultured in Ham’s F-12 media supplemented with
5% FBS, 1 μg/ml hydrocortisone, and 5 μg/ml insulin. SUM 1315 cells were grown in Ham’s
F-12 media, supplemented with 5% FBS, 10 ng/ml EGF, and 5 μg/ml insulin. HCC1937 and
MX-1 cells were grown in RPMI-1640 media with 2 mM L-glutamine adjusted to contain 1.5
g/L sodium bicarbonate, 4.5 g/L glucose, 10mMHEPES, 1mM sodium pyruvate, and 10% FBS.
MDA-MB-231 cells were grown in DMEMmedia containing 10% FBS. The cells were passaged
routinely and grown under standard conditions. Logarithmically growing cells were used for
all experiments.

Cell viability assays
Exponentially growing cells were seeded in 96-well plates (MX-1: 5,000 per well, all others: 2,000
per well) and the single agent drugs (ABT-888 or CPT-11) were added in concentrations ranging
from 0.01 nM to 100 μM the following day. When the drugs were used in combination, CPT-11
was added to media with a constant ABT-888 concentration of 500nM. Cell proliferation was
determined 5 days after continuous exposure to drug by addition of 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT; Promega: Madison, WI). The conversion of MTT
to purple formazan by viable cells was measured using the Synergy2 microplate reader and
GEN5microplate data collection and analysis software (Biotex Instruments, Inc. VT). Growth
curves were generated as percent of control and 50 and 100% growth inhibitory
concentrations determined.

Clonogenic survival assays
Exponentially growing cells were seeded in 6-well plates and treated with fixed concentrations
of ABT-888, CPT-11, or the combination every other day for 1 week. Cells were then trypsi-
nized and replated at low densities in triplicate in 6-well plates and cultured under normal
growth conditions for two weeks. Colonies were stained with crystal violet and counted using
GelCount colony counter and associated software.

IC50, LD50 and synergy calculations
IC50 and LD50 values were calculated using Calcusyn software (Biosoft, Cambridge, UK). Data
from the cell viability or clonogenic assays were converted to surviving fraction by dividing the
absorbance values for each dose of drug by the average of the vehicle treated cells. To obtain
the fraction of cells affected (Fa) by the treatment, the surviving fraction values were subtracted
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from 1. The Fa numbers were entered into the software program and IC50 or LD50 values were
generated based on construction of a sigmoidal dose response curve. From these data, synergy
calculations were performed using this software as described by Chou and Talalay [16]. Combi-
natorial index (CI) values were calculated using the viability data from at least three experi-
ments performed in triplicate.

Immunoblotting
Lysates were prepared from the indicated cells using a CHAPs based lysis buffer (10 mM
CHAPs, 50 mM Tris, pH 8.0, 150 mMNaCl, and 2 mM EDTA with 10 μMNaOVa and 1X
protease inhibitor cocktail (Calbiochem: Billerica, MA)). Protein was quantified and equal
amounts of protein from each cell lysate were separated by SDS-PAGE and transferred to
Immobolin P (Millipore: Billerica, MA). Immunoblots were blocked in 5% non-fat dry milk for
1 hr at room temperature (RT) and incubated overnight with primary antibody (anti-PARP,
Cell Signaling: Boston, MA, 1:1000; anti-ERCC1, NeoMarkers (ThermoFisher): Waltham, MA,
1:1000). Immunoblots were washed 3X for 10 min, incubated with the appropriate secondary
antibody linked to horseradish peroxidase (HRP; Cell Signaling) for 1 hr at RT, washed 3X for
10 min, and developed using ECL (GE Healthcare Biosciences: Piscataway, NJ).

siRNA knockdown and BrdU incorporation assay
Cells were plated on coverslips in 6-well plates. ERCC1 was knocked down using four non-
overlapping siRNA constructs as well as a negative control construct from Dharmacon (Fisher
Scientific). (Parallel plates were lysed, lysates were separated by SDS-PAGE, and immuno-
blotted for ERCC1 to determine knockdown efficiency). For the siRNA transfection, cells were
incubated with 7.5 nM of the indicated siRNA (ERCC1 siRNA #1 = CGACGUAAUUCCCGA-
CUAU, ERCC1 siRNA #2 = GGCGGUACCUGGAGACCUA, ERCC1 siRNA #3 = GGAA-
GAAAUUUGUGAUACC, and ERCC1 siRNA #4 = GCAAUCCCGUACUGAAGUU) with
5 μl Dharmafect for 48 hr. Cells were then placed in serum free media for 18 hours to synchro-
nize and pulsed with BrdU for 4 hrs. Cells were fixed to coverslips with paraformaldehyde and
nuclei were pierced with 2N HCl for 2 hrs at 37C. Acid was neutralized with borate washed
and BrdU incorporation was detected after blocking in 20% goat serum and incubating with
anti-BrdU linked to Alexa-Fluor 624. Coverslips were mounted onto slides with mounting
media containing DAPI and BrdU positive nuclei were counted.

Xenograft tumor growth
In vivo tumor model establishment and maintenance. This study was carried out in strict ac-
cordance with the recommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. Animals were supplied food and water ad libitum and
were housed in a fully accredited AAALAC animal facility under the care and direction of full-
time licensed and board certified staff veterinarians and veterinary technicians. The protocol
was approved by the animal use and care committee of Wayne State University (Permit Num-
ber: A3310–01). All efforts were made to minimize suffering. Tumors were maintained in vivo
in serial passage in athymic nu/nu mice (NIH DCT/DTP Animal Production Program, Freder-
ick, MD). Taxol resistance was previously induced in vivo via repeated treatment over several
passage generations and maintained with periodic cycles of treatment. Individual mouse body
weights for each experiment were within 2 g, and all mice were over 18 g at the start of therapy.

Chemotherapy. The animals were pooled and implanted bilaterally subcutaneously with
30–60 mg tumor fragments using a 12-gauge trocar and again pooled before unselective distri-
bution to the various treatment and control groups. The tumors were allowed to grow to
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measureable size before the start of chemotherapy (day 7). Tumors were measured with a cali-
per two to three times weekly. Mice were sacrificed when the cumulative tumor burden reached
2000 mg. Tumor volumes were estimated from two-dimensional measurements [i.e., tumor
mass (in mg) = (a x b2)/2, where “a” and “b” are the tumor length and width in mm, respective-
ly]. For calculation of antitumor activity end points, both tumors on each mouse were added
together, and the total mass per mouse was used.

Antitumor activity analysis endpoints. The following qualitative and quantitative end
points were used to assess antitumor activities: (i) T/C and T-C (tumor growth delay) [where T
is the median time in days required for the treatment group tumors to reach a predetermined
size (e.g., 1000 mg) and C is the median time in days for the control group tumors to reach the
same size; tumor-free survivors were excluded from the calculations]; and (ii) calculation of
tumor cell kill [log10 cell kill total (gross) = (T—C)/(3.32)(Td), where (T—C) is the tumor
growth delay, as described above, and Td is the tumor volume doubling time in days, estimated
from the best fit straight line from a log-linear growth plot of control group tumors in exponen-
tial growth (100–800 mg range)]. Activity rating: For comparison of antitumor activity with
standard agents and comparisons of activity between tumors, the log10 kill values were con-
verted to an arbitrary activity rating [17]. For duration of treatment between 5–20 days:>2.8
log10 kill (Highly active ++++); 2.0–2.8 (+++); 1.3–1.9 (++); 0.7–1.2 (+);<0.7 (Inactive;–).

Drug source, preparation and treatment details. ABT-888 (dosed at 5mg/kg PO), CPT-11
(dosed at 45mg/kg IV) and Taxol (“Paclitaxel”, Hospira; dosed at 4.5–9mg/kg, IV) were pre-
pared fresh for each injection according to package insert (all but Taxol diluted with 0.9% sa-
line, USP as needed). Taxol was diluted from stock with water, USP. All treatment groups had
6 mice per group except the Diluent Control and ABT-888 single arm (n = 7 mice/group). The
injection volumes were 0.2ml per IV injection or 0.1mL per PO injection (ABT-888) at the
doses indicated. The treatment schedule was as follows: CPT-11: every 7 days for a total of 5 in-
jections; ABT-888: twice a day for 2 cycles of 12 days; and Taxol: every two days repeated
10 times. Treatment began on day 7 (all but ABT-888 which started on day 9) post tumor
implant (day 0).

Statistical considerations for in vivo experiments. The in vivo study design was a 2 x 2 fac-
torial, with 2 main effects: CPT-11 (yes/no) and ABT-888 (yes/no). This yielded 4 treatment
arms: CPT-11 alone, ABT-888 alone, the combination, or neither (i.e, control). Twenty-six
mice (6 or 7 per treatment arm) underwent bilateral implantation with MX-1 tumor cells. This
induced clustered or nested observations of subsequent tumor volume in the 52 mouse flanks.
Tumor volume (in mm3) was measured on as many as 20 different days. Due to the modest
number of mice (or mouse flanks), only a subset of 5 approximately equally spaced time points
(days 6, 16, 27, 35, and 45 post-tumor implant) was used in the statistical longitudinal model-
ing. The treatment arms were imbalanced in size (vehicle control mice reached the maximum
allowable tumor volume prior to the treated mice resulting in an incomplete data set for the 5
time points selected), and the primary sampling units (mouse flanks) were nested within mice.
Together, these conditions required a nested incomplete repeated measures ANOVA using a
mixed model approach. The two drugs were the fixed effects, and mouse flank was the random
effect. Tumor volume at each of the 5 selected time points required a natural log (ln) transfor-
mation to achieve approximate Normality. However, for ease of interpretation, mean tumor
size over time is presented (graphically) on the original scale of measurement (in mm3). The
longitudinal modeling of tumor size was conducted using the MIXED procedure in SAS Ver-
sion 9.3 [18].

Mean tumor volume was modeled as a function of 7 predictors: CPT-11 (yes/no), ABT-888
(yes/no), their interaction (a CPT-11�ABT-888 cross-product term); the linear effect of time
(i.e., slope), and the interactions of time with CPT-11, ABT-888, and CPT-11�ABT-888. The
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last 3 terms yield tests of whether the model fitted slopes over time differ significantly by
CPT-11 status (yes/no), or by ABT-888 status (yes/no), or by CPT-11 status and ABT
status simultaneously.

The statistical modeling was done after preliminary analysis to find the best of 23 possible
covariance structures for the 5 repeated measures of tumor volume based on smallest absolute
value of Aikake’s Information Criterion (AIC). Comparisons and testing of differences in fitted
slopes by treatment arms at each of the 5 time points were performed using ESTIMATE state-
ments in the MIXED procedure in SAS. The resulting multiple comparisons issue was con-
trolled for using the Holm procedure [19].

Immunofluorescence
Fine needle aspiration biopsies were taken fromMX-1 human tumor xenografts after 4 and 24
hours of CPT-11 (40mg/kg) and ABT-888 (5mg/kg) treatment. Each sample was washed twice
and re-suspended with 400uL of PBS then centrifuged onto a glass slide and left to air dry for
15 min. Cells were fixed and permeabilized by immersing the slides into-20oC 1:1methanol/
acetone (3 x 1 min immersion/1 min air dry). Slides were blocked overnight at 4oC with 5% bo-
vine serum albumin in PBS and washed 3 times before incubation (2h) with anti γ-H2AX
mouse monoclonal antibody (Millipore, MA, USA; 1:200 in 5% BSA in PBS). Slides were
washed with PBS (3 x 5 min) before incubation with a goat anti-mouse FITC-conjugated sec-
ondary antibody (Sigma-Aldrich, MO, USA; 1:200, 1.5h). Following PBS washing (3 x 5 min),
the slides were incubated with DAPI (Sigma-Aldrich, 2 mg ml-1; 5 min), washed in PBS (3 x 5
min), and mounted with Vectashield mounting media (Burlingame, CA, USA). The results
were visualized and documented using the fluorescent setting of a Leica CTR5500 microscope
(Leica Microsystems, IL, USA) and OpenLab software (Version 5; Improvision, IL, USA).

Results

BRCAmutated TNBC cell lines express high levels of PARP1 and are
sensitive to PARP inhibition
Breast cancer cell lines and tumors containing BRCAmutations are as much as 1000 fold more
sensitive to PARP inhibitors than wt-BRCA carriers [12,20–22]. Using six TNBC cell lines, four
of which contained BRCAmutations, we found similar to published results using the PARP in-
hibitor ABT-888. Specifically, three of the four BRCAmutant cell lines had IC50 values for
ABT-888 in the μM range for cell viability and in the nM range for clonogenic survival (Fig. 1A
and S1A Fig.; Table 1). Again, as shown previously, the BRCAmutant cell lines have increased
protein expression of PARP1 compared to the wt-BRCA cell lines (Fig. 1B). These results con-
firm the results of others demonstrating a trend for sensitivity to PARP inhibitors in tumor
with BRCAmutants [12].

Cell growth response of BRCAmutated TNBC cell lines to
topoisomerase inhibition correlates with ERCC1 protein expression
To determine if BRCAmutation status would predict response to DNA damage stimulated by
inhibiting topoisomerase I with CPT-11, we performed cell viability assays to calculate the sen-
sitivity of our panel of six TNBC cell lines to CPT-11. Two of the four TNBC cell lines with
BRCAmutations as well as one of the BRCA wild-type cell lines, were sensitive at nM levels to
CPT-11 when measuring cell viability and clonogenic survival (Fig. 2A and S1 Fig.; Table 1).
The remaining three cell lines, including two BRCAmutant cell lines, had IC50 values for
CPT-11>100 μMwhen measuring cell viability (Fig. 2A and Table 1). Others have found that
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Fig 1. BRCAmutated TNBC cell lines express high levels of PARP1 and are sensitive to PARP inhibition. (A) Cells were treated with increasing
concentrations of ABT-888 over a 5 day incubation period. MTT assays were used to assess cell viability. The fraction of surviving cells was used to calculate
the IC50 values for ABT-888 for each cell line by sigmoidal dose response curve analyses (GraphPad Prism). IC50 values calculated from three independent
experiments performed in triplicate were graphed for each cell line. (B) PARP1 protein expression levels were evaluated from cell lysates collected from cells
growing in log phase. Equal protein was separated by SDS-PAGE, transferred to PVDF, and immunoblotted using anti-PARP1 antibodies. β-actin protein
levels were used as a loading control.

doi:10.1371/journal.pone.0119614.g001

Synthetic Lethality in DNA Repair Function in TNBC

PLOSONE | DOI:10.1371/journal.pone.0119614 March 16, 2015 7 / 15



overexpression of nucleotide excision repair proteins, such as ERCC1 contributes to resistance
to DNA damaging agents, specifically those that cause DNA cross-linking [23]. Therefore, we
analyzed the protein expression levels of ERCC1. We found that ERCC1 protein expression
corresponded with response to CPT-11, such that the higher the ERCC1 levels the higher the
cell viability IC50 value for CPT-11 in the BRCAmutant cell lines (Fig. 2B). Importantly,
knocking down ERCC1 protein expression in MDA-MB-231 cells increased the sensitivity of
these cells to CPT-11, as measured by DNA synthesis (Fig. 3A and 3B). Taken together,
these data demonstrate that TNBCs low levels of ERCC1 protein expression responded
better to CPT-11.

TNBC cell lines synergistically respond to the combination of PARP and
topoisomerase inhibitors
To determine if there would be a beneficial effect combining these two drugs with efficacy in
TNBC cell lines, we treated cells with varying doses of ABT-888 and CPT-11 in combination
using the cell viability methods described above. Interestingly, using the Chou-Talalay method
of determining synergy we found the HCC1937 and MX1 BRCAmutant cell lines were highly
synergistic to the combination of CPT-11 and ABT-888 (Table 2; combinatorial index (CI) val-
ues< 1.0 are considered synergistic). These data suggest that the addition of CPT-11 to ABT-
888 in these BRCAmutant TNBCs may increase biological response to treatment. In contrast
however, SUM149 and SUM1315 BRCAmutant cell lines lacking ERCC1 protein expression
had no added benefit to combining CPT-11 and ABT-888 (Table 2). The CI values for the
SUM149 and SUM1315 cell lines suggest that the two drugs may actually have an antagonistic
response. Taken together, these results suggest that ERCC1 expressing BRCAmutant TNBC
cells lines have a synergistic response to the combination of ABT-888 and CPT-11.

Wt-BRCA expressing TNBC cell lines did not respond to PARP inhibition (Fig. 1A). There-
fore, we hypothesized that these cell lines would demonstrate an additive or synergistic re-
sponse to the combination of topoisomerase I and PARP inhibitors. This hypothesis was based
on the principle of synthetic lethality [8]. Again, using the Chou-Talalay method of determin-
ing synergy, we found that the wt-BRCA expressing TNBC cell lines were indeed highly syner-
gistic to the combination of CPT-11 and ABT-888 as measured by cell viability assays and
clonogenic assays (Table 2). Interestingly, this synergy was not as dependent of ERCC1 protein
expression as observed with the BRCAmutant TNBC cell lines.

Table 1. TNBC cell lines with BRCA mutations respond to ABT-888 and CPT-11.

MTT viability Clonogenic survival

ABT888 IC50 (μM) CPT-11 IC50 (μM) ABT888 LD50 (μM) CPT-11 LD50 (μM) BRCA1 status PARP levels ERCC levels

SUM149 13.30 0.15 0.02 0.01 2288delT ++ -

SUM1315 9.01 0.13 0.09 0.13 185delAG ++ -

HCC1937 118.00 5.03 1.39 0.02 5382insC ++ ++

MX1 10.90 8.02 0.93 0.15 3363delGAAA ++ ++

SUM159 445.00 2.66 >100 0.86 wt - -

MDAMB231 138.00 19.90 32.97 0.27 wt - +

Cells were cultured in normal growth conditions in the presence of increasing concentrations of ABT-888 or CPT-11 for 72 hrs. MTT assays were used to

determine the viable fraction of cells relative to the untreated controls. IC50 values were calculated using sigmoidal inhibitory response curves using

GraphPad Prism. PARP and ERCC relative protein expression values:- = < 1, + = 1 to 3, ++ = > 3.

doi:10.1371/journal.pone.0119614.t001
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Fig 2. Response of BRCAmutated TNBC cell lines to topoisomerase inhibition correlates with ERCC1 protein expression. (A) Cells were treated
with increasing concentrations of CPT-11 over a 5 day incubation period. MTT assays were used to assess cell viability. The fraction of surviving cells was
used to calculate the IC50 values for ABT-888 for each cell line by sigmoidal dose response curve analyses (GraphPad Prism). IC50 values calculated from
three independent experiments performed in triplicate were graphed for each cell line. (B) ERCC1 protein expression levels were evaluated from cell lysates
collected from cells growing in log phase. Equal protein was separated by SDS-PAGE, transferred to PVDF, and immunoblotted using anti-ERCC1
antibodies. β-actin protein levels were used as a loading control.

doi:10.1371/journal.pone.0119614.g002
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Fig 3. Knocking down ERCC1 protein expression sensitizes cells to CPT-11. (A and B) MDA-MB-231 cells were transfected with 4 non-overlapping
siRNA oligos targeting ERCC1 as well as a negative control siRNA using Dharmafect. (A) Forty-eight hours later, cell lysates were prepared, SDS-PAGE
separated the lysates, and immunoblotting was performed using anti-ERCC1 antibodies. (B) Cells were placed in serum free media for 18 hours and pulsed
with BrdU to measure DNA synthesis. Cells were fixed, permeabilized with 2N HCl, neutralized with borate buffer, and blocked with 20% goat serum. BrdU
incorporation was detected using anti-BrdU alexa fluor 624. BrdU positive cells were counted as a fraction of 100 cells counted/each of four fields/coverslip.
Each experiment was performed in duplicate at least three times. * p-value = 0.022.

doi:10.1371/journal.pone.0119614.g003

Table 2. Summary ABT-888 and CPT-11 combination treatment in TNBC.

CI Values MTT

SUM149 3.28

SUM1315 3.93

HCC1937 0.13

MX1 0.44

SUM159 0.19

MDAMB231 0.11

Combinatorial index values (CI) were determined using Calcusyn software from the cell viability data. CI

values less than 1 indicate synergy. Each experiment was repeated three times in triplicate.

doi:10.1371/journal.pone.0119614.t002
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The combination of PARP and topoisomerase inhibitors is an effective
combination for TNBC in vivo
To validate these in vitro observations using a mouse model, nudemice were used to generate xeno-
grafts of the MX1 cells. These cells had ERCC1 protein expression in the context of a mutated
BRCA1 gene and in vitrowere synergistically responsive to the CPT-11 and ABT-888 combination.
Mice were treated with the indicated total dosage of drug for 31 days (Table 3). The toxicity of the
drugs alone and in combination did not result in significant weight loss or death in the treatment
cohorts (data not shown). The ABT-888 treatedmice had similar tumor burden relative to the vehi-
cle treated mice on Day 36 (the day after the last treatment day) and failed to show a tumor growth
delay (Table 3). In contrast, CPT-11 alone reduced tumor burden relative to vehicle treated mice
on Day 36 to 8% with a 30.5 day tumor growth delay (Table 3). Together these data show a signifi-
cant response of MX-1 xenografts to CPT-11 with a gross log cell kill of 3.4 (Table 3). Importantly,
in the presence of CPT-11, ABT-888 treatment was associated with a significant reduction in mean
tumor size. The percent tumor volume at Day 36 was 0% of the control and the tumor growth
delay was 40.5 days, indicating a highly effective drug combination (Table 3). Hence, as predicted
from our in vitro data, the combination of PARP and topoisomerase inhibition provided the great-
est decrease in tumor volume over time in the MX1 xenografts (Fig. 4). These data suggest that
there might be efficacy of the ABT-888/CPT-11 combination in patients with TNBC.

Measuring γH2AX phosphorylation as a biomarker for response to
PARP and topoisomerase inhibitors
Markers of DNA damage are useful in determining the efficacy of DNA damaging agents both
in vitro and in vivo. We measured γH2AX phosphorylation as a marker of double strand DNA

Table 3. MX-1 xenografts respond to the combination of ABT-888 and CPT-11.

Treatment Drug
Route

Schedule Total
Dosage
mg/kg

Drug
death
(day of
death)

Median tumor
burden in mg
on d36 (range)

T/C% Tumor
free on
d96

Time to
1000 mg in
days
(range)

Tumor
growth
delay
(days)

Gross
log cell
kill

Notes

Diluent
control

IV, PO IV Q7x5 (start
day 7) PO Bid
d9, 20, 23–28
Qd37

- - 2281
(775–5509)

- 0/7 27 (22–40) - - -

CPT-11 IV IV Q7x5 (start
day 7)

225 0/6 190 (63–1206) 8 0/6 57.5
(55–62)

30.5 3.4 ++++

ABT-888 PO PO Bid d9, 20,
23–28 Qd37

240 0/7 2385
(895–4508)

105 0/7 28 (22–37) 1 < 0.5 -

Taxol IV Q2dx15(start
day 7)

112.5 0/6 1867
(417–2620)

82 0/6 30.5
(26–57)

3.5 < 0.5 -

CPT-11+
ABT-888

IV, PO IV Q7x5 (start
day 7) PO Bid
d9, 20, 23–28
Qd37

225, 240 0/6 0 (0–351) 0 4/6 67.5
(54–93)

40.5 4.5 ++++

The indicated number of mice were treated by intravenous (IV) or oral (PO) administration of the indicated drug at the listed dosing schedule. Median

tumor burden was determined at day 36 with the range of values present in parentheses. T/C% measures the growth of the tumors in the treated mice (T)

compared to the diluent treated mice (C). The number of mice with unpalpable tumors are indicated by the tumor free on day 36 values. The tumor growth

delay is calculated as the number of days in excess of the diluent treated mice required for the tumor to reach 1000 mg. Gross log cell kill is measured as

(T—C)/(3.32)(Td) with T—C being the tumor growth delay and Td the calculated tumor doubling time (2.3 days). The pluses in the comments indicate

biological efficacy of the drug treatment. Average Weight = 24.0 g/mouse.

doi:10.1371/journal.pone.0119614.t003
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breaks in the MX1 cell line after treatment with the drug combination. As predicted double
strand DNA breaks were stimulated after 24 hr treatment with ABT-888 or CPT-11 alone
(Fig. 5; 3-fold and 3.5-fold increase from untreated controls). Importantly, the combination of
ABT-888 and CPT-11 increased γH2AX phosphorylation by 6.5-fold (Fig. 5; p-value< 0.0001).
These data demonstrate that the synergistic decreases in cell viability observed in MX-1 cells
with the combination of ABT-888 and CPT-11 is reflected by a significant accumulation of
double strand DNA breaks.

Discussion
Here we have found that TNBCs with BRCAmutations have enhanced sensitivity to PARP in-
hibitors, specifically in our experiments using ABT-888. Interestingly, we found that TNBCs
with no detectable ERCC1 protein expression were particularly sensitive to CPT-11 when sen-
sitivity was measured using a cell viability assay. These data were supported by knocking down
ERCC1 protein expression and demonstrating an increase in sensitivity to CPT-11 as measured
by a decrease in DNA synthesis. The combination of ABT-888 and CPT-11 resulted in

Fig 4. The combination of PARP and topoisomerase inhibitors is an effective combination for TNBC in vivo.MX-1 breast cancer xenografts were
implanted between the front and hind leg of nude mice. Tumor volume (in mm3) was measured with calipers every two days, and body weight was taken bi-
weekly. When tumors reached a measurable burden (~63 mm3), the indicated treatments were started. CPT-11 was given IV every 7 days in 5 doses for a
total dosage of 225 mg/kg. ABT-888 was given PO twice a day from days 9 to 20 and again from days 23 to 28 for a total dosage of 240 mg/kg. Mean tumor
volume (± standard error [SE] of the mean) is plotted over time, separately for each of the four drug treatment groups.

doi:10.1371/journal.pone.0119614.g004
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synergistic decreases in cell viability in all TNBC cell lines tested, with the exception of the two
cell lines most sensitive to CPT-11 as a single agent (Table 2). These data were strengthened by
the demonstration that a TNBC cell line with a BRCAmutation showed decreased in vivo
tumor growth with the combination of ABT-888 and CPT-11 in an animal model. Lastly, the
phosphorylation of the DNA damage marker γ-H2AX was increased in MX-1 cells treated
with both ABT-888 and CPT-11, compared to either drug alone. Taken together, these data
provide support for the testing of ABT-888 and CPT-11 in TNBC patients.

ERCC1 is a DNA repair protein involved in the processes of nucleotide excision repair as
well as homologous recombination. Specifically, ERCC1 binds to the 5’ end of damaged DNA,
bringing with it XPF, an endonuclease [24]. The damaged DNA is then removed and replaced
with the corrected base pairs. Previously, low expression of ERCC1 has been shown to correlate
with resistance to platinum agents, including cisplatin [25]. Here we demonstrated that in the
presence of BRCAmutations, low levels of ERCC1 protein expression correlated with a response
to the topoisomerase I inhibitor, CPT-11. In contrast, high protein expression levels of ERCC1
in BRCAmutation carrying cell lines correlated with higher IC50 values for CPT-11. Interesting-
ly, treating the ERCC1 expressing cells with ABT-888 or knocking down ERCC1 protein

Fig 5. Measuring γH2AX phosphorylation as a biomarker for response to PARP and topoisomerase inhibitors. Biopsies fromMX-1 human tumor
xenografts after 4 and 24 hours of CPT-11 (40mg/kg) and/or ABT-888 (5mg/kg) treatment were taken and centrifuged onto a glass slide. Cells were fixed,
permeabilized, blocked overnight, and incubated with anti γ-H2AX antibody. Slides were washed with PBS followed by staining with FITC-conjugated
secondary antibody. Following PBS washing, the slides were incubated with DAPI, washed in PBS, and mounted. The results were visualized and
documented using the fluorescent setting of a Leica CTR5500 microscope and quantified using OpenLab software. Each experiment was repeated three
times representing the bars in the graph.

doi:10.1371/journal.pone.0119614.g005
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expression sensitized them to CPT-11. Similarly, Zhang and colleagues found in a colon cancer
cell line, knocking down ERCC1 protein expression increased the response to cells to CPT-11 in
combination with ABT-888 as measured by γ-H2AX phosphorylation [26]. These results are
important for several reasons. First, these data demonstrate that the combination of ABT-888
and CPT-11 not only decreased cell viability and tumor growth, but did so by increasing double
strand DNA breaks. In addition, these data suggest that measuring γH2AX phosphorylation
from post-treatment patient biopsies may be an early predictor of therapeutic benefit.

It is estimated that 20% of TNBCs have BRCAmutations [27]. In our studies, we analyzed
two wt-BRCA TNBC cell lines, SUM159 and MDA-MB-231, for response to PARP and topo-
isomerase inhibitors with the thought being that a similar synthetic lethality that occurs with
PARP inhibitors and BRCAmutations may occur with ABT-888 in wt-BRCA cells treated with
CPT-11. As expected, as a single agent, ABT-888 was not effective in TNBCs with wt-BRCA
with calculated IC50 values in the high μM range. However, when comparing these two cell
lines we found that lack of ERCC1 in SUM159 cells correlated with a log fold lower IC50 value
for CPT-11. These data suggest that, together with the BRCA mutant cell line data, the protein
expression of ERCC1 may be useful in predicting response to topoisomerase inhibitors in
TNBCs. Interestingly, when ABT-888 and CPT-11 were added in combination, these wt-BRCA
TNBC cells showed a high degree of synergy. Therefore, it can be surmised that loss of protein
expression of ERCC1 in SUM159 may mimic some of the DNA damage repair defects seen
with loss of BRCA protein function in wt-BRCA TNBC cells.

Supporting Information
S1 Fig. Clonogenic survival in response to ABT-888 or CPT-11. Cells were treated with in-
creasing concentrations of ABT-888 or CPT-11 every other day. After 1 week, cells were trypsi-
nized and replated at a low density in triplicate. Cells were cultured under normal growth
conditions for 2 weeks. Colonies were stained using crystal violet and imaged using GelCount
colony counter. Each experiment was repeated at least three times.
(TIF)

Acknowledgments
This study is dedicated in memory of Dr. Angelika Burger.

Author Contributions
Conceived and designed the experiments: JLB LP LH PML AB. Performed the experiments: JLB
NN KLM KS GLZ. Analyzed the data: JLB LH SAB AB GLZ. Wrote the paper: JLB PML AB.

References
1. Korsching E, Jeffrey SS, Meinerz W, Decker T, Boecker W, Buerger H. Basal carcinoma of the breast

revisited: an old entity with new interpretations. Journal of Clinical Pathology 2008; 61: 553–560. doi:
10.1136/jcp.2008.055475 PMID: 18326009

2. Santana-Davila R, Perez EA. Treatment options for patients with triple-negative breast cancer. J Hema-
tol Oncol 2010; 3: 42. doi: 10.1186/1756-8722-3-42 PMID: 20979652

3. Chacon RD, Costanzo MV. Triple-negative breast cancer. Breast Cancer Res 2010; 12 Suppl 2: S3.
doi: 10.1186/bcr2574 PMID: 21050424

4. Starita LM, Parvin JD. The multiple nuclear functions of BRCA1: transcription, ubiquitination and DNA
repair. Current Opinion in Cell Biology 2003; 15: 345–350. PMID: 12787778

5. Xu J, Wang B, Zhang Y, Li R, Wang Y, Zhang S. Clinical implications for BRCA gene mutation in breast
cancer. Molecular Biology Reports 2012; 39: 3097–3102. doi: 10.1007/s11033-011-1073-y PMID:
21691706

Synthetic Lethality in DNA Repair Function in TNBC

PLOSONE | DOI:10.1371/journal.pone.0119614 March 16, 2015 14 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119614.s001
http://dx.doi.org/10.1136/jcp.2008.055475
http://www.ncbi.nlm.nih.gov/pubmed/18326009
http://dx.doi.org/10.1186/1756-8722-3-42
http://www.ncbi.nlm.nih.gov/pubmed/20979652
http://dx.doi.org/10.1186/bcr2574
http://www.ncbi.nlm.nih.gov/pubmed/21050424
http://www.ncbi.nlm.nih.gov/pubmed/12787778
http://dx.doi.org/10.1007/s11033-011-1073-y
http://www.ncbi.nlm.nih.gov/pubmed/21691706


6. Institute NC. PDQGenetics of Breast and Ovarian Cancer. Bethesda, MD: National Cancer Institute.

7. Murphy CG, Moynahan ME. BRCAGene Structure and Function in Tumor Suppression: A Repair-
Centric Perspective. The Cancer Journal 2010; 16: 39–47 doi: 10.1097/PPO.0b013e3181cf0204
PMID: 20164689

8. Thomas H. The underlying mechanism for the PARP and BRCA synthetic lethality: Clearing up the mis-
understandings. Molecular Oncology 2011; 5: 387–393. doi: 10.1016/j.molonc.2011.07.001 PMID:
21821475

9. Ame JC, Spenlehauer C, de Murcia G. The PARP superfamily. Bioessays 2004; 26: 882–893. PMID:
15273990

10. Ratnam K, Low JA. Current development of clinical inhibitors of poly(ADP-ribose) polymerase in oncol-
ogy. Clin Cancer Res 2007; 13: 1383–1388. PMID: 17332279

11. Graziani G, Szabo C. Clinical perspectives of PARP inhibitors. Pharmacol Res 2005; 52: 109–118.
PMID: 15911339

12. Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui-Roelvink M, et al. Inhibition of poly(ADP-ribose) poly-
merase in tumors from BRCAmutation carriers. N Engl J Med 2009; 361: 123–134. doi: 10.1056/
NEJMoa0900212 PMID: 19553641

13. Rasheed ZA, Rubin EH. Mechanisms of resistance to topoisomerase I-targeting drugs. Oncogene
2003; 22: 7296–7304. PMID: 14576839

14. Wang JC. Cellular roles of DNA topoisomerases: a molecular perspective. Nat Rev Mol Cell Biol 2002;
3: 430–440. PMID: 12042765

15. Barnabas N, Cohen D. Phenotypic and Molecular Characterization of MCF10DCIS and SUM Breast
Cancer Cell Lines. Int J Breast Cancer 2013; 2013: 872743. doi: 10.1155/2013/872743 PMID:
23401782

16. Chou TC. Drug combination studies and their synergy quantification using the Chou-Talalay method.
Cancer Res 2010; 70: 440–446. doi: 10.1158/0008-5472.CAN-09-1947 PMID: 20068163

17. Corbett TH, LoRusso P, Demchick L, Simpson C, Pugh S, White K, et al. Preclinical antitumor efficacy
of analogs of XK469: sodium-(2-[4-(7-chloro-2-quinoxalinyloxy)phenoxy]propionate. Invest New Drugs
1998; 16: 129–139. PMID: 9848576

18. Littell RC, Milliken GA, StroupWW,Wolfinger RD, Schabenberger O (2006) Statistical Analysis System
(SAS) for Mixed Models. Cary, NC: SAS Institute Inc.

19. Holm S, Wahlin A. Identification of renal tubular epithelial cells in urine with immunofluorescence. Acta
Med Scand 1979; 205: 587–591. PMID: 112837

20. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E, et al. Specific killing of BRCA2-
deficient tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 2005; 434: 913–917. PMID:
15829966

21. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, Richardson TB, et al. Targeting the DNA repair
defect in BRCAmutant cells as a therapeutic strategy. Nature 2005; 434: 917–921. PMID: 15829967

22. Tutt AN, Lord CJ, McCabe N, Farmer H, Turner N, Martin NM, et al. Exploiting the DNA repair defect in
BRCAmutant cells in the design of new therapeutic strategies for cancer. Cold Spring Harb Symp
Quant Biol 2005; 70: 139–148. PMID: 16869747

23. Olaussen KA, Dunant A, Fouret P, Brambilla E, Andre F, Haddad V, et al. DNA repair by ERCC1 in
non-small-cell lung cancer and cisplatin-based adjuvant chemotherapy. N Engl J Med 2006; 355:
983–991. PMID: 16957145

24. Ciccia A, McDonald N, West SC. Structural and functional relationships of the XPF/MUS81 family of
proteins. Annu Rev Biochem 2008; 77: 259–287. doi: 10.1146/annurev.biochem.77.070306.102408
PMID: 18518821

25. Gossage L, Madhusudan S. Current status of excision repair cross complementing-group 1 (ERCC1) in
cancer. Cancer Treat Rev 2007; 33: 565–577. PMID: 17707593

26. Zhang YW, Regairaz M, Seiler JA, Agama KK, Doroshow JH, Pommier Y. Poly(ADP-ribose) polymer-
ase and XPF-ERCC1 participate in distinct pathways for the repair of topoisomerase I-induced DNA
damage in mammalian cells. Nucleic Acids Res 2011; 39: 3607–3620. doi: 10.1093/nar/gkq1304
PMID: 21227924

27. Anders CK, Deal AM, Miller CR, Khorram C, Meng H, Burrows E, et al. The prognostic contribution of
clinical breast cancer subtype, age, and race among patients with breast cancer brain metastases.
Cancer 2011; 117: 1602–1611. doi: 10.1002/cncr.25746 PMID: 21472708

Synthetic Lethality in DNA Repair Function in TNBC

PLOSONE | DOI:10.1371/journal.pone.0119614 March 16, 2015 15 / 15

http://dx.doi.org/10.1097/PPO.0b013e3181cf0204
http://www.ncbi.nlm.nih.gov/pubmed/20164689
http://dx.doi.org/10.1016/j.molonc.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21821475
http://www.ncbi.nlm.nih.gov/pubmed/15273990
http://www.ncbi.nlm.nih.gov/pubmed/17332279
http://www.ncbi.nlm.nih.gov/pubmed/15911339
http://dx.doi.org/10.1056/NEJMoa0900212
http://dx.doi.org/10.1056/NEJMoa0900212
http://www.ncbi.nlm.nih.gov/pubmed/19553641
http://www.ncbi.nlm.nih.gov/pubmed/14576839
http://www.ncbi.nlm.nih.gov/pubmed/12042765
http://dx.doi.org/10.1155/2013/872743
http://www.ncbi.nlm.nih.gov/pubmed/23401782
http://dx.doi.org/10.1158/0008-5472.CAN-09-1947
http://www.ncbi.nlm.nih.gov/pubmed/20068163
http://www.ncbi.nlm.nih.gov/pubmed/9848576
http://www.ncbi.nlm.nih.gov/pubmed/112837
http://www.ncbi.nlm.nih.gov/pubmed/15829966
http://www.ncbi.nlm.nih.gov/pubmed/15829967
http://www.ncbi.nlm.nih.gov/pubmed/16869747
http://www.ncbi.nlm.nih.gov/pubmed/16957145
http://dx.doi.org/10.1146/annurev.biochem.77.070306.102408
http://www.ncbi.nlm.nih.gov/pubmed/18518821
http://www.ncbi.nlm.nih.gov/pubmed/17707593
http://dx.doi.org/10.1093/nar/gkq1304
http://www.ncbi.nlm.nih.gov/pubmed/21227924
http://dx.doi.org/10.1002/cncr.25746
http://www.ncbi.nlm.nih.gov/pubmed/21472708

